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ABSTRACT 

 

 

 

MULTIMODAL IMAGING ASSESSMENT OF POST-TRAUMATIC 

OSTEOARTHRITIS PROGRESSION 

 

by 

 

AMANVEER SINGH 

 

 

Adviser: Yang Xia, Ph.D. 

 

 

 Osteoarthritis (OA) is a complex joint disease that can cause progressive damage 

that leads to chronic pain, stiffness, and functional impairment, which can severely affect 

the quality of a person’s life. The primary reason for the development of OA is the 

degeneration of articular cartilage which acts as a smooth load-bearing surface in 

diarthrodial joints. Post-traumatic osteoarthritis (PTOA) is a specific form of OA that 

occurs after joint injury. The architecture and operation of articular cartilage are special 

and depend on its dense extracellular matrix (ECM); PTOA results in significant ECM 

changes which lead to cartilage degradation and structural failure. Due to the avascular 

nature of cartilage, its self-repair capacity remains limited, thus its degradation will 

benefit from early detection and intervention. The study of PTOA progression is critically 

dependent on advanced imaging methods. For example, magnetic resonance imaging 

(MRI) is a sensitive tool for detailed assessment of cartilage health and can assist in the 

early detection of disease; polarized light microscopy (PLM) is effective for the detailed 

assessment of collagen fiber orientation and structural integrity of the cartilage; and 

computed tomography (CT) imaging can measure subchondral bone remodeling. These 
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imaging techniques probe different aspects of cartilage degradation; when used in 

combination, they can help to better understand OA progression which can lead to early 

diagnosis and more effective intervention. 

This dissertation consists of eight chapters that investigate PTOA progression 

through high-resolution imaging. The first three chapters introduce this dissertation 

research by explaining knee joint OA while reviewing literature about its 

pathophysiology and advanced imaging capabilities for detecting early disease changes. 

The experimental design and imaging approaches for studying topographical and depth-

dependent cartilage changes are explained in Chapter Four. The dissertation presents 

three peer-reviewed journal articles in chapters five through seven, offering new insights 

into cartilage degeneration in OA. Chapter Five explores the progression of PTOA and 

biomechanical factors involved in PTOA progression using µMRI imaging of the whole 

knee joint. Chapter Six investigates zonal structural changes in articular cartilage 

following a mechanical injury utilizing high-resolution µMRI imaging of cartilage 

blocks. Chapter seven examines the effects of an impact injury on articular cartilage and 

subchondral bone through PLM and µCT imaging. The final chapter summarizes results 

of this dissertation study and discusses potential future research directions. 
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CHAPTER ONE 

 

INTRODUCTION 

Post-traumatic osteoarthritis (PTOA) represents a specific form of osteoarthritis 

(OA) that develops after a joint injury occurs. The onset of PTOA can begin from injuries 

such as direct joint trauma, cartilage or meniscal damage, or ligament tears. While 

primary OA develops slowly over the years due to age-related factors, PTOA can develop 

much more quickly after an injury leading to joint pain and stiffness [1]. PTOA is 

significant from clinical and socioeconomic viewpoints because it can result in long-term 

disability and permanent joint damage in the younger population that may require total 

knee replacement. The disease management of PTOA is difficult because of its complex 

and silent progression. The joint experiences cartilage degradation with inflammation and 

subchondral bone changes due to mechanical and metabolic alterations following an 

injury [2]. After an injury, chondrocytes, the cells present in the cartilage produce 

inflammatory cytokines and matrix-degrading enzymes that speed up tissue breakdown. 

The injury disrupts the synovial environment which leads to further progression of PTOA 

[3]. The inability of cartilage to heal naturally requires prompt detection and intervention 

to prevent permanent joint degradation.  

Covering the ends of bones, articular cartilage is a form of connective tissue that 

is specific to joints and is required for joint movement and function. The smooth surface 

of articular cartilage acts as a shock absorber and functions to decrease friction so that 

joints can move easily [4-6]. The main composition of articular cartilage consists of a 

small population of chondrocytes and an extracellular matrix (ECM) made up of water, 



 2 

collagen fibers, and proteoglycans [7]. The morphological structure of the cartilage is 

divided into three sub-tissue zones. The first zone is called the superficial zone (SZ), 

which has collagen fibers arranged parallel to the surface. Beneath it is the transitional 

zone (TZ) that has randomly oriented collagen fibers. The third zone, called the radial 

zone (RZ), has collagen fibers that are oriented perpendicular to the surface [8, 9]. Since 

cartilage cannot heal itself, following an injury the tissue breaks down progressively 

leading to the worsening of PTOA [10]. Given the vital role cartilage plays in joint 

functioning, detecting early degradation in cartilage becomes crucial for stopping OA 

from getting worse. Conventional diagnostic tools such as X-rays can only determine 

changes in the bone but cannot show cartilage degradation in the early stage [11, 12], 

while magnetic resonance imaging (MRI) is sensitive to water molecules in the tissue, 

which makes it a powerful technique to assess the integrity of articular cartilage and to 

identify early degenerative changes [12-14]. High-resolution tissue imaging helps in the 

observation of specific structural alterations in complex joints which lead to PTOA 

development. MRI helps diagnose OA by assessing cartilage condition while the 

computed tomography (CT) imaging monitors subchondral bone changes. In addition, 

polarized light microscopy (PLM) is an essential imaging tool for studying cartilage’s 

collagen structure in detail. The combination of these tools has significant potential to 

enhance the monitoring of OA development which could lead to better treatment options.  

This dissertation investigates PTOA development in a rabbit model following a 

subcritical impact injury to the femoral articular cartilage, presented through three phases 

of the project. The specific objectives for each phase: 
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1. Using MRI T2 mapping as a tool to track femoral cartilage degradation 

from 0 to 14 weeks after a mechanical injury while examining how injury duration and 

force magnitude affect cartilage damage and PTOA development. 

2. Using high-resolution microscopic magnetic resonance imaging (µMRI) to 

observe zonal transformations in articular cartilage after a knee injury by studying the 

structural alterations in the superficial zone, transitional zone, and radial zone. 

3. Using high-resolution polarized light microscopy (PLM) and microscopic 

computed tomography (µCT) imaging to analyze early-stage cartilage and subchondral 

bone deterioration after a mechanical injury, aiming to develop better diagnostic methods 

for OA.  

 

. 
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CHAPTER TWO 

 

HEALTH AND DISEASE OF KNEE JOINT: THE IMPACT OF CARTILAGE 

DEGENERATION IN OSTEOARTHRITIS 

2.1 Biomechanics of the Knee Joint 

The knee joint, a marvel of biomechanical engineering is one of the largest and 

most complex joints in the human body that is made up of tibiofemoral and 

patellofemoral joints [15]. It is a synovial hinge joint which allows the body to flex and 

extend [16]. The anatomy of the knee joint (Figure 2.1) consists of four bones: femur, 

tibia, patella, and fibula. The femur at the tibiofemoral joint joins with the tibia to support 

most of the body's weight. The patellofemoral joint has the patella which attaches to the 

femur to enable the quadriceps muscle to work effectively during the extension of the 

knee. The fibula is connected to the tibia and does not directly participate in the 

movement of the knee joint, but it does serve as a point of attachment for muscles, 

tendons, and ligaments [15, 16].   

The soft tissues in the knee joint are essential for weight-bearing movement 

without pain or restriction [17]. Some of the key soft tissues include the menisci which 

act as a cushion between the tibia and femur, thus helping in the distribution of 

mechanical forces and protecting the articular cartilage [18]. Ligaments are bands of 

fibrous tissue that attach bones to other bones; major ligaments of the knee include the 

anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral 

ligament (MCL), and lateral collateral ligament (LCL), all of which help to stabilize the 

knee joint during movements [19]. Tendons are fibrous structures that attach muscles to 
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bones thus enabling joint movement and stabilization of the knee during different 

activities [20]. Articular cartilage is the tissue found at the end of the femur, tibia, and 

patella; it plays a crucial role in reducing friction between the bones during joint motion. 

The knee joint capsule also plays an important role in the stability of the joint by 

restricting excessive range of motion and preventing dislocation [21]. Bursae are fluid-

filled sacs that lie between the tendons, muscles, and bones, their function is to decrease 

friction and pressure to allow easy and painless movements [22]. Synovial fluid, secreted 

by the synovial membrane lubricates the joint, nourishes the cartilage, and lowers 

friction, therefore preventing the wear and tear of the joint surfaces [23]. The soft tissues 

in the knee joint are functionally interlinked to ensure proper biomechanics and 

functioning. 

2.2 Articular Cartilage 

Cartilage is a form of connective tissue that is found in different parts of the body 

and offers support and flexibility to the body structure. There are three types of cartilage 

in the body: hyaline, fibrocartilage, and elastic. Articular cartilage (Figure 2.2) is a 

subtype of the hyaline cartilage that is present in diarthrodial joints and involved in 

supporting the skeletal system of the body [4]. The goal of this type of cartilage is to 

ensure that there is low-friction movement between the bones. In weight-bearing joints 

like the knee, articular cartilage is vital in the management of compressive stress and 

protection of the joint during movements [24]. The articular cartilage is composed of a 

dense extracellular matrix (ECM) and a small population of chondrocytes, the cells 

present in the articular cartilage that synthesize and maintain the ECM. ECM in the 

cartilage provides mechanical strength and elasticity to the tissue.  
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2.3 Composition of Articular Cartilage 

On a compositional level, chondrocytes account for approximately 2% of the 

tissue by volume [6, 25]. The majority of the articular cartilage is its ECM, which is 

mainly composed of water (approximately 70-80% of the wet weight (w.w.)), collagen 

fibers (about 15% w.w.), and proteoglycans (5% w.w.). The concentration of water in the 

ECM varies across the tissue depth. It is the highest at the articular surface and 

progressively decreases towards the calcified region. Water is attached and retained by 

proteoglycans, helping to maintain the structure and resilience of the tissue. A smaller 

fraction of water is connected to collagen to form the collagen proteoglycan network 

[26]. Since cartilage is avascular, the high water content is important for nutritional and 

waste management [8].  

Collagen is a protein found in connective tissues including cartilage, tendons, 

menisci, skin, and blood vessels. Although several types of collagens are found in the 

cartilage, type II collagen makes up approximately 80–90% of the total collagen content 

in articular cartilage [27]. Collagen in cartilage forms the three-dimensional fibrous 

network which gives the tissue its zonal architecture and is responsible for providing it 

with tensile strength. Healthy, non-calcified cartilage can be divided into three structural 

zones according to the collagen fiber orientation: densely packed collagen fibers in the 

superficial zone align parallel to the tissue surface which helps in resisting the shear 

forces. Randomly oriented collagen strands in the transitional zone and perpendicular 

collagen fibers in the radial zone help withstand compressive forces. Finally, there is also 

a calcified zone that anchors the non-calcified cartilage to the subchondral bone forming 

the contact plate between the cartilage and the underlying bone [27, 28]. 
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Proteoglycans such as aggrecan, consist of a core protein that attaches to 

glycosaminoglycan (GAG) chains. GAGs are long, unbranched polysaccharides that are 

essential for the construction and function of cartilage [29]. The negatively charged 

sulphate groups on the GAG chains are responsible for attracting water. The charges on 

the GAG chains enable proteoglycans to bind water molecules to form a gel-like structure 

within the cartilage. Due to the water retention, the cartilage is able to resist compressive 

forces and retain its elasticity, which are both required for joint movement [30].  

About two percent of the total volume in the adult human articular cartilage is 

made of cells called chondrocytes that are responsible for the maintenance of the 

cartilage throughout life [31]. The density of chondrocytes is highest in the upper tissues 

and decreases to one-third of the surface cell density in the deeper tissues. The structure 

of chondrocytes is determined by the arrangement of the surrounding collagen fibers. The 

cells are thin and flat in the superficial zone due to the tightly packed parallel collagen 

fibers. In the radial zone, the thicker collagen fibers that are perpendicular to the surface 

give the chondrocytes an ellipsoid shape. The response of chondrocytes to mechanical 

stress on the ECM can result in changes in cartilage synthesis [32, 33].  

2.4 Articular Cartilage in Osteoarthritis 

Osteoarthritis (OA) is a chronic joint disease that involves progressive 

degradation of articular cartilage. The enzymes in the ECM, matrix metalloproteinases 

(MMPs) and aggrecanases, are produced by chondrocytes in response to mechanical 

stress and inflammation which are responsible for the ECM degradation in OA [34]. 

When the proteoglycans and collagen are lost, the cartilage becomes weak and is unable 

to bear mechanical forces. The joint inflammation is worsened by the exposure of the 
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underlying bone as the cartilage deteriorates, leading to joint instability and discomfort 

[35]. The knee is one of the most affected joints by OA. Cartilage degradation can result 

in joint space narrowing, osteophyte formation, and subchondral bone sclerosis [36]. 

Knee OA that mainly affects the older population can severely impact their lives causing 

discomfort and stiffness, with limited motion of the joint.  

2.5 Post-Traumatic Osteoarthritis 

Post-traumatic osteoarthritis (PTOA) is a subtype of OA that develops after joint 

injury such as meniscal and ligament tears, direct cartilage damage, or bone fracture. 

PTOA can develop quickly following trauma compared to OA, which develops gradually 

over time. Injuries to the knee joint can often lead to PTOA with cartilage damage as one 

of the first symptoms of the disease [1]. PTOA progresses with both cartilage damage 

and indirect consequences like alterations in joint mechanics and inflammation. The 

damage to articular cartilage causes fibrillation and loss of proteoglycans therefore 

compromising the ability of the cartilage to support mechanical stress. These alterations 

lead to further deterioration, thinning, and finally the loss of cartilage over time. One of 

the critical features of PTOA is its rapid progression, the inflammatory response to the 

injury acts to accelerate the degradation by releasing cytokines that cause the breakdown 

of cartilage [2, 37]. PTOA can affect younger as well as older populations who are at risk 

of injuries causing long-term joint damage. 

2.6 Animal Models for Studying Post-Traumatic Osteoarthritis 

Animal models have been useful in providing important information about the 

pathogenesis and potential treatment of OA. Animal models like dog, rabbit, and rat are 

common among the animals used for OA studies. The rabbit model has been used 



 9 

frequently due to its easy availability and similarities in biomechanical characteristics 

between rabbit and human cartilage. Among small animals, rabbits have adequate 

cartilage thickness for imaging and sufficient joint size for a controlled induction of 

surgical damage [38]. OA progression in animal models can be investigated using 

imaging technologies including MRI, CT, X-ray, and cartilage evaluation by histology. 

These techniques are useful in detecting changes in cartilage structure, bone remodeling, 

and joint space. The information on the molecular alterations in the cartilage can help in 

understanding the OA progression and the development of appropriate therapeutic 

interventions [39]. 
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Figure 2.1 A three-dimensional representation of the knee joint anatomy showing the 

anatomical structures of the knee joint including bony and soft tissue components. 
Reprinted from [40], with permission.                       
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Figure 2.2 Schematic representation of articular cartilage structure showing the zonal 

organization, chondrocytes, collagen fibers orientation, and the subchondral bone 

interface. Reprinted from [41], with permission. 
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CHAPTER THREE 

 

IMAGING MODALITIES FOR POST-TRAUMATIC OSTEOARTHRITIS  

Although extensive research has been done on osteoarthritis (OA) and other joint 

diseases, there is still no effective treatment that can completely prevent or reverse 

cartilage loss. Hence there is an urgent need for better non-invasive imaging methods for 

diagnosis, prognosis, and management of the disease. The onset of this chronic disease is 

difficult to pinpoint, which is one of the biggest challenges in the diagnosis and 

management of OA. X-ray is one of the most commonly used and inexpensive techniques 

to diagnose OA through the assessment of joint space narrowing. However, the 

measurement of joint space in X-ray is not accurate, depending upon the orientation and 

position of the joint in the instrument. In addition, X-ray only shows evidence of OA 

when cartilage breakdown is apparent, hence it is not effective in evaluating cartilage 

composition and early biochemical alterations [42, 43]. Despite the limitations 

radiography is still the most accepted technique for OA diagnosis due to its easy 

accessibility and low cost. To achieve early and accurate detection of OA, more sensitive 

imaging methods like MRI are now being used in the management of OA in both the 

clinical and research fields. 

3.1 Magnetic Resonance Imaging and Fundamentals of Nuclear Magnetic Resonance 

Magnetic Resonance Imaging (MRI) is one of the most valuable and innovative 

tools for in-vivo assessment of cartilage and joint pathology, because of its high 

sensitivity to the motional environment of water molecules. MRI is a non-invasive 

technique that works on the principle of Nuclear Magnetic Resonance (NMR) to provide 
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cross-sectional images of the body with detailed information. Due to the ability to 

produce high-resolution images of soft tissues, MRI can provide detailed information on 

the composition of cartilage and its degenerative changes during OA progression [44].   

MRI, based on the phenomenon of NMR, uses magnetic properties of atomic 

nuclei which are characterized by the nuclear spin angular momentum (S) and magnetic 

moment (μ). To understand the mechanism of MRI it is important to first understand the 

concept of nuclear spin. Spin angular momentum (S) is derived from the nuclear spin (I) 

which is a fundamental quantized property determined by the element's composition. For 

example, hydrogen nuclei (1H) have a spin of ½, while deuterium (2H) has a spin of 1. 

The magnitude of the spin angular momentum is given by the equation: 

 |𝑺| = (𝑰(𝑰 + 𝟏))𝟏/𝟐 (𝒉/𝟐𝝅) 3.1 

The z-component of the spin (Sz) is quantized and given by: 

 

 𝐒𝐳 = 𝒎𝑰(𝒉/𝟐𝝅) 3.2 

where mI is the magnetic quantum number which can take discrete values from -I to I and 

h is Planck’s constant. 

When a nucleus such as hydrogen is placed in an external magnetic field B0, the 

spin of the hydrogen can align in one of two possible directions (parallel or anti-parallel) 

with respect to the magnetic field, resulting in two different energy levels. The lower 

energy state, where the spins align parallel to magnetic field B0 is more populated and 

contributes more towards the net macroscopic magnetization in the sample. The 

population variation between the two energy levels is the key to the signal strength in 

magnetic resonance [45]. The net magnetization is along the direction of the applied 

magnetic field B0 which is usually along the z-axis. 
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The magnetic moment (µ) of a nucleus is related to its spin by the equation: 

 

 𝝁 = 𝜸𝑺 3.3 

where γ is the gyromagnetic ratio, unique to each nucleus. S is the spin angular 

momentum. 

With the application of the magnetic field B0, the energy levels of the spin system 

split, and the nucleus is allowed to make a transition between these energy levels by 

absorbing or emitting energy. Due to the Boltzmann distribution, there is a population 

difference between parallel and anti-parallel precessing nuclei, given by: 

 𝒏−/𝒏+ = 𝒆−(𝜟𝑬/𝒌𝑻) 3.4 

where n- (anti-parallel) and n+ (parallel) are the number of spins in the two energy states, 

k is the Boltzmann constant, T is the absolute temperature, and ΔE is the difference in the 

energy between the two states.  

The energy of a nuclear spin state in a magnetic field is given by: 

 𝑬 = −𝒎𝑰(𝒉/𝟐𝝅)(𝜸𝑩𝟎) 3.5 

The energy difference between the two states is denoted as ΔE: 

 𝜟𝑬 = (𝒉/𝟐𝝅)(𝜸𝑩𝟎) 3.6 

The frequency at which these transitions take place is called the resonance frequency, or 

the Larmor frequency (ω0): 

 𝝎𝟎 = 𝜸𝑩𝟎 3.7 

After the system is excited by an external energy pulse, it gradually returns to its 

thermal equilibrium state. The two primary relaxation processes through which the 

system gets back to the equilibrium state are: spin-spin relaxation, defined by the time 

constant T2, and spin-lattice relaxation, defined by the time constant T1.  
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Spin-spin relaxation (T2), also known as transverse relaxation, involves loss of 

phase coherence between spins in the transverse plane (perpendicular to B0). This occurs 

due to the interactions among neighboring spins which lead to local magnetic field 

variations. These variations cause different spins to precess at slightly different rates 

resulting in signal decay. Spin-spin relaxation involves energy redistribution within the 

spin system. The time constant T2 describes the decay of the transverse magnetization 

(magnetization perpendicular to the applied magnetic field).  

Spin-Lattice Relaxation (T1), also known as longitudinal relaxation, involves 

energy transfer from the nuclear spins to the surrounding lattice (surrounding nuclei). 

This process is responsible for the return of spins to thermal equilibrium along the 

direction of the external magnetic field (B0). The time constant T1 describes the recovery 

of the longitudinal magnetization (magnetization parallel to the applied magnetic field).  

Determining the tissue properties and separating tissue types in MRI depends on 

these relaxation mechanisms. T1 and T2 relaxation times provide important information 

regarding the tissue's structure and help distinguish between different types of tissue by 

characterizing their physical properties based on the relaxation behaviors. Different 

tissues in the body like muscle, fat and cartilage have distinct T1 and T2 values. Fat 

generally has shorter T1 and T2 compared to muscle and cartilage. Cartilage has longer 

T2 due to its high water content. Millions of nuclei are present in a sample and each 

nucleus has its own magnetic property. The collective magnetic moment of all nuclear 

spins represents the net magnetization M. In the absence of any external magnetic field, 

the spins are randomly oriented and thus there is no net magnetization. When a magnetic 

field (B0) is applied, the spins either align in parallel (up) or anti-parallel (down) to the 
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field, thus producing a net magnetization in the direction of B0. The strength of the 

magnetization (M0) is proportional to the difference in the population of spins in two 

energy states, with more nuclei aligning parallel to B0. The torque generated on the spins 

determines the evolution of M in an external magnetic field, described by the following 

equation : 

 𝒅𝑴/𝒅𝒕 = 𝜸(𝑴 ×  𝑩) 3.8 

When a 90° radio frequency (RF) pulse (B₁(t)) is applied to the sample at the 

Larmor frequency, it tips the magnetization vector M into the transverse plane. When the 

RF pulse is turned off, magnetization starts to relax and go back to its equilibrium state, 

initiating relaxation processes in the nuclear spins.  

Transverse Relaxation (T2): The rate of decay of the transverse magnetization (Mxy) is 

given by: 

 𝒅𝑴𝒙𝒚/𝒅𝒕 = −𝑴𝒙𝒚/𝑻𝟐 3.9 

Longitudinal Relaxation (T1): The rate of recovery of the longitudinal magnetization 

(Mz) is given by: 

 𝒅𝑴𝒛/𝒅𝒕 = −(𝑴𝒛 − 𝑴𝟎)/𝑻𝟏 3.10 

After excitation, changes in magnetization can be described by the Bloch equation: 

 

 𝒅𝑴

𝒅𝒕
= 𝜸(𝑴 ×  𝑩) − 𝑴𝒙𝒊/𝑻𝟐 − 𝑴𝒚𝒋/𝑻𝟐 + (𝑴𝟎 − 𝑴𝒛)𝒌/𝑻𝟏 

3.11 

 

The two relaxation processes can be described by the solutions to the Bloch 

equations, the decay of transverse magnetization and the recovery of longitudinal 

magnetization: 
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Transverse Relaxation: 

 𝑴𝒙𝒚(𝒕) = 𝑴𝒙𝒚(𝟎)𝒆−(𝒕/𝑻𝟐) 3.12 

Longitudinal Relaxation: 

 𝑴𝒛(𝒕) = 𝑴𝟎(𝟏 − 𝒆−(𝒕/𝑻𝟏)) 3.13 

The relaxation mechanisms are essential in understanding the contrast in MRI 

images. Different tissues in the body will appear brighter or darker in T1-weighted and 

T2-weighted images depending on their relative values (in addition to their 

concentrations), providing information on tissue properties for diagnostic purposes. T1 is 

typically longer than T2 because longitudinal relaxation involves a return to thermal 

equilibrium with the surroundings. Whereas transverse relaxation happens faster because 

it is associated with loss of phase coherence between spins which is a faster process than 

achieving equilibrium [46].  

In MRI scans, the signal-to-noise ratio (SNR) is a key parameter that depends on 

factors such as the kind of nuclei used for imaging and the magnetic field strength B0. For 

instance, hydrogen nuclei which are abundant in water and fat, have a high gyromagnetic 

ratio (~42.58 MHz/T) and are therefore suitable for use in MRI. Proton-based MRI 

focuses on hydrogen protons because they produce a strong signal in tissues with high 

water content [46]. There are also challenges present during the MRI experiments like 

magnetic field inhomogeneities, structural inhomogeneities in the sample, and image 

artifacts due to patient motion. Additionally, metal implants in the body, such as artificial 

joints or pacemakers can pose a risk to patients, as the strong magnetic field can interfere 

with the functioning of the implants or cause them to heat up [47].  
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3.1.1 Spin Echo Sequence and Relaxation Mechanisms 

The way to carry out NMR and MRI experiments is via the application of a pulse 

sequence, which is the list of technical events in time. A fundamental pulse sequence in 

MRI is the spin echo (SE) sequence (Figure 3.1), which can be used to recover the spin 

phase coherence that is lost due to signal dephasing. The sequence begins with a 90° RF 

pulse that tips the spins into the transverse plane. Microscopic field fluctuations cause the 

spins to precess at different rates, which ultimately leads to a loss in phase coherence and 

hence signal decay. In order to recover the phase spread, a 180° RF pulse is applied 

which flips the spins causing the faster spins which were ahead to fall behind and vice 

versa. The spins are realigned (Figure 3.2) in phase to create a spin echo after a period 

that is equal to the gap between 90° and 180° pulses, which together are known as the 

echo time (TE) [48]. Signal decay in the transverse plane is due to two relaxation 

processes: T2 relaxation, a true transverse relaxation reflecting loss of phase coherence 

caused by spin-spin interactions, and T2* relaxation, occurring due to the dephasing 

effects caused by magnetic field inhomogeneities and tissue susceptibility. The SE 

sequence removes T2* dephasing and enables a more accurate measurement of T2 

relaxation time [46]. T2 relaxation time is a useful quantitative biomarker in the 

assessment of cartilage properties. 

3.1.2 Quantitative MRI and T2 Mapping of Articular Cartilage 

MRI is a valuable imaging tool for the assessment of cartilage in osteoarthritis 

(OA) as it can detect early metabolic and structural changes in the cartilage [14, 49]. 

Quantitative MRI techniques, especially the use of T2 relaxation, are useful for cartilage 

health evaluation as they can provide vital information about water content, collagen 
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structure, and proteoglycan concentration in the cartilage [50, 51]. T2 relaxation 

measurements depend on tissue anisotropy together with collagen fiber orientation and 

water content. 

• The increase in T2 relaxation values indicates elevated water mobility, reduction 

in collagen integrity, and consequently, early cartilage degradation.  

• The Lower T2 values suggest a more organized collagen matrix with lesser water 

mobility [52, 53]. 

The magic angle effect is a key factor that influences T2 relaxation, a 

phenomenon where T2 values reach the maximum when the collagen fibers are oriented 

at approximately 55° to the magnetic field (B0). Higher T2 relaxation times are achieved 

when the collagen fibers align at this specific angle (55°) because the dipolar interactions 

that shorten T2 relaxation become minimized at this orientation [54, 55].  

3.1.3 MRI Imaging Parameters and Their Impact on Image Quality 

The image resolution together with signal-to-noise ratio (SNR) and contrast in 

images gets affected by multiple MRI parameters. For better cartilage visualization and 

disease evaluation, MRI protocols can be improved by altering the following parameters. 

• Field of View (FOV) and Matrix Size: The spatial resolution is inversely 

proportional to the FOV. A small FOV and large matrix can improve spatial 

resolution at the cost of reduced SNR and longer acquisition time. 

 Resolution = FOV/Matrix 3.14 

• Slice Thickness: Thick slices in 2D MRI can enhance the SNR but at the same 

time limit the spatial resolution in the slice direction. 
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• Number of Averages: Acquiring multiple averages can improve SNR, but this 

also results in an increase in scan time, which can be a problem in biomedical 

imaging. 

• Repetition Time (TR) and Echo Time (TE): These parameters significantly affect 

image contrast; longer TE can enhance T2 contrast making it easier to 

differentiate tissues with different T2 relaxation times, but it can result in low 

SNR due to signal decay. A long TR ensures that all protons are fully relaxed, and 

this can improve the quality of T2-weighted images, at the cost of long 

experimental time. 

3.2 Polarized Light Microscopy and Its Application in Articular Cartilage Imaging 

Light being an electromagnetic wave is made up of oscillating electric and 

magnetic fields, these waves vibrate in multiple directions in natural light. When 

electromagnetic waves are only vibrating in one direction they are considered to be 

linearly polarized, to achieve this effect linear polarizers are used [56]. Anisotropic 

materials like biological tissues can split the polarized light into two distinct rays that 

move at separate velocities through birefringence. Structural organization of the material 

determines the degree of birefringence. After the specimen, a second polarizer known as 

the analyzer is placed perpendicular to the first polarizer to measure birefringence. If 

there is no birefringence, the light will stay polarized and the analyzer will block the light 

resulting in a dark image. However, if birefringence is present some light will pass 

through the analyzer resulting in a brighter image, the brightness of the image 

corresponds to the magnitude of birefringence [57]. 
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Polarized light microscopy (PLM) is an established technique for studying the 

anisotropic properties of biological and non-biological materials [58]. Due to the 

collagen-rich composition in many connective tissues like articular cartilage and 

fibrocartilage, the exhibition of birefringence makes PLM a valuable tool for biomedical 

research [59]. PLM functions with the use of a light source, a polarizer, a rotating stage 

for the sample, an analyzer, and a detector (Figure 3.3). An anisotropic structure causes 

linearly polarized light to split into two rays (ordinary and extraordinary rays) moving at 

different speeds, the difference in refractive indices between these rays generates 

birefringence. 

3.2.1 PLM in Articular Cartilage Assessment and Osteoarthritis Detection 

The structure of articular cartilage exhibits anisotropic properties because 

collagen fibers are arranged differently throughout different zones of the cartilage, the 

orientation of the fibers determines the functional mechanical properties of the tissue.  

• Superficial Zone: The topmost part of the tissue contains collagen fibers which 

run parallel to the articular surface. The arrangement of collagen fibers in this 

zone helps absorb shear forces and make joint movement smoother by reducing 

friction between bones.  

• Middle (Transitional) Zone: The fibers found in this zone are randomly oriented. 

The middle zone distributes forces uniformly in the cartilage. 

• Deep Zone (Radial zone): The fibers found in this zone are perpendicular to the 

articular surface. The deep zone supports the weight of the body and helps 

cartilage to hold its structure [60]. 
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PLM provides quantitative measurements of birefringence related to the density 

and organization of collagen fibers. In our laboratory, the PLM instrument generates two 

quantitative images, which are: 

• Retardation Maps: Represent the organization and density of the collagen fibers, 

higher birefringence measurement indicates a better organized ECM. 

• Azimuth (Angle) Maps: Represent the averaged orientation of the collagen fibers. 

In healthy cartilage, fibers in the superficial zone are perpendicular to the fibers in 

the deep zone, confirming the characteristic structure of the cartilage [61, 62].  

In cartilage affected by osteoarthritis, there is a loss of collagen organization 

which leads to structural and biomechanical degradation. PLM is highly useful in 

detecting these degenerative changes in the osteoarthritic cartilage. Decreased retardation 

values in the osteoarthritic cartilage reflect the breakdown of the collagen network and 

increased tissue degradation [63].  

3.3 X-ray Computed Tomography  

Computed Tomography (CT) operates as a non-invasive diagnostic tool which 

produces cross-sectional images of the body through X-ray attenuation. The imaging 

process of CT depends on how X-rays penetrate different materials at different depths. 

Medical imaging utilizes X-rays as electromagnetic radiation typically between 30 keV 

and 150 keV energy range. When X-rays pass through a material they are absorbed or 

scattered due to interactions with atoms by means of attenuation, occurring through the 

photoelectric effect and Compton scattering. The process of X-ray attenuation causes X-

rays to lose intensity during travel through a material. The X-ray absorption properties of 

materials depend on their atomic number, higher atomic number materials produce better 
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image contrast through increased attenuation. The equation that mathematically describes 

X-ray attenuation: 

 𝑰 = 𝑰𝟎𝒆−(𝝁𝒙) 3.15 

where I is the detected X-ray intensity, I0 is the initial intensity of the X-ray source, μ is 

the linear attenuation coefficient of the material, and x represents the thickness of the 

sample. 

Sir Godfrey Hounsfield established the standard for X-ray attenuation 

measurements through his development of the Hounsfield Unit (HU) scale. The 

Hounsfield Unit (HU) scale shows air at -1000 HU while water appears at 0 HU, and 

denser materials like bone have positive HU values [64]. The detector in CT imaging 

system acquires many 2D X-ray projection images from different angles which then go 

through advanced reconstruction algorithms like the convolution back-projection method 

to produce the detailed 3D structure representation of the scanned object (Figure 3.4). 

The role of CT imaging in diseases like osteoarthritis (OA) is valuable in assessing bone 

integrity and structural changes. 

3.3.1 Experimental Parameters for CT Imaging 

Key parameters that determine the production of high-quality CT images are: 

• Voltage (kV)- This parameter controls the energy of the X-ray beam which 

determines its penetration depth. Higher voltage enhances X-ray penetration 

which makes it suitable for scanning dense materials like bones. 

• Current (µA)- This parameter controls the number of X-ray photons produced. 

Higher current improves signal strength and image quality but increases radiation 

dose. 
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• Field of View- This parameter determines the region that is being scanned, a 

smaller Field of View (FOV) often results in a better spatial resolution.  

• Rotation step- This parameter determines the angular increment between each 

acquired projection. A smaller rotation step improves image quality but increases 

the total scan time.  

• Averages- This parameter determines the number of scans averaged per rotation 

step, higher averages reduce image noise and improve quality but increase the 

total scan time.  

In CT imaging procedures, beam hardening is crucial to consider, which happens 

when lower-energy X-rays are absorbed more by dense materials like bones and higher-

energy X-rays pass through with less absorption. The X-ray beams that reach the detector 

possess higher energy which generates beam-hardening artifacts that distort the image. A 

metal filter like aluminum is often placed between the X-ray source and the sample to 

minimize these artifacts. The aluminum filter helps to eliminate lower energy X-rays 

before they strike the sample thus reducing beam hardening effects which enhances 

image quality. 

3.3.2 Osteoarthritis Detection Using CT Imaging 

In clinical diagnostics, CT imaging functions as an essential tool to assess 

subchondral bone alterations in osteoarthritis (OA). During OA progression the 

subchondral bone experiences modifications in its structural integrity with changes in 

bone mineral density (BMD), volume, thickness, and porosity. During the initial phases 

of OA, the subchondral bone undergoes increased remodeling activity involving both 

resorption and formation which can result in reduced BMD [65, 66]. However, as OA 
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advances subchondral bone becomes thicker and is known to develop subchondral 

sclerosis that can result in increased BMD [67]. The high-resolution imaging capability 

of µCT enables the detection of small changes in BMD at the onset of OA [68]. CT 

imaging can help clinicians and researchers to monitor disease progression and develop 

treatment plans for preserving joint health. 

3.4 Inductively Coupled Plasma (ICP) - Optical Emission Spectroscopy (OES)  

The Inductively Coupled Plasma (ICP) technique measures the elemental 

composition in a sample using a spectrometer and high-temperature plasma which is 

typically generated by ionizing argon gas with radio frequency (RF) electromagnetic 

field. The plasma with extreme heat (~6000-10000K) excites the atoms in the sample, 

causing their electrons to jump to higher energy levels. The emission from the elements is 

due to the relaxation of these electrons which release photons when they return back to 

lower energy states. The light emitted by each element in the sample is at a characteristic 

wavelength and the intensity of the light is directly proportional to the concentration of 

the element present in the sample [69]. The measurement of elemental concentration 

relies on comparing the light emission intensity to standard reference values. ICP-OES 

operates as an efficient analytical technique which works across multiple applications 

including clinical diagnostic testing. 
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Figure 3.1 A pulse sequence diagram of a spin echo (SE) sequence is shown with timing 

parameters, radio frequency (RF) pulses, and gradient events. The diagram shows the 

repetition time (TR), echo time (TE), 90° and 180° RF pulses, and the corresponding 

gradients: slice selection gradient (SSG), phase encoding gradient (PEG), and frequency 

encoding gradient (FEG). The resulting echo signal is also shown in the diagram. 
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Figure 3.2 Illustration of the relaxation dynamics during the spin echo sequence. (A) The 

sequence of events in a spin echo MRI experiment is illustrated by this diagram. The net 

magnetization vector (M) starts along the Z-axis before a 90° RF pulse tips it into the 

transverse (XY) plane. The transverse magnetization undergoes dephasing, and a 180° 

RF pulse is applied to refocus the spins which results in the formation of a spin echo. (B) 

Graphs representing the relaxation processes: longitudinal relaxation (T1 recovery) and 

transverse relaxation (T2 decay). 
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Figure 3.3 Schematic representation of the working principle of polarized light 

microscopy (PLM). Polarized light passes through a birefringent sample, causing changes 

in the light's phase. These changes are picked up by the analyzer and shown as visible 

differences at the detector. 
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Figure 3.4 Schematic representation of the working principle of computed tomography 

(CT) imaging. (A) The sample is scanned using X-rays. (B) Processing of projection data 

using mathematical algorithms to produce horizontal slices. (C) Reconstructed three-

dimensional image of the sample. Reprinted from [70], with permission.  
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CHAPTER FOUR 

 

MATERIAL AND METHODS 

4.1 Sample Preparation 

The studies in this dissertation used a total of 30 mature New Zealand White 

female rabbits, each was around 9 months old and weighed approximately 3-4 kg at the 

time of the surgery. All of the animal procedures in this study were approved by the 

institutional review committee (IACUC: AL-2021-07). The impact surgery on the rabbit 

femur was performed by a surgeon on the operating table using a limb clamp and a 

custom-built device [71] which had a metal indenter tip with a diameter of 3 mm. Under 

anesthesia, the impact was applied one time to the right femoral medial condyle of each 

animal, at a location that was approximately equidistant from the anterior and posterior 

ends. The impact force was approximately 30 MPa, calibrated with the use of sensor 

films (Fujifilm Prescale, Sensor Products Inc., Madison, NJ). This injury was deliberately 

designed to be subcritical, mimicking a non-catastrophic trauma that avoids cartilage 

penetration and bone fracture. Such injuries occur more frequently during daily activities 

and can often be overlooked but may initiate degenerative changes over time. We applied 

this subcritical injury to induce minor joint damage, aiming to understand how such 

trauma affects the articular cartilage and subchondral bone, and to explore the 

relationship between mild mechanical injury and joint health. The left femoral medial 

condyle of the animal was kept unoperated to serve as a contralateral control. After 

receiving the impact, the rabbits were allowed to engage in normal activities without any 

restrictions until reaching their assigned euthanasia time points, which were 0, 2, 6, and 
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14 weeks post-impact; each time point had six animals. Additionally, a separate group of 

six animals underwent impact surgery with an approximate impact force of 65 MPa and 

was sacrificed at 6 weeks. This group was specifically designed to compare to the 6-

week/30-MPa group to assess how an increased force influences the severity of joint 

damage. This comparison helped us to investigate the connection between impact 

intensity and cartilage damage in the joint. Across the five groups, there were a total of 

60 knee samples (n=30 non-impact; n=30 impact). For the first phase of the project, 

following sacrifice, the rabbit whole knee joints were imaged by microscopic magnetic 

resonance imaging (μMRI) and microscopic computed tomography (μCT).  

After the whole knee imaging, further analysis was done on the extracted 

cartilage-bone blocks from 2 and 14-week animal groups. Figure 4.1 shows the specimen 

location for the μMRI cartilage-bone block. Two cartilage-bone blocks each about 2×2×3 

mm3 in size were harvested, one from each femoral medial condyle of the non-impact 

and impact knee, with both taken from the matched impact locations. This resulted in 

n=12 blocks for the 2-week group (n=6 non-impact, n=6 impact), and n=12 blocks for the 

14-week group (n=6 non-impact, n=6 impact). In the second phase of the project, 

cartilage blocks from the medial femoral condyle at 2 and 14 weeks post-surgery 

following a 30 MPa impact were examined to assess zonal changes in the cartilage. To 

preserve tissue integrity, the cartilage-bone blocks were bathed in the saline solution with 

protease inhibitors (PI). In addition to the tissue blocks from the impact location for 

µMRI imaging, cartilage tissues were harvested from the adjacent anterior and posterior 

portions of the femur for biochemical analysis shown in Figure 4.1. These samples were 
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analyzed using the Inductively Coupled Plasma (ICP) technique to determine the water 

(H2O) and glycosaminoglycan (GAG) contents.  

In the third phase of the project, cartilage-bone blocks from the femoral condyle 

at 2 and 14 weeks post-surgery were further analyzed to detect microstructural alterations 

using polarized light microscopy (PLM) and microscopic computed tomography (µCT) 

imaging. In addition to the blocks from the impact location for PLM and µCT imaging, 

cartilage samples from the adjacent anterior and posterior portions of the impact location 

were analyzed using the Inductively Coupled Plasma (ICP) technique to measure calcium 

content in the calcified zone of the cartilage. 

4.2 Microscopic Magnetic Resonance Imaging Protocols  

For the first phase of the project, all the unopened knees were imaged using a 

µMRI instrument, a Bruker AVANCE III HD 300 spectrometer equipped with a 7-Tesla 

vertical bore magnet (Bruker, Germany). The multi-echo pulse sequence was used for 

quantitative imaging of the rabbit whole knee joints. The field of view was 28×28 mm, 

which yielded an initial pixel size of 109 μm. During post-processing, the raw images 

were reconstructed from an initial matrix size of 256×256 to a higher matrix size of 

512×512, resulting in a final pixel size of 55 μm [72]. The experimental parameters were: 

repetition time (TR) of 3.5 s, slice thickness of 0.8 mm, 6 signal averages, and echo time 

(TE) of 6.7 ms. The echo times began at 6.7 ms and incremented by 6.7 ms for each 

subsequent echo, for a total of 5 echoes (i.e., five intensity images, each acquired at a 

different echo time). Each set of the five intensity images was used to evaluate the signal 

decay at different echo times, which enabled the construction of one quantitative T2 

relaxation image. The total scanning time for each joint was 1 hour and 30 minutes. 
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For the second phase of the project, extracted cartilage-bone blocks from 2 and 

14-week animal groups were imaged using a 3 mm solenoid coil for quantitative MRI T2 

imaging on the same Bruker µMRI system with a 7-Tesla vertical bore magnet (Bruker, 

Germany). The specimens were imaged at two different orientations, 0° and 55° to the 

external magnetic field B0, which were necessary to study deeper regions in cartilage [54, 

73]. Dipolar interactions in cartilage are minimal at 55° (the magic angle), which results 

in a homogenously laminated appearance of cartilage in the images that is more useful for 

visualizing cartilage degradation in the deeper zones. This is in contrast to the 0° 

orientation at which cartilage displays an anisotropically laminated appearance due to 

greater dipolar interactions [54, 73, 74]. The quantitative imaging used a field-of-view 

of 3×3 mm2 with a slice thickness of 0.8 mm and an acquisition matrix of 256×128, 

which was later reconstructed to a 256×256 matrix, resulting in a transverse resolution of 

11.7 μm/pixel. The repetition time for the experiments was 1.8 s. The T2-weighted 

images were acquired at four echo times (2, 4, 6, and 12 ms) using the CPMG 

magnetization-prepared imaging sequence with a scan time of approximately 1 hour and 

30 minutes [54, 73]. 

4.3 Microscopic Computed Tomography Imaging Protocols  

In the first phase of the project, after the µMRI experiments, the unopened whole 

knees from all animal groups were imaged using a µCT instrument, the Skyscan 1174 

system (Bruker, Kontich, Belgium). All experimental parameters were consistent: a 

voltage of 50 kV, a current of 800 µA, a rotation step of 0.5°, 10 signal averages, 0.2 mm 

aluminum filter, and a 1024×1024 data matrix, which yielded a pixel size of 30.4 µm. 

The total scanning time for each joint was 54 minutes.  
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For the third phase of the project, extracted cartilage-bone blocks from 2 and 14-

week animal groups were imaged using the same Skyscan 1174 system, where the 

consistent experimental settings were used for all cartilage-bone blocks: 45 kV, 700 µA, 

0.5° rotation step, 10 averages, 0.2 mm aluminum filter, and 1024×1024 data matrix. The 

images were acquired at a high resolution of 6.7 µm and the total scanning time for each 

sample was 54 minutes.  

After scanning, the µCT data was reconstructed using the commercial software 

NRecon (Bruker, Kontich, Belgium), and the reconstructed images were then analyzed 

for the BMD using CT-Analyser (Bruker, Kontich, Belgium). The BMD measurements in 

the specimens were calibrated in grams of hydroxyapatite per cubic centimeter (g/cm³) 

using the density scales of the measured attenuation coefficients of standard µCT 

phantoms (Bruker, Kontich, Belgium).  

4.4 Polarized Light Microscopy Protocols 

For the third phase of the project, the cartilage-bone samples were preserved in 

10% buffered formalin and transferred to an outside agency for paraffin-embedded tissue 

histology (Western Michigan University, School of Medicine, Kalamazoo, MI). Sections 

from histology with a thickness of 6 µm were imaged by the PLM system [61] 

comprising a digital imaging setup (Cambridge Research & Instrumentation, Woburn, 

MA) mounted on a polarized light microscope (Leica, Buffalo Grove, IL). The 

quantitative imaging was done at an objective of 10X, resulting in a resolution of 1.0 

μm/pixel. For each histological section, the PLM system produced a pair of quantitative 

images - an optical retardation image with units of nanometers and an orientation angle 
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image, shown in Figure 4.2. These images were used to carry out analysis of the 

birefringent properties of the cartilage tissue. 

4.5 Inductively Coupled Plasma Protocols  

A Perkin Elmer inductively coupled plasma optical emission spectrometer (ICP-

OES), Optima 7000 DV (Waltham, MA) was used to determine the elemental 

concentration in the cartilage block samples from 2 and 14-week animal groups using a 

previously established protocol [75]. The sample preparation began with the removal of 

bone from each cartilage-bone block. The cartilage specimens were weighed for their wet 

weight, after which they were placed in an oven at 90° F for three hours, the samples 

were then taken out of the oven and weighed for their dry weight. For the second phase of 

the project, the water percentage was calculated based on the two measured values of wet 

weight and dry weight. GAG concentration measurements were based on the 23Na ICP-

OES analysis, sodium was used as a surrogate marker for GAG content due to its 

electrostatic association with the negatively charged GAG molecules in the cartilage 

matrix. For the third phase, calcium concentration measurements were based on the 40Ca 

ICP-OES analysis. Before ICP analysis, cartilage tissue was liquified overnight using 

concentrated 100 μl HNO3 and then diluted to 10 ml with deionized water. Five standard 

solutions were also examined for calibration purposes. Previous research has discovered 

high concordance between MRI and ICP data [76]. 

4.6 Image/Data and Statistical Analysis 

In the first phase of the project, post-impact cartilage damage in whole knee MRI 

images across all animal groups was assessed using T2 maps that were generated from 

quantitative 2D MRI images acquired at five different echo times. The calculation of T2 
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used public domain software, ImageJ (National Institutes of Health, Bethesda, MD), and 

was based on an exponential expression: 

 𝑺 = 𝑺𝟎𝒆−(𝑻𝑬/𝑻𝟐) + 𝑪 4.1 

where S was the observed signal intensity, S0 was the initial signal at the shortest echo 

delay, TE was the echo time, and C accounts for the background noise. In these T2 maps, 

the regions of interest (ROI) were created to focus on the cartilage at the impact site, to 

analyze the site-specific damages.  

To compare the articular cartilage damage between non-impact and impact 

samples, the matched ROIs were also created in the contralateral, non-impact knee 

samples. In addition, to evaluate the spread of cartilage damage a second ROI was made 

in the posterior location of the femoral cartilage. Figure 4.3 shows the visual 

representation of these ROIs. To distinguish cartilage damage between superficial and 

deep tissue, the full thickness of the cartilage was divided into two equal-thickness zones 

within the ROIs, zone-1 spanning from the superficial layer to the midpoint of the 

cartilage and zone-2 spanning from the midpoint to the deeper layer where the cartilage 

connects to the subchondral bone. Data collected from the T2 maps was further analyzed 

using Microsoft Excel, where T2 relaxation values (in milliseconds) were used to 

evaluate the progression of cartilage damage. Measured T2 values were also used to 

assess the severity of damage at 6 weeks post-impact under two different impacts (30 

MPa vs 65 MPa).  

Reconstructed data from the µCT scans was analyzed to evaluate changes in the 

subchondral bone post-impact. The BMD measurements were taken from the region 

directly beneath the articular cartilage at the impact site. Twenty-five consecutive slices 
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with a total thickness of 0.76 mm (~ the same thickness of one µMRI image thickness) 

were analyzed for the BMD assessment. Statistical analyses of both T2 relaxation times 

and BMD measurements were performed using KaleidaGraph (Reading, PA). A one-way 

ANOVA with Bonferroni post-hoc test was conducted to compare non-impact and impact 

specimens across all time points (0, 2, 6, and 14 weeks), where a p-value <0.05 was 

considered significant.  

In the second phase of the project, to study the 2D images of cartilage block 

samples from 2 and 14-week animal groups, T2 maps were generated using the T2-

weighted intensity images at four different echo times, using a public domain software, 

ImageJ (National Institutes of Health, Bethesda, MD). In each T2 map, a ten-pixel wide 

ROI was applied to the image to generate a 1D profile along the cartilage depth which 

was further analyzed using Microsoft Excel. Following an established division method 

[61, 62], the full thickness of the cartilage was separated into three cartilage zones based 

on the bell-shaped curve obtained at T2-0°, the superficial zone (SZ), transitional zone 

(TZ), and radial zone (RZ). The RZ was further divided into equal halves RZ1 and RZ2. 

The total thickness of the cartilage was determined using the images obtained at T2-55°. 

The zonal T2 values from the 1D profiles were used to determine the degradation of 

impact cartilage and to compare the tissue properties between non-impact and impact 

specimens. For each 10-pixel wide ROI, 10 data points were created by averaging each 

pixel across the depth. These data points were then used for statistical analysis of T2 

relaxation time. The statistical analyses were conducted on T2 relaxation times and ICP 

measurements using the commercial software KaleidaGraph (Reading, PA). The paired 
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student t-test was performed to compare non-impact and impact samples at 2 and 14 

weeks, where a p-value <0.05 was considered significant. 

In the third phase of the project, PLM images of the histological sections from 2 

and 14-week animal groups were analyzed using ImageJ (National Institutes of Health, 

Bethesda, MD). A one-hundred-pixel-wide ROI was applied to the 2D optical retardation 

PLM images to generate a 1D profile along the cartilage depth for each sample. Optical 

retardation data from the 1D profile was further analyzed using Microsoft Excel to 

compare non-impact knee (NIK) and impact knee (IK) samples. To analyze optical 

retardation in different regions of the tissue, the depth of the cartilage was divided into 

four tissue regions: superficial zone (SZ), transitional zone (TZ), radial zone (RZ), and 

calcified zone (CZ), using the established criteria [61, 62]. Reconstructed data from the 

µCT scans was analyzed using CT-analyzer (Bruker, Kontich, Belgium) software. The 

subchondral bone plate (SBP) region was analyzed for BMD measurements, from the 

start of the SBP region, in each sample, a total of 100 axial slices along the depth were 

analyzed for mean BMD value in g/cm3. The depth of the SBP region was approximately 

0.67 mm, which was equally divided into two regions (region-1 and region-2) of 50 slices 

each, and mean BMD was measured from each region. The statistical analyses were 

conducted on optical retardation, BMD, and ICP measurements using the commercial 

software KaleidaGraph (Reading, PA). The paired student t-test was performed to 

compare non-impact and impact samples at 2 and 14 weeks, where a p-value <0.05 was 

considered significant. 
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Figure 4.1 (A) Specimen locations for the μMRI and ICP experiments, which were used 

for quantitative analysis of T2 and compositional measurements. The central specimen 

(#2) was studied individually in μMRI and the adjacent specimens (#1 and #3) from the 

anterior and posterior portions of the AC were evaluated using biochemical analysis. (B) 

Photograph of the cut femoral slice, with a dotted box indicating the region on the medial 

side where the cartilage block was extracted. (C) Photograph of the harvested cartilage-

bone specimen prepared for μMRI imaging.  
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Figure 4.2 Representative set of 2D quantitative optical retardation PLM images along 

with their associated depth-dependent profiles (in unit of nm) from rabbit knee articular 

cartilage at 1μm/pixel resolution. The profiles also contain the standard deviations. (A) 

Shows the optical retardation image and its profile from a non-impact sample at 14-week 

time point, including the depth-wise zonal divisions of the cartilage and the retardation 

scale. (B) Shows the optical retardation image and its profile from an impact sample at 

14-week time point.  
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Figure 4.3 Illustration of the regions of interest: (A) µMRI T2 image highlighting the 

depth-dependent zones at Location-1 (impact site) and Location-2 (posterior region of the 

femur); (B) µCT image depicting the subchondral bone region beneath the impact 

cartilage, where BMD measurements were conducted.  
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CHAPTER FIVE 

 

PROGRESSION OF POST-TRAUMATIC OSTEOARTHRITIS OVER 14 WEEKS 

FOLLOWING A SUBCRITICAL INJURY 

5.1 Introduction 

Degradation of articular cartilage and remodeling of subchondral bone are the 

typical hallmarks of post-traumatic osteoarthritis (PTOA). A direct mechanical impact on 

the joint can damage the cartilage matrix and cause chondrocyte death, all leading to a 

gradual reduction in the joint’s ability to support weight and movement. For accurately 

understanding the early stages of PTOA formation and articular cartilage deterioration, 

animal models are highly advantageous [54, 77], since a particular event can be initiated 

in the animals and any subsequent changes can be monitored with different tools and 

methods [78].  

Since water is the major component in connective tissues including cartilage, 

magnetic resonance imaging (MRI) is the best non-invasive imaging technique to observe 

early degradation of the AC [79, 80]. Among all MRI parameters, T2 relaxation time is 

extremely useful for assessing cartilage health as it is highly sensitive to water motion 

[54]. Higher T2 values in the diseased cartilage signify greater water content in ECM, 

disrupted collagen network, lower proteoglycan content, and weaker interactions between 

water and the macromolecules in cartilage [81-83]. Since an increase in free water motion 

in the degraded cartilage leads to higher T2 relaxation time, the MRI signal is greater for 

the water molecules that are freer in their motion than the water molecules that are tightly 

attached to the macromolecules via intermolecular interactions.  
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In this study, we tracked the progression of PTOA in the rabbit model following a 

single direct impact on the femoral articular cartilage. In the first phase of this project, the 

objective was to track femoral cartilage degradation from 0 to 14 weeks after mechanical 

injury and to assess how variations in injury duration and force magnitude influence 

cartilage damage and the development of PTOA. Using μMRI and μCT, we monitored 

the changes in cartilage and subchondral bone over 14 weeks. The experimental protocols 

have been presented in the previous Chapter, Chapter Four. 

5.2 Results 

Figure 5.1 illustrates the differences in the T2 images between the non-impact and 

impact joints at 14 weeks post-impact. Visible differences are noticeable in the color T2 

images (lower row), where the impact cartilage had higher values of T2 relaxation times 

in the regions where the impact occurred. In MRI, higher T2 values in cartilage are 

commonly related to soft-tissue damage, for example, more water content, freer water 

molecules, and fewer macromolecules (proteoglycans).  

These visual observations on the T2 maps were supported by the quantitative 

analysis of the T2 values. Figure 5.2 contains the zonal-specific T2 relaxation times in 

cartilage among all time points and all comparisons at Location 1 (the impact site). 

Several observations can be made in Figure 5.2A, which has the T2 values from cartilage 

at zone 1, the surface half of the tissue at the impact location. First, the five sets of non-

impact tissues over the duration of 14 weeks, although showed a small increase gradually 

over time, had no statistical differences among their values. This insignificance showed 

that the T2s in the non-impact tissues stayed approximately constant over the 14 weeks. 

Second, five sets of impact tissues over the duration of 14 weeks showed steady increases 
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in their T2 values, where the differences between the non-impact and impact tissues 

became statistically significant for the last two groups (6-week high impact, 14-week). 

Third, compared with the zero-week impact tissues, the impact tissues at 6-week, 6-week 

high-impact, and 14-week all had statistically significant increases in T2 values. Fourth, 

each box plot in Figure 5.2A was the average of six different animals. When comparing 

the variations among the box plots, the T2 variations in the impact animals were bigger 

than the non-impact animals. This difference may point out the fact that the progression 

of tissue degradation varied among animals in the same group, even though all underwent 

the same procedure. Some animals exhibited faster degradation, while others progressed 

slowly. Finally, comparing two groups at 6 weeks, the group of rabbits that received an 

impact of 65 MPa demonstrated higher T2 changes between non-impact and impact 

knees compared to the 30 MPa group; the changes in the high-impact group were 

statistically significant while the changes in the low impact group were not. This 

demonstrates that the extent of impact is proportional to the amount of tissue damage.  

Figure 5.2B has the T2 data from cartilage at zone 2, the deep half of the tissue at 

the impact location. Compared with the upper half of the cartilage, all T2 values in zone 2 

were lower than zone 1, which agrees with the depth-dependent T2 profiles observed at 

high resolutions [84]. Apart from that difference, most of the observations found in 

Figure 5.2A can also be noticed in Figure 5.2B. For example, the impact cartilage had 

higher T2 values than their corresponding non-impact samples; the amount of T2 

increases were related to the post-surgery weeks; and there were larger variations in T2 

among the impact animal groups. Several comparisons were found to be statistically 

significant, as shown in Figure 5.2B. 
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We also carried out an identical analysis for cartilage in Location 2, the posterior 

region of the femur cartilage, away from the impact site. No prominent T2 changes were 

noted for any groups at Location 2. This difference between Location 1 and Location 2 

highlights the site-specific nature of the post-traumatic damage. The data collectively 

suggest that, at least during the initial stages, cartilage damage after subcritical trauma 

remained localized to the impact site. All data are summarized in Table 5.1. 

A correlation analysis between the non-impact and impact samples is shown in 

Figure 5.3, which compares the effects of two different impact forces at 6 weeks. Since 

the dotted diagonal line in the center has a slope of 1, any data point above the diagonal 

line has a higher T2 post-impact. Figure 5.3 shows that all T2 values in the impact tissue 

had higher T2 than the non-impact tissue. In addition, the T2 values in the tissue 

subjected to high impact (65 MPa) were greater than those in the low-impact (30 MPa) 

group, as indicated by the fitted solid slope lines, which were steeper for the 65 MPa 

group compared to the 30 MPa group. This illustrates that the higher impact force led to 

greater damage in both cartilage zones at the impact location.  

At early time points (0, 2, and 6 weeks), no prominent changes in the BMD were 

observed between non-impact and impact samples. The absence of any major alterations 

in BMD may suggest that subchondral bone remodeling progresses slower than cartilage 

degradation. By 14 weeks, lower BMD values were observed in the impact knees 

compared to non-impact knees, with a difference of nearly 5%. While this difference was 

small, it may hint at the start of potential bone remodeling beneath the diseased cartilage. 

The BMD data suggests that the subchondral bone remained stable during the early 
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stages of PTOA progression compared to cartilage deterioration after a subcritical impact 

injury. The BMD measurements are summarized in Table 5.1. 

5.3 Discussion 

The progression of post-traumatic osteoarthritis (PTOA) was studied in a rabbit 

model following a subcritical injury to the femur articular cartilage. Integrating MRI T2 

mapping with the subchondral bone BMD analysis in this study helped to better 

understand the early cartilage damages and the time-dependent nature of PTOA 

progression.  

The gradual increase in the T2 values at the impact site over time highlighted the 

progressive nature of cartilage damage, following a mechanical injury. By 14 weeks, T2 

values at the impact site saw a significant increase of 28% in Zone-1 (surface tissue) and 

30% in Zone-2 (deep tissue) when compared to the non-impact knee samples. Both zones 

showed similar increases in T2 values reflecting consistent cartilage changes across 

cartilage depth suggesting the cartilage damage was not just superficial deterioration. In 

addition, progressive increases in T2 relaxation time following a mechanical injury have 

been reported in prior animal model studies [85-87]. The lack of significant T2 changes 

in the posterior location (Location-2) suggests that the trauma-induced damage remained 

localized to the impact region during the early stages. Although quantitative analysis 

captures cartilage degradation more accurately, qualitative visualization using T2 maps 

provides a quick overview of the increased T2 values in the impact knees.  

Three features in this µMRI data are worth pointing out. First, our data in Figure 

5.2 demonstrates increasing differences in the quantitative T2 values between non-impact 

and impact samples over the course of post-surgery weeks and variations within the 
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impact groups. These variations in the box plots emphasize that, even in a highly 

controlled animal model study, there are variations in tissue degradation among 

individual animals. We suspect a similar situation exists in humans too, which contributes 

to the challenges of early diagnosis of osteoarthritis. Second, cartilage damage observed 

at 6 weeks after receiving impact at 30 MPa and 65 MPa highlighted the relationship 

between injury severity and cartilage degradation. Significantly higher T2 values 

observed in the 65 MPa group suggest that injury at higher magnitudes can play a role in 

accelerating cartilage deterioration. Finally, most of the T2 changes were from the impact 

site, not in the surrounding tissues, which highlights a delayed spreading of tissue 

degradation, gradually from the impact site toward the surrounding tissues. 

In a related study [88] which was conducted as a part of this multi-aim project, 

cartilage blocks were harvested from the impact region and high-resolution µMRI was 

carried out at 11.7 µm pixel size. This fine-resolution approach enabled the zonal T2 

analysis and differentiation between individual depth-dependent layers in cartilage, such 

as superficial, transitional, radial zone-1, and radial zone-2. The results from the cartilage 

block study showed similar trends to the whole knee imaging, with elevated T2 values in 

the impact knees compared to the non-impact knees at the respective time points. High-

resolution µMRI allows for a detailed assessment of the cartilage and can capture subtle 

changes within specific zones. Such fine-resolution imaging particularly helps to 

understand the depth-dependent progressive nature of cartilage deterioration, where prior 

studies have shown that injury-related cartilage damage progresses from the superficial 

zone to deeper layers [52]. While high-resolution µMRI imaging captures fine details, it 

is time-consuming and examines only a tissue block. In contrast, whole-knee imaging 
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helps in retaining the structural and biochemical integrity of the cartilage by imaging it 

intact with the joint in its natural environment, at a relatively lower resolution. Whole-

knee imaging is thus useful in providing quick insights into disease progression while 

preserving tissue’s integrity making it an effective and non-invasive option for 

conducting long-term studies on a subject. The whole joint imaging using an animal 

model can also serve as a translational bridge between µMRI and clinical MRI of human 

subjects that has even coarser resolution [77]. 

The BMD measurements of the subchondral bone beneath the impact cartilage 

revealed minimal to no changes during the initial stages of this study. Only a difference 

of 5% was measured at a 14-week time point with lower BMD in the impact samples 

compared to the non-impact samples. The lack of significant alterations in the 

subchondral bone reflects the early-stage response to a subcritical injury. It might 

indicate that early PTOA due to subcritical trauma likely begins with cartilage 

deterioration before progressing to bone remodeling at later stages [67, 89, 90]. Future 

studies with extended follow-up measurements could provide better insights into the 

relationship between subchondral bone remodeling and mechanical injuries. 

5.3.1 Limitations 

Twelve adult female NZW rabbits were used in our animal procedures. All left 

femoral heads remained unimpacted and each right femoral medial condyle was impacted 

once. We cannot completely rule out the possibility of surgical stress contributing to 

cartilage deterioration since our study lacks sham surgery on the non-impact knee. This 

choice of using a contralateral control limb in place of a sham group or sham limb was 

made tactically to drastically lower the number of rabbits needed for our research and 
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spare the animals from the excruciating pain and suffering associated with bilateral 

surgical procedures which was a requirement suggested by the institutional review 

committee. Any inconsistency in impactor or limb positioning or rigidity during impact 

could theoretically have led to differences in impact energy between animals, however, 

we took numerous precautions to limit variability and maximize consistency between 

impacts. We conducted this study using a validated impactor device [91] which utilized a 

spring-loaded weight for consistent impact force and velocity, and surgical limbs were 

rigidly mounted to the impactor frame via an intra-op k-wire to maximize rigidity for 

consistent transmission of force from the impactor to the articular surface. Furthermore, 

multiple hardware interlocks allowed the impactor device to be rigidly affixed once 

positioned on the femoral surface, ensuring rigidity during the impact event. Availability 

of male rabbits was extremely low for the experiments that were conducted during the 

COVID-19 pandemic hence we limited our investigation to using only female rabbits, 

and therefore we are unable to assess potential sex differences in response to subcritical 

impact injury. All rabbits were randomly assigned to different groups and were 

monitored carefully. No specific trends related to age or weight were observed during the 

progression of degradation from the impact. 

5.3.2 Conclusion 

This study highlights the importance of MRI T2 mapping as a powerful tool for 

both clinical and research settings, to monitor cartilage degradation over time following a 

mechanical injury. Four findings from this quantitative MRI T2 study are worth 

mentioning: longer duration after the trauma results in greater degradation, a higher 

impact leads to more degradation, noticeable degradation variations in the same group of 
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impact animals, and initial degradation in cartilage only detectable at the impact site. We 

show that quantitative µMRI data can be highly useful for identifying subtle degenerative 

changes in cartilage before major morphological and structural changes occur in the 

joints. In cases of a minor trauma, the damage can go undetected in routine clinical 

diagnosis which can lead to the onset of PTOA. Diagnosing tissue degradation in the 

early stages can help develop therapeutic interventions to slow or halt the progression of 

PTOA and prevent long-term or permanent joint damage. Future research should focus 

on investigating treatment options that help in slowing down the development of PTOA 

in its early stages. This study is currently under peer review for publication in Magnetic 

Resonance Imaging. 
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Figure 5.1 Representative MRI T2 maps of knee imaged at 14 weeks post-impact: (A) 

Non-Impact and (B) Impact. Below each main grey-scale image, the colored T2 maps of 

cartilage provide a zoomed-in view of the soft tissue. The hotter color (Orange) 

represents more cartilage degradation.  
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Figure 5.2 Box plots comparing T2 values from the impact location (Location-1) in knee 

samples. (A) Zone-1 represents the upper half of the cartilage, while (B) Zone-2 shows 

the lower half. Data are presented for both non-impact and impact samples at various 

time points: 0, 2, 6, 6HI, and 14 weeks post-impact. The statistical significances are 

denoted as *(p < 0.05) and **(p < 0.0001).  

 

 



 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Correlation plots showing T2 values for non-impact versus impact knee 

samples at 6 weeks post-impact, comparing 30MPa and 65MPa impact forces. (A) Zone-

1 represents the upper half of the cartilage, while (B) Zone-2 shows the lower half. The 

short lines over different data groups are the linearly fitted slope lines. The dotted 

diagonal line in the center has a slope of one, meaning no change in T2 after impact. 

Sloped lines above the diagonal denote increment in T2 after impact.  
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Table 5.1 Summaries of the T2 values from µMRI and BMD measurements from µCT 

for non-impact and impact samples at different time points: 0, 2, 6, 6HI, and 14 weeks 

post-impact. The data are presented as mean ± standard deviation along with statistical p-

values from the one-way ANOVA with Bonferroni post-hoc test, the bold values in the 

table represent statistical significance (p-value <0.05).  

 

 

 

 0-Week  

(30MPa) 

2-Week 

(30MPa) 

6-Week 

(30MPa) 

6-Week 

(65MPa) 

14-Week 

(30MPa) 

Location1:Zone1  

T2(ms) Imp 
27.72±1.65 30.97±5.3 35.61±4.25 38.25±3.42 41.15±4.8 

Location 1:Zone1  

T2(ms) Non-Imp 27.06±1.07 28.77±2.7 30.27±1.13 30.97±2.73 30.78±2.04 

Difference T2(ms) +0.66 +2.2 +5.34 +7.28 +10.37 

P-Value 1 1 0.29 0.014 < .0001 

Location 1:Zone2  

T2(ms) Imp 15.85±1.04 18.25±4.49 21.36±4.25 22.51±4.84 24.7±4.48 

Location 1:Zone2  

T2(ms) Non-Imp 15±0.73 14.82±1.34 15.82±1.38 16.52±2.36 18.1±1.58 

Difference T2(ms) +0.85 +3.43 +5.54 +5.99 +6.6 

P-Value 1 1 0.14 0.066 0.0204 

Location 2:Zone1  

T2(ms) Imp 26.88±2.36 28.7±2.39 29.65±0.71 29.55±2.32 29.22±1.53 

Location 2:Zone1  

T2(ms) Non-Imp 27.96±2.16 29.13±0.79 28.83±1.75 28.9±2.1 28.21±1.44 

Difference -1.08 -0.43 +0.82 +0.65 +1.01 

P-Value 1 1 1 1 1 

Location 2:Zone2  

T2(ms) Imp 20.23±1.7 20.45±1.48 21.7±2.68 21±2.21 22.91±1.56 

Location 2:Zone2  

T2(ms) Non-Imp 19.18±1.8 20.76±0.93 20.46±2.32 19.66±1.08 21.51±2.2 

Difference +1.05 -0.31 +1.24 +1.34 +1.4 

P-Value 1 1 1 1 1 

BMD(g/cm3)  

Imp 
0.72±0.03 0.71±0.01 0.73±0.02 0.71±0.06 0.71±0.03 

BMD(g/cm3) 

Non-Imp 
0.71±0.03 0.7±0.03 0.74±0.05 0.72±0.06 0.74±0.06 

Difference +0.01 +0.01 -0.01 -0.01 -0.03 

P-Value 1 1 1 1 1 
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CHAPTER SIX 

 

ASSESSMENT OF ARTICULAR CARTILAGE DEGRADATION IN RESPONSE TO 

AN IMPACT INJURY USING µMRI 

6.1 Introduction 

The excellent load-bearing ability of articular cartilage (AC) can be damaged by 

the breakdown of the collagen network, loss of GAG, and disruption of the 

macromolecule-water interactions [92-94]. Many studies in the literature have used 

microscopic magnetic resonance imaging (µMRI) to study cartilage health [63, 84, 95]. 

In these MRI studies, T2 relaxation at different orientations of the cartilage specimen 

with respect to the main magnetic field B0 is used to non-invasively sub-divide the AC 

into different zones based on the depth-dependent collagen structures and dipolar 

interactions among water molecules. These divisions have been consistent with zonal 

divisions done using polarized light microscopy [61, 63]. The clinical MRI of human 

cartilage in knees and hips can obtain a transverse resolution of about 0.4-0.6mm/pixel, 

which is insufficient to study cartilage health in detail. μMRI is the high-resolution 

version of MRI, which shares the same physics principles and engineering architecture. 

This identicalness gives µMRI of animal models a direct translational pathway to the 

clinical MRI investigation in human patients [77, 96]. In the second phase of this project, 

high-resolution µMRI was used to observe zonal transformations in articular cartilage 

following knee injury by studying the structural alterations in the superficial zone, 

transitional zone, and radial zone. 
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6.2 Results 

6.2.1 Morphological Observations 

Visual observation of the knee joints was done before the harvesting of the 

cartilage-bone blocks; all non-impact femoral condyles in the 2 and 14-week groups 

appeared healthy and had homogeneous coloration throughout the cartilage surface. The 

impact joints after a 2-week time point showed no visible cartilage deterioration. The 

impact joints after 14 weeks exhibited slight color change and some of the 14-week 

impact specimens exhibited deteriorated rough surfaces. Figure 6.1 shows a set of μMRI 

intensity images at both 0° and 55° orientations along with their respective T2 maps for 

both 2 and 14-week non-impact and impact specimens. Visually, all non-impact 

specimens at both 2 and 14 weeks looked normal with a smooth surface. The μMRI 

intensity images for impact samples at 2 weeks appeared similar to the non-impact 

samples with no visible damage to the articular surface. The impact specimens at 14 

weeks appeared to have damage to the superficial zone as seen in Figure 6.1C, which can 

be identified by the visual fibrillations at the surface. 

6.2.2 Quantitative Analysis 

A depth-dependent T2 profile, which had a transverse resolution of 11.7 μm/pixel, 

was generated from each quantitative T2 image. Applying the zonal division criteria to all 

T2 profiles, a quantitative analysis of cartilage’s T2 characteristics was performed for all 

specimens. This type of zonal analysis allows for a better sensitivity to detect region-

based cartilage degradation for any animal model at a particular degradation time point. 

Table 6.1 summarizes the analysis of zonal T2 measurements. 
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First, all zonal T2 results for the 14-week group showed statistically significant 

rises in T2 values at both 0° and 55° orientations for the impact tissues, when comparing 

the non-impact and impact specimens. Among the increases, the greatest difference 

between T2 values for the non-impact and impact comparisons at 14 weeks was found in 

the superficial tissue and deep tissue. The superficial zone showed a significant 32% 

increase in T2, while the deep zone exhibited a 30% increase, both indicating notable 

tissue degradation in the diseased cartilage. For the 2-week group, the differences 

between the non-impact and impact tissue were mixed, where most tissues in the T2 55° 

measurements had statistically insignificant differences for the non-impact and impact 

comparisons, which suggests small/little changes in the impact tissue. These zonal 

comparisons at 55° are shown graphically in Figure 6.2. 

Second, the H2O% and GAG contents were measured from the adjacent cartilage 

by the ICP analysis, also summarized in Table 6.1. When compared with the non-impact 

samples, the water content in the impact samples was higher for both 2 and 14-week 

groups, although both increases were statistically non-significant. The GAG content in 

the impact specimens was observed to be lower in both 2 and 14-week groups. The trends 

shown in these biochemical measurements are mutually consistent and correlative with 

the µMRI measurements. 

Third, the total tissue thickness for both the 2 and 14-week groups, shown in 

Table 6.1, showed an increase in the impact specimen when compared to the non-impact 

specimen, by as much as 8% thicker for the 2-week group and 16% thicker for the 14-

week group. Although both are statistically non-significant, the trends of these variations 

mutually support the other measurements. 
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Finally, the data has three conclusions: (1) There were significant increases in 

zonal T2 values in the 14-week group impact cartilage when compared with non-impact 

cartilage; (2) the zonal T2 at 55° can detect T2 changes in all zones while the zonal T2 at 

0° can only detect T2 changes in the surface tissue (SZ and TZ), due to the strong dipolar 

influence on T2 measurement; (3) the biochemical and morphological measurements also 

support the T2 conclusions. 

The data points in the correlation plots in Figure 6.3 were fitted with a linear 

function. In these plots, the diagonal line in the center has a slope of 1, which means no 

changes between the comparisons. This technique is visually helpful since all increases 

will be presented above the diagonal line and all decreases will be presented below the 

diagonal line. The slopes of all fitted lines with their R2 values are summarized in Table 

6.2. For all tissue zones at both 0° and 55°, the slopes of the linear fits for 14-week 

specimens were greater than the 2-week slopes, and the slopes of the linear fit for 14-

week samples were greater than 1 in all the zones at both 0° and 55°, indicating a 

substantial increase in the T2 values from the impact after 14 weeks.  

6.3 Discussion 

Depending on the causes of cartilage degradation several unique alterations may 

take place in the cartilage tissue [96]. Previous studies indicate that at the early stages of 

OA, a lesioned cartilage could have higher water content with more water mobility in the 

AC, decreased GAG content, and an anisotropically altered collagen network; all of 

which can cause the AC to be swollen (thicker tissue) [60, 97-99]. An OA model in 

guinea pigs observed a rise in AC thickness for the first 24 weeks, followed by a 

reduction for the next 28 weeks [100]. Impact on the tissue can cause swelling due to 
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collagen rupture and rapid GAG loss [101], reduction of GAG in the impact tissues was 

confirmed by the ICP analysis.  

In this study, the water content in the impact specimens was found to increase in 

the 2 and 14-week groups; at the same time, the GAG content in the impact specimens 

decreased in the 2 and 14-week groups. These measurements indicate the early structural 

deterioration in cartilage. Although most of these changes are not statistically significant, 

the trends in these biochemical measurements between the non-impact and impact 

samples suggest a biologically meaningful pattern. It is important to highlight that a 

direct comparison of T2 and GAG data was not feasible. MRI T2 measurement is 

sensitive to the modification of the molecular mobilities of water molecules in the tissue, 

which senses the overall molecular interactions that are not the consequence of a single 

component change. In addition to GAG content, additional structural changes such as 

tissue hydration, inflammation, collagen structure, and cellular activities might affect the 

assessment of T2 relaxation time. In contrast, GAG measurement from ICP analysis gives 

a direct assessment of a bulk measure of GAG content in the tissue. The decrease in GAG 

content and rise in T2 values in the impact samples both indicate potential degradation 

and alterations in the tissue microstructure.  

The results of this study provide insight into how the illness develops following 

an initial subcritical mechanical impact. While T2 values in the 2-week impact samples 

marginally increased in the deeper zones, which may signal the initiation of OA 

development, the 2-week specimens did not exhibit any visual changes. The worsening of 

the disease in the AC was observed at 14 weeks, where visual degradation with minor 

fibrillation in the SZ was noticed in μMRI images. In addition, a significant increase in 
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zonal T2 values was detected for the 14-week impact specimens and each rabbit's impact 

knee at 14 weeks had a higher T2 value when compared to its corresponding non-impact 

knee.  

When the cartilage is placed at 55° (magic angle) in the magnet, T2 is least 

affected by the dipolar interactions and gives better SNR at deeper zones. T2-55° was 

used to study the effects of OA degradation in the RZ [102]. A significant rise in T2 

values in all the cartilage zones of impact specimens at the 14-week time point suggested 

degradation throughout the tissue, and the highest increase in T2 values was seen in the 

SZ and RZ2. With the start of PTOA, AC is known to exhibit early degenerative changes 

in the SZ [86, 103, 104], which is more susceptible to degeneration following a direct 

impact on the femur condyle due to its location. Higher T2 values in the RZ2 could be 

related to the damage induced by the impact injury on the calcified cartilage and 

subchondral bone, disrupting the mineralization structure. Any damage to the 

subchondral bone can greatly affect the health of the AC [105, 106]. Additional research 

on the deep region through technologies like microscopic computed tomography (µCT) 

and polarized light microscopy (PLM) may help in determining the mineralization 

changes in calcified cartilage and the subchondral bone plate.  

In Figure 6.3, correlation plots for T2-55° showed higher T2 linear fit slope trends 

in all the zones for 14-week specimens compared to the 2-week specimens, suggesting 

the condition worsened with time. Significantly higher T2 levels at 14 weeks in the 

impact tissue indicated changes in the ECM composition and hydration levels of the AC. 

Extending the monitoring duration beyond 14 weeks in future studies can prove helpful 

to better understand the long-term consequences of impact damage on the AC.  
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6.3.1 Conclusions 

In this study, µMRI at high resolution successfully detected zonal deterioration in 

the femoral articular cartilage at 14 weeks following a single subcritical injury. The 

µMRI data from this study characterized higher T2 values as a function of PTOA 

progression and confirmed a positive correlation between tissue degradation and T2 

values. The ICP analysis in this study also supported the relationship between increased 

T2 values and cartilage deterioration. Although the pathological features of PTOA 

progression in animal models differ from human PTOA, this study has the potential to 

improve future diagnostic methods for the early detection and management of human 

PTOA. This study has been published in Connective Tissue Research [88].  
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Figure 6.1 Representative set of the quantitative µMRI T2-weighted intensity images (A, 

C) and T2 maps (B, D) at 0° and 55°, zoomed-in articular surface is shown at the bottom 

of 0° intensity images. (A-B) are from the 2-week group; (C-D) are from the 14-week 

group.  
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Figure 6.2 Bar graphs comparing T2 values between non-impact knees (NIK) and impact 

knees (IK) at (A) 2 weeks and (B) 14 weeks, based on zonal data from the Superficial 

Zone (SZ), Transitional Zone (TZ), Radial Zone 1 (RZ1), and Radial Zone 2 (RZ2). The 

statistical significances are denoted as *(p < 0.05) and **(p < 0.0001).  
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Figure 6.3 Correlation plots between the zonal T2 values of the non-impact vs impact 

specimens for both the 2-week and 14-week groups, (A) T2 at 0°, and (B) T2 at 55°. The 

short lines over different data groups are the linearly fitted slope lines. The dotted 

diagonal line in the center has a slope of 1, meaning no change in T2 after impact. Slope 

lines above the diagonal mean increment in T2 after impact, and below the diagonal 

mean decrement.  
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Table 6.1 Summary of the µMRI and ICP measurements, including T2 (ms), H2O (%), 

GAG (mg/ml), and tissue thickness (µm). The data is presented as the mean ± standard 

errors. Percentage differences are listed in the table, with bold values indicating statistical 

significance (p < 0.05).  

 

 

 

 

 

 

2-Week NIK  
Vs  

2-Week IK 

14-Week NIK 
 Vs  

14-Week IK 

2-Week 
NIK 

2-Week  
IK 

% Diff. 
14-Week 

NIK 
14-Week 

IK 
% Diff. 

T2-0° SZ 
(ms) 

6.29 
±0.17 

5.77 
±0.16 

- 8.6% 
4.92 

±0.15 
6.86 

±0.14 
+ 32.9% 

T2-0° TZ 
(ms) 

5.67 
±0.13 

5.11 
±0.09 

- 10.3% 
6.22 

±0.12 
6.75 

±0.18 
+ 8.1% 

T2-0° RZ1 
(ms) 

2.80 
±0.08 

3.10 
±0.12 

+ 10.1% 
2.84 

±0.08 
3.27 

±0.11 
+ 14.0% 

T2-55° SZ 
(ms) 

31.19 
±0.63 

27.98 
±0.74 

- 10.8% 
26.86 
±0.53 

29.91 
±0.58 

+ 10.7% 

T2-55° TZ 
(ms) 

30.78 
±0.51 

29.53 
±0.74 

- 4.1% 
25.62 
±0.89 

30.04 
±0.36 

+ 15.8% 

T2-55° RZ1 
(ms) 

27.07 
±0.41 

28.47 
±0.58 

+ 5.0% 
24.97 
±1.48 

31.87 
±0.58 

+ 24.2% 

T2-55° RZ2 
(ms) 

17.75 
±0.62 

19.24 
±0.35 

+ 8.0% 
15.41 
±0.83 

21.03 
±0.68 

+ 30.8% 

H2O 
% 

74.19 
±2.10 

81.54 
±3.37 

+ 9.4% 
72.52 
±2.82 

78.82 
±1.36 

+ 8.3% 

GAG 
(mg/ml) 

71.39 
±8.18 

54.79 
±5.56 

- 26.3% 
71.16 
±6.01 

55.74 
±5.15 

- 24.3% 

Thickness 
(µm) 

208.65 
±8.23 

228.15 
±5.01 

+ 8.9% 
222.30 
±27.19 

263.25 
±32.08 

+ 16.8% 
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Tissue 
Zone 

T2-0° 
Impact Vs Non-Impact Femur 

2-Week 14 Week 

Slope R2 Value Slope R2 Value 
 

SZ 0.80 0.99 1.33 0.96 
 

TZ 0.88 0.96 1.02 0.97 
 

RZ1 1.09 0.95 1.09 0.96 
 

RZ2  

 
Tissue 
Zone 

T2-55° 
Impact Vs Non-Impact Femur 

2-Week 14 Week 

Slope R2 Value Slope R2 Value 
 

SZ 0.87 0.92 1.10 0.97 
 

TZ 0.94 0.94 1.11 0.96 
 

RZ1 1.04 0.97 1.12 0.91 
 

RZ2 1.01 0.91 1.27 0.96 
 

Table 6.2 Summary of the slopes and the R2 values of the fitted lines in the zonal T2 

correlation plots.  
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CHAPTER SEVEN 

 

HIGH-RESOLUTION ASSESSMENT OF POST-TRAUMATIC MICROSTRUCTURAL 

ALTERATIONS IN THE RABBIT KNEE CARTILAGE AND SUBCHONDRAL BONE 

7.1 Introduction 

In articular cartilage [61, 107], the superficial zone (SZ), transitional zone (TZ), 

and radial zone (RZ) are part of the uncalcified tissue, while the calcified zone (CZ) is 

located in the deepest region of the AC bounded by the tidemark and the cement line 

bordering the subchondral bone [102]. Mineralization in the CZ provides a gradual 

transition of mechanical properties from the soft cartilage to the hard subchondral bone. 

This transition is crucial for joint stability and functionality [108, 109]. Calcium content 

is the major component in the CZ, accounting for 65-75% of the dry weight [110]. Just 

beneath the CZ lies the subchondral bone, a vital structure that supports the AC and helps 

in the even and gradual distribution of the mechanical load. The subchondral bone is 

anatomically divided into two structures: subchondral bone plate (SBP) and subchondral 

trabecular bone (STB) [111]. SBP is a thin layer located directly under the CZ consisting 

of tiny channels containing blood vessels and nerves that link the STB and the CZ, the 

size and number of these channels can change with age, pressure, and injuries [112, 113]. 

Relative to SBP, STB is more porous and consists of blood vessels, sensory nerves, and 

bone marrow. STB demonstrates a strong structural anisotropy [67, 114].  

Remodeling and mineralization changes in the CZ and SBP during the 

progression of post-traumatic osteoarthritis (PTOA) can affect the mechanical and 

biological stability of the joint. In the third phase of this project, we used advanced high-
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resolution imaging techniques including polarized light microscopy (PLM), microscopic 

computed tomography (µCT), and inductively coupled plasma (ICP) to analyze early-

stage cartilage and subchondral bone deterioration after a mechanical injury, aiming to 

develop better diagnostic methods for OA.  

7.2 Results 

7.2.1 PLM and ICP Analysis 

Before the specimens were harvested, the knee joints were visually inspected. All 

non-impact femoral condyles in the 2- and 14-week specimens looked healthy and had 

uniform coloring across the cartilage surface. For the 2-week impact joints, there was no 

significant visual cartilage degeneration. For the 14-week impact joints, a few impact 

joints showed slight discoloration in the area of impact. 

Figure 4.2 shows representative quantitative optical retardation images of non-

impact (A) and impact (B) cartilage samples at a high resolution of 1.0 μm/pixel, 

followed by their respective depth-dependent profiles. All individual data points from all 

optical retardation depth-dependent profiles (i.e., all specimens) were pooled and 

compared in Figure 7.1, between the non-impact and impact samples at the 2-week and 

14-week periods. In Figure 7.1, the depth-dependent data points of quantitative optical 

retardation values in cartilage were divided into four zones, to examine the effects of the 

impact on cartilage at various depths. The diagonal line in the correlation plots has a 

slope of 1, which indicates no change between the comparisons. Any increase in the 

comparison will be displayed by shift in data points above the diagonal line and any 

decrease will be displayed below the diagonal line. The average value of each zone for 

non-impact and impact samples at 2 and 14 weeks is shown in Table 7.1.  
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Figure 7.1 shows that the comparisons between non-impact and impact samples at 

2 weeks had no major shifts between the two groups since data points were 

approximately equally spread out across the diagonal for all four regions. In contrast, the 

comparison between non-impact and impact samples at 14 weeks displayed skewed data 

points for two regions. Both the SZ and the CZ had skewed data points below the 

diagonal line, illustrating a reduction in the optical retardation measurements for the 

impact group. Most shift in the optical retardation values was observed for the CZ where 

most of the data points were below the diagonal line, shift in the CZ region was 

statistically significant. The relevant region for CZ is highlighted with an ellipse-shaped 

boundary in the figure.  

Figure 7.2 shows the depth-dependent optical retardation profiles averaged from 

all specimens, for both non-impact and impact groups at the 2-week and 14-week 

periods. At the 2-week time point, the depth-dependent profiles between the non-impact 

and the impact groups were almost similar. In contrast, at the 14-week time point, the 

depth-dependent profile for the impact group had lower values in SZ and CZ, with the CZ 

having the largest differences (both trends are reflected in the spreading of the individual 

data points in Figure 7.1). While the zonal optical retardation values between the non-

impact and impact specimens showed no prominent differences at 2 weeks. At 14 weeks, 

the SZ showed a reduction of 22% in retardation values in the impact group, while the TZ 

and the RZ showed a minor drop of 0.9% and 6% respectively for impact samples. The 

CZ at 14 weeks showed a 29% decrease in retardation values in the impact group, this 

decrease was statistically significant (p-value <0.05). These changes in the optical 

retardation values are displayed using the box plots in Figure 7.3.  
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Table 7.1 also summarizes the calcium concentration in the cartilage specimens 

measured by ICP analysis (calcium content is largely contributed from the CZ of the 

cartilage). When comparing the non-impact and impact groups at 2 weeks, the calcium 

concentration in the impact group compared to the non-impact group showed no 

significant changes. The comparison at 14 weeks displayed an average drop of 0.211 mM 

in the impact group compared to the non-impact group, this difference between the two 

groups was statistically significant (p-value <0.05). This analysis was helpful to support 

the changes observed in the CZ optical retardation values for the impact group as well as 

the findings in the 14-week BMD measurements from µCT. 

7.2.2 µCT Analysis on the Subchondral Bone 

To investigate the changes in the mineralization in the SBP initiated by the impact 

event, we carried out BMD analysis on the cartilage-bone blocks using µCT imaging at a 

high resolution of 6.7 µm. The change in the SBP’s BMD was found to be statistically 

insignificant for the non-impact Vs impact groups at 2 weeks, with a decrease of 0.1% in 

the impact group. In comparison, at 14 weeks the BMD dropped in the impact group with 

a change of 6.3%, which was statistically significant (p-value <0.05). These changes in 

the BMD are displayed using the box plots in Figure 7.4B.   

The SBP was evenly divided into two regions, from which the BMD values were 

measured, as shown in Figure 7.4A. Box plots in Figure 7.4C for non-impact and impact 

groups with BMD measurements were created for the two regions of SBP. It can be seen 

that the 2-week specimens in both regions showed very little changes in the BMD 

measurements between the non-impact and impact groups. The 14-week specimens for 
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both regions showed higher deviation compared to the 2-week specimens, both regions 

noted a drop in BMD values for the impact group.  

7.3 Discussion 

The high-resolution PLM and µCT examination aimed to track the micro-

structural changes in the AC and the SBP by quantitatively analyzing the optical 

retardation and BMD changes in the specimens. The intention of our subcritical impact 

[91] was not to cause extensive or penetrative damage to the cartilage-bone specimen. 

We aimed to find out if the early changes in the impact specimens could be successfully 

identified. The assessment of cartilage-bone block quality can be determined by 

important factors like microdamage in peri-articular mineralized tissue such as CZ of the 

cartilage and the SBP [115]. Any early deterioration that is successfully identified may 

help in the future development of a therapeutic intervention that may stop or reverse 

tissue degeneration. This project's findings attest to the early PTOA's effective 

identification. 

In this study, quantitative analysis of optical retardation measurements from PLM 

images displayed notable changes in birefringent properties of the cartilage after an 

impact injury [116]. At the 14-week post-impact surgery, we observed a significant 

reduction in optical retardation values of impact samples compared to the non-impact 

samples, particularly in the CZ. When analyzing the CZ region in Figure 7.1 and Figure 

7.3, notable differences emerged where the majority of the retardation values in the CZ 

from the impact samples showed a prominent decrease. This observation confirmed 

structural changes in the CZ from the applied impact. However, at 2 weeks post-impact 

surgery, no significant reduction was observed in the impact cartilage, which confirmed 



 72 

the nature of our sub-critical impact. While minimal changes were observed at the 2-

week mark, changes were more pronounced and evident at 14 weeks, indicating a 

progressive nature of cartilage degradation over time.  

At the 14-week time point, we observed a significant reduction in calcium 

concentration in the impact samples. The drop in the calcium concentration seen in the 

ICP analysis aligned with the optical retardation results of the PLM findings. Past studies 

indicated that early-stage remodeling of CZ and SBP can differ from the later stages of 

PTOA. In the early stages, CZ and SBP are known to undergo osteopenia, characterized 

by a decrease in mineral density. Whereas at later stages remodeling of the CZ and SBP 

can take a different trajectory exhibiting signs of sclerosis during which an increase in 

mineral density can be observed [65, 117-119]. CZ is the region in the cartilage where the 

calcium is deposited during the mineralization process. So, a significant reduction in 

calcium concentration in the cartilage can be indicatively responsible for the altered 

optical retardation values observed in the CZ of impact samples at 14 weeks.  

In a prior µMRI investigation of early-stage PTOA in rabbit knees, structural 

degradation was noted in the SZ and the deep zone [88, 91]. After a direct hit to the 

surface of the femur condyle, the SZ was expected to show early degenerative alterations 

due to its location at the surface of the tissue at the impact point. Also, the SZ is known to 

show early degenerative alterations with the onset of PTOA [103, 104]. With its high 

stiffness, CZ  has been found to be one of the first zones affected by trauma [120]. CZ is 

a critical region where mineralization occurs in the cartilage, changes in this zone can 

have serious implications on cartilage health [117, 121, 122]. Optical retardation changes 

observed in the CZ in this study strongly indicated alterations in the deposition of 
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minerals, mainly calcium [110]. Any changes in the mineralization can lead to 

compromised structure and functionality of the cartilage subsequently. The changes in the 

mineralization of the CZ can greatly affect the load-bearing ability of the cartilage in 

diseases like OA [123]. 

Subchondral bone plays a crucial role in supporting the AC, which is known to 

undergo structural changes with OA progression [113]. In this study, we aimed to 

understand how the BMD is affected in the SBP after a single subcritical impact. At 2 

weeks no significant differences in BMD were noted between the non-impact and impact 

specimens. However, at 14 weeks, a statistically significant drop in BMD was observed 

in the SBP of impact samples. This difference again suggested the progressive structural 

changes from a subcritical injury in the bone plate over time. The altered BMD in the 

SBP at 14 weeks could be indicative of the changes in mineralization pattern as a 

response to the microdamage from the impact. In various animal studies, subchondral 

bone loss has been reported at the early stages of OA pathogenesis. Also, deterioration of 

the SBP has been related to cartilage degradation in OA [124-126]. Significant 

remodeling and subchondral bone loss in human OA have also been observed at early 

stages [127]. Both halves of the SBP in our study showed changes in the BMD between 

non-impact and impact samples at 14 weeks. The BMD measurements in SBP from µCT 

were in line with PLM findings of optical retardation values in the CZ of the cartilage. 

7.3.1 Conclusions 

In this study, we investigated the effects of a subcritical impact on rabbit knee AC 

and SBP at 2 and 14 weeks post-impact surgery. With the use of multiple techniques 

including PLM imaging, µCT imaging, and ICP analysis, we assessed the response of AC 
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and SBP to a subcritical impact and obtained several significant findings. At 2 weeks the 

degradation was not prominent, however, at 14 weeks statistically significant changes 

were evident. PLM imaging analysis exhibited reduced optical retardation values in the 

CZ of impact AC, indicating early structural changes in cartilage. A decline in calcium 

concentration was noted for the 14-week impact AC samples, implying mineralization 

changes in response to the impact. µCT analysis of SBP at 14 weeks showed BMD 

reduction in the impact samples compared to the non-impact samples. The BMD changes 

observed in the impact samples suggest bone remodeling in response to the impact. The 

observed alterations in optical retardation, calcium concentration, and BMD are 

collectively suggestive of early responses in AC and SBP due to a subcritical injury. The 

findings of this study have the potential to improve the knowledge about the early-stage 

progression of injury-related joint degradation, which can be useful in timely diagnosis 

and intervention for preserving joint health. This study has been published in the Journal 

of Anatomy [128].  
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Figure 7.1 Pixel values from depth-dependent optical retardation profiles, correlating the 

non-impact and impact specimens from (A) 2-week group, where no major shifts were 

noted. Slopes for each zone at 2-Week: SZ-0.83, TZ-0.94, RZ-0.97, and CZ-0.99. (B) 14-

week group, showing a shift in values in the superficial and the calcified zone. Slopes for 

each zone at 14-Week: SZ-0.69, TZ-0.89, RZ-0.89, and CZ-0.74. The diagonal dotted 

line (slope =1) indicates no change. Points above show an increase post-impact and 

points below show a decrease post-impact.  
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Figure 7.2 Comparison of averaged depth-dependent optical retardation profiles from all 

samples, between the non-impact vs impact specimens, at (A) 2 weeks and (B) 14 weeks 

post-impact. Zonal division of the cartilage: SZ(0-0.1), TZ(0.1-0.3), RZ(0.3-0.8), and 

CZ(0.8-1.0).  
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Figure 7.3 Box plots comparing depth-dependent quantitative analysis of optical 

retardation among non-impact and impact samples at (A) 2-week and (B) 14-week post-

impact. The analysis depicts statistically significant changes at a 14-week comparison in 

the calcified zone. Statistical significance is denoted as *(p-value <0.05).  
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Figure 7.4 (A) 3D representation of rabbit knee subchondral bone using µCT imaging. 

(B) Box plots display bone mineral density (BMD) data from non-impact and impact 

subchondral bone plate (SBP) samples at 2-week and 14-week post-impact, where the 

statistical significance is denoted as *(p-value <0.05). The data in these plots was taken 

from the entire SBP region. (C) Box plots display the region-wise BMD data from the 

non-impact and impact samples at 2 weeks and 14 weeks. The region-1 data was 

measured from the upper half of the SBP and region-2 data was measured from the lower 

half of the SBP as shown in (A). Statistical significance is denoted as *(p-value <0.05).  
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Table 7.1 Summaries of the optical retardation, calcium content, and BMD 

measurements. The data are presented as mean ± standard error along with percentage 

differences and statistical p-values from the Paired Student t-Test, the bold values in the 

table represent statistical significance (p-value <0.05).  

 

 

 

 

 

 

 

 

 

2-Week NIK  
Vs  

2-Week IK 

14-Week NIK 
 Vs  

14-Week IK 

2-Week 
NIK 

2-Week 
IK 

% Diff. 
P 

Value 
14-Week 

NIK 
14-Week 

IK 
% Diff. 

P 
Value 

Ret(nm) SZ 
2.83 

±0.11 
2.84 
±0.1 

+ 0.4% 0.9 
3.27 

±0.13 
2.63 

±0.09 
- 21.7% 0.1 

Ret(nm) TZ 
3.36 

±0.06 
3.52 

±0.05 
+ 4.6% 0.7 

3.51 
±0.06 

3.48 
±0.05 

- 0.9% 0.5 

Ret(nm) RZ 
8.40 

±0.07 
8.45 

±0.06 
+ 0.6% 0.8 

8.36 
±0.07 

7.89 
±0.05 

- 5.8% 0.4 

Ret(nm) CZ 
7.17 

±0.06 
7.23 

±0.06 
+ 0.8% 0.6 

8.49 
±0.07 

6.35 
±0.08 

- 28.8% 0.01 

Calcium 
(mM) 

0.389 
±0.145 

0.297 
±0.158 

- 23.6% 0.5 
0.455 

±0.102 
0.244 

±0.059 
-46.3% 0.02 

BMD(g/cm3) 
Avg. SBP 

1.119 
±0.022 

1.118 
±0.027 

- 0.1% 0.9 
1.144 

±0.028 
1.074 

±0.021 
- 6.3% 0.01 

BMD(g/cm3) 
Region-1 

1.064 
±0.022 

1.053 
±0.033 

- 1.0% 0.8 
1.068 

±0.011 
1.026 

±0.027 
- 4.0% 0.2 

BMD(g/cm3) 
Region-2 

1.174 
±0.021 

1.184 
±0.021 

+ 0.8% 0.6 
1.221 

±0.026 
1.123 

±0.013 
- 8.3% 0.03 
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CHAPTER EIGHT 

 

SUMMARY AND FUTURE DIRECTIONS 

This dissertation research focused on tracking the progression of post-traumatic 

osteoarthritis (PTOA) using microscopic imaging techniques, including microscopic 

magnetic resonance imaging (µMRI), polarized light microscopy (PLM), and 

microscopic computed tomography (µCT). These high-resolution imaging methods 

provided details on the structural changes happening in the articular cartilage and 

subchondral bone during the early stages of PTOA using a rabbit model. 

We used quantitative MRI T2 mapping to assess the integrity of femoral articular 

cartilage non-invasively and non-destructively. This approach successfully detected 

cartilage degradation through changes in the extracellular matrix (ECM), allowing us to 

identify the earliest signs of osteoarthritis (OA). PLM in combination with µMRI allowed 

us to examine the structural changes that occurred in different zones of the articular 

cartilage in greater detail at optical resolution. The retardation values in PLM imaging 

enabled us to detect modifications in the collagen network within the cartilage and 

alterations in mineralization patterns in the calcified zone of the cartilage. The 

mechanical properties of cartilage become compromised when collagen fibers lose their 

structural integrity in OA. The analysis of subchondral bone alterations was done through 

µCT examinations which revealed patterns of BMD changes with the progression of OA. 

The high-resolution imaging methods helped in the evaluation of knee joint response to a 

mechanical injury. These multidiscipliniary methods offered comprehensive information 
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about separate features of the disease which provided a more detailed understanding of 

the changes occurring in the joint at early stages of knee OA. 

Identifying early biological signs can help to track the progression of OA 

accurately. The findings of this dissertation may lead to several possible directions for 

future research focusing on the diagnosis and treatment of OA in animal models. We 

could study pharmacological drugs and gene-based regenerative treatments as possible 

ways to halt cartilage degradation, regenerate cartilage tissue, and enhance joint 

movement during OA. Gene therapies, drug treatments, and physical therapy could be the 

focus of future research as the extension of this dissertation study, as they might slow 

down cartilage breakdown, reduce inflammation, and promote the regeneration of 

cartilage tissue. Advanced imaging methods such as MRI, CT, and PLM can enable 

clinicians and researchers to monitor treatment effectiveness and develop optimized 

treatment plans for OA patients to enhance their quality of life. 
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