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ABSTRACT 

TOPOGRAPHIC VARIATION IN BIOMECHANICAL PROPERTIES OF ARTICULAR 
CARTILAGE INDUCED BY LOSS OF MENISCAL LOAD SHARING AND EARLY 

OSTEOARTHRITIS
 Emily Deignan 
University of Guelph, 2019 

Advisor(s): 
 Dr. Mark Hurtig  
 Dr. Scott Brandon  
 Dr. Marcello Papini  
 

Osteoarthritis is one of the most prevalent degenerative joint diseases facing human 

and veterinary medicine. Existing diagnostic and investigative methods lack the ability to 

identify subtle degenerative changes in articular cartilage’s (AC) structural properties 

indicative of early stage OA, causing delayed introduction of pharmacological 

interventions. This thesis presents a sensitive ex vivo technique for characterizing early 

stage degeneration in AC’s mechanical properties on a topographic basis. AC thickness 

and instantaneous modulus (IM) were calculated from data obtained via indentation and 

needle penetration testing of sheep (n=29) AC and presented as surface maps. 

Mapping data were subtracted from aggregate maps of healthy cartilage to calculate the 

magnitude of change in each property. This diagnostic index rendered differential 

diagnostic maps characterizing degenerative changes across each articular surface. 

This thesis provides quantitative insight into the topographic degenerative patterns of 

early-stage OA and presents a novel method for evaluating the efficacy of 

pharmacological interventions. 
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1.1 Introduction 

Osteoarthritis (OA) is a multi-faceted, degenerative disease of multiple etiologies 

that is known to cause pathological change in the tissues of diarthroidal joints1,2,3. The 

most widely accepted indicator of OA is deterioration of the articular cartilage (AC), 

however the diarthrodial joint is often discussed in the context of an organ, and 

pathologic changes are experienced in other critical structural components including: 

the synovial membrane, ligaments, menisci, joint capsule and subchondral bone. 

Current diagnostic methods such as biomarkers of cartilage and bone metabolism, 

imaging (radiography, computer tomography (CT), magnetic resonance imaging (MRI)) 

are limited in their sensitivity to detect this pathologic change until later stages of the 

disease when structural changes are present4,5. Unfortunately, at this stage 

degeneration has often progressed too far for pharmacological interventions to prevent 

progression, and clinicians are forced to focus primary treatment solely on pain relief. 

Hence, diagnostic methods that are sensitive to the early metabolic and molecular 

derangement of articular tissues are needed. 

It is hypothesized that earlier diagnosis of OA could lead to effective intervention 

strategies capable of reversing degenerative changes within the joint or preventing 

further progression; however, there are still major barriers to overcome including: 

 1) Elucidating the causes and mechanisms of the pathogenesis of OA, which 

includes investigation of distinct phenotypes and locations.  

2) Developing instruments and diagnostic reagents capable of rendering earlier 

detection. 

3) Finding more successful interventions for disease modification6. 

 Pre-clinical research uses in vitro and animal model systems to characterize the 

response of joint tissues to new drugs, biologics and devices. The most common 

outputs from such studies are histology, imaging, biochemical analysis of tissues, and 
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molecular biology including gene and protein expression7,8. The main focus of current 

research is detecting early OA before macrostructural changes have occurred.  The use 

of mechanical properties of AC to characterize early degeneration has been widely 

accepted,5,7,9 ,10 ,11 however the methods used have limitations. They can be time 

consuming and tedious, which can lead to testing a limited number of selected points on 

the joint surface. This provides incomplete and somewhat biased outcomes when 

considerable location-dependent heterogeneity exists in the mechanical properties of 

the articular surface. The more exhaustive approach of indentation and thickness 

mapping of cartilage surfaces has been validated as a sensitive technique in tracking 

the topographic variation of articular surface properties. In this thesis, a technique is 

described for robust, high-resolution measurement of alterations in biomechanical 

properties characteristic of early OA in a model of meniscal deficiency 5,7,11. 

This literature review details the morphological and biomechanical properties of 

normal and OA AC, and how OA progression alters these properties. In addition, 

previous methods of ex vivo cartilage assessment are detailed. Characterization of 

these premonitory changes could have a poignant impact on understanding 

mechanisms and the development of OA therapies.  

 

1.2 Review of Literature 

 

1.2.1 Background on Osteoarthritis 

OA is a chronic, degenerative, disease that affects multiple tissues and develops 

over the lifespan of many mammals as their joints grow increasingly vulnerable with age 

and trauma associated instabilities1,2,4,12. OA is the most common musculoskeletal 

disease currently facing the global human population, known to affect 8.9% of adults 

and have a 40% prevalence over the age of 70,12,13 with knee OA being most commonly 

diagnosed14.  Almost 12% of the overall burden of OA prevalence arises secondary to 
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trauma leading to joint instability, cartilage loss and bone damage, with the remaining 

fraction categorized as pathological change resulting from aging, declining 

neuromuscular control, cellular senescence and accumulation of debris 15,16.  

OA poses a significant burden on public health as the increased longevity 

contributes to the incidence and severity of OA, which is now recognized as the leading 

cause in disability and wage loss in the western hemisphere3,14.  It is important to note 

that although OA and aging are linked it is a multi-faceted etiology13,14. 

Deterioration of AC is the hallmark of OA, however pathologic changes alter the 

morphological, structural, biochemical, and biomechanical properties of all joint 

tissues1,2,17,18. Emphasis is often placed on the degenerative changes in AC and its 

subchondral bone plate because the biomechanical performance characteristics of the 

articular surface as a deformable ultra-low friction surface are unique and essential to 

healthy joint function. However, AC has limited regenerative capabilities, and often by 

the time degenerative changes become macroscopically evident, the window to 

successfully administer therapeutic interventions has closed. Therefore, without early 

detection methods capable of identifying deterioration in the biomechanical 

characteristics of hyaline cartilage, diagnosis of OA is unlikely to lead to adequate 

disease management3. 

 The pharmaceutical industry has three major targets for therapeutic interventions 

after diagnosis of OA: pain control, improving joint function, and modifying disease 

progression12. As previously stated, these interventions are unlikely to cure OA because 

typical symptoms and diagnostic signs occur when macrostructural changes are already 

present (as detected by imaging or arthroscopy)4,5. Unfortunately, none of these 

methods are capable of providing diagnostic information early in the disease process, 

so new diagnostic tools capable of detecting early cartilage degeneration are needed7.  

Biochemical markers of cartilage and bone metabolic dysregulation and degeneration 

have been widely studied, and even implemented in clinical trials. Unfortunately, there is 
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no consensus on widespread pre-emptive implementation of them to identify people at 

risk of OA before they have structural changes19. 

Disease modifying drugs are being sought to attenuate OA progression by 

targeting the biological and biomechanical causes of OA, however the development of 

therapeutic treatments has largely failed, possibly due to our incomplete understanding 

of this disease process6,12. Current research efforts in OA and joint disease are focused 

on mechanisms of development and progression, earlier methods of detection, and 

identifying new strategies for therapeutic intervention and disease modification6,12. A 

greater understanding of OA pathophysiology in the context of the biomechanical, 

metabolic, inflammatory, genetic, and environmental risk factors could facilitate the 

development of successful therapeutic interventions12. 

 

1.2.2 Structural and Biomechanical Properties of Articular Cartilage  

 

AC is a specialized, connective tissue found at opposing bone surfaces in 

joints20,21. This tissue lacks vasculature, lymphatics, and nerves, yet exhibits tribological 

properties that surpass engineering standards20,21.  AC possesses low friction and wear-

resistant properties,20,22, 23,24,25 which enable it to bear and smoothly distribute forces 

acting on and within diarthroidal joints,22,23,24,25 but its poor regenerative properties 

render degenerative changes difficult to treat21,26,27 . One of the largest barriers to 

cartilage’s healing potential is its avascular nature, which limits the delivery of cells, 

nutrients, and growth factors that promote healing28. In fact, cartilage produces anti-

angiogenic compounds to prevent vascularization, and has a physical barrier of calcified 

cartilage that sits adjacent to the subchondral bone29, 30. Cartilage repair after injury 

often generates fibrocartilage rather than healthy hyaline cartilage. Although 

fibrocartilage is highly resistant to compressive forces, it exhibits biomechanical 

properties more similar to those of connective tissue, and is thereby mechanically 
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inferior to those of hyaline cartilage.29,30. AC’s heterogenous, highly anisotropic and 

non-linear properties are derived largely from its structural composition, which is 

predominately defined by the molecular and ultrastructural organization of its 

components21,31,32.  

In terms of its structural properties, AC varies regionally, with three major zones 

respective to the articular surface: the superficial zone, the middle zone, and the deep 

zone33. The superficial zone shows collagen fibers with parallel alignment to the joint 

surface with tightly compacted chondrocytes and a lower proteoglycan (PG) content 

compared to fibers in deeper zones, whereas the transitional (middle) zone comprises 

mainly of a disorganized collagen network made up of thicker fibers and larger, round 

chondrocytes, and the deep zone contains vertically oriented, thick collagen fibers, large 

hypertrophic chondrocytes and has the highest content of PGs (specifically 

aggrecan)33,34,35.  The superficial zone is of particular interest as it is crucial in providing 

cartilage’s mechanical functions, and is the region in which degenerative changes are 

initially observed via traditional methods of cartilage assessment such as histology21. 

The superficial zone also carries the highest water content, at almost 80% of its wet 

weight, and collagen density, at 50-75% of its dry weight21. Fluid is primarily exuded 

from the superficial zone, rendering non-uniform distribution of consolidation strains 

through AC’s depth-dependent zones, and resulting in 50% of compressive strains 

being experienced in the superficial zone36. Directly under the AC is a distinguishable 

tidemark, that marks a transition to the calcified cartilage, and the underlying 

subchondral bone36. Shear stresses tend to congregate in the area surrounding the 

cartilage-bone interface due to the abrupt changes in tissue mechanical properties36.  

AC is a specialized triphasic tissue, comprised of three phases: the 

incompressible solid phase of the collagen-proteoglycan extracellular matrix (ECM), an 

incompressible fluid phase (interstitial water), and an ion phase that generates a fixed 

charge density (FCD)20,21,37,38 . AC is defined by both viscoelastic properties, provided 

predominately by cartilage’s solid ECM (collagen network, charged PGs, and 
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glycosaminoglycans (GAG), and poroelastic properties provided by the flow of interstitial 

fluid through the densely packed ECM in response to mechanical loading21,37.  

The functional properties of AC are largely maintained by the structural integrity 

of its ECM which is composed primarily of a collagen network (75% dry tissue weight) 

and negatively charged PGs (20-25% dry tissue weight) that impart the hydrophilic 

nature thought to be responsible for AC’s mechanochemical properties17, 

22,23,24,25,37,39.The ECM occupies 95% of cartilage volume, and is regulated and 

produced by resident chondrocytes40.. 

 Collagens are proteins that form the fibrillar meshwork (predominately type II 

collagen fibers) that acts to resist shear and tensile stresses and facilitates the 

immobilization of PGs, the latter being the mechanism thought to be the primary 

determinate of the cartilage’s biomechanical properties such as its high tensile strength 

and stiffness that facilitates cartilage’s ability to recover from compressive 

deformation41,42,43. The collagen network is diffusely anchored in the subchondral bone 

and converges at the articular surface, allowing it to constrain the cartilage matrix41,42,43. 

One of the largest determinates of cartilage’s electromechanical properties is the 

PG aggrecan. Aggrecan is relatively immobile, with a bottlebrush structure consisting of 

many GAG sidechains and S04 -2 groups20. These charges prompt the development of a 

shielding layer of positive (N+, K+) ions and their associated water, creating tissue 

swelling, which places the ECM network under tensile stress20,44. The compressive 

stiffness of cartilage has been shown to be positively correlated with GAG concentration 

and negatively related to tissue hydration when subjected to unconfined compression 

tests45. 

The ECM in healthy cartilage is subjected to dynamic remodeling in which 

degradative and synthetic processes are balanced, primarily by chondrocytes3,43. 

Chondrocytes are dispersed in a depth-dependent manner and compose 10-20 % of the 

superficial zone’s content dependent upon species43. They are integral to imparting the 
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low-friction and wear resistant nature of AC, as they are responsible for producing 

hyaluronate and lubricin (PGR4) that facilitate lubricated joint motion46. Chondrocyte 

metabolism is influenced by mechanical forces and results in adaptation of the ECM, 

which in turn affects matrix porosity and fluid flow during load bearing43, 47. Loading is 

opposed by the highly hydroscopic matrix proteoglycan content that pressurizes the 

ECM, which is restrained by the tough, highly organized collagen network48. 

Deformation results from fluids and electrolytes moving away from areas of load 

bearing, creating ion flow and electrical potentials that can be measured7. Mechanical 

overload leads to loss of the chondrocyte population, direct damage to the collagen 

network, and disruption of matrix metabolism46. Catabolic metabolism leads to abnormal 

collagen and proteoglycan metabolism whose byproducts are also inflammatory, 

interfere with ECM maintenance, and thereby unbalance the relationship between 

matrix components, porosity and rate of fluid flow43, 47. 

Typically, loading of the AC causes surface deformation resulting in increased 

joint contact areas and decreased focal contact stresses, as stress is distributed over a 

larger area 49,50. Dynamic instantaneous processes that occur during joint locomotion 

are primarily supported by the AC’s collagen network restraining this pressurized tissue 

resulting in higher modulus (ratio of longitudinal stress divided by strain) than during 

continuous weight bearing, such as standing, where static equilibrium is achieved over 

long periods45. Laasanen and colleagues45 determined that the elastic modulus of 

cartilage is between 0.3-1.5MPa, however during dynamic loading, it can reach up to 

20MPa. This wide range in modulus can be attributed to the low permeability of 

cartilage, as interstitial water cannot be rapidly squeezed out of cartilage during fast 

rates of loading45. Collagen and PGs cause fluid pressurization within the tissue which 

enable the collagen network to exist in a “pre-stress” state, even without an external 

load, and this condition contributes to the stiffness and viscoelastic properties of the 

cartilage, which render it capable of supporting physiological loading17,22,23,24,25. This 

phenomenon is the reason cartilage’s dynamic modulus can be 10 to 20 times higher 

than the intrinsic modulus of the matrix. The overall tendency of a solid constituent to 
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imbibe fluid assists in the prevention of cartilage being exhausted of fluid lubrication, 

especially in the context of recovery and sustainability of bearing repeated loads20, 44. 

These properties are meditated primarily by collagen, aggrecan, and the negatively 

charged sGAGs (sulfated-glycosaminoglycans) on the arms of proteoglycan polymers 

yielding a negative fixed charge density (FCD) which form a hygroscopic ECM40..A 

summary of the roles osmotic pressurization (pPG) and FCD play during compression 

are shown in Figure 1.1. 

 

Figure 1.1.1 A Multiscale schematic of the FCD and osmotic pressurization (pPG) on the collagen 
network (CN). EF denotes the extrafibrillar collagen fibrils, IF denotes intrafibrillar collagen fibrils, 

and water distribution varies between these two spaces when external stress is applied to AC. 
COL denoted collagen, PG denotes proteoglycans, sEQ denotes equilibrium stress, and sCN 

cellular network stress. At the macroscopic scale, compression (A->B) leads to an increased FCD 
and pPG. Microscopically, both compression (C->E and D-> F) and increasing depth (superficial C, 

E to deep D and F) lead to higher FCD and pPG, and a fluid shift from IF to EF space. Figure 
adapted from Han et al. 2011: Contribution of proteoglycan osmotic swelling pressure to the 
compressive properties of articular cartilage. Biophysical Journal, 2011, 101(4), pp916-924.  
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In contrast to instantaneous compression, in long term loading fluid flow 

continues slowly through the porous matrix on the basis of PG controlled permeability 

characteristics, which are responsible for the creep (stress-relaxation) of AC45. Cartilage 

can exhibit multiple lubrication modes according to the mechanical conditions 

experienced51. The primary method for friction reduction is fluid pressurization, as in 

instantaneous loading fluid retains most of the load so that the tribology of fluids, and 

thus low friction, dominate interactions between opposing surfaces52. However, when an 

extended load is applied, fluid has time to flow away from the loaded region, inciting a 

reduction in fluid pressurization thereby placing the bulk of load bearing responsibility on 

the solid matrix, and a subsequent increase in friction is experienced52. These 

pressurization and flow mechanisms are responsible for protecting cartilage against 

mechanical failure due to excessive strain45. 

As previously stated, AC is a viscoelastic material, in which there is both a 

viscous and an elastic component that influence the tissue’s properties and behaviour47. 

One way to characterize AC’s mechanical properties is by determination of its 

instantaneous modulus (IM), which refers to the elastic response of AC to 

instantaneously applied loads, where the tissue’s viscous response does not contribute 

to load sustaining53. The IM characterizes the response of AC to dynamic loads applied 

instantaneously and over a short time period (with little to no relaxation time). 

A popular method for determining the instantaneous elastic modulus of 

viscoelastic materials is from the initial unloading stiffness, or the slope of the unloading 

curve (at maximum displacement of the indenter).  Figure 1.2 adopted from the work 

and Cheng and associates53 is an example of a typical load vs displacement obtained 

during indentation of a viscoelastic material. Section 1.2.10 outlines a brief history of the 

methods used to mathematically model AC behavior that enable quantification of its 
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mechanical properties. 

 

Figure 1.2 A typical Load-displacement curve characteristic obtained during indentation of a 
viscoelastic material (such as AC) where initial unloading stiffness (S) is equal to the slope 
(dF/dh) of the unloading curve at the maximum depth (displacement) of the indenter (hm). Adapted 
from Cheng YT, NI W, Cheng CM. Determining the instantaneous modulus of viscoelastic solids 
using instrumented indentation measurements. J Mater Res. 2005;20(11):3061-3071. 
Doi:10.1557/JMR.2005.0389.  

The IM of cartilage reflects the structure, orientation, and integrity of the collagen 

network, and is often a quantitative parameter used to characterize cartilage’s intrinsic 

stiffness11. Mechanical properties such as IM are recognized as accurate indicators of 

the functional properties of AC provided by its structure and composition, and 

knowledge of the mechanical properties of the tissue is important in the context of 

understanding the development and progression of joint disease50.   

There have been many previous studies revealing that although AC is a highly 

organized tissue, it has widespread spatial differences in topography, 

electromechanical, and biomechanical properties5,7,9, 33, 54, 55,56. Fromison and 
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colleagues57 suggested that the spatial heterogeneity in AC mechanical properties may 

affect the progression of OA, a notion that was supported by Pflieger and associates10, 

who proposed that a focus on the topographic behavior of AC could go a long way to 

elucidating the way in which alterations in the natural articulation of joint motion and 

load transmission could initiate OA pathogenesis10,57. 

 

1.2.3 Role of Kinetics in Articular Cartilage Development and Homeostasis and 
How Perturbances Influence OA Initiation and Progression  

 

Cartilage homeostasis relies on cartilage conditioning to both the magnitude and 

frequency of applied loads on the joint during static state and during locomotion58. The 

pattern of loading and the way in which forces are transmitted through the joint has a 

substantial influence on the general characteristics and regional variation of cartilage 

thickness58,59. Healthy cartilage adapts to higher repetitive loads during ambulatory 

motion by increasing its thickness on a regional basis, a property that allows for a 

thicker region to exist on the areas of the joint surface that transmits the largest amount 

of force36,45,58,60,61, 62.Therefore, it can be theorized that individual differences in local 

load magnitude impart regional variations in cartilage thickness and its biomechanical 

properties. Under physiological loading, the cartilage matrix experiences complex 

patterns of interstitial compressive, torsional, and shear stresses, and at a high rate of 

dynamic loading cartilage grows virtually incompressible even if matrix shape is 

altered45. 

 By being a mechanically adaptive tissue, cartilage in heavily loaded areas alters 

its biomechanical and structural characteristics according to the loading history, 

enabling it to withstand higher forces while retaining tissue integrity. Regional 

biomechanical specialization of cartilage maintains the functional characteristics of 

diarthroidal joints45,58. However, even subtle changes in ambulatory knee kinematics, 

(i.e. a shift in joint contact location or change in rotational characteristics of motion) can 
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lead to a perturbance of cartilage homeostasis by placing load articulation focal points 

on thinner cartilage that has not developed to withstand that magnitude of load or the 

repetitive load cycle and can thereby initiate degeneration58,63. This is one of the 

theories to explain why surgical anterior cruciate ligament (ACL) reconstruction 

ultimately results in OA, because there is a subtle change in areas of the highest load, 

and there is a limited ability of cartilage to adapt to this new loading.  

 Mechanics of continued motion over these altered joint contact points can 

influence and exacerbate the initial breakdown of cartilage as the balance between 

loading and biological maintenance is compromised60,64. This altered distribution of load 

is widely associated with early degeneration of the cartilage by way of thinning in the 

new weight-bearing areas58,65. It is hypothesized that thinning is primarily caused by the 

cellular response of the cartilage in these regions being unable to adapt to repetitive 

loads and as a result are unable to maintain their matrix and degrade at a higher 

rate58,65 . 

 As reported by Andriacchi and colleagues58 this observation yields a contrasting 

result between healthy cartilage and OA cartilage, as healthy cartilage appears to 

respond positively to load, while degraded cartilage responds negatively. Likely, 

initiation of OA cartilage degradation is caused by abnormal kinetics, while loading 

serves to drive OA progression and exacerbate the degenerative processes22. This is 

supported by the findings of Marchiori and colleagues47 who concluded that cartilage 

over-stress due to structural variation in the joint generally leads to an alteration in the 

fluid flow mechanism of the joint resulting in tissue degeneration. However Appleyard 

and colleagues9 noted that in an ovine model of OA induced via a lateral meniscectomy, 

the medial compartment exhibited degenerative changes in addition to the anticipated 

pathologic changes observed in the lateral compartment, despite the fact that the 

medial peripheral region experienced reduced loading due to the lateral shift of joint 

contact forces. Beveridge and colleagues66 noted a similar behavior, wherein 

degenerative changes appeared in the region that experienced reduced loading after 

OA induction, leading to a hypothesis that perhaps it is not increased loading, but more 



 

 

14 

 

generally a perturbance in natural cartilage homeostasis, that is the main factor in OA 

pathogenesis9,66. Release of cell signaling molecules from overloaded cartilage and 

synovial lining could also explain extension of OA from local injury to more global 

degenerative changes. 

  It is possible that variance in the structural and biochemical organization of 

specific regions of cartilage render them more capable of adaptation than we expect, 

but the only conclusion that can veritably be claimed is that the causes of AC 

degeneration are complex and involve interrelated biological, mechanical, and structural 

pathways21.  

 

1.2.4 Importance of Meniscus in Load Sharing and Preservation of Natural 
Tibiofemoral Kinetics 

 

Menisci are semi-lunar, wedge-shaped fibrocartilages interposed between the 

tibia and femur in both the medial and lateral compartments of the knee joint and act as 

important joint stabilizing and load sharing structures9,67. They provide joint congruity 

between the curved articulating surfaces of the femoral condyles, and the relatively flat 

tibial plateau, facilitating proper load distribution and stability during ambulatory motion. 

They have been estimated to increase the effectiveness of contact force transmission 

between the femur and the tibia by 40 to 50 %67. 

 The menisci perform many functions within the knee joint complex including: 

improving stability of tibiofemoral contact,67,68 mechanical shock absorption and load 

sharing, providing structural stiffness that works to limit rotation via meniscotibial 

translation, generating proprioceptive feedback via internal mechanoreceptors, 

protection of underlying cartilage, and lubrication of cartilage surfaces68, 69 ,70. A complex 

of meniscotibial, meniscofemoral, and peripheral capsular attachments are present in 
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the joint space and are responsible for restraining meniscal movement, particularly 

outward extrusion during loading68. 

 The menisci are composed of a complex three-dimensional network of collagen 

fibrils and have spatial heterogeneity in the concentration of large PGs, like aggrecan, 

that are trapped in a fibrous network67. The collagen fibrils are predominately oriented in 

a circumferential fashion, which enables them to resist tensile hoop stresses during 

loading67,68. The fibers in the peripheral regions dominate in resisting hoop stresses, 

and Fukubayashi and colleagues71 concluded that the lateral meniscus is more 

important in load bearing in the lateral compartment than the medial meniscus is in the 

medial compartment68. This is primarily due to the low conformity between cartilage 

bearing surfaces in the lateral compartment, whereas in the medial compartment the 

elevated confirmation of geometry and reduced meniscal mobility provides the joint with 

its anterior-posterior stability72.  

  Armstrong and colleagues54 observed that unprotected lateral tibial cartilage is 

inferior (higher swelling pressure, lower collagen and PG content, higher water content, 

greater PG extractability, lower in vitro PG synthesis, and higher in vitro PG release) 

than cartilage beneath the meniscus. It was concluded that this poorer quality matrix 

develops because it is not protected by the load-distributing and shock absorbing 

properties of the meniscus54. This assumption of inferiority was not entirely supported 

by the results of Thambyah and associates73, whom found that although AC covered by 

the meniscus can be up to 40% thinner in humans, its modulus can be up to 70% higher 

than that of central cartilage. Considering that healthy cartilage adapts to support 

increased loads, it follows that peripheral cartilage would be thinner than central due to 

the load transmission between it and the meniscus, and it is likely that this adaptation 

extends to the biomechanical properties to some degree. Stiffer cartilage is more 

efficient at transferring loads to the subchondral bone lying beneath it, however 

Thambyah and associates73 also observed that subchondral bone was significantly 

reduced in areas covered by the meniscus. Although this joint morphology is well suited 
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to handling joint loading, any perturbance can initiate catastrophic processes, especially 

if that alteration stems from loss of meniscal load sharing.  

 A multitude of studies spanning the past four decades have reported that 

removal of major parts of the menisci, or compromise of its functional properties, is 

associated with local chondral damage in the affected and adjacent tibiofemoral 

compartments and the patellofemoral joint74,75 ,76,77. It is widely assumed that the 

chondral damage observed in meniscectomized joints is caused by abnormal 

biomechanics during load transmission74, 75,76,77. 

 A loss of stabilizing and proprioceptive meniscal functions can lead to an 

increase in anteroposterior and rotational moment as a result of joint instability, and 

which can cause a marked reduction in the knee’s ability to function during locomotion 

and load transmission67,68. Several studies have indicated that a loss of meniscal 

biomechanical function due to trauma or age-related stressors is a central, driving risk 

of OA development transmission67,68. 

 A comparative study of three different methods of compromising meniscal 

stability or function performed by Cake and associates68 observed that any injury shown 

to compromise the ability of the meniscus to resist compressive loads by intact hoop 

stresses will result in OA pathology67. Cake and associates68 went on to note that there 

is some possibility of a destabilized meniscus retaining a degree of residual function in 

spreading contact forces across the articular surface, but not to an extent that is 

capable of preventing degenerative changes. In theory, complete disruption of the 

meniscal root works to prevent the circumferential fibers from generating hoop stresses, 

which are critical for the meniscus’ contact stress equalization function15. Regardless of 

the degree to which it occurs, dysfunction of the meniscus has been identified as a 

biomechanical factor attributing to initiation and progression of knee OA in humans, 

where clinical evidence has seen even minor shifts of joint contact locations due to a 

meniscal extrusion cause degenerative changes in the affected compartment15.  
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 It is interesting to note that during knee OA development, peripheral cartilage 

remains relatively intact until the late stages of the disease, as opposed to the central 

cartilage, where the area of initial degeneration is observed72. This preservation could 

partly be attributed to the fact that uncovered cartilage experiences shear as well as 

compressive loading, while cartilage under the meniscus is limited in its ability to deform 

longitudinally, as it is primarily experiencing compressive loads transmitted normal to its 

axis72. However, loads are also predominately concentrated on the central areas of the 

joint, so preservation of the peripheral cartilage could also be attributed to the lower 

magnitude of stress experienced in these regions.  

 Once hoop stresses are lost or impaired, the contact stresses originally borne by 

the peripheral region of cartilage are redistributed to the uncovered central regions15. 

Arunakul and colleagues15 used a compressive loading experiment in a rabbit meniscal 

release model and observed that when the knee is subjected to in vivo physiological 

loading a significant decrease in contact area accompanies a significant shift of contact 

location towards the central tibial eminence. Arunakal and colleagues15 also determined 

a medial meniscal release resulted in a 1.25 fold increase of peak local contact stress in 

the medial compartment, which was consistent with previous observations by Pozzi and 

colleagues78 in a canine medial meniscal release study (1.4 fold increase) and Allaire 

and associates79 in a cadaver loading study of the human knee (1.25 fold increase). 

These studies further verify that meniscal destabilization is a viable method for OA 

induction via joint instability.  

 In a model of medial OA, Arno and colleagues80 observed strong evidence that 

cartilage degeneration and loss is most frequently initiated in the central region of the 

tibial plateau, and in the central region of the medial femoral condyle. Studies such as 

this emphasize the inherent need to classify cartilage degeneration according to 

regional variances informed by the baseline characteristics of loading and AC structural 

integrity characteristics of that area.  

 



 

 

18 

 

1.2.5 Alteration of Articular Cartilage’s Structural and Biomechanical Properties 
Attributed to OA Development and Progression 

 

OA represents the failure of the synovial joint as an, “organ,” and can result from 

the initial failure of any one of the multitude of tissues that comprise the joint as a whole, 

indicating that there are many possible causes of OA that have the same final end stage 

in common29.   

OA clinically presents with symptomatic evidence of joint effusion, mild synovial 

membrane inflammation (synovitis), and swelling of the AC50. These clinical 

presentations are characterized by joint pain, tenderness, limited range of joint motion, 

crepitus, and generalized inflammation29. Often this symptomatic evidence is 

accompanied by thickening of the subchondral bone plate, known as subchondral 

sclerosis, which is commonly diagnosed radiographically. The synovial membrane of 

human patients with advanced OA often exhibit hyperplasia of the lining cell layer 

accompanied by focal infiltration of lymphocytes and monocytes. The presentation of 

synovitis could be for a number of reasons, including phagocytosis of wear particles of 

articular cartilages and bone from the joint surface, release of soluble matrix molecules 

from the ECM (including PGs and collagen), or the presence of crystals of calcium 

pyrophosphate dihydrate or calcium hydroxyapatite29. 

However, there are many complex biochemical, morphological, 

mechanochemical, and biomechanical processes occurring within the tissues prior to 

clinical disease presentation that drive a degenerative cascade leading to the 

development of these clinical outcomes.  

Substantial changes in AC composition and mechanical properties occur during 

development of OA,50 resulting in degenerated cartilage with dramatically different 

biochemical, physiochemical, biomechanical, and electromechanical properties from 

normal tissue, including a loss of proteoglycan, fibrillation of the collagen network, an 

increase in tissue hydration, and loss of compressive stiffness48. According to Martel-
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Pelletier81,the progression of OA can be broken down into 3 broad stages: the 

proteolytic breakdown of the cartilage matrix, fibrillation and erosion of the cartilage 

surface accompanied by release of breakdown products into synovial fluid, and the 

beginning of synovial inflammation by cellular ingestion of breakdown products through 

phagocytosis and subsequent production of proteases and pro-inflammatory cytokines 

from synovial cells.  

Cartilage alterations are largely attributed to improper regulation of the catabolic 

degradation of matrix collagens by proteolytic enzymes derived from chondrocytes and 

synovial cells, which degrade, disorganize, and release macromolecular components of 

the cartilage ECM and thereby cause substantial weakening in its biomechanical 

properties3,5,7,48,82. OA is characterized matrix fibrillation, fissure appearance, gross 

ulceration, and full-thickness loss of the joint surface leading to cartilage breakdown that 

is accompanied by hypertrophic changes, osteophyte formation, and subchondral bone 

thickening81. Once OA reaches stages of clinical diagnosis, the synovial membrane has 

been encompassed by an inflammatory reaction81. 

Cartilage over-stress due to abnormal structural variations (such as alterations in 

joint conformation) can alter the delicate balance of the fluid flow processes within the 

AC and initiate degenerative changes47. The swelling state of cartilage is determined by 

a balance between the osmotic pressure of PGs and the restraining tensile forces of the 

collagen network; therefore, any structural derangement of the ECM has a direct 

influence on cartilage mechanics48,50.  

  In early stages of OA degeneration, collagen content is initially maintained but 

there is disruption in collagen assembly, and a higher percentage of PGs are present in 

the non-aggregate form of aggrecan23,24,25,43. Collagen content does not always closely 

correlate with degenerative changes to the AC as it is the integrity and spatial 

organization of the ECM rather than its content that experiences the greatest 

pathological changes as OA progresses25. Disruption of collagen fibers, particularly the 

superficial gliding zone (when pseudo-random organization turns to a more parallel 
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organization) renders the collagen matrix less capable of resisting the swelling pressure 

of aggrecan or supporting the FCD, which results in decreased pressurization of the 

tissue and lower modulus. Coupled with unfolding of charged aggrecan side chains that 

reveals additional charged sulfate sidechains, there is an increase in tissue hydration 

and thereby a softening and thickening of cartilage which is termed the hypertrophic 

phase of OA23,2543,48,50. Hypertrophic changes are thought to arise from the earlier 

response of chondrocytes to supraphysiological loading and reflect the re-organization 

of the collagen and matrix structure9. 

 In osteoarthritic AC, chondrocytes are found in clusters that arise independent of 

zonal depths, suggesting recent cellular division due to altered regulation of cartilage’s 

macromolecular constituents83. During the hypertrophic phase, the chondrocytes 

respond to increased loads by elevating production of PGs and altering production of 

other matrix components83. This dysregulation and reduced sGAG concentration leads 

to unchecked diffusion of materials from synovial fluid, which is secondary to the 

disruption of AC porosity83.  

The degenerative phase follows at a later stage when the ECM trends towards 

destruction. With a loss of ECM integrity, superficial irregularities in the form of fissures 

appear on the surface of the AC in mild OA, invading the superficial zone50. As OA 

progresses, deep clefts propagate through the middle and penetrate the deep zone as a 

result of matrix disorganization, and extended erosions appear on the surface of AC50.  

Buckwalter and colleagues17 noted that alterations in the biomechanical 

properties of AC occurs during OA and, similar to the Hadjab study5, showed that this 

has a deleterious effect on cartilage and subchondral bone thickness. It was observed 

that a thickening of the subchondral bone plate and cartilage appeared to correlate with 

a decrease in cartilage stiffness18. These alterations in material properties are explained 

by cartilage fibrillation, which reflects a significant stiffness gradient in subchondral bone 

plate, and cartilage swelling18. 
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Cartilage is also an electromechanically active tissue, courtesy of its poroelastic 

behavior and biphasic nature allowing the flow of anionic interstitial fluid through the 

ECM, and the negatively charged sulfate carboxyl groups on PGs5. It carries a net 

positive charge and remains electroneutral in static state due to Donnan equilibrium but 

becomes electromechanically active during loading5,11. Hadjab and colleagues5 

capitalized on AC electromechanical properties and evaluated the alterations of early 

OA changes in AC compared to normal state, and determined that the effect sizes on 

the electromechanical properties of OA are twice that of subchondral bone thickness, 

indicating that subchondral bone thickening could be a consequence of cartilage layer 

weakening; therefore, it must increase its thickness to sustain the increased stress 

imposed at the load bearing point. This interpretation could also be extended to 

consider how the biomechanical properties of the AC change during early OA 

processes and the mechanism by which IM weakens in response to the deterioration of 

electromechanical properties, but there has been minimal effort to resolve this 

underlying question in any robust, quantifiable manner.  

Pathologic changes observed in the structural and biomechanical properties of 

AC are one of the first events of cartilage degradation, rendering biomechanical 

properties one of the most susceptible to disease progression84. The increased 

susceptibility of biomechanical properties to early degeneration is thought to stem from 

the fact that molecular and biochemical changes alter the porosity, electromechanical 

properties, and water content which in turn are manifest by changes in thickness and 

aggregate modulus5,17,22,23,24,25,37,43. 

 

1.2.6 Influence of Cellular and Molecular Signaling on Disease Progression that 
Alters Cartilage Mechanical Properties in OA Pathogenesis  
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1.2.6.1 Pathogenesis of OA 

OA is a chronic condition known to cause impaired function and mobility in 

diarthroidal joints by eliciting degenerative changes in the joint tissues, particularly 

subchondral bone and AC that results in pain, joint effusion, soft tissue swelling, bony 

enlargement, and deformities85,86. It is unclear whether cartilage depletion or changes in 

subchondral bone occur first in OA, but both are evident in the late stages of the 

disease87,88.  

 Development of OA is associated with several risk factors, such as genetic 

predispositions, obesity, bone density, muscle weakness, and injuries89. In the past 

decade, several gene families have been reported as locally mechanosensitive 

including ECM proteins (collagens, PGs, tenacins, COMP), growth proteins regulating 

the cell cycle (cyclins, Cdks), cytokines (IL-1, -4, -6), growth factors (TGF-bs, BMPSs, 

Ihh), matrix metalloproteinases (MMPs), and angiogenic and antiangiogenic factors 

(VEGFs, CTCF, angiopoetin2, METH-1, endostatin)36.  

Chondrocytes, cellular components of cartilage capable of producing collagen 

and other ECM components, are responsive to physiological mechanical forces91, and 

this mechanism is likely responsible for the adaptive properties of cartilage to normal 

mechanical loading45,58. However, several studies have demonstrated chondrocytes 

possess a sensitivity to supraphysiological forces (i.e. abnormally distributed forces, or 

high impact forces) that can damage chondrocyte structure or the ECM itself91. One 

such study, conducted by Szczodry and colleagues92 identified a threshold of cartilage 

injury, observing macroscopically evident cracks and fissures in cartilage samples that 

were exposed to high impact forces, as opposed to samples exposed to lower impact 

forces, however chondrocyte death was observed in all samples, just to a greater 

degree in the high impact group.  

Redman and colleagues93 went on to conclude that large impacts do not always 

immediately lead to chondrocyte death, and that chondrocytes near the impact site were 

actually activated to proliferate, and temporarily upregulated production of ECM 
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components. Therefore, it can be postulated that impact forces do not always result in 

chondrocyte death, but rather initiate a dysregulated production of anabolic and 

catabolic enzymes due to mitochondrial dysfunction. This hypothesis is supported by 

the results of a study performed by Delco and colleagues94, where they harvested 

bovine cartilage from the medial femoral condyles (weight bearing region) and the distal 

patellofemoral groove (non-weight bearing region) and exposed the AC to traumatic 

compression and observed that the oxygen consumption rate and adenosine 

triphosphate (ATP) turnover were significantly reduced after impact. In the same study 

they also used immunofluorescence staining to identify a higher ratio of dysfunctional 

mitochondria in areas bearing more load94. These findings are supported by several 

additional studies that have shown disruption in cartilage metabolism may lead to 

dysregulation of matrix synthesis and remodeling that accelerates the degenerative 

changes experienced by AC95.  

 In OA, chondrocytes and other synovial tissues, such as the synovium, release 

catabolic factors in response to specific mediators, thereby eliciting a pathological state 

within the joint96. Chondrocytes in particular respond to pro-inflammatory cytokines and 

nitric oxide, which are known constituents of an inflammatory environment by increasing 

the production of matrix- and collagen- degrading enzymes such as matrix 

metalloproteinases (MMPs) and a disintegrin and metalloproteinase with 

thrombospondin motifs (ADAMTS)96. 

 MMPs are zymogens that must be cleaved by a protease to facilitate catabolic 

functions, and MMP-1, -8, -13 and ADAMTS are collagenases that act to degrade 

cartilage’s resident collagen into fragments97,98, MMP-3 and ADAMTS-4 and -5 are also 

capable of cleaving aggrecan, one of the largest constituents of PGs present in the 

ECM, and is essential for the maintenance of AC’s functional properties28. 

Wu and colleagues99 demonstrated that tensile strain of chondrocytes increased 

cell proliferation, maturation, and hypertrophy while up-regulating collagen X (a marker 

for impending ossification)99. Chondrocytes also display a sensitivity to intermittent 
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hydrostatic pressure, which inhibits their pro-inflammatory mediators while upregulating 

aggrecan and collagen II production36. Wong and colleagues100 embedded 

chondrocytes in alginate gels and found that when cyclic hydrostatic pressure was 

increased, the mRNA levels of MMP-13 and collagen I were decreased while TIMP-1 

was up-regulated. In contrast, cyclic tension led to an up-regulation of CTGF, MMP-13 

and collagen X while down-regulating TIMP-1, leading authors to hypothesize that 

hydrostatic pressure has a chondroprotective effect and tension (shear) facilitates 

ossification by promoting matrix degradation and vascular invasion100.  

AC’s biomechanical properties are largely dependent on the integrity and 

orientation of the type II collagen fibers, and PG content of the tissue, and when this 

delicate homeostasis is perturbed via abnormal kinetics initiating a degenerative 

catabolic cascade, the chondrocytes are unable to compensate for the loss of matrix 

components, causing the cartilage to soften. 

 

1.2.6.2 Immune System Involvement in OA Pathogenesis  

 

In most species, the hallmark of an immune response is inflammation, which is 

the primary indicator of leukocyte activity98. As inflammation is symptomatic of OA, 

especially in the later stages of the disease, it calls into question how localized 

abnormal leukocyte activity can contribute to OA pathogenesis101. Leukocytes are a 

family of white blood cells that primarily function as part of the body’s innate immune 

system, which is implicated in mediating OA joint pathology, however only a limited 

number of studies exist that shed any light on the role of innate cell types in OA 

pathogenesis102.  

Cytokines, secreted proteins important for cell signaling and often facilitating 

communication between leukocytes, are attributed to having a more active role in OA 

pathogenesis than leukocytes themselves101. These proteins are not strictly secreted by 
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leukocytes, they are also produced by fibroblasts and several other cells and are often 

pleiotropic when it comes to their mediation103. Cytokines and chemokines also play an 

important role in the recruitment of leukocytes to the synovium, particularly in regard to 

the first wave of leukocyte migration, during the progression of OA101. Leukocytes in 

turn have been observed to increase the production of catabolic signaling molecules 

and contribute to the enhancement and progression of an inflammatory environment in 

the synovial membrane and joint space101.   

Elevated levels of the pro-inflammatory cytokine TNF-a have been correlated 

with cartilage degradation, through both an increase in GAG release from cartilage and 

stimulation of caspase-9 activity from TNF-a stimulated chondrocytes that have been 

associated with intrinsic apoptosis and inhibition of type II collagen, the primary 

component of the ECM104,105. A study by Larsson and associates106 solidified these 

conclusions when they found increased levels of TNF-a, interleukin (IL)-6, and IL-8 

correlated with progression of radiographic OA. This is likely due to the inhibitory action 

of caspase 9, as type II collagen is a major constituent of the ECM, which is responsible 

for immobilizing PGs and lending cartilage its functional, biomechanical properties, and 

by compromising its production cartilage softens, and OA progresses106.   

Treatment of chondrocytes with another pro-inflammatory cytokine IL-1b resulted 

in increased transcription and secretion of cartilage degrading enzymes such as MMP-

1107,108,109 , MMP-3108, MMP-13108,109 and ADAMTS-4108, demonstrating how IL-1b can 

lead to more pronounced cartilage degeneration due to increased production of 

catabolic enzymes.  

IL-6 is a pro-inflammatory cytokine that may play a role in the normal 

maintenance of cartilage structure, as Tsuchida and associates110 observed that 

blocking or inhibition of IL-6 results in decreased GAG content, which is symptomatic of 

OA. However, this functional protection is largely dependent on the type of signaling IL-

6 is inducing, as it is thought to be pro-inflammatory when binding to the soluble IL-6 

receptor (sIL-6R) and activates trans-signaling through glycoprotein (Gp) 130, and 
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beneficial in cartilage maintenance when signaling occurs through Gp 130 after IL-6 

binds to the membrane bound IL-6 receptor (mIL-6R)111.   

IFN-g is a cytokine with the potential to elicit both beneficial and degenerative 

changes in cartilage by mediating chondrocyte activities. IFN-g has been shown to 

suppress IL-1b induced MMP-13 secretion, and thereby mitigate the release of cartilage 

degrading enzymes112. However, IFN-g was also observed to inhibit chondrocyte 

production of some collagen isoforms and aggrecan mRNAs in vitro, and also 

stimulated increased nitric oxide production associated with chondrocyte 

apoptosis113,114,115,116,117.  

IL-4 is a cytokine suspected of having a beneficial effect on chondrocytes, by 

maintaining PG synthesis after injury or adoption of altered joint kinematics, as well as 

inhibiting catabolic enzyme-inducing cytokine production101. Another beneficial cytokine, 

IL-10 is best known as an immunomodulatory cytokine capable of inhibiting certain 

cytokine release and known to abolish the pro-apoptotic effects of TNF-a, when 

administered to chondrocytes104. 

TBF-b is another family of immunomodulatory cytokines with many isoforms that 

are important for the formation of proper hyaline cartilage from chondrocytes118,119. 

Tekari and colleagues119 noted that the absence of TBF-b was associated with the 

formation of fibrocartilage, however Scarhstuhl and associates120 also found that TBF-b 

promotes osteophyte formation.  

It has been made increasingly clear that cytokines must maintain adequate 

homeostasis to prevent catabolic effects, as low levels of pro-inflammatory cytokines 

may be beneficial to the maintenance of cartilage. This conclusion is similar to the belief 

that there exists a fine line between healthy load distribution on adaptive cartilage 

surfaces and degenerative focal stresses. Cytokines play an important role in promoting 

chondrocyte and AC health, however when homeostasis is perturbed, they play a major 

role in degenerative change and chondrocyte apoptosis.  



 

 

27 

 

 

1.2.7 Induced Models of Osteoarthritis  

 

1.2.7.1 Animal Models of Osteoarthritis  

 

Animal models provide practical and clinically relevant ways to study OA disease 

progression and treatment because they include the complex interactions of 

metabolism, immunobiology, response to injury, wound healing, and the additional 

physiological mechanisms that naturally occur in the knee joint6. The purpose of animal 

models in OA research is to reproduce the same pattern and progression of the disease 

in a controlled manner so that opportunities to monitor, characterize, and modulate 

symptoms and diagnostic markers can be identified and applied to the development of 

novel therapies12. 

The ideal animal model should provide reproducible disease progression while 

maintaining a low cost and a short time period12. It is important that the disease model 

presents in a predictable time course, with minimal individual variation so therapeutic 

interventions are possible. Animal models provide the foundation by which plans for 

clinical trials are built, and often success in animal studies is a pre-requisite for approval 

of human clinical trials12,121. In the context of OA research, an animal model that reflects 

the human disease process via articular surface degeneration and abnormal joint 

contact mechanics is the only kind considered valid15. 

Cartilage repair studies have embraced the applicability of large animal studies in 

assessing OA degenerative processes and the efficacy of repair strategies, using them 

as translational models to applications in human medicine121. However, in any animal 

study it is important to consider the different biokinetics (the way in which the tissue 

moves) and biomechanics (the mechanical laws defining motion) of quadruped joints 



 

 

28 

 

compared to the bipedal joints of humans, and how this influences the contact 

pressures on the weight bearing areas of the joint121. 

Mechanisms of OA induction, progression, and therapeutic intervention have 

been extensively studied in both small and large animal models6. Small animal models 

(mouse, rat, rabbit, guinea pig) are primarily used for investigating specific mechanisms 

of pathogenesis, or pilot screening of therapeutic agents due to their low economic cost, 

ease of genetic manipulation, and public perception; however they can be significantly 

lacking in joint and cartilage congruity to humans12,122. Large animal models (dogs, 

sheep, goats, pigs, and horses) possess anatomic and biomechanical similarities to 

humans and tend to be more clinically robust models that facilitate routine diagnostic 

imaging, arthroscopic interventions, repeated synovial collections, and postoperative 

management12,122,123. However, these models carry a high economic cost, have a 

slower disease progression, and public perception, particularly when using canine or 

equine models, can discourage large scale studies123. Still, large animal models render 

the most clinically relevant data, so they are often required for regulatory approval of 

therapeutic interventions12,123.   

Despite ethical considerations, certain studies have indicated a canine model of 

induced OA to be the closest to a gold standard in terms of anatomic similarity, disease 

progression, and translational outcomes to human disease manifestation6,124. The 

primary advantages of canine models are their ease of handling/ amenability to 

postoperative management in the form of splinting/ bandaging and their receptiveness 

to tailored exercise regimens where performance can be used as a clinical diagnostic 

method of disease progression123. However, wide variances in skeletal maturity 

between breed and sex, differences in biomechanics and gait (canine stifles have a 

significantly greater flexion angle), AC thickness only half that of human cartilage, and 

complicated ethics often rules out the use of canine models in large scale animal 

trials125,126.  
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There are a limited number of studies in which an equine model has been utilized 

to investigate spontaneously occurring OA127,128,129,130. Equine AC has an average 

reported thickness of 1.5-2mm, which is the closest to the 2.2-2.5mm previously 

reported for average thickness of human AC127. Unfortunately, antemortem and 

postmortem evaluations of OA grade in AC have yet to be standardized in the equine 

model, and equine studies carry a high economic burden, particularly in terms of 

housing and postoperative management123. 

Sheep and goats have become a favored clinical model for induced OA studies 

due to their relatively low cost compared to alternative large animal models, their ease 

of handling, and the marked similarities between their stifle joint and the human knee 

joint6,123. Bellenger and Pickles122 showed that the ovine knee bears similar function 

(stabilization, load transmission), kinetics (articulation of motion), and structural 

properties to human knees, rendering it a quadruped large animal model applicable to 

translational research applications. The ovine knee is also structurally similar to the 

human knee in terms of anatomic proportion and load bearing mechanisms, with the 

small exception of the lateral tibial plateau and femoral condyles being proportionally 

larger than those of humans54. 

The use of animal models provides valuable insight in the temporal patterns of 

joint pathology described during the development and progression of OA that could not 

otherwise be obtained without also incurring a slew of confounding factors and potential 

ethical complications if conducted on human patients9. Animal models render 

repeatable, consistent results and allow for confounding variables such as age, sex, 

weight, and activity level to be relatively controlled or selected for.  

 

1.2.7.2 Surgical Models of Osteoarthritis Induction 
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In OA, gradual pathologic change in bone and cartilage arise from dysregulation 

of collagen and matrix metabolism due to pro-inflammatory, immune-mediated or 

biomechanical causes.  Animal model systems have used intra-articular injection of 

irritating or immunogenic materials such as monosodium iodoacetate, collagen or 

inflammatory cytokines. Abnormal joint kinetics that influence joint contact locations and 

biomechanical interactions within the joint space are also widely used because they 

mimic human meniscal or ligament insufficiency, particularly in post-traumatic OA15, 

68,131. Induction of abnormal kinetic patterns is advantageous if a more gradual OA 

progression arises from abnormal joint contact stresses, such as loss of meniscal load 

sharing, rather than gross instability from anterior cruciate transection or profound 

inflammation from cell poisons or other chemical agents that induce inflammatory 

reactions12. 

It has been well documented that controlled surgical injury or meniscal deficiency 

provides the least variable model of human OA in animal models124, 132, 132,134, 135,136. 

Surgical induction of OA works through a combination of joint destabilization or altered 

articular surface contact forces that lead to low grade inflammation and catabolic 

cartilage metabolism. Full or partial meniscectomy or meniscal release, where an 

anchoring meniscotibial ligament is cut, induces incongruence and point loading in the 

medial compartment of the knee which is highly relevant to the human knee OA12. 

Full or partial meniscectomy in one or both joint compartments has been used to 

study knee joint degeneration in rats, mice, dogs, sheep, monkeys, bovines, and rabbits 

since 193628,29. This model seems preferable to previously used anterior ligament 

transection (ACLT),  procedures that have a faster, more variable course124,135. 

Marijnissen and colleagues135 success in using a canine groove model to stimulate 

post-traumatic OA by damaging the AC cartilage of weight bearing regions, however 

post-traumatic OA only constitutes 12% of the overall OA burden, and the model is not 

as widely adopted as other models15,124. Frequently a medial meniscal release (MMR) is 

used to study early OA progression as it initiates a more gradual degenerative cascade 

than a complete meniscectomy by initiating a more gradual shift in joint contact kinetics 
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due meniscal destabilization than a complete meniscectomy, but pathologic change can 

be seen in the AC within a few months15.  

 

1.2.8 Existing Clinical and Diagnostic Methods to Detect AC Degeneration in OA 
Initiation and Progression  

 

Morphological and biomechanical properties have proven to be useful 

parameters in assessing cartilage as they determine the functional behavior of AC3. 

Unfortunately, sensitive characterization of these qualities often cannot yet be fully 

defined during in vivo studies, so most forms of cartilage grading or assessment are 

performed ex vivo.  

Benchtop methods such as visual macroscopic evaluations, histological scores, 

biochemical assays, and simple biomechanical tests are commonly employed to assess 

cartilage properties54,137. However, the vast majority of these techniques are destructive, 

as they require isolation of chondral or osteochondral samples from the articular 

surface, and thus allow the potential creation of artefacts7. 

Macroscopic assessments are a non-destructive method of cartilage assessment 

relying on visual inspection of the dissected joint surface and clinical evaluation of tissue 

condition using an enhanced Outerbridge Score138. Other scoring systems such as the 

ICRS score measures the loss of structural integrity of cartilage in the process of 

degeneration, denoting a score of 0 as healthy cartilage and increasing with severity of 

degeneration, with a score of 4 equivalent to no cartilage present and exposure of the 

subchondral bone50,138. However, numerous studies have found fault with the lack of 

sensitivity and poor intra-observer agreement with macroscopic scoring of cartilage 

lesions7,9,11,137,139.  

Histological assessment is another gold standard in terms of ex vivo evaluation 

of degenerative changes, using cartilage histopathology assessment system (OARSI), 
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where OA level is assessed by a combined score of the severity and extent of 

degeneration140. However, these methods are also destructive, observer-dependent in 

terms of scoring allotment, and scoring is predominately based on qualitative visual 

assessment.  

Arthroscopy is one of the few diagnostic methods available for in vivo diagnosis 

of the disease, but as with MRI and X-Ray or CT imaging, often these results are 

qualitative, and can only be used to detect late stage degeneration13. Arthroscopic 

assessment hinges on visual assessment and physiological probing of the cartilage to 

find surface abnormalities or hidden defects within the mid-substance of the tissue50. In 

addition, it is invasive and requires general anesthesia and aseptic technique.  

Numerous studies have since implemented methods of mechanical testing in 

their ex vivo assessment methodologies, however these methods often destructive, 

non-specific, user-dependent, and involve harvesting sections of cartilage from the 

intact surface to perform unconfined or confined compression tests, often with little 

regard to the environment in which the test is performed135. Indentation and needle 

penetration tests are the most frequently employed methods of mechanical 

characterization used to evaluate AC in terms of compressive modulus (Young’s 

modulus) and cartilage thickness3,10,11,54,139. The limitation of these techniques is the 

time and expense required as the technique is tedious, requires a great deal of operator 

intervention, and each test point requires hours to reach equilibrium.  

Therefore, there remains an urgent need for quantitative, sensitive, user-

independent, non-destructive tools for cartilage assessment, especially in the context of 

detecting early stage OA degeneration7. This was a primary driver of a subset of the 

major thesis objectives (Objectives 1 and 2) outlined in Section 1.3.   
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1.2.9 Topographical Variation in Material Properties of Articular Cartilage and 
Elucidated via Surface Mapping  

 

1.2.9.1 Topographical Variation 

 

Improved understanding of the relationships between alterations in the 

mechanical properties of AC leading to OA derived degenerative pathological change 

will grant a better understanding of the mechanisms of OA pathogenesis and 

progression, and aid in the development of earlier stage diagnostic tools50.  

One of the largest barriers to existing studies of AC mechanical properties is that 

mechanical characterizations are exacting and time consuming and can only be 

performed on small areas that solely provide a localized picture of the AC, whereas OA 

is a disease that progresses sub clinically but eventually involves the entirety of 

articulating joint surface57. Also, it is essential when characterizing the topographical 

degenerative chances of AC that the extensive spatial heterogeneity of 

mechanochemical properties be accounted for in order to isolate these natural 

variations from those that can be attributed to degenerative processes.   

Healthy AC is a highly organized tissue with spatial differences in topography 

and biomechanical properties, and the variant pattern of biomechanical properties has 

been observed to correlate with joint loading history55,56,141. Little and colleagues43 

revealed that a topographic variation in PG synthesis by chondrocytes is related to the 

mechanical stresses healthy joints are exposed to in vivo, and that biosynthesis 

changed when load distribution was altered by a unilateral meniscectomy. Several 

studies indicate the validity of this conclusion by noting that differences in collagen 

network, PG, and water content in healthy cartilage varied according to stresses 

distributions exhibited during normal load bearing activities142. Supporting these 

findings, Laasanen and colleagues45 observed significant topographical variation in 
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cartilage thickness, dynamic and static modulus, and Poisson’s ratio in bovine 

tibiofemoral joint reflective of the regional division of load sharing.  

Chondrocyte morphology and collagen organization are factors in the 

topographical variation of material properties, and are significantly different in regions of 

the superficial zone, particularly when divided into cartilage covered by the meniscus 

(peripheral) and cartilage not covered by the meniscus (central), and this can potentially 

account for the differences in cartilage thickness between these regions58. As previously 

stated by Thambyah and associates73, regions of AC covered by the meniscus have 

different structural and functional properties in healthy cartilage, and these baseline 

properties need to be appropriately accounted for before characterization of 

degenerative changes can be made.  

 It is also important to note anatomical differences in congruency and contact, 

such as those in the medial compartment of the knee, makes this area more sensitive to 

kinematic changes than the lateral compartment, therefore degenerative changes may 

initiate and progress faster in this area58. As reported by Lee-Shee and associates143 in 

an ovine model, the medial tibial plateau has a significantly larger contact area (107.7 ± 

28.7mm2) compared to the lateral tibial plateau (60.8± 56.33mm2). Armstrong and 

colleagues54 observed naturally thicker regions of cartilage in the medial compartment 

of the hind legs in healthy ovines (ratio of 2:1 when comparing with lateral compartment) 

and concluded this outcome could be attributed to the fact that AC tends to be thicker in 

heavily loaded regions of the joint144. This conclusion is supported by Taylor and 

colleagues145 whom estimated a distribution in joint force of 1.7 of body weight (BW) 

through the medial tibial plateau during maximum loading phase, while only 0.68BW 

was distributed through the lateral compartment in healthy ovines.  

It is also important to isolate AC properties to the articular surface being 

examined, as cartilage of the tibial plateau and femoral condyles have been shown to 

have naturally different structural and mechanical properties, likely due to their different 

contact mechanics and load transmission through the joint. The presence of the menisci 
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cause the femoral condyles to roll over a relatively stationary region of the tibial plateau 

during locomotion, thus load transmitted through the tibia is distributed over a small 

region, and it is possible that this could be a focal stress driving development of age-

related OA lesions in this area54. In contrast, loads passing through the femur are 

distributed over larger regions of the articular surface as it rolls over the tibial plateau so 

individual points are not subjected to concentrated focal loads, and commonly develops 

OA lesions in the central cartilage in an anterior-posterior orientation, reflective of the 

way in which motion is articulated by the joint54,58. 

An improved understanding of cartilage topography can be universally applied to 

a multitude of studies revolving around articular cartilage, including studies of joint 

kinetics, characterizations of disease progression (such as OA), and evaluation of 

clinical cartilage repair techniques10. It is important to note that many of the studies thus 

far have focused primarily on qualitative assessments of topographic behavior and 

histological analysis, but few have sought to apply quantitative methods to the vast 

endeavor of mapping the spatial heterogeneity of AC. A primary objective of this thesis 

was to pair quantitative techniques with qualitative assessments to characterize both 

healthy and degenerated cartilage, which is further outlined in Section 1.3 (Objectives 1 

and 2).  

 

 

1.2.9.2 Surface Mapping 

 

A small sect of studies performed in recent years have sought to map the 

articular surface in the context of its structural, biomechanical, and electromechanical 

properties5,7,9,10,11. Surface mapping techniques allow a comprehensive exam of the 

entire articular surface, as opposed to other techniques that only render a localized 

picture, and have the added advantage of using quantitative methods to assess 
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cartilage properties7. This technique also has the added advantage of allowing highly 

sensitive, quantitative differentiation between early stages of cartilage degeneration that 

are not yet macroscopically evident and otherwise normal cartilage in OA 

pathogenesis5.  

For example, Appleyard and colleagues9 used surface mapping techniques to 

distinguish a hypertrophic response in the tibial plateau of sheep that was accompanied 

by deteriorated surface collagen assembly and biomechanical properties. However, in 

2003 technological innovation had only extended to the development of a handheld 

indentation probe, which introduces the potential for human error and non-specificity to 

influence results. The Appleyard study9 grouped the articular surface into seven 

regional zones to compare topographical variance in biomechanical properties, however 

full quantification of the pathogenesis of OA on a regional basis was unmet in this study 

as they neglected to also map the femoral condyles, which represent a significant 

portion of the degenerative burden in OA joints. 

In a study that was an important precursor to the methods used in this thesis, 

Sim and colleagues7 sought to use a novel electromechanical probe (Arthro-BST) and 

automated indentation mapping to assess the sensitivity of their proposed techniques in 

assessing early cartilage degeneration in human cadavers. An additional study aim was 

validating the use surface mapping techniques to compare biomechanical properties 

and data obtained from macroscopic, histological, and biochemical analyses7. They 

showed that IM mappings were consistent with macroscopic assessment of abnormal 

cartilage, exhibiting low IM in regions of macroscopic degeneration (0.2-3MPa) 

compared to normal regions (3-20MPa)7. The pivotal finding of the Sim study was that 

degradation patterns were observed to extend beyond the macroscopically visible lesion 

boundaries, further highlighting the need for more sensitive methods capable of 

characterizing early changes in OA progression7. The primary drawback of Sim and 

colleagues’7 methodology was that their investigative regions were selected on the 

basis of macroscopic assessment of degeneration and then divided according to stage 

of degeneration, therefore it is possible pre-arthritic changes within the joint that were 
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not visually identified could cause variability in experimental outcomes. This method 

also is not ideal for assessing OA changes across the articular surface, as it is based on 

the examination of focal lesions and neglects to examine the alteration in mechanical 

properties that could be occurring at a distance from the lesion site.   

In a similar study, Hadjab and associates5 used an electromechanical mapping 

technique (Arthro-BST) and automated thickness mapping via a multi-axial mechanical 

tester with a higher spatial resolution across the articular surface than the Appleyard 

study9 to identify correlations between altered AC compression induced streaming 

potentials and cartilage thickness characteristic of early OA in humans. Again, results 

were compared according to lesion severity irrespective of their varying location on the 

articular surface, and in the case of this study only tibial plateaus were examined. The 

Hadjab study5 further validated the use of automated thickness and indentation 

mapping to characterize early degenerative changes associated with OA pathogenesis 

on the articular surface, however left much to be desired in terms of characterization of 

OA pathogenesis topographically across all articulating surfaces.  

Improved understanding of the relationships between alterations in the 

topographically defined mechanical properties of AC leading to OA derived 

degenerative pathological change will grant a better understanding of the mechanisms 

of OA pathogenesis and progression, and aid in the development of earlier stage 

diagnostic tools50. Semi-automated quantitative indentation and thickness mapping of 

cartilage has been proven as a highly sensitive technique capable of tracking the 

topographic heterogeneity of articular surfaces and has the potential to identify subtle 

degenerative changes associated with OA pathogenesis10,54,57. Characterization of 

these pathological changes provides valuable information on the wear patterns of OA, 

and spatial resolution of biomechanical properties could open the door to development 

of site-specific cartilage repair products54,139. Objective 3, outlined in detail in Section 

1.3 specifically addresses a method by which early patterns of OA pathogenesis can be 

quantified and presents a way in which therapeutic effects of pharmacological agents 

can be evaluated on a quantitative basis.  
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1.2.10 Selection of an Appropriate Mechanical Model for Accurate Representation 
of Articular Cartilage Material Properties to Enable the Calculation of its 
Mechanical Parameters 

 

1.2.10.1 Development of the Mathematical Models of Cartilage Behavior 

 

AC is both a viscoelastic and poroelastic tissue, rendering precise quantifiable 

classification of its mechanical properties difficult to model in benchtop tests, as when it 

is subjected to a stress, both its intrinsic elastic deformation and viscous flow response 

need to be accounted for47. There is a long history of mathematical and computational 

modelling with the objective of understanding the mechanisms governing cartilage’s 

remarkable mechanical performance20. However, despite the development of 

sophisticated modelling techniques, spurred by technological innovation, simulations of 

cartilage mechanics have consistently lagged behind structural knowledge and thus the 

relationship between AC’s structure and function has yet to be fully elucidated20. When 

developing models of cartilage behavior, one must look to not only to AC, but the wider 

mechanical environment of the joint, and influence of adjacent tissues such as the 

meniscus and subchondral bone in addition to the scales at which damage and disease 

manifest within these tissues20. 

Cartilage undergoes large finite deformations in vivo when exposed to 

compressive strains of up to 30%146. AC’s compressive stiffness is characterized by a 

nonlinear stress-strain curve that varies in accordance to the rate of strain147. In 

physiological loading simulations, cartilage can be loaded at strain rates greater than 

15%/s to produce an instantaneous response that allows the negation of interstitial fluid 

flow influence and allows the characterization of AC as an incompressible elastic 

solid148,149.  
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Many of the early theoretical analyses of AC’s load response to indentation were 

complicated by the lack of an appropriate, constitutive model for AC, which is further 

compounded by its layered geometry150. In order to mitigate these complications, Hayes 

sought to model the indentation mechanics of cartilage, with cartilage modelled as an 

infinite elastic layer (normal to the cartilage’s surface in the x-y planes) bonded to an 

immovable, rigid half space, where the analysis was formulated as a mixed boundary 

problem satisfying the field equations of the linear theory of elasticity for homogenous, 

isotropic materials150. With linear elastic material models, the cyclic stresses can be 

summarized in terms of two stress invariants: hydrostatic stress, and the octahedral 

shear stress (which causes tensile strain), which are visualized below in Figure 1.2. 

Initial mathematical models were isotropic and elastic, and their application served to 

characterize the instantaneous behavior or equilibrium responses of AC after step load 

application.  

 Building on this initial model by Hayes, a biphasic isotropic solution was 

proposed that could explain the time-dependence of cartilage mechanical behavior37,150. 

Transversely isotropic biphasic, poroviscoelastic,152 fibril reinforced poroelastic153, linear 

elastic147, hyperelastic147, or conewise linear elastic biphasic solutions have all been 

proposed to improve the accuracy of theoretic models to predict cartilage response. 

Incompressible mixture models with constitutive relations consistent with the Coleman-

Noll154 procedure have found empirical success when using generalizations of matrix 

heterogeneity, such as depth-dependent properties, and anisotropy44,155,156. The solid 

phase of cartilage is generally assumed to exhibit hyperelastic behavior, i.e. allowing 

stress to be expressed via free energy20, and it is inferred that cartilage anisotropy 

results from collagen orientation157. In contrast, constitutive relations for fluid phase and 

inter-phase drag are linear20.  

One such study by Robinson and colleagues147 sought to investigate the 

hyperelastic material model of AC, and how OA influenced the material constants of 

human cartilage based on the assumption that the nonlinear stress-strain relationships 

and incompressible behavior of these materials accurately approximated AC. Several 
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other previous works observed that linear-elastic, biphasic, or hyperelastic models of 

cartilage had considerable variance in material constants across joints and between 

donors and determined a correlation between these variations and tissue composition 

or OA severity50, 158,159 .These findings further reinforce the theory that cartilage material 

properties, when appropriately modelled, can be used as a sensitive measure to 

determine pathologic change.  

A study conducted by Lai and colleagues laid the foundation for the triphasic 

model of cartilage, which added an ionic phase to the traditional biphasic model of the 

incompressible solid phase of the collagen-proteoglycan ECM, and the incompressible 

fluid phase (interstitial water)20. However, triphasic treatments can often be related to 

biphasic models when the solid phase can be simplified to a homogenous, isotropic, 

linearly elastic material undergoing infinitesimal strain161  

Several of these studies have since been criticized for their multiphasic inclusion 

via theorizing that the molecular level interweaving of the solid matrix, ions, and 

interstitial fluid suggests multiple phases are inappropriate and instead a single cartilage 

phase should be used160. Mak and colleagues151 reported that the instantaneous 

behavior of AC can be modelled as an incompressible (Poisson’s ratio (v) =0.5) single-

phase elastic material immediately after load application. Still, multiphase or mixture 

framework offers a more adaptive approach, allowing for the potential to maximize 

predictive power of multiple parameter interactions and behaviors20. However, 

dependent on rate and magnitude of load application, there are advantages to 

modelling the mechanical behavior of AC as a single phase, such as the practical 

translation of the mathematical model to a repeatable, simple testing modality (e.g. 

indentation testing).   
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1.2.10.2 Application of Mathematical Models to Characterizing Degenerative 
Changes in AC Characteristic of OA Development and Progression 

 

Despite the multitude of studies endeavoring to mathematically characterize 

cartilage behavior, a select few have sought to consider how these models and 

associated material constants are altered by the presence of joint diseases (such as 

OA). However, there is tremendous scope for the adaptation of available models of 

cartilage and their framework to explore the homeostasis and disease states of joints. 

The applications of these models can be simple, such as calculating solid stress and 

susceptibility to damage attributable to structural changes in matrix composition, or 

more involved, such as characterizing damage progression and developing key 

structural markers of loss of function that can be used to guide treatment20.  

AC can tolerate hydrostatic compressive stresses extremely well due to its 

incompressible fluid, rather than fibrous matrix, supporting the bulk of experienced 

loads, illustrated in Figure 1.3. However, high levels of shear or tensile strains will 

inevitably result in a mechanical failure of the ECM36. Results of many computational 

studies have indicated that under most physiological loading conditions, cartilage 

growth and ossification is inhibited by the application of local intermittent hydrostatic 

compressive stress and accelerated by nondestructive intermittent octahedral shear 

stress36,162,163. 

Existing knowledge of the structure-function relationship of AC is largely rooted in 

competing computational model studies that are all based on differing assumptions, 

making it difficult to translate model outputs to insights in the disease process20. Varying 

degrees of modelling AC’s compressive behavior have been formulated on the basis of 

Hayes 1972 elastic model, extending to highly detailed models such as the poroelastic, 

biphasic fibril reinforced model153 from which additional mechanical parameters such as 

AC’s permeability, matrix modulus, and fibril modulus can be extracted to characterize 

cartilage behavior. However, Sim and colleagues7 application of Hayes’ model150 of 
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indentation for AC during dynamic loading has been verified in cartilage indentation 

studies in multiple species to be sufficient in characterization of matrix degeneration via 

reduction in IM37, 47. Sim and colleagues7 have since used this model of cartilage 

behavior extensively in benchtop indentation tests to evaluate biomechanical and 

electromechanical properties of cartilage, and paired it with the principles of surface 

mapping5,7,11. 

 

 

 

 

Figure 1.3 In a linear elastic model, two scalar components (hydrostatic stress and octahedral 
shear stress) can represent the full stress state at any location in cartilage. Adapted from Carter 
DR, Beaupre GS: Skeletal Function and Form: Mechanobiology of Skeletal Development, Aging, 

and Regeneration. Ed 1. Cambridge, England: Cambridge University Press, 2001. 
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1.3 Thesis Objectives, Motivations, and Hypotheses 

 

Motivations and objectives behind the presented study arise from problems currently 

facing OA research that have been outlined in the previous sections, but are re-iterated 

below:  

 

1. Motivation: Quantitative measurements of AC material properties and the 

degradative changes associated with OA pathogenesis have yet to be 

examined in the context of the natural topographic variation of AC across all 

articulating surfaces in the knee. 

 

Hypothesis: It was hypothesized that these patterns would display regional 

variances in response to abnormal loading conditions imposed by an induced 

model of OA, and that in the unilateral model used, the contralateral knee 

would also experience some degree of pathologic change resultant from 

compensatory loading.  

 

Objective: To pair traditional qualitative methods (histological analysis, 

macroscopic assessments) with quantitative methods to fully characterize the 

spatial heterogeneity in AC’s material properties and OA associated 

degenerative changes across the articular surfaces of both the operated and 

the contralateral leg.  
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2. Motivation: Semi-automated quantitative surface mapping has yet to be used 

to characterize regional topographic changes in OA caused by loss of 

meniscus load sharing. Hence the response to injury and adaptation of the 

joint surface to meniscal deficiency is unknown.  

 

Hypothesis: We hypothesized that semi-automated indentation mapping 

would correlate strongly with results from semi-automated thickness mapping 

and histological analysis to reveal differences between peripheral AC 

(covered by the meniscus) and central AC (not covered by meniscus).  

 

Objective: To use the non-destructive method of semi-automated quantitative 

surface mapping to assess inherent differences in the mechanical properties 

of AC on a regional basis. It will also be used to investigate how AC adapts to 

unilateral meniscal deficiency and examine the early degenerative patterns 

indicative of OA.  

 
 

3. Motivation: Patterns of OA degenerative changes can be identified on a highly 

sensitive, quantitative basis and subtracted from values from healthy cartilage 

to create a diagnostic index that would characterize pathologic change in 

early stage OA. This diagnostic index can be applied to surface mapping 

techniques and used to evaluate the efficacy of therapeutic interventions in 

mitigating OA progression. 

 

Hypothesis:  Diagnostic indices generated from semi-automated indentation 

and needle penetration mapping of joint surfaces in OA will provide more 

meaningful interpretations than maps of material properties alone.  

 

Objective: To quantitatively characterize early stage degeneration of AC and 

use the calculated diagnostic index to compare the effectiveness of proposed 
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therapeutic interventions in their ability to mitigate OA pathogenesis. 

Multitudes of intra-articular injectable therapies have been proposed to 

combat OA progression and resultant symptomatic pain. This thesis will 

investigate the sensitivity of diagnostic mapping to detecting subtle changes 

in the magnitude of degeneration between a saline (control therapy) and intra-

articular introduction of sodium hyaluronate (common pharmacological 

intervention used to provide additional joint lubrication in osteoarthritic joints).   
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2 Diagnostic Surface Mapping of Articular Cartilage 
Quantifies Topographical Variation in Biomechanical 
Properties in Early Osteoarthritis- An Experimental Study 
in Sheep 
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Abstract 

Objective: The purpose of this study was to investigate the alterations in the mechanical 
properties of articular cartilage (AC) characteristic of osteoarthritis (OA) progression in 
tibiofemoral cartilage using a novel technique of differential diagnostic surface mapping.  

Methods: Twenty-nine sheep were enrolled in a study where OA was induced by 
arthroscopic unilateral meniscal destabilization in the right stifle (knee) of n=22 sheep, 
and 7 remained as unoperated controls. Eleven of the induced OA sheep received one 
intra-articular injection of hyaluronate three months after OA induction, and the 
remaining eleven OA induced sheep received an injection of saline. Animals were 
sacrificed 12-months post operatively and both operated and contralateral stifle joints 
were harvested for terminal evaluations included macroscopic assessment, 
biomechanical testing, and histology. Mechanical properties of AC were evaluated via 
semi-automated indentation and needle penetration mapping of each articular surface in 
both joints. Mechanical properties of non-operated controls were treated as baseline 
values of healthy cartilage and used to form aggregate maps of cartilage thickness and 
instantaneous modulus (IM) from which the surface maps of the OA induced sheep 
were subtracted to create differential diagnostic maps from which the magnitude of 
change from healthy cartilage in response to OA induction could be quantified.  

Results: Articular cartilage of the control animals, and of the contralateral legs in OA 
groups had an ICRS macroscopic score of 0. OA induced groups had surface 
roughening and varying degrees of fibrillation (scores 1-2) in the medial compartments 
of the operated leg irrespective of saline or HA group allocations. The medial femoral 
condyles (MFC) and medial tibial plateau (MTP) of the contralateral left leg had nearly 
normal total joint scores and the right osteoarthritic MTP scored higher than the MFC in 
both the saline and hyaluronate group. Mapping of cartilage mechanical properties 
revealed a hypertrophic response in the femoral condyles (FC) of both operated and 
contralateral stifles, indicated by cartilage swelling and a decreased IM. Hypertrophic 
changes were also evident in regions of the tibial plateau (TP); however, cartilage 
erosion and decreased IM were observed in focal regions of load bearing, particularly in 
the central cartilage of the medial tibial plateau.  

Conclusions: Induction of OA via a unilateral medial meniscal release (MMR) leads to 
early stage degenerative changes (cartilage swelling and softening) in all regions of the 
FC in both the operated and contralateral limbs. Late stage degenerative changes are 
present in the central cartilage of the TP of operated limb. This indicates that there is a 
different response to loss of meniscal load sharing in the MFC and TP. Differential 
diagnostic mapping is a robust tool in quantifying the magnitude of degenerative 
changes attributed to OA pathogenesis that are manifested in AC mechanical 
properties.   
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2.1 Introduction 

Osteoarthritis (OA) is a multi-faceted, degenerative disease of multiple etiologies 

that is known to cause pathological change in the tissues of diarthroidal joints1,2,3. OA 

develops over the lifespan of many mammals as their joints grow increasingly 

vulnerable with age and trauma associated instabilities4,5.It is also the most common 

musculoskeletal disease currently facing the global population, affecting 8.9% of adult 

humans with a 40% prevalence over the age of 70,4,6 and presents most often in the 

knee7. 

Deterioration of articular cartilage (AC) is the hallmark of OA, however pathologic 

changes alter the morphological, structural, biochemical, and biomechanical properties 

of all tissues in diarthroidal joints, including the subchondral bone, meniscus, joint 

capsule, ligaments and synovial membrane1,2,8,9. Emphasis is often placed on the 

degenerative changes evident in AC, as the functionality of diarthroidal joints is 

unsustainable without hyaline cartilage, therefore early diagnosis of OA is pivotal to 

achieving adequate disease management3. Disease modifying drugs are being sought 

to attenuate OA progression by targeting the biological and biomechanical causes of 

OA, however the development of therapeutic treatments has largely failed, possibly due 

to our incomplete understanding of this disease process4,10. 

AC is a specialized triphasic tissue, comprised of three phases: the 

incompressible solid phase of the collagen-proteoglycan extracellular matrix (ECM), an 

incompressible fluid phase (interstitial water), and an ion phase that generates a fixed 

charge density (FCD)11. It possesses low friction and wear-resistant properties, 

designed to bear and distribute forces acting on and within the joint,12-15 however its 

poor regenerative properties render degenerative changes difficult to treat16,17. AC is 

defined by both viscoelastic properties, provided predominately by cartilage’s solid ECM 

(collagen network, charged proteoglycans (PG), and glycosaminoglycans (GAG), and 

poroelastic properties provided by the flow of interstitial fluid through the densely 

packed ECM in response to mechanical loading18,19.  
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The functional properties of AC are largely maintained by the structural integrity 

of its ECM, which is composed primarily of a collagen network and negatively charged 

proteoglycans (PGs) that impart the hydrophilic nature thought to be responsible for 

AC’s mechanochemical properties as they drive the development of an ion 

concentration gradient that osmotic pressures seek to reduce through tissue hydration12-

15,18,20-24. The collagen network acts to resist shear stresses and facilitates the 

immobilization of PGs, the latter being the mechanism thought to be responsible for 

AC’s resiliency to deformation, and the primary determinate of the cartilage’s 

mechanical properties21. Collagen and PGs cause fluid pressurization within the tissue 

which enable the collagen network to exist in a “pre-stress” state, even without an 

external load, and this condition contributes to the stiffness and poroelastic properties of 

the cartilage, which render it capable of supporting physiological loading12-15,20.  

There have been many previous studies revealing that although AC is a highly 

organized tissue, it has widespread spatial differences in topography, 

electromechanical, and biomechanical properties24-30. Fromison and colleagues31 

suggested that the spatial heterogeneity in AC mechanical properties may affect the 

progression of OA, a notion that was supported by Pflieger and associate32, whom 

proposed that a focus on the topographic behavior of AC could go a long way to 

elucidating the way in which alterations in the natural articulation of joint motion and 

load transmission could initiate OA pathogenesis. 

The ability to examine topographic variations of the articular surface are limited in 

vivo, so ex vivo benchtop methods such as visual macroscopic evaluations, histological 

scores, biochemical assays, and simple biomechanical tests are employed to assess 

cartilage properties27,33. Numerous studies have indicated that macroscopic 

assessments have poor intra-observer agreement, and aren’t sensitive enough to 

characterize degenerative changes in AC properties indicative of early stage OA27,28,34-

37. In addition, many of these benchtop techniques are destructive to the harvested 

cartilage, introduce artifacts that could compromise outcomes of the characterization 

methods, and variability in selection of localized test sites across the articular can 
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significantly affect results due to the widespread spatial heterogeneity in AC’s 

mechanical properties27. 

In recent years, the use of mechanical properties as a sensitive indicator of early 

state OA has been established, a shift enabled by technological advancements in 

research instrumentation and methodologies3,27,38. Mechanical testing reflects the early 

molecular and biochemical changes that alter the porosity  and water content which in 

turn are manifest by changes in thickness, aggregate modulus and electromechanical 

properties12-15,18,20,21,25. Stress-relaxation of a harvested AC disk under unconfined 

compression is the most frequently employed method of mechanical characterization of 

AC39,40,41,42,43,44. Fitting of mechanical data and thickness to theoretical models can 

reveal several mechanical parameters capable of characterizing tissue behavior such 

as: depth dependent Young’s modulus, the fibril modulus, the equilibrium modulus, the 

instantaneous modulus, infinitesimal shear modulus, complex shear modulus, 

aggregate modulus, dynamic stiffness, tissue permeability, and the rate of stress-

relaxation3,27,28,29,32,45. The limitation of these techniques is the time and expense 

required as the technique is tedious, destructive, and requires a great deal of operator 

intervention, in addition to the fact that each test point requires hours to reach 

equilibrium11,39,43,46-49.  

Automated indentation and thickness mapping of cartilage is an emerging 

concept that’s been proven to be a highly sensitive technique in tracking the 

topographic heterogeneity of articular surfaces27,28,50. Sim and colleagues 27,50 and 

Hadjab and colleagues28 have recently demonstrated the superiority of surface mapping 

in identifying early cartilage degeneration that was not evident upon macroscopic 

assessment.  This methodology provides site-specific data and results in an exhaustive 

examination of the entire articular surface with minimal extrapolation and damage to the 

surface. This contrasts with other available techniques that typically characterize a few 

points and either yield only a localized picture or require extrapolation between points, 

thereby compromising their sensitivity to detecting subtle differential changes in early 

OA27,28,29. In addition, high variation in the conformation of individuals generates subtle 
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differences in joint kinematics, and can lead to abnormal dispersion of joint contact 

forces that causes degenerative changes to manifest in different spatial locations 

between donors51. This further supports the argument that topographical 

characterization via high resolution sampling methods is a more appropriate method of 

characterizing of OA pathogenesis.  

Differential diagnostic mapping is a novel methodology built on the principles of 

automated indentation and thickness mapping that allows for site-specific 

characterizations of AC’s mechanical properties, where a diagnostic index is created by 

comparing mechanical parameters to reference data obtained from normal controls. To 

date, differential diagnostic mapping is a technique that has yet to be evaluated in its 

ability to render relevant, site-specific data on the degenerative pathogenesis of OA in 

AC. Characterization of these subtle changes provide valuable information on the wear 

patterns of OA, and spatial resolution of mechanical properties could open the door to 

development of site-specific cartilage repair products27,32.  

Animal models provide a practical and clinically relevant way to study the natural 

disease progression of OA, especially in the context of early arthritic changes10. Several 

previous studies have concluded that the ovine knee shows the greatest similarities to 

its human counterpart in terms of anatomy and function, therefore it was selected as a 

model for this study due to the potential translational nature of this research29.  

The ultimate objective of this study was to use automated surface and diagnostic 

differential mapping techniques to characterize the degenerative changes in material 

properties of ovine tibiofemoral cartilage on a topographic basis after induction of OA 

via a unilateral medial meniscal release. An additional aim was to investigate if 

hyaluronate, a commonly employed intra-articular injection therapy, was capable of 

mitigating the degenerative changes in AC’s mechanical properties after OA induction. 

We hypothesized that areas of early focal degradative changes would manifest by 

increasing AC thickness and decreasing its instantaneous modulus (IM), and that these 

areas would initiate in the central (area not covered by meniscus) medial compartment 
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of the tibial plateau in the operated leg. In addition, we hypothesized that a significant 

increase in degenerative changes would be experienced in the peripheral cartilage 

(area covered by the meniscus) of the operated leg’s medial compartment, and mild 

degeneration will occur in the lateral compartment of the operated leg, and in both 

compartments of the unoperated contralateral hind leg. 

 

2.2 Materials and Methods 

 

2.2.1 In Vivo Study Design 

A total of 29 female Texel cross sheep 2 to 5 years of age were weighed and 

selected for this study on the basis of standardized health examination, negative Q 

fever serology, and musculoskeletal soundness. Once admitted to the study, the 

animals were stratified according to body mass before placement into two (n =11) 

experimental groups and one control group (n=7) of 56 ± 7 kg weight. The two 

experimental groups, denominated as Group 1 and Group 2 were allocated to receive a 

medial meniscal release (MMR), performed by a veterinary surgeon on study day 0, to 

induce OA52. The control group was retained as a non-operated control group of age 

matched animals.  

 The animals were sheared and conditioned for four weeks prior to study initiation 

upon arrival at the housing facility, where they were segregated into groups of 5 or 6 

and placed into 6 x 10-meter (m) pens, allowing for more than 2m2 per sheep. They 

were fed a consistent diet of mixed alfalfa grass hay that had been previously analyzed 

for copper and additional macro- and micro-nutrients, and water was supplied from an 

on-site well that’s annually screened for microbiological pathogens. All procedures and 

housing protocols were approved by an institutional animal care committee in 

accordance to the guidelines specified by a National Council on Animal Care. 
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2.2.2 Induction of OA—Arthroscopic Medial Meniscal Release (MMR) 

 

On day 0, all sheep in Group 1 and Group 2 were anesthetized using a 

combination of ketamine (7.5mg/kg) and diazepam (0.3mg/kg) followed by endotracheal 

intubation. A consistent plane of general anesthesia was maintained by administration 

of isoflurane in oxygen throughout the duration of the procedure. The sheep were 

placed in dorsal recumbency and the right stifle (knee) joint underwent aseptic skin 

preparation.  

The surgical protocol for arthroscopy and medial meniscal release was adopted 

from the methods of Flynn and associates52. Access to the medial femorotibial joint 

compartment was gained via a lateral arthroscope portal and a medial instrument portal, 

and a 2.5mm diameter arthroscope (Arthrex Vet Systems, Naples, FL, USA) was 

inserted and used to inspect the medial compartment. Proper visualization of the 

cartilage surfaces and menisci was obtained via utilization of a hooked probe and 

careful application of valgus stress and elevation of the menisci52. Video and still image 

recordings were saved as part of the surgical records52.  The medial condyle and tibial 

plateau joint surface were scored via the standardized ICRS (International Cartilage 

Repair Society) system, in addition to scoring of the osteophytes, global Outerbridge 

score, and synovitis52,53. Osteophytes were scored as 0 = absent, 1 = small/round, 2 = 

moderate with early perichondral vascularization, and 3 = large with marked 

vascularization. Synovitis was scored using a system adopted from previously published 

studies in dogs, including synovial frond hypertrophy, vascularity, hyperplasia, and 

abnormal shape of the synovial membrane54. 

Unilateral medial meniscal release was achieved in the right stifle joint by using a 

retrograde knife to cut the anterior meniscotibial ligament and the abaxial capsular 

attachments of the meniscus to just along the anterior horn and body to the medial 
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collateral ligament. A hooked probe was used to confirm little to no meniscal load 

sharing was possible, and the meniscus could be prolapsed into the medial gutter52.  

This model of meniscal destabilization has been previously proven as a successful 

method of OA induction, capable of inducing a gradual OA pathogenesis via 

perturbance of the natural joint loading cycle in the stifle joint52. 

All sheep were recovered from anesthesia and housed in 3 x 4 m pens for 48 

hours before being returned to their initial housing pens for the duration of the 

experiment. Animals were assessed daily for symptoms of post-operative infections 

following surgery, and daily lameness checks were performed for the duration of the 

study.  

 

2.2.3 Administration of Intra-Articular Therapeutic Intervention 

 

Three months after surgical intervention, 3 animals from each group of 11 

underwent a follow-up arthroscopy. At this time point, all 11 animals in the first group 

received an intra-articular injection of sodium hyaluronate (High Hyalplus injectable 

10mg, Humedix, Korea) and the remaining 11 sheep in the second group received an 

intra-articular injection of physiological saline of the same volume.  

 

2.2.4 Terminal Evaluations and Sample Collection 

 

All animals were sacrificed 12 months after meniscal destabilization; the 7 age-

matched, unoperated control animals were also sacrificed at this time, and both stifles 

were excised from all animals for further analysis to perform terminal assessments on 

the AC of the stifle (knee) joints in both hind legs.  
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Terminal evaluation of the operated and unoperated stifle joints included 

confirmation of meniscal release, scoring of the cartilage degeneration and osteophytes 

as well as Outerbridge53 scoring of the medial tibial plateau (MTP).  Biomechanical 

analysis of the articular cartilage was performed via automated indentation and needle 

penetration mapping of each articular surface to evaluate the degradation of mechanical 

properties associated with pathologic changes characteristic of OA27. Finally, 

biochemical analyses of both the operated and unoperated contralateral stifles were 

performed to elucidate the catabolic mechanisms potentially responsible for 

degenerative changes.  

 

2.2.4.1 Visual Macroscopic Assessment 

 

The initial step of terminal assessments was to assess each articular surface for 

macroscopic changes using ICRS classification system55. This system grades normal 

cartilage as 0 and higher grades denote progressive cartilage roughening, thinning and 

erosive loss (the maximal grade 4 is reached on naked bone). The use of normal 

controls allowed assessment of the macroscopic properties of the control animal’s 

articular cartilage and definition of a healthy, normal baseline for animals of that age. 

 

2.2.5 Preparation of Specimen for Mechanical Testing 

 

The proximal shaft of the tibia and the distal shaft of the femur were cut 3 to 5 cm 

parallel to the articular surface along the bone shaft with a reciprocating saw. The 

excess cortical bone was discarded and the articular surface with approximately 3 cm of 

metaphyseal bone was kept moist by continual application of a physiological solution 

(lactated ringers’ solution (LRS)) during preparation for mechanical testing. Only one 

articular surface was mapped at a time, so in the case that multiple specimens were 
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obtained at the same time, the additional specimens were carefully marked with the 

appropriate animal ID and set aside in in LRS soaked gauze, placed in a sealable 

plastic bag, and refrigerated (4°C).  

The specimen undergoing testing was mounted in a sample holder so that the 

proximal edge of the subchondral bone sat flush against the chamber and articular 

surface could be clearly viewed. India ink was used to stain one point on both the 

medial and lateral compartments of the articular surface as spatial reference points, as 

can be viewed in Figure 2.1A.  

The sample holder was then screwed into a testing chamber with a transparent 

wall and the testing chamber was then filled with LRS to approximately 1mm above the 

highest point of submerged sample and the specimen was left to equilibrate for 15 

minutes before testing commenced. In the case that refrigerated samples were being 

tested, they were allowed to equilibrate to ambient temperatures in an LRS bath for 2 

hours before testing.  The mounted sample was photographed (Nikon D3200) before 

being mounted perpendicularly to the probe of the multi-axial mechanical tester (Mach-1 

v500css, Biomomentum, Canada), with a multiaxial (6 DOF) load cell (70N load range 

and 3.5mN load resolution on vertical axis, 50N load range and 2.5mN In-plane load 

resolution on horizontal axes, 500N·mm torque range and 0.025N·mm torque resolution 

on the vertical axis). 

 The photograph was fit to a specified size of 1280 x 960 pixels and uploaded 

into a mapping software (Mapping Toolbox v1.0.0.2, Biomomentum, Canada). The 

mapping software facilitated the drawing of each subsurface’s boundary and the 

creation of a grid of about 52 points on each pair of femoral condyles and 38 points on 

each tibial plateau, as can be viewed in Figure 2.1B.  Moving the X and Y horizontal 

stages of the tester over the two India Ink reference points allowed the mapping 

software to convert image pixels into XY spatial coordinates on the tester. This 

generates an index of mapping points in the spatial reference frame that dictates where 
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the Mach-1 should perform testing. Each test was performed with a sampling rate of 

100 HZ. 

 

2.2.6 Biomechanical Testing 

 

2.2.6.1 Automated Indentation Mapping 

 

Mechanical properties were mapped ex vivo using a technique described by Sim 

and colleagues27 that allowed for automated alignment in the x and y planes and normal 

indentation of the articular cartilage perpendicularly to the surface using a spherical 

indenter27. Indentation mapping was performed according to the defined spatial 

reference co-ordinates of the previously selected mapping points. During indentation 

testing, the Mach-1 is programmed to measure the contact position of the mapping point 

and the contact position of 4 positions adjacent to the mapping point (scanning grid of 

0.5mm). It then calculates the surface orientation using the previously measured values 

of these co-ordinates and performs a perpendicular indentation to measure the normal 

force of the cartilage at the defined mapping point. A 1 mm diameter stainless-steel 

spherical indenter performed indentation of 0.2 mm amplitude at a 0.2mm/s rate, with a 

5 second relaxation time. This corresponded to a 1 second loading phase, a 5 second 

holding time, and a 1 second unloading phase. Table A.1 in Appendix A details the 

testing parameters used when performing automated indentation testing with the normal 

indentation function.  

 

2.2.6.2 Automated Thickness Mapping 

 

After normal indentation, the spherical indenter was replaced with a 17G 3/8” 

precision needle and an automated needle penetration test was performed at the same 
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pre-defined mapping points to determine cartilage thickness. At each mapping location, 

the mechanical tester vertically moved the needle towards the sample at a speed of 

3mm/s until it penetrated the cartilage surface. When a steep increase in vertical load 

was experienced, indicating penetration of subchondral bone, the needle was withdrawn 

and moved to the location of the next mapping point. A typical load displacement curve 

generated during the course of this test can be viewed in Figure 2.2. Table A.2 and 

Table A.3 in Appendix A detail the testing parameters used when performing automated 

needle penetration mapping with the Find contact and Move Absolute functions built into 

the Mach-1 Motion software (Biomomentum Inc, Laval, QC, Canada). 

 

2.2.7 Creation of Indentation and Thickness Mappings for all Articular Surfaces 

 

2.2.7.1 Calculation of Cartilage Thickness 

 

Cartilage thickness was obtained by analyzing the recorded vertical force-

displacement curve during the needle penetration test and taking into account the 

surface angle obtained via automated indentation mapping27, to calculate the difference 

between the vertical position of the surface (where load increases from 0) and the 

penetration of the cartilage/bone interphase (first inflection point on the load-

displacement curve, an example of which can be seen in Figure 2.2). Equation 1 and 

Equation 2 detail the calculations performed to obtain cartilage thickness.  

Vertical distance (d) = Position of subchondral bone – Position of Cartilage Surface     (1) 

 

Cartilage thickness (h) = d x cosine (qz)                 (2) 

Where: 
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qz = angle of cartilage surface orientation  

 

 

2.2.7.2 Calculation of Cartilage’s Instantaneous Modulus 

 

The IM at each mapping point was obtained by fitting the load displacement 

curve with the calculated thickness and a Poisson ratio (v) of 0.5 to Hayes 1972 elastic 

model of indentation27,56. According to Hayes’ model, performing an instantaneous 

compression allows one to approximate cartilage behavior as an incompressible elastic 

solid with negligible interstitial fluid flow56. The adopted formula is listed in Equation 3. 

An example of a load-displacement curve generated by normal indentation can be seen 

in Figure 2.3.  

 

𝐼𝑀 =	 %
&
∙ ()*+

,-.(01,*)
      (3)  

  

Where: 

 P= peak normal load (N) experienced at maximum indentation depth, 

 H= the indentation depth (mm), 

 a= radius of the contact region,  

v= Poisson’s ratio (constant at v=0.5 for this study),  

a/h= the area aspect ratio:(radius of contact region/ thickness of cartilage in that region),  
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 k= the correction factor tabulated and published by Hayes’ and associates56 dependent 

on the area aspect ratio and Poisson’s ratio27. 

 

 It was assumed that a 1 second loading phase at approximately 15-20% strain 

would be adequate in approximating the linear elastic response of cartilage to a 

spontaneously applied load. The peak normal load at maximum displacement was 

taken as P, and the previously calculated cartilage thickness (h) was used to determine 

the area aspect ratio. The appropriate correction factor was determined from the 

published tables of Hayes and associates56 on the basis of the calculated area aspect 

ratio and assumed Poisson’s ratio (v=0.5). It was assumed that during instantaneous 

loading, the potential for crosstalk between cartilage and subchondral bone would be 

negligible in affecting calculations of IM. The contact radius was determined by applying 

the radius of the indenter to Hayes’ solution for spherical indenter geometry56. 

 

2.2.7.3 Generation of Surface Maps 

 

Results were then imported to a mapping program (Analysis-MAP v1.0.0.2, 

Biomomentum, Canada) where maps for cartilage thickness, and for instantaneous 

modulus across the articular surface were generated, which can be viewed in Figure 

2.1C. In order to eliminate any spatial deviations that would make data comparisons 

between anatomic regions inaccurate, all numeric data associated with the mapped 

regions of each articular surface were aligned and linearly scaled to fit a previously 

determined template for sheep articular surfaces in a custom program (Mapping-

Transform software v. 1.0.0.2, Biomomentum, Canada), which can be viewed in Figure 

2.1D.  

This method led to an interpolation of values from the raw data maps to 

determine comparative values for a total of 97 points on the femoral condyles, and 84 
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points on the tibial plateau, resulting in a total of 5,430 points being mapped during this 

study. The articular surfaces of the right leg were used as the base for the analysis, so 

the articular surfaces of the left leg were rotated and transformed to allow comparisons 

to be made between the operated leg and the unoperated contralateral. An example of 

the generated aligned surface maps can be viewed in Figure 2.1E. Photo 

documentation of all operated animals’ articular surfaces, and their respective surface 

maps denoting cartilage thickness and IM can be viewed in Supplementary Materials: 

Appendix C.  

Due to the large natural anatomic variation in cartilage properties over the 

articular surface as a whole, the comparative mapping points were further subdivided 

into two groups on the basis of how load is shared within the tibiofemoral joint: areas 

lying under the menisci, or areas not lying under the menisci. 

 

2.2.8 Creation of Reference Mappings 

 

The control group (n=7) of normal healthy sheep from an unrelated study were 

also sacrificed and underwent the same terminal assessments as the induced OA 

groups. After linear scaling and alignment of each control animal’s articular surfaces, 

the values of cartilage thickness and of IM were averaged for all controls at each 

mapped point to create baseline values for healthy cartilage. This generated two 

aggregate surface maps, one for cartilage thickness and one for IM, that reflected the 

values of healthy ovine cartilage. Averaging of these control values at each mapping 

point is necessary to mitigate the inherent subtle variabilities in joint conformation 

between donors that could otherwise influence the natural spatial distribution of healthy 

AC’s mechanical properties.  

Photo documentation of all articular surfaces for the non-operated control 

animals, the corresponding surface maps depicting cartilage thickness and IM, and the 
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resultant aggregate maps of cartilage thickness and IM can be viewed in 

Supplementary Materials: Appendix C.  

 

2.2.9 Creation of Differential Diagnostic Mappings 

 

The previously obtained surface maps of osteoarthritic joints were then 

subtracted from an aggregate map of the biomechanical properties from healthy ovine 

knee joints to calculate the magnitude of change in thickness (mm) and IM (MPa) 

values. These diagnostic maps were created for each animal, delineating the magnitude 

of pathologic change in the femoral condyles and tibial plateau. Values were then 

normalized to determine the percent of relative change in mechanical properties at each 

mapping point.  

An example of a differential diagnostic map generated for the tibial plateau can 

be viewed in Figure 2.1F. Differential diagnostic maps for all operated animals can be 

viewed in Supplementary Materials: Appendix D. Figure 2.1 summarizes the testing, 

data processing, and model assumptions used for automated indentation and needle 

penetration mapping. 
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Figure 2.1: Biomechanical testing methods summary. 1A. Articular surface sample was mounted 
in testing chamber, one location on each subsurface was stained with India Ink to provide spatial 
reference for Mapping Toolbox Software. A photograph of the mounted sample was taken and 
imported into a mapping software. 1B. Boundaries were drawn (black line) around the medial and 
lateral sub-surfaces, and a position grid (17x13) was superimposed over image and mapping 
points were selected to generate a surface map. At this point the India Ink points were also 
selected as reference mapping points to facilitate translation of mapping co-ordinates into a 
spatial reference frame. 1C. Automated indentation and needle penetration tests were performed 
according to the previously defined spatial reference map, and quantitative surface maps were 
generated to reflect mechanical properties of cartilage thickness (mm) and IM (MPa) (IM for the 
tibial plateau is shown above). 1D. The quantitative surface maps were then imported into a 

Biomechanical Data Collection 

Data Processing for Mechanical Properties in Spherical Indentation 

Vertical Distance = Position of Subchondral Bone- Position of Cartilage Surface  

Thickness (h)= Vertical Distance x cosine 
(qz) 

Thickness (mm)  

𝐼𝑀 =	
𝑃
𝐻 ∙

1 − 𝑣,

2𝑎𝑘(𝑎ℎ , 𝑣)
 

1A  1B  1C 

1D  1E  1F  

Biomechanical Data Collection 
Biomechanical Data Collection 

P= load (N) 
H= indentation depth (mm) 
a=radius of contact region 
v=Poisson’s ratio 
k= correction factor dependent on a/h 
a/h= area aspect ratio 
 

IM (MPa)  
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custom mapping transform software to align the maps for each specimen according to a pre-
defined template in order to eliminate contribution of spatial deviations when making 
comparisons between maps, animal, and experimental groups. 1E. New quantitative maps were 
generated according to the alignment corrected surface maps where of values from the raw data 
maps were interpolated to determine comparative values for a total of 97 points on the femoral 
condyles, and 84 points on the tibial plateau (shown above is an example of the alignment 
corrected interpolated map for the IM of a tibial plateau). 1F. Values of cartilage thickness and IM 
in induced OA animals were subtracted from control values for each mapping point to obtain 
differential thickness (mm) and differential IM (MPa) values that were then used to generate 
differential diagnostic maps (shown above is an example of a diagnostic map generated for the IM 
of a tibial plateau).  

 

 

 

Figure 2.2 Example of a typical force-displacement curve generated during automated thickness 
mapping. The red cursor (red dashed line) indicates the point where the needle probe penetrates 
the cartilage surface. A gradual increase in force is experienced as the needle moves through the 
cartilage. A sharp increase in the slope of the curve is experienced when the needle reaches the 

subchondral bone, where the blue cursor (blue dashed line) is placed at this inflection point.  
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Figure 2.3 Examples of typical force-displacement curves generated during batch analysis from 
automated indentation mapping. The curve on the left is a graph of normal force (N) vs normal 

displacement, where the peak force at the maximum displacement (0.2mm indentation depth) was 
extracted and used in equation (1) along with the previously determined cartilage thickness (used 

to determine the area aspect ratio (a/h). The compliance of the Mach-1 was previously 
characterized by performing normal indentations on a stainless-steel cylinder (r-25.4mm) in order 

to obtain an experimental curve for the compliance of the system, which is shown in the force-
displacement curve on the right. In both curves, the blue line marks the Hayes’ elastic model fit, 
and the black line represent the raw data. The gradual curve in the Hayes’ Model’s line (blue) is a 

result of the spherical shape of the indenter probe.  

 

2.2.10 Histological Analysis  

 

After mechanical testing, osteochondral sections were cut from the medial 

compartments of the right and left knee joints using a band saw. The sections were cut 

transversely across the central area of the medial compartment and excess 

subchondral bone was removed. Samples were fixed in 10% buffered formalin for 48 

hours prior to decalcification. Samples were then placed in decalcification solution 

(91.94% dH2O, 7.8% GA, 7.66 HCl) on a rocker table (Model 55 Rocking Shaker, 

Reliable Scientific Inc, Mississippi USA) at 30 RPM. The decalcification solution was 
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changed daily until the decalcification process was complete as measured by the 

sodium sulfate endpoint determination method, whereon samples were trimmed and 

placed in labeled cassettes in 40% alcohol. Samples were then sent for histological 

processing, where slides were created for the medial compartment of the femoral 

condyles (MFC) and tibial plateau (MTP) for each leg. All osteochondral sections were 

stained with saffranin-O and H&E.  

 Image analysis was performed (Northern Eclipse v.8, EMPIX Imaging Inc, USA) 

on the MTP, MFC for each leg at x2, x10, and x20 magnification, and slides were 

scored using the OARSI histological scoring system57 by trained personnel blind to the 

study design. Results were summarized as a total site score (out of 60), with cartilage 

structure, chondrocyte pathology, PG staining, collagen pathology, tidemark integrity, 

and subchondral bone all tallied as contributing factors57.  

 

2.2.11 Statistical Analysis  

 

Mapping points were separated into the central (non-meniscal covered) and 

peripheral (meniscal covered) areas of each subsurface and averaged accordingly. 

Pairwise comparisons of the regional means of cartilage IM, thickness, differential IM, 

differential thickness, and histological scoring were analyzed using the LSMEANS 

statement of a generalized linear mixed model in SAS v.9.4 (SAS Institute Inc., Cary, 

NC, USA), where significance was considered when p£0.05. Macroscopic scores were 

not statistically analyzed for the purposes of this study but retained as reference data. A 

Shapiro-Wilks test was used to assess the distribution of each variable. Tukey’s post 

hoc test was used to compare variable means segregated into specific regions of the 

joint surface.  Fixed effects included administered treatment, leg, region (area covered 

by meniscus vs area not covered by meniscus), articular surface (femoral condyles or 

tibial plateau), and articular compartment (medial or lateral), as well as interactions 

between all listed fixed effects. The animal itself was treated as a random effect.  
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Pearson product-moment correlation coefficients were determined for differential 

lM, differential thickness, and histology scores sorted according to predetermined 

regions in the joint space of each leg to quantitatively assess similarity in spatial 

distribution patterns of indentation and thickness mappings. Histology scores were only 

obtained for the medial compartment of both stifles, so they were compared with a 

truncated data set from the mapping results that only included data from the medial 

compartment.  Results for each assessment were reported as mean ± standard error, or 

relative change (%) from baseline properties of healthy cartilage. 

 

2.3 Results 

 

2.3.1 Macroscopic Assessments 

 

Macroscopic assessment of each articular surface was completed on all sheep in 

the study (Figure 2.4A, 2.4B, 2.5A, 2.5B) and ICRS scores for articular damage, 

osteophyte development and synovial membrane were reported according to this 

classification system, as can be seen in Table 2.1, full tables of macroscopic data can 

be viewed in Appendix B55. Macroscopic Images can be seen in Appendix C.  

 

Figure 2.4A 2.4B Macroscopic view of the right and left femoral condyles of a sheep 
representative of the saline experimental group. Noticeable surface roughening and mild 
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fibrillation can be seen in the medial compartment of the right leg, but the left leg appears 
macroscopically normal.  

 

Figure 2.5A 2.5B Macroscopic view of the right and left tibial plateaus of a sheep representative of 
the saline experimental group. Noticeable surface roughening and fibrillation can be seen in the 

medial compartment of the right leg, but the left leg appears macroscopically normal.  

 

Articular cartilage of the control animals appeared macroscopically normal, with 

an ICRS score of 0. In both saline and HA treated OA groups, there was surface 

roughening and varying degrees of fibrillation (cartilage score 1-2) in the medial 

compartments of the right operated leg, with an occasional grade 3 lesion, indicating full 

thickness erosion,  on the area of point loading by the MFC on the  non-meniscus-

covered area of the medial tibial plateau. Typically, the cartilage of both compartments 

in the left leg appeared macroscopically normal.  
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Table 2-1 Summary of ICRS macroscopic scores for Group 1, Group 2, and Controls 

Group Leg Gross Articular 
Damage (Mean ±SD) 

Osteophyte Development 
(Mean ±SD)  

Synovial Membrane 
(Mean ±SD) 

Group 1: 
Saline 

Right 6.6 ± 3.6 4.8 ± 2.6 1.4 ± 0.8  

Left 3.2 ± 1.4 0.8 ± 1.3 0.0 ± 0.0 

Group 2: 
HA 

Right 6.3 ± 1.6 6.1 ± 1.9 1.4 ± 0.5 

Left 3.0 ± 1.8 0.5 ± 0.8 0.4 ± 0.5 

Controls Right 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Left 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 

 

2.3.2 Biomechanical Testing: Regional Differences in the Alteration of 
Biomechanical Properties 

 

Both instantaneous modulus mappings (aggregate maps representative of each 

group shown in Figure 2.6) and cartilage thickness mappings (aggregate maps 

representative of each group shown in Figure 2.7) were generated for the femoral 

condyles and tibial plateaus, as were the diagnostic mappings for each variable 

(aggregate maps representative of each group shown in Figure 2.8A 2.8B). The 

differential values (magnitude of change of from normal baseline values of cartilage) 

revealed degenerative changes were experienced in all regional compartments of the 
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operated (right) and contralateral (left) legs of both treatment groups, as can be seen in 

Figures 2.9A to 2.9D.  

The greatest degree of change was observed in the differential IM in all regional 

compartments of the tibial plateau and the femoral condyles, as seen in Figure 2.9C 

and 2.9D. In the femoral condyles, areas of cartilage swelling often coincided with a 

decline in the cartilage’s IM in the same region as shown in Figure 2.9A and 2.9C. In the 

tibial plateau cartilage tended to swell in the lateral meniscus covered peripheral region 

of both legs in the saline group (only significantly in the right leg, with a mean increase 

of 19.13% + 0.06429 (p=0.0379), which was not observed in the HA group. The 

peripheral meniscus covered cartilage of the operated (right) medial TP exhibited a 

significant increase in cartilage thickness of 30.60% ± 0.6429 (p=0.0002), where an 

increase in the same region of the HA also occurred but not to a significant degree 

(12.93% ± 0.6429, p=0.1286).  

The expected pattern of increase in thickness and decrease in IM was uncoupled 

in some locations, particularly in the unoperated contralateral joints (Figure 2.9B and 

2.9D). The contralateral of the HA-treated group had areas of significant thinning and a 

decrease in IM in the non-meniscal covered LTP (differential thickness= -8.87%± 

0.6429 p=0.0228, differential IM= -26.85%± 0.4978, p=0.0151). However, it was 

interesting to note that also in the HA contralateral, the meniscus covered zones of the 

medial and lateral TP exhibited a significant decrease in IM (medial IM =-26.01%± 

0.4978 p= 0.0048,  lateral  IM= -24.20%± 0.4978, p<0.0001), without an accompanying 

significant change in cartilage thickness. Conversely, the HA MTP uncovered cartilage 

only exhibited a significant decrease in thickness (differential thickness= -7.99%± 

0.6429, p=0.0423).  

 Table E.1 and Table E.2 in Appendix E summarize the within group significant 

differences in the magnitude of differential cartilage thickness and differential IM. No 

between group differences were observed for differential thickness or differential IM. 
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Significant differences in differential thickness means were observed between the FC 

and TP in the medial compartment of both the saline (0.35225mm±0.6842, p<0.0016), 

and HA groups (0.4082mm±0.6842, p<0.0001). In addition, a significant difference in 

differential thickness for both saline (0.3056 mm±0.6842, p=0.0045) and HA 

(0.2960mm±0.6842, p=0.0079) groups was observed on a regional basis, between the 

covered and uncovered regions of the MTP.   

In contrast, significant differences in differential IM means were noted in the right 

(operated) LTP, where regional (covered vs uncovered) differences in IM were the only 

significant comparison shown in both saline (-2.4767 MPa±0.06337, p=0.0370) and HA 

(-2.4659±0.06337, p=0.0393) groups. 
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Average Instantaneous Modulus (MPa) 
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ТAll left articular surfaces were mirrored into a right side template 

Figure 2.6 Averaged maps of instantaneous modulus (MPa) calculated from the raw data for non-
operated controls, Group 1, and Group 2. 
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Average Cartilage Thickness (mm) 

Gr0 – Controls Gr1.A – Saline Treated 
(Right Leg) 

Gr1.B – Saline 
Contralateral (Left 

Leg) 

Gr2.A – HA Treated 
(Right Leg) 

Gr2.B – HA 
Contralateral (Left 

Leg) 

Femoral 
Condyles 

Tibial 

 Plateau 

Femoral 
Condyles 

Tibial  

Plateau 

Femoral 
Condyles 

Tibial  

Plateau 
Femoral 
Condyles 

Tibial  

Plateau 
Femoral 
Condyles 

Tibial 
Plateau 

          

 

Coefficient of Variation of Cartilage Thickness (%) 

          

 

ТAll left articular surfaces were mirrored into a right side template 

Figure 2.7 Averaged maps of cartilage thickness(mm) calculated from the raw data for non-
operated controls, Group 1, and Group 2. 
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A. Average Differential Diagnostic Map: Cartilage Thickness (%) 
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B. Average Differential Diagnostic Map: Instantaneous Modulus (%) 

          

              FC:                                        TP:  

 

Figure 2.8A 2.8B Averaged maps of relative differential diagnostic thickness (%) and relative 
differential diagnostic IM(%) calculated from subtracting the raw data for each mapping point from 
the normal control value at that mapping point, and normalizing the change in magnitude to the 
value reflective of the control at that point.  

2.3.3 Histological Scoring 

The MFC and MTP of the contralateral left leg had nearly normal total joint 

scores of 0 in 8 out of a possible total of 60 for both experimental groups, due to mild 

cell loss in the superficial zone attributed to normal age-related change. The right 

osteoarthritic MTP typically scored higher than the MFC in both the saline and 

hyaluronate group. In the right MTP of both groups were fissures extending to the deep 

zone of cartilage, some invasion of the calcified layer of cartilage by vasculature, and 
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focal subchondral bone plate thickening. The MFC generally had loss in the superficial 

zone (ranging from local fissures to almost global loss), loss of safranin-O staining, 

moderate invasion of the calcified cartilage and obvious subchondral bone plate 

thickening. Images of histological sections obtained from osteochondral samples of the 

medial tibial plateau can be seen in Figure 2.10A-2.10F. Tabulated data and histology 

images can be viewed in Appendix B.  

  

 

Figure 2.9A 2.9B 2.9C 2.9D Bar graphs denoting the change in cartilage thickness and IM in sheep 
12-months post-op from a medial meniscal release (induced model of OA). Plots display the 
differential biomechanical properties normalized to the values of non-operated control animals, 
yielding a relative value of change from healthy cartilage. The relative values were isolated to 
reflect change in regions hypothesized to be most affected by an altered load transmission. An * 
is used to indicate significant change from normal cartilage (p£0.05).  

 

-20

-10

0

10

20

30

40

Saline Saline HA HA

Left Right Left Right

Re
la

tiv
e 

Ch
an

ge
 in

 T
Hi

ck
ne

ss
 (%

)

Femoral Condyles Relative Change in Thickness (%) of Cartilage 12-months 
Post-Op from Medial Meniscal Release  Compared to Normal Controls

Lateral
Cartliage
Covered by
Mensicus

Lateral
Cartilage
Not
Covered by
Meniscus
Medial
Cartilage
Covered by
Meniscus

Medial
Cartilage
Not
Covered by
Meniscus

A

-20

-10

0

10

20

30

40

Saline Saline HA HA

Left Right Left Right

Re
la

tic
e 

Ch
an

ge
 in

 T
hi

ck
ne

ss
 (%

) 

Tibial Plateau Relative Change in Thickness (%) of Cartilage 12-months 
Post-Op from Medial Meniscal Release Compared to Normal Controls

Lateral
Cartilage
Covered by
Meniscus

Lateral
Cartilage Not
Covered by
Meniscus

Medial
Cartilage
Covered by
Meniscus

Medial
Cartilage Not
Covered by
Meniscus

B

*

-95

-75

-55

-35

-15

5

25

Saline Saline HA HA

Left Right Left Right

Re
la

tiv
e 

Ch
an

ge
 in

 S
tif

fn
es

s (
%

) 

Femoral Condyles Relative Change in IM (%) of Cartilage 12-months Post-
Op from Medial Meniscal Release  Compared to Normal Controls 

Lateral
Cartilage
Covered by
Meniscus

Lateral
Cartilage
Not
Covered by
Meniscus
Medial
Cartilage
Covered by
Meniscus

Medial
Cartilage
Not
Covered by
Meniscus

-75

-65

-55

-45

-35

-25

-15

-5

5

15

25

Saline Saline HA HA

Left Right Left Right

Re
la

tiv
e 

Ch
an

ge
 in

 S
tif

fn
es

s (
%

) 

Tibial Plateau Relative Change in IM (%) of Cartilage 12-months Post-Op 
from Medial Meniscal Release Compared to Normal Controls 

Lateral
Cartilage
Covered by
Meniscus

Lateral
Cartilage Not
Covered by
Meniscus

Medial
Cartilage
Covered by
Meniscus

Medial
Cartilage Not
Covered by
Meniscus

D C 

* * 

* 
* 

* * 

* 

* 

* 

* * * 
* 

* 

* 
* 

* 

* 
* 

* * 
* * 

* 
* 

* 
* 

* 
* 
* 

* 

* * * * * 

* * 

* 
* 

* * 

* 

* 

* 

* * * 
* 

* 

C D 

* 
* * 

* 
* 

* 
* * 

* 

* 
* 

* 
* * * 

* * 

* * * * 
* 



 

 

87 

 

 

 

Figure 2.10 Ovine osteochondral histology sections at different time points of OA development. 
(A) 3 months after MMR at 20X and (B) at 100X. (C) is 12 months after medial meniscal release at 

20X, and (D) is at 100X. (E) shows the control (no MMR) at 20X, and (F) shows it at 100C. Safranin-
O/fast green stain.  
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2.3.4 Relationships Between Measured Parameters 

Summary data of the calculated Pearson correlation coefficient (r) for the 

regional differential mean of each compartment of both legs for each treatment group 

comparing differential thickness vs. differential IM, differential thickness vs histological 

scoring, and differential IM vs histological scoring can be found in Table 2.1 and Table 

2.2. 

 

2.3.4.1 Femoral Condyles 

Strong negative correlations were observed between differential thickness and 

differential IM in the central region of the lateral FC in the HA group in both the operated 

and contralateral legs, indicating that as cartilage swelled it softened in these regions. 

This correlation was not subsequently reflected in the saline treatment group and was 

not observed in the tibial plateau of either treatment group.  

 No strong correlations were observed between differential thickness and 

histological scores for the FC of the saline or HA group, only weak negative correlations 

were observed for the HA group and right leg of the saline group, whereas moderate 

positive correlations were observed in the saline contralateral FC. This is a subtle 

indicator that as cartilage swelled, it occurred in regions that had elevated histological 

scores. In the FC of the saline group, a strong negative correlation was observed 

between the differential IM and histological scores in both the peripheral and central 

regions of the medial compartment, indicating that cartilage softened it corresponded 

with regions of degeneration.  
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Table 2-2 Pearson’s correlation coefficient (r) between different assessments of ovine femoral 
condyles according to regional deviation. Significant correlations indicated with a * (p<0.05) 

  HA 

Left Right 

Medial Lateral Medial Lateral 

Peripheral Central Peripheral Central Peripheral Central Peripheral Central 

Differential 
Thickness vs 
Differential IM 

0.25599 -0.07652 0.24984 -0.63216* -0.44462 -0.10749 --0.58251 -0.73271* 

Differential IM 
vs Histology 

0.20316 0.32956 

  

0.20035 0.25231 

  

Differential 
Thickness vs 
Histology 

-0.35470 --0.34805   

 

-0.20606 -0.16970 

  

 Saline 

Left Right 

Medial Lateral Medial Lateral 

Peripheral Central Peripheral Central Peripheral Central Peripheral Central 

Differential 
Thickness vs 
Differential IM 

-0.59301 --0.42829 -0.26638 -0.40884 -0.03855 0.08425 -0.38685 0.04288 

Differential IM 
vs Histology 

--0.18370 -0.06986   -0.61775* -0.76841*   

Differential 
Thickness vs 
Histology 

0.48721 0.55903   -0.48355 -0.25691   
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Table 2-3 : Pearson’s correlation coefficient (r) between different assessments of ovine tibial 
plateau according to regional deviation. Significant correlations indicated with a * 

 

HA 

Left Right 

Medial Lateral Medial Lateral 

Peripheral Central Peripheral Central Peripheral Central Peripheral Central 

Differential Thickness 
vs Differential IM 

-0.61021* 0.01309 -0.39392 -0.00630 0.21276 -0.52885 -0.11774 --0.24578 

Differential IM vs 
Histology 

-0.41455 -0.07611 

  

0.00445 -0.00482 

  

Differential Thickness 
vs Histology 

-0.47538 -0.38075 

  

0.02662 -0.25519 

  

 Saline 

 Left Right 

 Medial Lateral Medial Lateral 

 

 

Peripheral Central Peripheral Central Peripheral Central Peripheral Central 

Differential Thickness 
vs Differential IM -0.38175 -0.11174 -0.05216 0.06807 0.46868 0.34308 -0.29435 -0.28108 

Differential IM vs 
Histology 0.33334 0.14696   -0.29356 0.01112   

Differential Thickness 
vs Histology 0.00108 0.12338   --0.18942 0.35188   
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2.3.4.2 Tibial Plateau 

 

In all regions of the TP for each treatment group, no strong correlations were 

observed between differential thickness and differential stiffness, differential thickness 

and histological scores, or differential IM and histological scores, with the exception of 

the medial peripheral cartilage of the contralateral knee. In this region, a strong negative 

correlation was observed between the differential thickness and the differential IM, 

indicating that as cartilage thinned, it also softened.  

 

2.4 Discussion 

 

The aim of this study was to use automated indentation and cartilage thickness 

mapping and pair those quantitative results with histological scoring to identify patterns 

of degradation in the mechanical properties of AC indicative of early stage of OA. 

Utilization of these methods allowed site specific characterizations to be made of the 

mechanical properties of AC, and the identification of early stage degenerative changes 

that visual macroscopic assessments were unable to detect.   

 Differential diagnostic maps were created to take into account the inherent 

spatial heterogeneity of normal AC and allow comparisons to be made between the 

mechanical properties of AC reflected in its thickness and IM while controlling for the 

confounding variable of natural topographic variation in cartilage’s mechanical 

properties. This differential analysis was completed on a point by point basis after each 

mechanical measurement was aligned and location matched between all specimens of 

that particular articular surface, rendering a diagnostic index value for each mapping 

point that tracked the magnitude of change of that mechanical property from that of 

normal, age-matched cartilage. Furthermore, the diagnostic index at each mapped point 

was then grouped into their respective compartment of the articular surface, and 
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subsequently divided into regions of peripheral, cartilage covered by the meniscus, and 

central, cartilage not covered by the meniscus. This was done to account for the fact 

that the mechanical properties of AC are inherently different between these two areas in 

healthy cartilage due to the marked differences in load sharing responsibilities between 

these regions of the articular surface58. 

 Sim and colleagues27,50 and Hadjab and colleagues28 have demonstrated the 

superiority of surface mapping in identifying early cartilage degeneration not visible 

during macroscopic assessments, which was further reinforced by the present study’s 

findings. This is evident when comparing the images taken during macroscopic 

assessment, shown in Figure 2.4A and 2.5A, of the contralateral (left) limb with the 

surface and diagnostic maps generated for that same leg, shown in Figure 2.8A, 2.8B 

and Figures presented in Appendix C and Appendix D. As can be observed, marked 

regions of altered mechanical properties exist even when cartilage appears visually 

normal, indicating that degenerative changes occur on a molecular level, and manifest 

in the mechanical properties before appearing macroscopically.  

 An increase in differential thickness (swelling) of the cartilage was observed to be 

almost universal in all regions mapped in the FC, whereas a decrease in differential 

thickness (thinning) was often observed in the medial central cartilage regions and 

lateral central region of the TP. This swelling is an indicator of the hypertrophic phase of 

OA, when a dysregulation of matrix metabolism and disruption in the collagen network 

leads to abnormal architecture accompanied by a burst of chondrocyte metabolic 

activity resulting in a higher concentration of PGs in their non-aggregated form. This 

increased osmotic effect draws water into the matrix, resulting in swelling. The damaged 

collagen network may be unable to resist this increased matrix volume and an increase 

in thickness can be measured. The present results and past studies have indicated that 

this increase in tissue hydration leads to a softening and reduction in cartilage IM 13,15,50.   

 Peripheral medial cartilage tended to be the region that swelled the most in the 

FC and TP of the operated leg, regardless of treatment, though the saline group did 
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experience a larger degree of swelling than the HA group. Prior to a medial meniscal 

release, the region of cartilage in the medial compartment covered by the meniscus 

would have benefitted from the protection of the meniscus, so it is not unexpected that 

this area was most affected by the destabilization of the joint. 

 It was initially hypothesized that changes in AC’s IM obtained via semi-

automated indentation mapping would correlate strongly with changes in cartilage 

thickness, obtained via needle penetration mapping. The reasoning behind this 

hypothesis was that during the hypertrophic phase, disruption of collagen fiber 

organization renders the collagen network less capable of resisting the swelling 

pressure of aggrecan, which leads to an increase in tissue hydration and a subsequent 

softening of the AC. However, strong negative correlations between changes in AC 

thickness and changes in AC IM were only observed in the central cartilage of the right 

LFC in the HA group, and in the peripheral cartilage of the left MTP in the HA group. 

This result does not reflect the initial hypothesis of the general coupling of cartilage 

thinning and cartilage softening, proving that the relationship between these two 

mechanical properties is highly complex and likely varies dependent on the stage of AC 

degeneration. It is also possible that a more detailed model, such as a biphasic fiber 

reinforced model, would exhibit greater congruency between degradation of cartilage 

thickness and the fibril and equilibrium modulus, tissue permeability, and the rate of 

stress-relaxation rather than the instantaneous modulus alone It was interesting to note 

that strong correlations appeared to vary according to treatment allocation, as no 

meaningful correlations between differential thickness and differential IM were observed 

in the FC of the saline group (Table 2.1 and Table 2.2). It was also interesting to note 

that the only strong correlations that existed between differential IM and histological 

scores, or differential thickness and histological scores, existed in the saline group, 

where a strong negative correlation was found between differential IM and histological 

scores in the both regions of the right MFC. A possible explanation could be that the 

intra-articular injection of HA provided some degree of mitigation of OA pathogenesis in 

the AC, whereas saline is acidic and offered no therapeutic effect, thereby potentially 
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exacerbating degeneration. Regions of softer cartilage correlated with regions of 

degradation as revealed through histology.  

In healthy joints, regions of thicker cartilage are present in the central areas of 

the medial and lateral compartments of both the FC and the TP, as AC in these regions 

are required to deform more than the areas that benefit from meniscal load sharing. In 

previous works59, 60,61, OA induction via MMR resulted in focal erosions in the central 

region of the MTP as the medial meniscus’ load sharing abilities are lost and a more 

concentrated load is experienced by the AC of the MTP. While our data verifies that 

these focal erosions are apparent in the operated limb, particularly in the saline group, 

(Figure 2.9A, 2.9B, 2.9C, 2.9D) one of the most impactful findings of this study was that 

all medial regions (operated and contralateral) in the FC and TP,  and the lateral 

peripheral region of the FC in the operated limb developed hypertrophic stage 

degenerative change. This pathologic change occurred regardless of treatment 

allocation. It is likely this is related to stage and timing of OA pathogenesis, as early OA 

degeneration (hypertrophic) is characterized by the mediation of mechanical and 

molecular messengers while late OA degeneration is characterized by frank erosions in 

high load areas with hypertrophic in other areas. 

 The femoral condyles exhibited an increased hypertrophic response when 

compared to the tibial plateau in most regions. This was a particularly interesting finding 

as previous studies have predominately focused on characterizing the degenerative 

changes of the tibial plateau. This may be because we have been led to believe that 

loads transmission in the medial compartment creates point loading in the MTP. Loads 

transmitted through the rotating femur are distributed over the entire articular surface 

during flexion and increased contact forces are distributed over a wider area. The 

change in joint contact forces due to loss of medial compartment congruency changes 

the pattern of cartilage loading in both the femur and tibial plateau, and it is thought that 

AC is unable to adapt quickly enough to prevent initiation of a cascade of catabolic 

degradation23.The increased hypertrophic change observed in the femoral condyles 

when compared to the predominate focal erosions observed in the tibial plateau can 
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likely be explained by the less constrained motion of the femur during ambulation. In 

essence, the degenerative changes caused by an altered loading cycle are more 

widespread, but also progress more gradually in the femoral condyles as the load is 

distributed over a larger area and cartilage has already moderately adapted to withstand 

loads of a certain magnitude across the articular surface.  

Another interesting observation was that the lateral compartments were 

macroscopically normal but there was usually hypertrophic change and reduced IM in 

both the operated and contralateral compartments indicating that MMR compromises 

cartilage homeostasis throughout the entire joint. It is possible that these degenerative 

changes were driven by a decrease in the load transmission through this region 

resultant from the meniscal destabilization in the adjacent compartment shifting joint 

contact locations, or a global metabolic change driven by molecular mediators of OA. 

Beveridge and colleagues45 reported that diminished loading can also lead to cartilage 

loss in a late-stage OA model, but it is more likely that molecular mediations or 

inflammation (IL-1, TNF, IL-17 etc.) and matrix degradation fragments released into the 

synovial fluid are responsible for catabolic metabolism in cartilage.  Therefore, it is 

possible to hypothesize that the mechanism for OA pathogenesis is not an increase in 

load transmission through a particular region, but rather a perturbance in the natural 

homeostasis of load distribution across the articular surface that initiates a degenerative 

cascade.  

The marked cartilage softening and swelling that occurred in the peripheral 

cartilage of the operated limb’s MFC and MTP, could indicate that areas of cartilage that 

become uncovered due to meniscal prolapse , which are normally thinner and not 

adapted to direct load bearing, are unable to adapt and fail quickly. This is also true in 

heterotopic osteochondral transplantation where grafts from the thick, softer cartilage of 

the knee joint fared poorly when transferred to the joints with thin, stiff cartilage62.  

 Another relevant point of discussion is that degenerative changes were present 

in both the operated and the contralateral limbs. In the past, there has been a tendency 
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in unilateral induced OA models to use the contralateral leg as a normal control. 

However, the present results indicate that changes in gait due to offloading of the 

operated (injured) limb induced inflammation and altered cartilage stresses on the 

contralateral joint, confirming it is an inappropriate control. Also, if the contralateral had 

been used as a control in lieu of our non-operated control group, diagnostic mapping 

and therefore quantification of the magnitude of mechanical changes in the material 

properties of AC attributable to OA pathogenesis, would not have been a true reflection 

of the extent and pattern of degenerative changes experienced.  

 An additional observation was the lack of between treatment group differences 

(Group 1: saline and Group 2: HA) exhibited for differential thickness or differential IM. 

The lack of significant differences between experimental groups for either mechanical 

property investigated could indicate that spatial heterogeneity and abnormal kinematics 

had a greater influence over deterioration of AC’s mechanical properties than the 

introduction of HA as a therapeutic agent.  

 When considering the magnitude of relative change in AC’s mechanical 

properties, IM appears to be more affected by OA induced degenerative changes than 

cartilage thickness, as can be viewed when comparing Figure 2.9A and 2.9B with 

Figure 2.9C and 2.9D.  In most regions, the effect sizes and thereby the relative change 

in IM are more than double that of the effect sizes and relative change in cartilage 

thickness. One possible explanation for the increased sensitivity of IM is that matrix 

collagens are degraded and disorganized by proteolytic enzymes derived from 

chondrocytes and synovial cells thereby compromising AC’s pressurization and 

decreasing IM, particularly in the superficial zone, before a significant increase in tissue 

hydration is experienced. In a study conducted by Hadjib and colleagues28, it was 

observed that the effect sizes in electromechanical properties of AC were twice those of 

subchondral bone thickness, and this was explained by rationalizing that perhaps 

subchondral bone thickening was a consequence of cartilage layer weakening to 

sustain increased stresses imposed at the load bearing point. It is possible that a similar 

relationship occurs in the context of AC thickness and IM, where a softening of the 
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cartilage initiates thickening of the cartilage layer in an effort to maintain load bearing 

homeostasis.  

 

2.5 Conclusion 

 

Sensitive methods of quantifying early stage degenerative changes indicative of 

OA pathogenesis on a regional basis are essential tools not only in the evaluation of OA 

attributable degenerative changes, but also in the assessment of effective therapeutic 

interventions. Topographic tracking of the biomechanical properties of AC in the context 

of its degradation or preservation when exposed to pharmacological interventions could 

be particularly useful in validating the efficacy of future therapies in treating OA. These 

data confirm the importance of maintaining meniscal load sharing through meniscal 

repair, augmentation of meniscal repair with biomaterial, transplantation of meniscal 

allografts and synthetic menisci.  
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3 Discussion, Limitations, Future Work, and Conclusions 
 

The work presented in this thesis has provided insight into two relatively novel 

quantitative techniques for assessing changes in mechanical properties of articular 

surfaces in OA induced degeneration. Semi-automated indentation and needle 

penetration mapping are robust methods by which the structural and biomechanical 

properties of articular cartilage can be investigated and characterized. This particular 

study sought to investigate how the hypertrophic stage of OA manifests in AC by 

comparing data obtained via semi-automated methods to traditional benchtop methods 

of cartilage assessments such as visual macroscopic evaluation and histology. Semi-

automated indentation and needle penetration detected   regions of early cartilage 

degeneration that were macroscopically normal, and also correlated with histological 

results in areas of marked degeneration. However, semi-automated indentation and 

needle penetration mapping were also sensitive enough to detect early stage 

hypertrophic changes in areas on the AC where degeneration had not progressed 

enough to be significantly evident in histological scores.  

 

3.1 Limitations 

 

Unfortunately, although semi-automated indentation and needle penetration 

mapping is a sophisticated method by which to evaluate the biomechanical properties of 

AC, it can only be performed ex vivo. Ex vivo methods are inherently flawed because 

they do not reproduce joint contact kinematics, joint tribology,  and changes in intra-

articular pressure and volume, all of which play a role in OA progression1,2. However, 

the sensitivity and specificity of these ex vivo method mitigates these limitations by 

providing an effective way to topographically quantify AC properties. An additional 

limitation to this study was that histological assessments were not performed on the 
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lateral compartment; therefore, mechanical results could only be compared with 

macroscopic assessments of that area. 

Limitations are also inherent in the mathematical model used to approximate 

cartilage behavior. This study employed the linear elastic model of cartilage behavior as 

first proposed by Hayes in 19723. Hayes’ model3 assumed rigidity of the supporting half 

space (subchondral bone), which is not overly restrictive when considering experimental 

data for the elastic moduli of cartilage and of cortical and cancellous bone3. However, 

this simplification precludes investigation of the stress field experienced in the 

subchondral region during loading, which is of interest in a theoretical analysis of 

subchondral and marginal changes during OA.  

Another potential limitation of the indentation model used, is that a 0.2mm 

indentation amplitude was universally applied to every mapping point, and the IM was 

calculated on the basis of peak force exhibited at the maximum indentation depth. As 

cartilage thickness has widespread heterogeneity across the articular surface, it is 

possible that in some regions of thinner cartilage (i.e. certain areas of the peripheral 

cartilage can be between 0.2-0.3mm thin in healthy ovines), the cartilage was indented 

beyond the elastic region. In addition, in these thinner regions of cartilage, it is possible 

that although the load duration is short (peak normal load is taken at 1s), the 

assumption of negligible crosstalk between subchondral bone and cartilage in the 

context of the calculated modulus could be challenged. Indentation at high strains in 

these areas could lead to the peak normal force being amplified by the stiffness of 

underlying subchondral bone, leading to the calculation of a higher IM for mapping 

points in these regions.  

 In addition, the assumption of elasticity of cartilage also precludes the 

investigation of its viscoelastic response, but this is not particularly restrictive when 

dealing solely with short-term loading, as was the case in this study. IM was calculated 

on the basis of the measured peak normal load after a 1 second indentation at 

approximately 15-20% strain, and in the context of this model that was deemed an 
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adequate representation of cartilage’s response to spontaneously applied loads. 

However, the indentation procedure also included a relaxation time of 5 seconds from 

initial loading to unloading, allowing for cartilage to display some moderate degree of 

stress-relaxation. Both Mak and colleagues4 and Kempson and colleagues5 have 

argued that AC can display creep behavior as soon as 2 seconds after indentation and 

imply that in these cases, flow of interstitial fluid must be considered as it gives rise to 

viscoelastic creep and stress-relaxation effects. Such a narrow threshold between AC’ 

instantaneous response to load and the initiation of fluid flow mechanisms does bring to 

light the inherent discrepancies in modelling cartilage as an incompressible elastic solid 

with negligible interstitial fluid flow. More accurate predictors of cartilage behavior, 

response, and mechanical integrity could be gained from the use of a more robust 

model that adequately accounts for fluid flow mechanisms should be used to 

characterize cartilage behavior and quantify any degeneration of mechanical properties.  

The assumption of a rigid indenter is a more serious restriction in regard to 

modelling cartilage behavior, since in such a case all the deformations are assumed to 

occur in the cartilage layer undergoing indentation. In reality during joint loading, both 

contacting surfaces display the layered geometry of cartilage and deformations in the 

contact regions are shared between them.  

An additional limitation to the study exists in the design of the animal trial itself. 

The use of such a small pool of normal surfaces (only seven animals were used as 

controls) could be improved by enlarging this data base of describing healthy cartilage 

for mature sheep. In future studies, it would be highly recommended to increase the 

sample size of the control group to mitigate the possibility of alterations in individual 

animal conformations or naturally occurring abnormal joint kinematics influencing the 

resultant control data set. Methods such as differential diagnostic mapping are entirely 

reliant on the accurate prediction of healthy baseline values of cartilage mechanical 

properties to render any meaningful data. 
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3.2 Future Work 

 

Future studies focused on the topographic heterogeneity of AC’s mechanical 

properties, and how these are altered in the context of degenerative disease processes, 

could immensely benefit from the use of more robust mathematical model for cartilage 

behaviour. For example, a poroelastic biphasic fibril reinforced model has been 

proposed by several research groups, and would be advantageous in elucidating the 

degree to which disorganization of collagen fibre orientation initiates the catabolic 

cascade through the determination of AC’s the fibril and equilibrium modulus, tissue 

permeability, and the rate of stress-relaxation2,6-11. 

 It would also be interesting to investigate if thickening of the subchondral bone 

plate during OA progression correlated with areas of softer or thinner cartilage. It has 

been suggested that subchondral bone remodels similar to the way in which cartilage 

adapts to load and grows thicker in areas of more concentrated loading12. Pairing image 

analysis with the principles of surface mapping could lead to the generation of maps 

reflecting subchondral bone thickness that could be directly compared with those 

generated for cartilage thickness and IM.  

 

 

3.3 Conclusions 

 

The ultimate objective of this study was to use automated surface and diagnostic 

differential mapping techniques to characterize the pattern of change in material 

properties of ovine tibiofemoral cartilage due to loss of meniscal load sharing. An 

additional aim was to investigate if a single dose of hyaluronate, a commonly employed 

intra-articular therapy and a frequent excipient in biologic and cell therapies, was 

capable of mitigating the degenerative changes. We hypothesized that areas of early 
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focal degradative changes would be manifest by increasing AC thickness and 

decreasing its instantaneous modulus (IM), and that these areas would initiate in the 

central medial compartment of the tibial plateau in the operated leg. Findings supported 

this hypothesis, although changes in cartilage thickness and cartilage IM were not as 

strongly correlated in as many regions as initially anticipated.   

In addition, we hypothesized that a significant increase in degenerative changes 

would be experienced in the peripheral cartilage of the operated leg’s medial 

compartment, and mild degeneration will occur in the lateral compartment of the 

operated leg, and in both compartments of the unoperated contralateral hind leg. This 

hypothesis was also supported by the study’s findings, where significant changes in 

cartilage thickness and IM were observed in the medial peripheral cartilage of the tibial 

plateau and femoral condyles. Mild degenerative changes were also observed in the 

lateral compartment of the operated leg (denoted by increased thickness and decreased 

IM) in certain regions on both the femoral condyles and tibial plateau. Significant 

degenerative changes were also observed in multiple regions of both contralateral 

articular surfaces for both the differential thickness and differential IM; however, these 

changes were not reflected in the histology.  This could lead to the theorization that 

structural changes identified by histology are less sensitive indicator of ongoing disease 

progression than the mechanical properties determined via surface mapping.  

 The results of this study further reinforce that mapping the entire joint surface is 

of particular importance when studying the progression of OA because changes in joint 

kinematics can perturb the homeostasis required for tissue structural integrity and 

sustaining normal biomechanical function. This comprehensive evaluation of the 

behaviour of the articular surface can only be accomplished at a quantitative level by 

methods such as surface mapping, which were explored extensively in this study.   

 Differential diagnostic mapping was presented as a novel method of 

quantitatively characterizing the response in cartilage mechanical properties to OA and 

comparing directly to values reflective of healthy cartilage to obtain a diagnostic index. 
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This technique is of particular relevance when it comes to the evaluation of novel 

therapeutic interventions, as it provides a means of numerically assessing the efficacy 

of proposed therapeutic agents in their ability to mitigate or prevent OA pathogenesis. 

The potential future application of this method of cartilage assessment is supported by 

the findings of this study, in which the established methods were capable of 

distinguishing between the two treatment groups of HA and saline.  

 The ability to take into account the regional variances in the material properties of 

healthy cartilage and perform a differential analysis on a point by point basis provided 

the resolution necessary to identify early hypertrophic and later stage erosive changes 

to assess OA progression. In conclusion, semi-automated quantitative diagnostic 

mapping of articular surfaces is a convenient technology with robust mapping 

capabilities that reach beyond just the general classification of material properties. This 

technology opens the door to elucidating and the pathogenesis and enabling more 

accurate, quantitative tracking of OA progression as a whole joint disease.  
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Appendices 
 

Appendix A: Outline of Parameters Used for Automated Indentation 
and Needle Penetration Tests 

 

Table A.1: Normal Indentation parameters for Mach-1 Mechanical Tester 

Z Contact Velocity (mm/s) 0.500 

Contact Criterion (N) 0.1015 

Stage Limit (mm) 30mm 

Scanning Grid (mm) 0.500 

Indentation Amplitude (mm) 0.2 

Indentation Velocity (mm/s) 0.2 

Relaxation Time (s) once peak amplitude reached 5 

Gap Distance (mm) 0.000 

 

Table A.2: Needle Penetration parameters for Mach-1 Mechanical Tester: Find Contact function 

Stage Axis Position (z) 
Load Cell Axis Fz 
Direction Positive 
Stage Velocity (mm/s) 0.5 
Contact Criteria (N) 2.9995 
Stage Limit (mm) 30 
Stage Repositioning 2X Load Resolution 

 

Table A.3: Needle Penetration parameters for Mach-1 Mechanical Tester: Move Absolute function 

Stage Axis Position (z) 
Position (mm) 0 
Velocity (mm/s) 3 
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Appendix B: Summary of Macroscopic and Histological Scoring  

Macroscopic Assessments: 

Table E--1: Summary of Macroscopic Scores for Group 1: Saline Right Leg 

Group Sheep 
ID 

Gross Articular Damage Osteophyte Development Synovial 
Membrane 

MTP LTP MFC LFC PAT TR Sum MTP LTP MFC LFC Sum 

Saline #1 1 0 1 0 0 0 2 2 0 1 0 3 1 

#2 1 0 2 0 0 4 7 2 0 0 0 2 1 

#3 3 1 2 1 1 2 10 0 1 1 0 2 1 

#4 3 3 3 1 2 2 14 3 3 1 3 10 3 

#5 3 0 2 0 0 1 6 3 1 1 2 7 1 

#6 3 0 3 0 0 3 9 2 1 0 1 4 1 

#7 3 0 2 0 1 1 7 1 0 3 1 5 2 

#8 2 1 2 1 0 1 7 2 1 2 1 6 1 

#9 0 0 2 0 0 1 3 2 1 1 1 5 2 

#43 3 1 2 1 0 0 7 3 1 1 1 6 2 

#44 1 0 1 0 1 0 3 1 0 1 0 2 0 

Average      6.8     4.7 1.4 

Stdev      3.5     2.5 0.8 
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Table E--2: Summary of Macroscopic Scores for Group 1: Saline Left Leg 

Group Sheep 
ID 

Gross Articular Damage Osteophyte Development Synovial 
Membrane 

MTP LTP MFC LFC PAT TR Sum MTP LTP MFC LFC Sum 

Saline #1 1 0 1 0 0 0 2 1 0 0 3 4 0 

#2 1 0 1 0 0 3 5 0 0 0 0 0 0 

#3 1 0 2 0 0 0 3 1 0 0 0 1 0 

#4 1 0 0 0 1 1 3 0 0 0 0 0 0 

#5 1 0 1 0 0 0 2 0 0 0 0 0 0 

#6 1 0 2 0 1 1 5 1 0 0 0 1 0 

#7 2 0 1 0 1 2 6 1 1 0 0 2 0 

#8 1 0 1 1 0 1 4 0 0 0 0 0 0 

#9 1 0 1 0 0 0 2 0 0 0 0 0 0 

#43 1 0 1 0 0 0 2 0 0 0 0 0 0 

#44 1 0 1 0 1 0 3 1 0 0 0 1 0 

Average      3.2     0.8 0 

Stdev      1.4     1.3 0 
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Table E--3: Summary of Macroscopic Scores for Group 2: HA Right Leg 

Group Sheep 
ID 

Gross Articular Damage Osteophyte Development Synovial 
Membrane 

HA #10 1 0 2 2 1 1 7 1 3 2 2 8 1 

#11 2 1 2 1 0 1 7 2 0 2 1 5 1 

#12 2 0 2 1 0 3 8 3 0 2 2 7 2 

#13 1 0 2 0 1 0 4 2 1 0 1 4 1 

#14 2 0 3 0 1 1 7 3 1 3 0 7 2 

#15 1 1 2 0 0 0 4 2 1 1 1 5 1 

#16 4 0 3 0 0 0 7 2 1 2 1 6 1 

#17 1 0 2 0 0 0 3 1 0 1 1 3 1 

#18   2 1 2 1 6 3 3 1 2 9 2 

#19 3 0 3 0 0 0 6 2 1 2 2 7 2 

#20 2 1 3 1 0 1 8 1 0 3 1 5 1 

Average      6.1     6.0 1.4 

Stdev      1.7     1.8 0.5 
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Table E--4: Summary of Macroscopic Scores for Group 2: HA Left Leg 

Group Sheep 
ID 

Gross Articular Damage Osteophyte Development Synovial 
Membrane 

HA #10 1 0 1 0 1 0 3 0 0 0 0 0 0 

#11 0 0 0 0 0 0 0 0 0 0 0 0 0 

#12 1 3 1 0 1 0 6 0 0 2 0 2 0 

#13 2 0 1 0 1 1 5 0 0 1 0 1 0 

#14 1 0 1 0 1 0 3 0 0 2 0 2 1 

#15 1 1 2 1 1 1 7 1 0 1 0 2 1 

#16 1 0 1 0 0 0 2 0 0 0 0 0 0 

#17 1 0 1 0 0 0 2 0 0 0 0 0 1 

#18 1 0 1 0 0 0 2 0 0 0 0 0 0 

#19 1 0 1 0 0 0 2 0 0 0 0 0 1 

#20 1 0 1 1 1 1 5 0       0 1 

Average      3.0     0.5 0.4 

Stdev      1.8     0.8 0.5 
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Histological Analysis: 

Table E--5: Summary of Histology Images for the right legs of Group 1 and Group 2 

 HISTOPATHOLOGICAL IMAGE (RIGHT) X 20 
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ID 
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Table E--5: Summary of Histological Scores for Group 1 & 2 
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Saline 

#1 
MFC 2 2 2 2 2 0 10 40 1 0 0  

MTP 6 4 4 4 6 6 30      

#2 
MFC 4 4 4 4 4 1 21 44 1 0 0 1 

MTP 4 4 4 4 4 3 23      

#3 
MFC 3 3 2 1 0 0 9 39 1 0 1 2 

MTP 4 4 4 6 6 6 30      

#4 
MFC 4 4 4 6 6 6 30 58 4 3 3 10 

MTP 4 4 6 6 4 4 28      

#5 
MFC 6 4 6 4 4 2 26 52 2 0 1 3 

MTP 4 4 4 4 2 2 26      

#6 
MFC 4 4 4 4 4 0 20 40 2 0 1 3 

MTP 4 4 4 4 4 2 20      

#7 
MFC 4 4 4 3 2 2 19 45 3 0 1 4 

MTP 6 6 6 6 2 0 26      

#8 
MFC 6 6 6 6 6 2 32 61 3 2 2 7 

MTP 6 4 6 6 4 3 29      

#9 
MFC 3 2 4 4 4 2 19 47 1 1 1 3 

MTP 6 4 6 6 4 2 28      

#43 MFC 2 2 2 2 2 2 12 30 2 0 0 2 
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MTP 4 4 2 4 2 2 18      

#44 
MFC 4 2 3 2 2 0 13 39 1 0 0 1 

MTP 6 4 5 6 3 2 26      

Average        45.0     

Stdev        9.1     

HA 

#10 
MFC 4 4 4 4 4 4 24 58 1 1 0 2 

MTP 8 6 6 6 4 4 34      

#11 
MFC 2 2 2 2 2 0 10 34 2 2 2 6 

MTP 6 4 4 4 3 3 24      

#12 
MFC 4 2 4 2 2 2 16 44 2 0 0 2 

MTP 6 4 4 6 4 4 28      

#13 
MFC 4 2 3 2 2 2 15 41 3 3 3 9 

MTP 6 4 4 6 4 2 26      

#14 
MFC 3 2 3 3 0 0 11 34 2 0 0 2 

MTP 6 4 4 4 4 1 23      

#15 
MFC 4 4 4 4 2 2 20 57 1 0 0 1 

MTP 9 4 6 6 6 6 37      

#16 
MFC 4 4 4 4 3 2 21 50 1 0 0 1 

MTP 6 4 6 6 3 4 29      

#17 
MFC 4 4 6 4 3 3 24 58 2 2 0 4 

MTP 6 4 6 6 6 6 34      

#18 
MFC 4 4 4 4 4 2 22 52 1 0 0 1 

MTP 6 4 6 6 4 4 30      

#19 
MFC 4 3 4 4 4 1 20 46 2 2 0 4 

MTP 6 4 6 6 2 2 26      

#20 MFC 3 2 3 2 3 2 15 44 1  0 1 
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MTP 6 6 6 6 3 2 29      

Average        47.1     

Stdev        8.8     
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Appendix C: Photo documentation and Surface Maps Generated for 
all Operated Animals and Non-Operated Controls 
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INSTANTANEOUS MODULUS (MPa) 
Control Group 
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THICKNESS (mm) 

Control Group 
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INSTANTANEOUS MODULUS (MPa) 
Control Group 

Average IM Mapping 

 
 

Lateral: 7.8±2.7 MPa [3.8,13.3] 
Medial: 3.0±0.7 MPa [1.9,4.5] 

Lateral: 7.7±4.3 MPa [1.6,14.9] 
Medial: 4.7±2.8 MPa [1.1,11.2] 

 
Average SD Mapping 
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Lateral: 2.6±1.1 [0.8,4.5] 
Medial: 1.2±0.4 [0.6,2.6] 

Lateral: 2.8±1.6 [0.3,6.0] 
Medial: 2.3±1.4 [0.4,5.0] 

 
Average COV Mapping 

  
Lateral: 33±6% [20,44] 
Medial: 40±7% [26,61] 

Lateral: 37±8% [20,57] 
Medial: 49±11% [31,84] 
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THICKNESS (mm) 
Control Group 

Average Thickness Mapping 

  
Lateral: 0.8±0.2 mm [0.4,1.2] 
Medial: 1.1±0.2 mm [0.8,1.5] 

Lateral: 0.8±0.4 mm [0.4,1.6] 
Medial: 0.8±0.3 mm [0.4,1.5] 

 
Average SD Mapping 

  
Lateral: 0.2±0.05 [0.1,0.3] 
Medial: 0.3±0.07 [0.2,0.4] 

Lateral: 0.2±0.07 [0.07,0.3] 
Medial: 0.2±0.05 [0.13,0.4] 

 

Average COV Mapping 
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Lateral: 24±5% [18,37] 
Medial: 23±5% [15,34] 

Lateral: 25±6% [13,36] 
Medial: 33±12% [14,52] 

 

 

 

PHOTODOCUMENTATION 

Treated Right Joint (Medial Meniscal Release)/Unoperated Left Joint 
Saline Group 
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INSTANTANEOUS MODULUS (MPa) 

Treated Right Joint (Medial Meniscal Release)/Unoperated Left Joint 

Saline Group 
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PHOTODOCUMENTATION 
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INSTANTANEOUS MODULUS (MPa) 
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Appendix D: Differential Diagnostic Maps Generated for all Animals in 
which OA was Surgically Induced via a Medial Meniscal Release 
in the Right Stifle (Knee Joint).  
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DIFFERENTIAL CARTILAGE THICKNESS (mm) 
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Appendix E: Supplementary Tables and Figures from Chapter 2 
Section 3 

 
 
 
Table E. 1. Significant pairwise comparisons of within group means observed for differential thickness. (mm). 
Peripheral regions denote regions covered and central denotes regions uncovered by the meniscus.  

   Difference in Change in 
Thickness Between these areas 
(mm)  ± SE 

Adjusted p-
value 

   

Hyaluronate Group        

Location  Compared to Location #2       

 Right MFC central Vs  Right MTP central 0.4026±0.06842 p <0.0001    

 Right MTP peripheral Vs Right MTP central 0.2960±0.06842 p = 0.0079    

Saline Group         

Location Compared to Location       

 Right MFC central Vs  Right MTP central 0.3225±0.06842 p<0.0016    

Right MTP peripheral Vs Right MTP central 0.3056±0.06842 p<0.0045    

 

Table E.2. Significant pairwise comparisons of within group means observed for differential IM. (MPa). Peripheral 
regions denote regions covered and central denotes regions uncovered by the meniscus.  

   Difference in Change in IM 
Between these areas (MPa)  ± 
SE 

Adjusted p-
value 

   

Hyaluronate Group        

Location  Compared to Location       

 Right LTP peripheral Vs  Right LTP central -2.4659±0.06337 p <0.0393    

         

Saline Group         

Location   Compared to Location       

 Right LTP peripheral Vs  Right LTP central -2.4767±0.06337 p<0.0370    

 

 

 

 

 


