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Abstract

A bovine patellae model of early osteoarthritis was used to investigate the multi-

scale response of articular cartilage to impact induced injury, and how this response

differed in tissue showing early signs of degeneration.

An impact testing rig was designed, constructed and validated. Following this,

the mechanical response of articular cartilage with increasing levels of degeneration

was investigated. The resultant reaction force from the cartilage decreased as

the amount of degeneration present increased. The elasticity of the collision also

decreased with level of degeneration, indicating that collisions with more degenerate

cartilage lose more energy. It was determined that articular cartilage with only mild

degeneration was more vulnerable to high levels of macro-scale damage than healthy

tissue. There were no significant changes in mechanical properties during early-

stage degeneration, but there are subtle structural changes such a decreased fibrillar

interconnectivity which lead to a large increase in tissue vulnerability. In healthy

articular cartilage, the matrix contains a highly interconnected network of collagen

fibrils which are effective in halting the progression of fissures. In mild degeneration,

there is a loss of transverse connectivity between fibrils, leading to a reduced crack

arresting ability. These nano-level structural changes have a large influence on

the propagation of fissures through the matrix, allowing them to travel through

to the sub-chondral bone. In mildly degenerate articular cartilage the peri-cellular

matrix is disrupted, reducing its ability to provide a mechanical transition between

chondrocyte and surrounding matrix. This lead to ∼260% more dead cells in mildly

degenerate G1 cartilage after impact injury compared to healthy G0. In a linear

regression model, the coefficient of restitution, percent cell death and macroscopic

Outerbridge level of degeneration were able to account for 94.5% of the variation in

cartilage tissue vulnerability to impact damage.

This research has contributed to a deeper understanding of the link between

biologically mediated micro-anatomical and physiological changes, vulnerability to

injury and potential initiation of post-traumatic osteoarthritis. The earliest stages of

disease initiation cause the tissue to have a sharp increase in vulnerability to severe

damage with a high possibility to hasten development of full depth osteoarthritis.
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Chapter 1

Introduction

1.1 Background

1.1.1 Articulating Joints

Overview

Synovial joints such as the knee joint, hip joint and elbow joint comprise of two

or more bones that are often linked by fibrous capsules and accessory ligaments. The

articulating surfaces of these bones are usually covered by a thin layer of hyaline

cartilage which is what forms the contact point in the joint. The contact between

bones is often not continuous, and as such a fibrocartilaginous tissue called the

meniscus is formed to intervene and improve the degree of surface congruity [1]. For

example, the knee joint in particular comprises three articulating surface pairs, the

medial and lateral condyles of the tibia and femur, as well as between the patella

and the anterior face of the femur which the patella sits against. The smooth

articulation between these surfaces is made possible by the synovial fluid, which

acts as a lubricant to give a coefficient of friction 0.002 or less [2]. The knee joint

accommodates flexion and extension, with slight rotation and translation of the

tibiofemoral contact point during normal range of motion. As flexion occurs in

the tibiofemoral joint the center of gravity is displaced posteriorly to the center of

rotation, causing the quadriceps to contract and balance the moment which increases

the stress experienced in the patellofemoral joint. At full extension the forces on the

patella surface are minimal, but as flexion occurs the angle between the quadriceps

tendon and the patella tendon decreases which directs a higher load towards the

patellofemoral interface as seen in Fig 1.1 [3].
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Figure 1.1: Lateral view of the knee joint showing the increase in patellofemoral stresses

during flexion

Cartilage Cartilage is a common tissue in vertebrates, either temporary or

permanent. It has a low metabolic rate and vascularity, high rigidity and tensile

strength, resistance to compression and shear forces while still having some elasticity

[1]. When cartilage is incorporated in forming an articulating surface it is modified

to become wear-resistant and smooth, utilizing Lubricin in synovial fluid to gain

an extremely low coefficient of friction as previously mentioned in Section 1.1.1 [4].

Cartilage can be classified into three main types according to its appearance and

the type of fibers contained within.

Hyaline cartilage is almost translucent in appearance and contains a mass of firm

yet slightly elastic fibers. It is present in costal cartilage at the anterior end of the

ribs, nasal cartilage in the nose, temporary cartilage formed before being replaced

by bone and articulating surface cartilages [1]. When present in articular surfaces,

hyaline cartilage is able to dissipate energy and provide the articular mechanism with

a degree of flexibility. It is well adapted to resist the extremely high compression

forces found in weight transmission. White fibrocartilage contains very dense white

2 Chapter 1 Joshua Workman
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fiber bundles with small groups of scattered cells contained within. It is mainly

present in the intervertebral disc to provide great tensile strength with a reasonable

degree of elasticity. Yellow elastic fibrocartilage is usually present in external ears,

the larynx and epiglotis. It contains chondrocyte cells but has a large majority of

yellow elastin fibers within its network, providing an exceptional amount of elasticity

for a cartilaginous tissue [1].

1.1.2 Articular Cartilage Structure

Constituent Parts

Collagen

The main matrix of articular cartilage is comprised of collagen fibrils arranged

into a woven network to provide rigidity and strength. The collagen fibrils vary in

type and density in different depths within the cartilage structure. They are often

found in bundles with the fibers arranged longitudinally. These bundles are believed

to be held together by an amorphous substance like a mucoprotein, which decreases

with age causing the fibers in the bundle to thicken [1]. Individually, collagen fibrils

are soft, flexible with a high tensile strength but are relatively inelastic with a tensile

modulus parallel to the fiber direction of 2.6-42.2 MPa [5].

Figure 1.2: Stages of hierarchical construction to form a collagen fibril. [Authors Image]

Collagen has a highly hierarchical structure as seen in Fig 1.2, building from

individual molecules to form fibrils up to 100nm in diameter. Collagen begins with

a repeating arrangement of amino acids; glycine, proline, hydroxyproline and various

others. Glycine occurs every third position, to enable the amino acid chain to form

Chapter 1 Joshua Workman 3
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an α helix structure. Three of these α helix structures are bound together to form

a triple helix, which is known as a tropocollagen sub-unit. The tropocollagen units

then assemble into regular arrays with staggered ends. The stagger of tropocollagen

units is distinctive for each type of collagen and is typically 67nm in fibrillar collagens

[6]. There are covalent crosslinks which form between the tropocollagen units, as

well as within the triple helix structures to provide excellent strength. The regular

periodicity of the fibril formed by the regular stagger of tropocollagen can be seen

under scanning electron microscopy as in Fig 1.3. Many of these fibrils band together

to form a collagen fiber [7].

Figure 1.3: Scanning electron microscopy image of type II collagen fibrils within bovine

articular cartilage. [Authors Image]

Proteoglycans

Proteoglycans are molecules consisting of a core protein backbone with multiple

covalently connected glycosaminoglycan (GAG) chains. They are used as a filler in

cartilage, where they exist between collagen fiber bundles and the cells and make

up 20% of the dry weight [8]. GAG’s are made up of polysaccharide chains which

have a repeating unit of disaccharide attached. These disaccharides have negatively

charged carboxylate or sulphate groups, causing the branches on polysaccharides to

repel each other and take up the greatest volume possible [8]. These negative charges

are responsible for the swelling pressure found in cartilage, as they require a counter-

ion to maintain electro-neutrality. The ion concentration inside the cartilage tissue is

usually greater than that in the joint cavity, leading to an imbalance. This imbalance

produces a pressure in the fluid within the cartilage matrix known as Donnon osmotic

pressure [8, 9]. The swelling pressure within the tissue is resisted by the collagen
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fibrils, encapsulating and containing pockets of pressure. The combination of these

two interacting components has been likened to inflated balloons held together with

a connected network of string [10]. The largest and most abundant proteoglycan is

aggrecan, consisting of hundreds of keratin sulfate and chondroitin sulfate GAG’s

attached to a hyaluronic acid backbone and can be up to 15 µm in length [11]. A

depiction of a proteoglycan aggregate can be seen in Fig 1.4.

Figure 1.4: A proteoglycan molecule aggregate. Multiple GAG chains connect to a central

hyaluronic acid backbone via link proteins to form the large aggregate. [Authors Image]

Chondrocytes

The cells contained within the cartilage matrix are called chondrocytes. These

cells nest in small lacunae within the collagen architecture with protective pericellular

matrix (PCM) surrounding them, fully hydrated chondrocytes can be seen in Fig

1.5. Chondrocytes are rounded in shape and are often found in pairs within the

same lacunae, known as a chondron. The directionality of the chondrocytes always

matches the direction of collagen fibrils surrounding them as will be discussed

in section 1.1.2. The chondrocyte works to maintain the extracellular matrix by

producing the required macromolecules such as collagen, proteoglycans and hyaluronan,

and assembling these components to form the complex architecture of articular

cartilage [12, 13]. Articular cartilage is an a-vascular tissue, as such the chondrocytes

must rely on diffusion of nutrients from the synovial fluid through the articular

surface.

Chapter 1 Joshua Workman 5



A multi-scale investigation of the joint tissue response to impact induced injury

Chondrocyte function is severely altered with age, reducing their capacity to

synthesize new molecules and thus also reducing their ability to maintain and

restore damaged tissue, contributing to the progression of articular degeneration

as discussed in section 1.1.3 [14, 12]. The nucleus of the chondrocyte is surrounded

by hyaluron and fluid, protected by a woven felt-like layer of collagen VI around the

outside [15]. There are specific cell surface receptors which could interact with the

type VI collagen, forming a functional relationship between the chondrocyte, PCM

and ECM [15].

Figure 1.5: Differential Interference Contrast (DIC) image of the chondrocyte and

pericellular matrix lining a lacunae within articular cartilage. The pair of chondrocytes

here are sharing a single lacunae, called a chondron. [Authors Image]

Synovial Fluid

Synovial fluid is a clear viscous liquid that is slightly alkaline in pH. A small

number of cells and amorphous particles are suspended in this fluid [1]. Synovial

fluid is composed of a dialysate of blood plasma with some protein and mucin

(0.9mgm/100ml). The mucin is predominantly hyaluronate, and the viscosity of the

synovial fluid has been directly linked to the hyaluronate content [1]. It reduces

the friction at the articular interface, as well as the wear on these surfaces. The

delivery of water, electrolytes and other glycoproteins required for the maintenance

and synthesis of articular cartilage is also done via diffusion through the articular

surface from the synovial fluid.
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Zonal Differentiation

First proposed by Benninghoff [16] as early as 1925, articular cartilage is constructed

in a highly organized, zonally differentiated arcade-like structure as seen in Fig 1.6

[16]. Each layer contains differing concentrations of collagen, proteoglycans and

water. This complex structure has formed to adapt to the forces experienced in

synovial joints, and as such it is vital to understand the structure of the tissue before

its mechanical properties can be effectively elucidated. Thambyah et al. [17] has

identified three important mechanically significant structural features in articular

cartilage: “(1) the strain limiting surface layer; (2) the micro-level boundaries in

its zonally differentiated structure, and (3) the extent of fibrillar interconnectivity”.

Minns and Steven [18] examined the collagen fibrils in more detail and noted five

important features: 1. Individual fibrils within the trabeculae of the sub-chondral

bone joined together and formed small fibril bundles at the calcified/uncalcified

interface. 2. The fibrils of the deep and middle zones showed a surface periodicity

and were oriented towards the surface in large bundles. 3. In the superficial zone the

fibrils ran parallel to the surface. 4. The fibrils in this surface layer have a random

orientation. 5. Fibrils of the lacunae walls were thinner and more closely packed than

those between lacunae. This examination further reinforced the originally proposed

theory by Benninghoff and adds further information to this knowledge [16].

Figure 1.6: Original model of fibril architecture proposed by Benninghoff in 1925. [Authors

Image]
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Surface Layer

The surface layer is 10-20% of the overall cartilage thickness. The collagen fibers

in this layer are oriented parallel to the articular surface, being stressed along their

axis to make use of their high tensile strength [19, 20]. This layer has much less

chondrocytes than other layers, and the ones that are located here are flattened

and elongated in the direction of collagen fibrils [21]. This region has the lowest

concentration of aggrecan molecules compared to the other zones [22]. The fibril

orientation of the surface layer has been described as random [18], yet some patterns

can be shown to exist in the form of split lines [23, 24, 25, 26, 27, 28]. Split lines can

be shown by using a thin needle to prick the articular surface at right angles, this

causes the surface to rupture in a preferred direction. This pattern becomes visible

when stained with Indian ink as shown by Meachim [29]. There is much debate as

to the meaning of this split line orientation, Leo et al. [23], Below et al. [25] and

Flachsmann et al. [28] all agree that the split lines are oriented according to weight

bearing stresses and high tensile stress. In contrast, Kerin et al. [24], O’Connor et al.

[26] and Tillman [27] say that they show collagen orientation and reflect inherent

structural characteristics of the cartilage. There are also arguments for an additional

layer above the surface, designated the ‘most superficial’ layer which is only 4-8µm

thick with no chondrocytes, different orientation and diameter of fibrils to the surface

and was only loosely connected [30]. This layer could be similar to the lubricating

layer recently described by Bonnevie et al. [4].

The surface layer is vulnerable to damage due to its function as a strain limiting

layer. This tissue damage has been characterized by Atkinson et al. [31] as either

type I or type II. Type I involves cartilage layer damage without disruption to the

underlying bone or zone of calcified cartilage (ZCC). Type II is characterized as

damage to the underlying structures, with or without damage to the cartilage layer.

Type II fracture was also further characterized by Thambyah and Broom [32] as type

IIa, delamination of the ZCC or type IIb, fracture propagated across ZCC and into

the subchondral bone. Thambyah and Broom [32] showed that intact-mature tissue

shows type I failure and both degenerate and intact-immature samples exhibited

type II failure. Silyn-Roberts and Broom [33] determined the effect of compliance

on damage observed and found that highly compliant cartilage only exhibits surface

roughening whereas highly stiff cartilage experiences peripheral crack formation.

Silyn-Roberts and Broom [33] also showed that the strain limiting surface layer is

crucial, as when the surface layer was removed completely, the impacted articular

cartilage showed no surface damage at all.
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Articular cartilage failure in the surface layer was also observed by other research-

ers. Adams et al. [34] found that compressed fully-hydrated cartilage does not fail

in the deeper zones but by tearing at the surface directly beneath the indenter.

Flachsmann et al. [35] states that ”Articular surface rupture is a result of lineal

strains generated by the indentation profile”. Broom et al. [36] was able to show two

other types of surface rupture in samples showing mild degeneration in the regions

adjacent to fibrillated regions. Rolauffs et al. [37] showed that the superficial zone of

immature articular cartilage is more vulnerable to compressive injury than deeper

regions with strains between 50 and 100% occurring in the surface.These modes of

surface rupture are characterized by the presence of a skewed structural weakening

in the intermediate zone, or the absence of one. They suggested mechanisms of

surface rupture initiation based on simple bi-layer theory account for intensification

of surface damage with proximity to the fibrillated region.

Transition Region

The transition region accounts for 10-20% of the cartilage thickness and contains

collagen fibrils which are arranged in connected fibre bundles changing from the

parallel arrangement in the above surface layer to radial in the layer below [38]. The

fibrils in this region also have a larger diameter and are less tightly packed. The

chondrocytes in the transition region are more rounded in appearance and usually

occur in isolation. The aggrecan content increases toward the bottom of the region,

and is generally the highest concentration of the whole tissue [22].

Mid-to-Deep Zone

The collagen fibres in this layer are arranged radially, accounting for the remaining

30-70% of the thickness. The fibrils here show a short range interconnectivity at

higher magnification, potentially the reason for the great mechanical resilience of

articular cartilage [39]. The chondrocytes in the deeper zone of articular cartilage are

usually found in vertically arranged columns known as chondrons. These chondrons

are 1-3 µm in diameter surrounded by densly packed collagen fibrils [13]. The

aggrecan content in this deep zone can vary but is usually a similar concentration

to that found at the end of the transtion region [22].

Calcified Zone

In between the articular cartilage and the underlying subchondral bone there lies

a region of calcified cartilage. This region provides a junction between hard and soft

tissue, allowing transmission of force through the interface [40, 41]. It is similar in

structure to the deep zone of articular cartilage, except contains less proteoglycan

molecules and more hard minerals such as hydroxyapatite [42]. The junction between

the calcified cartilage and articular cartilage is known as the tidemark, and where

it connects to the subchondral bone is called the cement line [41]. It is common

for the tidemark found in older animals to be seen as the latest progression in a

series of advancing calcified fronts due to periodic changes in the calcification speed.
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There are some chondrocytes in this calcified layer, but it is unclear as to how

active they are [42]. It has been proposed by Simkin [43] that the calcified tidemark

is similar to a tidemark found on a beach, formed as a line of debris. This debris

is hypothesised to consist of the bodies of apoptotic chondrocytes that have been

driven deep into the matrix, stopping when they hit the semi-permeable membrane

that is the subchondral bone [43].

Subchondral Bone

Lying beneath the zone of calcified cartilage, the subchondral bone (SCB) plate

consists of dense cortical bone transitioning to trabecular bone beneath. SCB plays

a large role in the mechanical properties of the joint, acting as an underlying support

for the articular cartilage [44, 40]. Loads are transferred from the cartilage through

the calcified zone and into the SCB, as evidenced by the thicker bone plate in the

most heavily loaded region of joints [44, 40]. It has been shown previously that

there is a clear mechanical gradient between the calcified zone and the SCB, with

the calcified region being roughly 10 times less stiff than the SCB [41, 40, 45]. This

provides a mechanism to transfer forces through to the stiff bone beneath and as

such is a major contribution to the overarching mechanical properties of the joint.

1.1.3 Osteoarthritis

As we age articular cartilage can become degenerate, leading to progressive loss

of tissue mass, structural integrity and mechanical functionality. This is known

clinically as Osteoarthritis (OA), the diagnosis of which requires the presence of

various symptoms such as joint pain and restricted movement in the joint [12]. It

has been shown that between 60 and 80% of people suffering from cartilage injury

develop further cartilage degeneration leading to osteoarthritis within 5 years [46].

The degeneration of a joint involves all of the tissues that comprise the synovial

joint, although the most significant is the loss of articular cartilage, remodeling

of the sub-chondral bone and the formation of osteophytes [47, 12]. The earliest

visible sign of degradation is seen by fibrillation of the articular cartilage in the

superficial zone, which is not currently visible in clinical conditions. The process

of OA development can be divided into three stages, initially the cartilage matrix

is damaged or altered, secondly chondrocyte response to tissue damage and finally

the decrease in synthetic response of chondrocytes and progressive loss of articular

cartilage tissue [12]. This disease is characterized by loss of articular cartilage, sub-

chondral bone remodeling and formation of osteophyte eburnations among other less

visible effects [12, 48]. There is widespread community disagreement on the cause of

OA, with the arguments for both physical and biochemical pathways well presented

and discussed later in Chapter 1.1.3 [49, 44].
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When examining articular cartilage there are several grading systems for defining

the stage of osteoarthritis development [50]. The main assessment schedules used

are MANKIN and OARSI where criteria such as surface condition, matrix integrity,

cell distribution, cell population viability, sub-chondral bone condition and amount

of cartilage calcification are compared and given a score [51]. These two systems

were compared by Pauli et al. [50] and showed that both were reliable but also

too complex and time consuming. They suggested that lesion volume is the main

identifier of cartilage degeneration and a new system should be built on that basis.

Prevalence and Impact

Occurrences of OA can be separated into two main categories; primary OA is the

most prevalent and covers occurrences with no clear source of initiation. Secondary

OA occurs after the AC experiences a traumatic loading, leading to a breakdown

of tissue integrity and reduced loading function which can spiral into even further

tissue damage [12, 52]. Secondary OA is often referred to as post-traumatic OA,

or PTOA. Although primary OA has no clear aetiology, it is often linked with

various factors such as age and genetic causes [52]. Primary OA rarely occurs in

people below 40 years of age, with cases increasing in frequency above this age [52].

It is highly likely that many patients with primary OA had a prior joint injury

or experienced excessive mechanical stress, as young joints that have experienced

PTOA are indistinguishable from older joints suffering from primary OA [52]. The

Rotterdam study of a population based cohort containing 3906 people aged over 55

found that 67% of women and 55% of men had radiographically visible OA of the

hand. In people older than 80, they found radiographically visible OA in the knees

of 53% of women and 33% of men [53, 54]. This shows just how prevalent this still

poorly understood disease is.

Estimates on incidence of disease depend greatly on the ability to correctly

diagnose it. Usually, symptoms of joint pain, stiffness and evidence of cartilage

loss are used for diagnosis. This presents difficulties as OA can cause different

symptoms in certain individuals, with some people experiencing extreme pain with

very little cartlage degeneration and others with very late stage OA lacking any joint

pain [52, 55]. Despite the difficulties in estimating its impact, it is ranked as a major

cause of economic loss worldwide. It has been reported that OA costs 1-2.5% of a

western nations gross national product [52]. Others have reported that OA costs

more than 60 billion USD annually in the United States alone [56].

Aetiology

As mentioned previously, osteoarthritis is seen as an idiopathic condition as the

argument for what causes OA is still ongoing. Osteoarthritis and Cartilage recently

published two articles by leading researchers in the field to present support for each

argument. Felson [44] explores the possibility that OA is a mechanically based
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disease and Berenbaum [49] argues that it is an inflammatory disease.

The argument for a mechanical point of origin stems from three main hypotheses:

(1) abnormal anatomy leading to increased focal stress with normal overall loading,

(2) excess overall load either long term or acute such as the overloading found

during sports and (3) a combination of abnormal anatomy and excess load. The

3rd situation is likely to occur where an obese person has a slightly deformed

joint and develops OA [44]. There are four examples of how abnormal articular

mechanics cause OA. Firstly it is well documented that damage to the meniscus,

either accidental or due to meniscectomy leads to an increased risk of OA, showing

that the abnormal loading condition resulting from the damage causes OA. One

follow-up study found that almost 50% of knees that had a meniscectomy during

early adulthood showed signs of radiographic OA 21 years later, whereas only 7%

of knees that did not undergo meniscectomy developed OA [57]. The next example

involves tears to the anterior cruciate ligament (ACL). There have been many studies

which make use of surgically induced ACL injuries in various animal models to

reliably induce radiographic OA [44, 58]. Another cause of mechanical abnormality

is malalignment due to large varus/valgus angle. Using data from the MOST study,

it was shown that knees without cartilage damage but with a large varus angle

had 3.5 times the risk of developing cartilage loss compared to knees with no varus

deformity [44, 59]. The final piece of the mechanical puzzle comes in the shape of

congenital joint defects. Hip dysplasia causes the acetabelum to deform, increasing

focal stress at certain points. Severe hip dysplasia is often recognized and fixed

during childhood, but mild forms often persist through to adulthood and greatly

increase the risk of OA [44]. A similar situation occurs during femoroacetabular

impingement (FAI) where there are cam and pincer deformities. It has been shown

that observed cases of FAI also increase risk of OA, and can be linked to prevalence

of hip replacement surgeries [60].

Berenbaum [49] agreed that OA used to be considered a mechanical based

condition from overload on joints, but research done in the 1990’s has made this

viewpoint up for debate. The theory of inflammation as a cause of OA originated

from the discovery of mediators like cytokines and prostaglandins which can lead

to the production of inflammatory mediators such as matrix metalloproteinases

(MMP’s) by chondrocytes [49]. Synovitis is the most commonly associated inflamma-

tory symptom and is thought to occur via degraded cartilage fragments falling out

into the joint cavity and coming in contact with the synovium. The synovium then

reacts by releasing inflammatory mediators. Many studies have identified synovitis

via arthroscopy, magnetic resonance imaging or ultrasonography and found that it is

associated with increased risk of OA progression [61, 62]. Other biological markers
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have been shown to present during OA, mainly cells present in immunological

processes as well as increased expression of interleukin 17 (IL-17) in synovial tissue

[63].

Both are convincing arguments, and it could be that they can both cause progress-

ion into fully developed OA. Either mechanical or biological initiators will have

an impact on each other, leading to a rapid increase in OA progression. What

is lacking from these reviews is whether tissue that looks visibly intact but is in

fact mildly degenerate will increase the likelihood of either mechanical or biological

initiation and cascade into full OA. Another type of mechanically induced OA

could be a combination of small microstructural changes associated with early onset

degeneration with sudden overloading of the joint system.

Progression

The progressive loss of articular cartilage due to degeneration is what becomes

osteoarthritis. There are various things that happen during this process, on multiple

scales and in the cartilage, bone and calcified region [12].

Cartilage

Clinically the progression of OA is observed in its later stages, as it is not until

late in the progression that bone becomes exposed and paint is felt. As AC is not

radiographically visible, the loss of cartilage material is only identified by a narrowed

joint space, but other signs of OA such as osteophytes and bone density changes

can be observed [12, 55]. Cartilage loss can be identified in more detail by MRI and

CT scans, but the availability of such devices for clinical diagnoses are limited. OA

is therefore clinically defined by large amounts of AC loss and changes to the bone

structure surrounding the joint.

The experimental definition of OA is much more in depth than seen clinically, and

can be described as progressive cartilage loss. The earliest changes in osteoarthritis

observed in an experimental setting occur in the surface layer, where the collagen

fibrils start to fray and become fibrillated, this then extends further into the transitional

zone [12]. This is accompanied by decreased levels of proteoglycans in the superficial

zones [12]. During these early stages of degeneration, the interaction of the collagen/

proteoglycan network is significantly altered [12, 39]. The collagen matrix is degraded,

decreasing the organized and interconnected structure, decreased aggrecan concentra-

tion, decreased glycosaminoglycan chain length and increased water content [64].

Taken together, these changes lead to a decrease in cartilage stiffness and increase

in permeability [65, 66, 64]. As the disease progresses, the fibrillation in the surface

becomes clefts which extend through the matrix until they reach the subchondral

bone [65, 66, 12, 52]. Parts of the cartilage layer are then able to break off and

are released into the joint space, decreasing the overall thickness of the layer. Once
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the degeneration processes have been initiated, the chondrocyte cells respond by

releasing mediators to induce proliferation as well as anabolic and catabolic activity

[12, 67]. It is unclear whether the initiation of OA is induced by chondrocyte

apoptosis or the cause of such apoptosis. The degradation process is likely a

cyclic pathway with both matrix destruction and chondrocyte apoptosis, with one

exacerbating the other [67].

Calcified Region

During early degeneration the calcified region advances upwards, as evidenced by

the ‘waves of calcification’ known as tidemarks [42, 43]. These tidemarks can be seen

in the bovine patellae model of OA, Figure 1.7, where the uppermost tidemark is

indicated by the white arrows, yet previous stages of calcification are present. During

the early stages, the number of tidemarks increases with no significant increase in the

thickness of the calcified region [41]. This shows that even though the calcified front

is advancing, the cement line junction between calcified cartilage and subchondral

bone is also advancing. As the calcified region has been shown to be 10 times more

stiff than articular cartilage as previously mentioned, the advance of the calcified

front is likely to compensate for the changes in the mechanical environment of the

joint system [41]. The changes to this calcified region during OA progression are

small and are not identified by clinical examinations.
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Figure 1.7: Image of a haversian canal like spicule advancing radially from the subchondral

bone into the calcified cartilage. The uppermost tidemark between calcified cartilage and

articular cartilage is shown by the white arrows. [Author’s Image]

Subchondral Bone

During the progression of OA, subchondral bone density increases [41]. The

subchon-dral bone also forms cyst-like bone cavities which contain myxoid, fibrous

or cartilag-inous tissue which gives the appearance of cartilage regeneration within

the subchon-dral bone [1]. Over the course of disease progression, the bone becomes

denser while the cartilage wears away, eventually leaving a dense bone on bone

contact in the joint [12]. This dense bone accompanied by cartilage loss can lead

to a change in joint shape, and thus the deformity and instability of the limb often

found in cases of OA [12]. During the wear process the remodeling of the subchondral

bone causes vascular cutting cones (haversian canals) to protrude into the calcified

cartilage, sometimes known as bony spicules [12, 68, 48]. These spicules have been

found in animal models and are shown in Figure 1.7. They appear very early during

the degeneration process, showing that subchondral bone remodeling may be an

initiating factor for human OA, most likely caused by abnormal loading conditions

[12, 68, 44, 48].
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Pre-OA

The osteoarthritis described above is an advanced level of tissue degeneration.

Of equal importance is the state of the tissue in the pre-osteoarthritic state. There

have been many studies on the small changes that occur within the AC matrix prior

to cartilage tissue loss, such as changes to matrix structural integrity, cartilage layer

swelling and increased cartilage layer thickness [65, 66, 36, 17, 39, 48]. These changes

have been shown to affect the tissues ability to resist load, potentially leading to the

progressive cartilage loss as discussed previously [69, 32]. Whether these changes are

a natural progression or caused by injury of some kind is unknown. An importnant

model for these destructive changes was proposed by Broom et al. [65] as an array

of string elements with an overall radial alignment as shown in Figure 1.8. Pins

hold the collagen ‘string’ in place by creating an interaction nodal point where the

string can either be entwined or not. They also act to hold the string apart similar

to the action of matrix proteoglycans. When the pin is removed from the model,

entwined strings will have some residual entanglement and interconnectivity while

un-entwined strings will become disconnected from one another. This can be seen

in Figure 1.8 where the 100% entwined model shows degradation into tangled, near

radial bundles while the model encompassing only 30% entwinement shows extensive

rearrangement of the matrix into aggragated parallel radial bundles with large gaps

in the structure [65].

Post-Traumatic Osteoarthritis

Post-Traumatic Osteoarthritis (PTOA), or secondary OA occurs after the cartilage

is exposed to a traumatic or high velocity impact load. Although it only accounts

for 12% of all OA cases in the United States, it mainly occurs in younger people and

leads to reduced physical capability in the working population [70, 46]. PTOA has

been found to develop following a variety of injuries specific to the knee joint such

as ACL tears, meniscus damage and tibial plateau fracture [70, 46].

It has been hypothesized that mechanical overloading experienced during traum-

atic injury leads to microdamage occurring in the subchondral bone and calcified

region near the tidemark [71]. This microdamage then initiates a biological response

that promotes ossification, thinning the cartilage layer and increasing further vulner-

ability to damage that creates a positive feedback loop of cartilage destruction [71].

Further, damage to the surface cells or collagen matrix, chondral or subchondral

region could also lead to reduced tissue function and increased vulnerability to

further damage [71, 72]. The Pre-OA changes discussed in the previous section will

potentially affect the tissue response to traumatic loading and increase likelihood of

PTOA development, the extent of which is currently unknown.
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Figure 1.8: (a - c) Fibril transformation model incorporating 100% entwinement based

interactions. (a) Intact array; (b) partially ‘degraded’ array; (c) complete ‘degradation’

showing extensive tangling associated with the reworking of ‘fibrils’ into near parallel,

radial configurations. (d - f ) Fibril transformation model incorporating 30% entwinement

based interactions identified by solid circles. (d) Intact array; (e) partially ‘degraded’ array;

( f ) complete ‘degradation’ showing large scale rearrangement of array into aggregated

parallel bundles aligned in the radial direction. In all cases the radial direction representing

the ‘native’ orientation of the array elements is vertical. Reproduced with permission from

Broom et al. [65]
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Treatment

During early osteoarthritis, the main debilitating factors are pain and joint

stiffness. It has been proposed that treatment should then focus on relieving these

symptoms [46, 55]. Prevention of further progression and improvements to quality

of life should be seen as long term goals. There currently exists three treatment

pathways, (1) non-pharmacological, (2) pharmacological and (3) surgical, these

methods can be combined in patients for improved effectiveness [46]. There are

evidence based guidelines for the treatment of osteoarthritis, published by the European

League Against Rheumatism and the Osteoarthritis Research Society International

[73, 74, 75, 76]. Small improvements can be gained by informing patients about their

condition, to ensure they understand the importance of lifestyle changes related

to the condition. There is also evidence that certain exercises, weight training,

braces, canes and weight loss can lead to reduced pain and positive outcomes for

the OA condition. Other treatments such as shoe insoles, lasers, nerve stimulation,

ultrasound, acupuncture and electrotherapy have very little evidence for their effectiv-

eness [55].

In terms of pharmacological solutions, paracetamol can be given to reduce pain as

it is safe and effective. Larger doses can be used in patients which find it ineffective,

stepping up to non-steroidal anti-inflammatory drugs (NSAIDS) if required [46].

Opioids can also be used for pain relief, but are usually reserved for patients awaiting

surgery due to the large number of contra-indications and side effects [46]. Drugs

can be applied via intra-articular injection, often using long acting glucocorticoids to

reduce inflammation flares and reducing localized pain, though these injections reach

peak effectiveness after a week which is reduced thereafter [77, 78]. Other options

are so called ‘Disease-modifying treatments for osteoarthritis’ (DMOADs) [79], that

specifically target OA related factors such as: production of MMP-13 [80, 81],

bisphosphonates [82, 83] and other anti-inflammatory agents such as IL-1, IL-6

and TNF-a [84, 85]. Surgical based cartilage repair techniques are becoming more

widespread, with a variety of methods used. Transplantation surgery is common,

using grafts of autologous perichondrial, synovial or mesenchymal tissue; Implantation

of autologous or allegeneic osteochondral tissue and chondrocytes. These transplants

can be accompanied by subchondral bone cracking which releases mesenchymal stem

cells from bone marrow into the joint, providing the necessary components required

for cartilage regeneration [51, 14, 46, 86]. Artificial materials used for these grafts

can be hydrogels [87, 86], collagen [88], or even plastics [89].
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The current progress in tissue engineering based treatment options is promising,

yet more work still needs to be done. Makris et al. [86] sums it up perfectly in the

conclusion of his systematic review:

‘Overall, a technology has yet to be developed that satisfies the fundamental

requirements of successful cartilage healing, namely, one that embodies

the appropriate structure-function relationship, ECM organization, bioactivity

and surgical logistics. To address these criteria, work must be done to

improve not only the mechanical properties of the tissue, but also to

shape and organize neotissue development so that it better mimics native

morphogenesis.’

Animal Models

Many laboratories are able to carry out tests on human cadaverous tissues,

however some do not have ethical clearance or a source for tissue. Animal tissues are

widely used in modern research as their relevance and similarity to human tissues has

been proven [90, 91]. The knee cartilage of 5 species (bovine, canine, human, monkey

and rabbit) was examined by Athanasiou et al. [90] to find aggregate modulus,

Poisson’s ratio and permeability. This was used to find the relevance of animal

models to the human knee joint. The aggregate modulus does not change between

species, and bovine cartilage permeability is the closest to that of human tissue.

This shows that bovine tissue can still be used as an accurate representation of the

cartilage morphology found in humans.

Bovine Patella Model

A study by Hargrave-Thomas et al. [48] showed that intact bovine patella cartilage

was similar to healthy human cartilage in terms of structural disruption, cellular

changes and amount of proteoglycans. They found that the range of degeneration

found in the bovine patella was similar to that in human OA from pre/early to

moderate degeneration and correlated with OOCHAS [92] and Mankin [93] scales.

Pre-Early degeneration in the bovine patella correspond to an OOCHAS score of

0-2, while early-mid level degeneration had a score of 2-4 [48].

A simple system of identifying bovine cartilage degeneration was developed much

earlier by Outerbridge [94] where articular cartilage was examined macroscopically

and graded from 0 to 4, grade 0 being no degeneration and grade 4 being full

erosion of cartilage so that sub-chondral bone is visible. This system is much more

useful than histological selection of articular cartilage for certain experiments as the

approximate grade of degeneration can be assessed before in depth examination and

time consuming experiments. An example of using India ink staining to determine

the Outerbridge level of degeneration is shown in Fig 1.9. The samples selected by

Chapter 1 Joshua Workman 19



A multi-scale investigation of the joint tissue response to impact induced injury

Hargrave-Thomas et al. [48] as having pre-early degeneration correlated to Outerbridge

grade of 1, while the samples selected for early-mid level degeneration correlated

to Outerbridge grade of 2-3 (Personal communication). The study by Hargrave-

Thomas et al. [48] shows that the pathway for OA is similar between bovine and

human anatomies, making it an ideal stand in for experimental purposes.

Figure 1.9: Articular surface stained with India ink to determine Outerbridge level of

degeneration. a) Grade 0, b) Grade 1, c) Grade 2, d) Grade 3. [Author’s Images, not to

scale. yellow box = approx 15mm square]
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1.2 Literature Review

1.2.1 Structure

In addition to the discussion on cartilage structure in section 1.1.1, the following

section discusses the various other views on cartilage structure and function, complimenting

and contrasting the existing widely held beliefs.

Gross

The work of Benninghoff [16] is widely accepted and used as a baseline for further

investigation into tissue structure. On a gross scale the structure of AC consists of

vertically oriented fibrils in the deep zone which arch over in the transition region to

become parallel to the surface in the superficial layer [16, 13, 12, 52, 38, 95]. Clark

[38] in particular has examined the gross cartilage structure under SEM and shown

with incredible detail the cascading fibril architecture.

Split Lines

The fibril orientation of the surface layer has been described as random [18], yet

some patterns can be shown to exist in the form of split lines [23, 24, 25, 26, 27, 28].

Split lines can be shown by using a thin needle to prick the articular surface at

right angles, this causes the surface to rupture in a preferred direction. This pattern

becomes visible when stained with Indian ink as shown by Meachim [29]. There is

much debate as to the meaning of this split line orientation, Leo et al. [23], Below

et al. [25] and Flachsmann et al. [28] all agree that the split lines are oriented

according to weight bearing stresses and high tensile stress. On the other hand,

Kerin et al. [24], O’Connor et al. [26] and Tillman [27] say that they show collagen

orientation and reflect inherent structural characteristics of the cartilage. It could

be that the orientation of collagen in the surface layer may align with the principal

stresses occurring, naturally resisting the applied load by their orientation.

Fibrillar Scale

It is commonly known knowledge that the articular cartilage layer contains the

presence of proteoglycans, hydrophilic protein chains on a hyaleuronic backbone

which provide the cartilage with its viscoelastic properties [96, 97, 98, 99, 12, 16].

Thambyah et al. [17] believes that there are three main mechanically significant

structural features in articular cartilage: “(1) the strain limiting surface layer; (2)

the micro-level boundaries in its zonally differentiated structure, and (3) the extent

of fibrillar interconnectivity”. Minns and Steven [18] examined the collagen fibrils

in more detail and noted five important features: 1. Individual fibrils within the

trabeculae of the sub-chondral bone joined together and formed small fibril bundles

at the calcified/uncalcified interface. 2. The fibrils of the deep and middle zones

showed a surface periodicity and were oriented towards the surface in large bundles.

3. In the superficial zone the fibrils ran parallel to the surface. 4. The fibrils in this

surface layer have a random orientation. 5. Fibrils of the lacunae walls were thinner
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and more closely packed than those between lacunae. More detailed TEM studies

of collagen fibril arrangement have lead to the discovery of both mechanical and

biological interactions between fibrils [100]. It was shown that there is an inherent

interconnectivity between collagen fibrils in articular cartilage, with a regular and

repeating kink in a larger fibril enabling interaction with surrounding collagen fibrils

[100]. This finding was initially postulated by the same author in a previous paper

[101], where the original Benninghoff model was altered to include repeating short

range obliquity in the radial fibrils that creates a pseudo-random arrangement within

the overall radial direction.

Cellular Scale

The chondrocytes within AC have been previously discussed as to their orientation

within the matrix being indicative of fibril direction, but more in depth investigation

of their structure and relationship to the surrounding extracellular matrix has not yet

been presented. A study by Poole et al. [102] showed via SEM and TEM examination

that there is a felt-like capsule of amorphous substance surrounding the chondrocyte

and PCM, defining the form of the chondron. They postulated that compression

of the cartilage matrix would lead to deformation of the chondron, resulting in

loss of fluid from the PCM which dampens the compressive load and protects the

chondrocyte [102]. On further examination of this felt-like layer surrounding the

chondrocyte they discovered it consisted of type VI collagen potentially forming

an interactive connection to the chondrocyte and ECM, stabilizing the collagen,

proteoglycans and glycoproteins of the PCM [15]. Further, Poole et al. [103] discovered

the presence of type IX collagen in the PCM, suggesting that it functions to provide a

dense scaffold around chondrocyte. This scaffold enables retention of large molecules

useful for producing the hydrodynamic environment between the chondrocyte and

the PCM [103]. During the progression of OA, chondrocyte swelling combined with

a decrease in levels of type IX collagen in the PCM and increase in ECM staining

shows the PCM and adjacent matrix has remodeled as part of the degeneration

process [103].

Computer Modeling

People have attempted to model the structure of articular cartilage using multiple

methods. Most people use finite element modeling to simulate compression of a

cartilage layer. The way people choose to model the cartilage structure is what

differs. Julkunen et al. [104] used a multi layer V fractional factorial model to

determine the importance of composition in compression. They found that collagen

architecture and content was much more important in indentation than for confined/

unconfined compression. Julkunen et al. [97] developed the collagen orientation in

an earlier model by assessing quantitative and polarized light microscopy [97]. Chen

et al. [105] developed a similar model to Julkunen et al. [97] to find depth and

strain dependent properties in an inhomogeneous model assuming 3 discrete layers.
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Mononen et al. [106] used a fibril reinforced cartilage model with depth dependent

collagen orientation and showed it was more realistic than other homogeneous isotro-

pic and transversely isotropic models developed. A poroviscoelastic model was

developed by Boschetti et al. [107] and based on actual geometries to find values

for permeability parameters as a function of depth from the surface. This was

developed as existing analytical, uni-dimensional approaches were not appropriate

for describing the actual transient state. A similar poroviscoelastic model was

formed by Wilson et al. [108] but also contained a biphasic swelling model to

simulate the stress generating action of the proteoglycan content. This model did

not take into account any depth dependent collagen properties but was still able to

simultaneously account for the reaction force during swelling, confined compression,

indentation and unconfined compression, as well as the lateral deformation during

unconfined compression. This model would definitely be much better if it could be

merged with those which include depth dependent properties. Cartilage was also

depicted as a tensed collagen network pressurized by the Donnan osmotic swelling

pressure (See Chapter 1.1.2) of proteoglycans by Bursać et al. [109] to examine

relative contribution of tissue matrix components to its elastostatic properties. This

is a different method of modeling the viscous component than that used by Wilson

et al. Similar to the poroviscoelastic model, Li et al. [98] tested collagen fibers in

compression and tension using stress relaxation measurements in the axial direction

to develop a viscoelastic fibril-reinforced model including fluid flow. They managed

to find that main mechanism for tensile stress relaxation was collagen viscoelasticity

and the main mechanism for compressive stress relaxation was fluid pressurization.

Another study by Bian et al. [110] shows the importance of modeling the correct

hierarchical structure found in articular cartilage, more specifically that of the bone-

cartilage interface. Despite the differing opinions on how to best represent cartilage

in a simulated model, there is a general consensus that the structure is highly

complex and is neither purely elastic or viscous and is some sort of combination

of the two.

Summary

It is clear from past research that most people agree with Benninghoff’s original

proposition of collagen fibril orientation. A main division of the research community

is how to model the cartilage layer, with many approaches that correlate well with

experimental data but do not truly represent the complex hierarchical structure

of AC. There are also various analysis of split line orientation and it’s effect on

the rupture behavior of cartilage, with no author giving definitive proof of their

theory. Much of the inherent structural intricacies of articular cartilage have been

previously elucidated, what remains is the application of such knowledge to address

current treatment and understanding of what causes these complex structures to

fail.

Chapter 1 Joshua Workman 23



A multi-scale investigation of the joint tissue response to impact induced injury

1.2.2 Mechanical Testing

Articular cartilage is very strong in compression and is able to carry very high

loads. The response of cartilage can be measured using various mechanical testing

techniques which help to identify its important properties. There are three main

properties that describe articular cartilage in compression; aggregate modulus, perm-

eability and Poisson’s ratio [111]. The response of articular cartilage is strongly

based on its viscoelastic type nature, depending on the time dependent exudation of

water from the collagen matrix [112, 113, 114, 115]. When testing articular cartilage

there are a few methods of sample preparation that vary between researchers. Some

people remove cartilage from the bone before testing [96, 116], whereas others

prefer to leave the cartilage attached to the bone as it provides a more realistic

representation of in-vivo conditions [32, 117]. Leaving the cartilage on the bone

gives a more accurate representation of the physiological conditions, as the cartilage

bone interface provides a good method for stress distribution within the sample

[118]. The sample can also be tested in confined or unconfined conditions. Confined

compression ensures the sample sides are enclosed by solid walls which means the

cartilage cannot deform laterally. The sample is then compressed by a porous

indenter which matches the area of the sample allowing fluid to flow from the tissue

and through the indenter. In unconfined compression the sides of the sample are

free to deform [104]. The many different types of mechanical testing are described

in detail below, the most popular method being compression.

Quasi-static Compression

Burgin and Aspden [119] used compression tests with various strain rates to

determine that the modulus of cartilage rises rapidly and non-linearly with strain

rate. The same effect of loading velocity on the response of AC was reported earlier

by Oloyede et al. [120], postulating two different mechanisms of cartilage deformation

depending on the loading rate. Another study by Shepherd and Seedhom [121] also

showed the strong dependence of articular cartilage on strain rate, as the modulus

was shown to be the highest at very small times to peak load of 10 milliseconds

compared to common indentation times of around 2 seconds.The modulus of cartilage

has been measured in areas covered and uncovered by the meniscus layer by Thambyah

et al. [122], who found that articular cartilage beneath the meniscus showed a

significantly larger modulus (as much as 70%) and was thinner by about 40%

compared to that not under the meniscus. Chin et al. [123] measured the modulus

and permeability of cartilage in confined compression to characterize mechanical

parameters as a function of compressive strain and water content, again reinforcing

the importance of strain rate and water exudation on the mechanical properties.
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A different method of compression testing was developed by Lyyra et al. [124]

where the stiffness of articular cartilage was measured in the form of newtons by

which the tissue resists a constant deformation of 300 microns by a 1 mm indenter.

Using this method they were able to accurately compare the topographical variation

in stiffness between areas on the femur, tibia and patella surfaces. Both the femur

and patella surfaces were also studied by Franz et al. [125] who measured the stiffness

to correlate with degeneration and composition. They concluded that cartilage

stiffness is dependent more on extracellular matrix integrity than on the content

of major cartilage components. The extracellular matrix provides cartilage with its

elastic response, this response was found to be similar in both healthy and degenerate

samples and was the main influence on cartilage deformation [126]. To track the

development of cartilage, compression testing was done on bovine cartilage of third

trimester bovine fetus, 1-3 week old calf and young adult cows by Williamson et al.

[127]. Williamson chose to remove the cartilage from bone which could heavily

affect results but found that the compression modulus increased 130% from fetus to

calf and young adult, and hydraulic permeability decreased by 70%. The modulus

of cartilage between different joint areas was studied by Shepherd and Seedhom

[128] using compression tests. This was able to show the cartilage in the ankle

had a significantly higher modulus than the knee and hip, and in 3 out of 11 cases

the knee had a higher modulus than the hip. The variations in the instantaneous

compressive modulus were matched by the different stresses occurring in different

areas of the joint [128]. The finding that hip cartilage had a lower modulus than in

the knee was not supported by the findings of Athanasiou et al. [129], who found

that hip cartilage in fact had a higher modulus. Athanasiou et al. [90] also did

confined compression testing on various animal tissue to determine inter-species

differences, finding similar modulus of comparable sites between animal, but differing

permeability. The properties of articular cartilage have also been shown to be depth

dependent by Chen et al. [105] using confined compression tests. They showed

that the compressive modulus increased from the surface layer to the sub-chondral

bone, and that the permeability of the tissue decreased from the surface to the sub-

chondral bone, but increased with compressive strain. The type of indenter used

in compression tests was shown to have an effect by Bae et al. [130] who compared

both cylindrical and rectangular indenter geometry. They found the regions of peak

strain were concentrated at the indenter edges, with cylindrical tips resulting in

higher peak strain magnitudes while influencing a smaller region of cartilage. This

shows that different studies must be compared with caution as the indenter used

in the compression can have an influence on the results obtained. Thambyah and

Broom [131] also examined the strain field surrounding a circular indenter tip and

found the strain to be the same on either side of the indenter, meaning the indenter

has an evenly distributed stress to the cartilage surface which is desired for accurate
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mechanical testing.

Creep loading involves applying a load to a sample at a slow rate and holding the

load at a fixed maximum value for a long period of time, usually around three hours

[34]. A study by Kerin et al. [132] showed that creep loading before measuring

mechanical properties increased the compressive strength by 21%. The damage

to articular surfaces showed much finer and more extensive network of fissures in

samples that were previously creep loaded. Adams et al. [34] also showed that the

strength of cartilage is increased when water is expelled, reducing the tendency of

the surface to rupture.They found the same as Kerin et al. [132], that creep loaded

samples were 21% stronger, but they also found that the samples absorbed 28%

less energy at failure. They suggest this reduction in failure energy is due to the

formation of tensile force in the surface layer of the indented area. Creep testing is

similar in theory to stress relaxation where a fixed displacement is held and the load

is measured. This was used alongside creep loading to identify mechanostructural

mechanisms that account for the load responses obtained [133]. A combination of

the two testing methods was also used previously by Chuan Chin et al. [134] to

improve accuracy of cartilage mechanical property acquisition.

Cyclic

Cyclic loading of cartilage is a very accurate representation of the physiological

loading condition during everyday activity such as walking and running. Verteramo

and Seedhom [135] tested cartilage in cyclic loading after being exposed to an impact

force and recorded the change in the storage and loss modulus. They defined walking

as 1 MPa at a rate of 1 Hz and running as 7 MPa at 2 Hz. This is similar to the study

by Kerin et al. [24] where pre-cracked samples were cyclically loaded at a rate of 2 Hz

and checked for fissure propagation. They found that pre-existing cracks increased

in length but not depth with cyclic loading. Kerin also performed an earlier study of

cyclic loading after creep loading and found that crack length increased by 150% and

width by 358%, yet the crack depth was not increased [132]. Barker and Seedhom

[136] also used 1 Hz as a walking pace to determine the viscoelastic behavior of

cartilage under cyclic loading, attributing the response to interstitial fluid flow within

the tissue. A study by Shepherd and Seedhom [121] tried to simulate physiological

loading rates more accurately, stating that walking has a rise to peak load time

of 100 ms and 700 ms of stance phase. Running had a 12 ms rise time to peak

load and a shorter 135 ms stance phase. This equates to approximately 1 cycle per

second which agrees with the studies previously mentioned. Chen et al. [137] used

light (0.1 MPa), moderate (1 MPa) and heavy (5 MPa) cyclic stresses at 0.25-0.5

Hz to examine cell viability after different exposure times. They concluded that cell

death depends on both the load duration and the magnitude. A pseudo form of

cyclic loading involving extremely high frequency has also been carried out using
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nano-indentation at frequencies up to 107 Hz, finding this method of testing to be

strongly affected by material anisotropy and possibly not good for future cartilage

application [138].

Impact

Impact loading of cartilage replicates traumatic injuries that can occur during

vehicle accidents or even during sports events. These impacts can cause severe

damage to the articular surface [32], and can even damage the cellular components of

the matrix without macroscopic evidence of failure [139]. Impact loading was defined

by Aspden et al. [140] in a letter to the editor of Osteoarthritis and Cartilage, where

he states that claimed impact loading conditions were not an accurate representation.

He states the following: “To define an impact, we would suggest load rise-times of

the order of milliseconds or shorter, and at least one of the following: Loading

rates in excess of 100 kNs−1, stress rates greater than 1000 MPas−1 or strain rates

greater than 500 s−1. Times to peak load of 30-150 ms are physiological and loading

rates slower than this are probably not representative of cyclic loads experienced by

cartilage or bone in-vivo during normal activities.” [139]. This is a good basis for

impact testing, which is not often followed by the research community.

Kim et al. [141] impacted cartilage that has previously been creep loaded to

show that creep increases risk of osteochondral damage, with a time to peak load of

0.6 milliseconds this is within impact conditions. A study by Scott and Athanasiou

[142] impacted bovine cartilage with a maximum load rise time of 1.53 milliseconds

and a stress rate of greater than 1000 MPas−1. This means the study also counts as

an impact test, in which they found that higher impact energies resulted in a 37%

decrease in aggregate modulus. A drop tower for impact testing was designed by

Burgin and Aspden [143] where the data collection and analysis was detailed. The

rig was tested on rubber washers for consistency before an initial test on articular

cartilage showed that the modulus of cartilage under impact loading was much

higher than previously thought. The study also followed the guidelines of Aspden

et al. [140] by having a rise to peak load time of 0.5 ms and strain rates of around

3380 s−1. A later study by Burgin and Aspden [119] used the same drop tower to

calculate the modulus of cartilage and energy dispersion from force-displacement

curves. They found that the modulus of cartilage rose rapidly and non-linearly

with strain rate. They also noted that the presence of cartilage caused the load

experienced by the bone to be attenuated and spread over a longer loading period,

essentially protecting it from damage. Edelsten et al. [144] found that cartilage

deforms non-linearly when subjected to impact load, and the peak stress does not

coincide with the peak strain. The hysteresis of the curve was larger and did not

get smaller with loading rate, indicating that articular cartilage does not become

elastic at high loading rates but instead remains viscoelastic. A later investigation

by Edelsten et al. [145] showed that cartilage exhibits a decreasing coefficient of
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restitution with increasing loading rate, showing a near isovolumetric deformation

which dissipates energy that would otherwise form cracks in the articular surface.

Cartilage was shown to fracture 45 degrees to the articular surface and extend to

the mid-deep zone boundary by Silyn-Roberts and Broom [33]. Removal of the

cartilage surface zone caused impacts to leave no visible damage at all, leading to

the conclusion that depth of fracture is independent of the impact energy. The forces

occurring in the knee during impact loading were examined by Haut [3] who found

that the contact area increased with increasing impact force, causing the load to be

distributed more and reducing stress. This shows that different sized impactor tips

will have a different effect on the cartilage response.

Different impact energies can cause different levels of damage, Verteramo and

Seedhom [135] used four levels, 0.49, 0.74, 1.47 and 1.96 J. The lower two impact

energies caused no visible damage to the cartilage surface, whereas 1.47 J caused

cracks to occur in 75% of samples and 1.96 J caused cracks in 100% of samples.

All impacts were above a strain rate of 500 s−1 and as such do qualify as impact

level. Some studies are labeled as being impact experiments but do not accurately

represent impact conditions. Torzilli et al. [96] studied cartilage removed from the

bone, not a good representation of physiological conditions and at impact rates

of 0.429 s to peak load, not within the description of impact conditions laid out

by Aspden et al. [140]. Another study by Lewis et al. [146] reached peak load in

250 ms which is also not technically defined as an impact load, in which the data

should be treated with caution. This shows that the results from some impact

studies cannot be accurately interpreted. The loading rate dependence of articular

cartilage was reiterated by Flachsmann et al. [118] who stated that at low rates,

cartilage deformation occurs via the time dependent matrix fluid flow and at high

rates, the fluid is locked into the low permeability structure. They concluded that

the articular surface is more resistant to dynamic loading than to static loading, and

in plane deformation is reduced when the articular surface is fully integrated. This

view is directly opposed by Oloyede and Broom [147] who stated the articular surface

is more vulnerable to rupture at high loading rates due to the lack of deformation

mechanisms, also differing in opinion to Edelsten et al. [144] as they suggest at

high loading rates, the cartilage becomes completely elastic. Two different impact

energies were studied by Natoli et al. [148], 1.1J and 2.8J. They found that at

2.8J there were significant changes in gene expression and significant cell death,

whereas 1.1J caused little cell death until the samples was examined after 4 weeks.

This shows there can be a delayed biological response in articular cartilage from

non-damaging impact energies. They also state that their study conforms to the

standards mentioned by Aspden et al. [140].
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Summary

There are many different ways to find the mechanical properties of articular

cartilage, using many testing techniques. When testing it seems best to try and

replicate physiological conditions as much as possible, i.e. adhering to recommended

values for impact loads [140] and testing with the cartilage attached to the sub-

chondral bone, as it occurs in the body [110]. While compression testing allows

for calculation of tissue modulus and permeability, important mechanical properties

that define tissue response, many people have already established average properties

of a variety of cartilage locations [128, 90, 129]. These compression tests are at

rates of loading less than that found in-vivo, providing only a small glimpse of the

overall mechanical response of cartilage tissue. Cyclic loading provides a much more

accurate representa-tion of physiological conditions and can explain tissue mechanics

during these gait cycles. However most of these tests are done at non-injurious loads

[136, 121], and as AC can take millions of cycles before failure can only tell us so

much about OA initiation, though the crack propagation studies by Kerin et al.

[132] give reasonable insight into how OA damage can cascade under normal walking

conditions [132, 24]. The initiation of cracks in the articular surface is then a topic

of interest, as they will inevitably be an initiator of full OA. Many impact studies

cited show presence of damage to the articular surface after impact loading, which

can as discussed develop via cyclic loading into full thickness cartilage defects. The

importance of this crack initiation, and vulnerability of cartilage to such occurrences

and their implications for PTOA is of need of further investigation.

1.2.3 Structural Examination

Histology

Histology involves the sectioning, staining and examination of tissues and the

cells within. It is used to identify the components present in the sample, and

even show the presence of live and dead cells. Levin et al. [149] stained type VI

collagen to examine the organization of the peri-cellular matrix. This was also done

previously by Poole [15] who used immunohistochemistry to identify type VI [15]

and type IX collagen [103]. Structural staining of collagen and proteoglycans was

done by Thambyah et al. [122] to grade articular cartilage using the MANKIN scale

[93]. Histology is useful to determine relative concentration of matrix components,

and has been used to show the decreasing concentration of proteoglycans in the

cartilage matrix as OA progresses [48]. A whole report on cartilage repair by

Mainil-Verlet et al. [51] developed a histological assessment scale for the analysis of

cartilage condition. This uses factors such as matrix consistency, cell distribution,

cell population and viability to grade the tissue out of a maximum score of 18. Other

grading scales such as modified MANKIN and OARSI use tissue staining to make

judgment of the tissue. Safranin O staining can be used to stain the proteoglycans
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in the ECM, a reduction in the stain intensity indicates less proteoglycan molecules,

potentially indicating loss of structural integrity [50]. The downside of histology

is the method used to prepare samples for microscopic examination. This method

involves extensive fixation and dehydration [131]. By removing the water from

the tissue, an intrinsic component of the tissue structure is lost, causing potential

artifacts in the tissue structure such as shrinkage, fissures and section folding [48].

A way to get around this is to use histological methods alongside more conventional

light microscopy techniques such as differential interference contrast (DIC) light

microscopy [48, 39, 131, 66, 150, 32, 151, 133].

Differential Interference Contrast (DIC) Microscopy

The DIC technique utilizes fully hydrated, unstained sections of tissue ∼30 µm

thick, and via polarized light is able to give very detailed views of AC matrix

structure that are just not possible with conventional histology [48]. DIC works

by using two orthogonally polarized light beams that are displaced when passing

through the sample before being recombined before the microscope eyepiece. The

interference between the two light paths depends on the refractive index of where

they passed through the sample, creating contrast based on optical density [152].

It has been used in structure based studies to view the texture of fibrils present

within the cartilage matrix [66], collagenous crimp from collapsed collagen fibril

structures [36, 69], shear stress formation visualized by fibril direction [39, 131,

69, 133] and fiber bundle recruitment in the anterior cruciate ligament [153]. As

the interference can be quantified, interesting things can be measured from this

technique such as the crimping angle of fibers reported by Zhao et al. [153].

Cell Viability

Another method of staining is used to determine whether the cells in the matrix

are ‘dead’ or ‘alive’. Another way to state this is ‘non-viable’ and ‘viable’ cells [154].

This can be done by using a cell membrane impermeable dye, often propidium

iodide (PI) which stains non-viable cells red as it can make it past the cell wall

and bind to nucleic acids [155, 149, 146, 156]. Whether the cell membrane has

completely ruptured allowing the dye in, or whether the membrane ion channels

are not functioning correctly and allow the dye through is unable to be determined

from this method. This method is also not able to distinguish between the types

of cell death, whether cells have undergone necrosis and ruptured prematurely due

to trauma or infection; or whether they have undertaken the process of apoptosis,

programmed cell death signaled by either intrinsic or extrinsic pathways [156, 157].

The number of cells experiencing apoptosis can however be determined via another

method, Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
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is used to label the end of nucleic acids to detect DNA fragmentation [157]. Other

studies have used a similarly acting stain such as ethidium homodimer [154, 116] or

Trypan blue [156]. Viable cells can be stained with fluorescein diacetate (FDA)

which is a permeable metabolic dye, releasing the fluorophore fluoroscein once

cleaved by intracellular processes, staining viable cells green [149, 155, 154, 158, 156].

Another marker for viable cells that works in a similar way is Calcein-AM [159].

These chemicals are then excited at certain wavelengths of light, 540 nm for PI to

emit red fluorescence and 488 nm for FDA to emit green fluorescence. This counter-

stain of having both dyes simultaneously gives great contrast so that the areas of the

tissue that are the most significantly damaged can be visualized [156]. In impact load

injured cartilage, Levin et al. [149] and Torzilli et al. [96] both found that cell death

starts at the articular surface and increases in depth with increasing applied stress.

Lewis et al. [146] found that cell death in impact loaded tissues tends to localize

around acute injury such as cracks in the articular surface. Lucchinetti et al. [158]

combined visualization of cell viability with repeated cyclic loading, showing that

reduced cell viability begins to occur in cartilage after 6 hours of continuous cyclic

loading. While this type of loading is not physiological, it provides insight that

damage can occur to the chondrocytes via cyclic loads. The analysis of cell viability

was also examined using epifluorescence microscopy by Bae et al. [130], Szczodry

et al. [139], Natoli et al. [148] and Chen et al. [137], all finding that the number

of non-viable cells increased with time after impact. The combination of this cell

visualization tool with mechanically induced trauma is an option for identifying

potential OA initiation cases. An example of this imaging is shown in Figure 1.10.
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Figure 1.10: Fluorescent microscopy image of chondrocytes in articular cartilage. Green

fluorescing cells have taken up and metabolized FDA, while in red fluorescing cells the PI

has entered a ruptured cell and bound to proteins in the nucleus. [Author’s image]
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1.2.4 Summary

This review of the literature shows that through extensive research concerning

articular cartilage, there is a wealth of information about its structure and function.

Most people agree on the original theory proposed by Benninghoff [16], while adding

to it with newly elucidated information on the structural intricacies of articular

cartilage. What would benefit the literature at this point would be application of the

current information to identifying and potentially halting the advance of OA at the

pre-early stage [160]. New guidelines put in place by Aspden et al. [140] surrounding

impact loading makes it easier to compare results between research facilities and

adhering to these would be advised. Analysis of cell viability in the tissue also seems

to be important as it can occur when no macroscopic evidence of damage is visible,

with a simple viable/non-viable contrast stain giving ample information. Further

research in the area of impact loading of articular cartilage must be done, and

the effect of pre-early stage degenerative changes on the mechanical and structural

response examined in terms of vulnerability to PTOA initiation. As discussed in the

section on structure, AC is a highly hierarchical tissue. Small changes on the micro-

nano scale can have a large impact on the overall tissue mechanical and structural

response. AC therefore needs to be examined on a macro, cellular and nano level to

fully understand the integrated tissue response to impact loads.
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Chapter 2

Research Objectives

2.1 Objectives

This research aimed to investigate the response of articular cartilage to impact

loading using the bovine patella model of osteoarthritis. By taking a multi-scalar

approach this research will explore the hierarchical nature of articular cartilage,

using a combination of mechanical testing, cell viability analysis and micro/nano

scale tissue structure analysis to develop a multi-scale, integrated theoretical model

of articular cartilage response to impact injury.

This research will attempt to answer the following important questions:

1. How vulnerable is healthy articular cartilage to structural damage following

impact loading? (Chapter 4)

2. Do mild degenerative changes to the collagen matrix affect articular cartilage

vulnerability to impact loading? (Chapter 4)

3. Does the failure mechanism differ between healthy and degenerate articular

cartilage? (Chapter 5)

4. How does impact loading of cartilage with mild tissue degeneration affect the

chondrocyte response compared to healthy tissue? (Chapter 6)

5. How does cartilage tissue vulnerability to impact induced damage correlate

with the cell response, and how does mild tissue degeneration influence this

correlation? (Chapter 7 - Concluding remarks)

This thesis utilizes skills from multiple disciplines including science, engineering,

and biology. The structure of articular cartilage will be visualized using differential

interference contrast microscopy, transmission light microscopy, fluorescent microscopy

as well as scanning electron microscopy. The existing level of degeneration will be

graded using a macroscopic scale developed by Outerbridge [94]. Impact loading

will be delivered by a custom made drop tower as described in chapter 3.
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2.2 Relevance

It is proposed that studies of this nature will contribute to a deeper understanding of

the link between biologically mediated microanatomical and physiological changes,

vulnerability to injury and the initiation of post-traumatic osteoarthritis. Further,

the multi-scalar biomechanical link between structural and cellular response to

impact induced injury is a crucial cornerstone of post-traumatic osteoarthritis knowle-

dge. This research is strongly health and community based, having both significant

clinical relevance and socio-economic implications. This data contributes to the

creation of accurate multi-scalar models of articular cartilage, and the response of

this tissue to impact loading will bring us closer to a comprehensive understanding of

the initiation of post-traumatic osteoarthritis and the risk of injury to already mildly

degenerate joints. Understanding how articular cartilage responds to extremely

high strain-rate loading is also useful for the creation of accurate materials for

osteochondral repair or replacement.
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Chapter 3

Rig Construction

3.1 Requirements

A new impacting system was required to replace an existing large pendulum impact

rig as it was seen to be rather unstable and not as accurate as could be possible. This

new system had to ensure simple linear motion for ease of analysis. The ability to

change the amount of energy delivered in each impact was also a vital consideration,

as this would give the ability to cause various levels of impact damage. During the

impact, measuring the force occurring will give important information. Based on

previous studies, it was determined that impact velocities between 2-4 ms−1 would

be required to simulate impact injuries occurring during vehicle accidents [3]. The

impact could be recorded with a high speed camera to determine this impact velocity.

According to a letter to the editor written by Burgin and Aspden, many studies

recently have claimed to demonstrate impact loading yet the strain rate used during

the tests are comparatively slow [140]. For an impact to be considered as such,

load-rise times on the order of milliseconds or shorter should be used as well as at

least one of the following: loading rates in excess of 100 kNs−1, stress rates greater

than 1000 MPas−1 or strain rates greater than 500 s−1. The impact rig designed for

this study should then adhere to these guidelines.

3.2 Design

3.2.1 Mechanical

A series of initial design sketches are shown in figure 3.1. Once the design was

finalized the individual parts were created in the computer aided design (CAD)

program PTC Creo 2.0. This was used to check parts clearance, functionality and

to provide accurate drawings to give to the engineering workshop. A series of CAD

renders are shown in Figure 3.2.
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The final design was then sent to the engineering workshop for fabrication. The

lead engineer was consulted throughout the entire process, with minor adjustments

and alterations made along the way. The slider carriage was CNC machined from a

block of solid aluminium, whereas the base plate and upright section were made from

steel. The original linear bearings ordered were not as completely friction-free as

originally hoped. As such, taking advice from the workshop team they were replaced

with teflon bushings that were slightly larger than the hardened steel vertical guide

rods. The attempt to make a catching mechanism to ensure the indenter does not

hit the sample more than once was mired by complications, leading to the design

being dropped completely and caught by hand instead.

Figure 3.1: Series of sketches showing the progression of drop tower design. a) First

design using linear slide bearings. b) Crosshead detail showing location of load cell and

other functionality. c,d) progression of carriage development to linear rod bearings, and

slimming down to reduce weight and increase flexibility of applied energy.
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Figure 3.2: Series of CAD renders highlighting the final design. a) Slide carriage assembly

optimized to low weight. b) Slider release mechanism. c) Final assembly before release.

d) Final assembly sample holder and catch mechanism. e) Final assembly overview.

The final design of the impact system utilized a vertical drop layout similar to

other designs [142, 143, 161]. The tower consisted of two vertical, parallel stainless

steel rods 1000 mm in length and 20 mm in diameter. These shafts were used to

guide an impactor carriage during its fall and were mounted between two steel plates

to ensure they stay in place. The impactor carriage was held prior to dropping using

a spring loaded steel latch that could be moved up and down to adjust the height of

each drop. The carriage was designed to be as light as possible so that extra weights

could be added to adjust the mass of the impactor. The render of the drop tower

from PTC Creo 2.0 can be seen in Fig 3.3 compared to the final constructed version.

The carriage was designed so that various different indenter geometries could be

attached using a long bolt with an M6 thread on each end. This way, weights could

be added directly over the center of the carriage. A 10 mm cylindrical indenter was

used in most studies, made from PVC with the edges slightly rounded to reduce

artifact damage caused by a cutting effect. This can be seen in Fig 3.5 along with

the final carriage design which weighs a total of 700 g. Using the formula given

below to find gravitational potential energy, two drops heights of 231 mm and 334

mm were calculated to deliver 1.6 J or 2.3 J of energy respectively.

4U = mg4 h
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Figure 3.3: A 3D render of the designed drop tower shown next to the completed version

3.2.2 Instrumentation

A 9021A piezoelectric force transducer (Kistler Instruments Ltd., AG, Schweiz,

Germany) was fitted to the carriage just above the indenter to provide load information

during impacts. This transducer has a range of 35 kN and threshold as low as 0.01 N.

A custom made, highly insulated coaxial cable was used to connect the transducer

to a charge amplifier (Model 5015A, Kistler AG.) and recorded at a rate of 200

MHz using a digital oscilloscope (TDS 360, Tektronix, Beaverton, OR, USA). The

sensitivity given by the manufacturer was initially input to the charge amplifier,

before the testing and calibration was completed.

The impact collision was recorded at 2000 frames per second using a high-speed

camera (i-speed 2HG, Olympus NDT Inc., Waltham, MA, USA). The camera was

fitted with a 75 mm f1.4 lens (Computar, CBC Americas Corp., Cary, NC, USA)

and the subject was illuminated using a low-heat LED light source to minimize

water loss from the sample due to evaporation. The high-speed camera was placed

so that it was recording the impact horizontally, with the sample surface parallel to

the camera. This allowed the motion to be tracked using i-Speed suite 3.0.2.6, the

software package included with the camera. A capture of the software being used

is shown in Figure 3.6, where the calibration of the software using the width of the

indenter is shown in Figure 3.6a, and the tracking of motion is shown in Figure 3.6b.
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An overview of the instrumentation can be seen in Figure 3.3, while the high speed

camera can be seen in Figure 3.4. The high speed camera was positioned so that

it was perpendicular to the tower axis and directly horizontal to the sample holder,

ensuring parallax measurement errors were kept to a minimum and the velocity

measured was purely vertical.

Figure 3.4: High speed camera set up to track the vertical motion of the indenter. Note

positioned in line with sample area to reduce parallax error.

3.3 Testing and Evaluation

The force transducer was calibrated by placing it in an Instron testing rig (Electropuls

E3000, Instron Pty Ltd., Melbourne, Vic, AUS). A set load was applied and the

output charge was recorded. This was done for 500, 1000 and 1500 N, and used to

find the actual sensitivity of the device. This value was input to the charge amplifier,

and the same loads applied again with the charge amplifier displaying force to make

sure the calibration was correct.

The consistency of the load cell results were checked by conducting impact tests

on a rubber sheet. 20 impacts were done on two pieces of rubber cut from the same

sheet. The peak force was recorded for each, giving a few seconds in between each

test for the rubber to recover. The average max force when dropped from 1.6 J was

1.1515 N for the first piece and 1.1290 N for the second, with a standard deviation of

0.02834 and 0.02269 respectively. This is only 2.46 and 2.01% of the respective mean

force measured, and was considered an acceptable level of error. After the first set
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of actual experiments, the variation in the measured force for impacts on cartilage

was around 9% of the mean. This value is not much higher than the inherent error

of the device so was reasonable.

Figure 3.5: Final carriage design showing 10mm cylindrical PVC indenter used, as well as

weights attached and piezoelectric force transducer
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Figure 3.6: View of the i-speed software used to track indenter position and calculate

impact velocity. a) shows calibration of the software by setting a known distance (the

width of the indenter). b) shows how a set point on the indenter was tracked frame by

frame, with the software providing the velocity of the tracked point.
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Chapter 4

Macro-Micro Scale Vulnerability

4.1 Introduction

Although the aetiology of primary osteoarthritis is still poorly understood [12], it is

well known that joint trauma can lead to the later onset of AC degeneration, also

referred to as post-traumatic osteoarthritis (PTOA) [12, 119, 46, 111, 70]. Sudden

overloading in which the joint complex is ‘unprepared’ is commonly encountered

in high performance sport or road traffic accidents [3] and can cause joint trauma.

Essentially the joint receives a high velocity loading without any reaction time for

the muscles to help attenuate the force. That such loading can damage the AC

and lead to the development of PTOA has been a topic of considerable interest

among researchers. Importantly the extent to which the cartilage tissue mechanical

and structural properties influence the tissue vulnerability to sudden loading is of

interest to the present study.

Previous studies have used established static mechanical testing protocols to

determine the biomechanical properties of the AC [130, 136, 162, 147, 163]. As AC

contains 60-80% water in its fully hydrated state the deformation of the tissue is

dependent on the ease with which this water can be driven out of the ultralow

permeability matrix. AC is therefore highly rate-dependent in its compressive

response and has been previously described as poro-visco-hyperelastic [147]. Fluid

movement is restricted at higher rates of loading, causing the cartilage to act as

a quasi-elastic material providing the stress is not too high [12, 119]. A similar

conclusion was reached by Fulcher et al. [117], who determined that in response

to high frequency cyclic loading the cartilage exhibits a viscoelastic response with

a higher storage modulus while the loss modulus remains constant [117]. The

viscoelastic response of articular cartilage is also supported by other studies [145].

The extra energy at higher frequency loading is stored in the tissue, potentially

dissipated by the formation of cracks [117]. The response of AC to a dynamic impact

load therefore differs greatly to the response found during slow, static loading.
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Recent studies by Thambyah and Broom [32, 164] examined the structural

damage found in AC after dynamic impact injury, describing in detail the various

types of damage observed in both healthy and mildly degenerate mature bovine

tissue. They discovered that mildly degenerate AC failed at lower impact energies,

causing greater structural damage deeper in the cartilage matrix [32]. Other impact

studies showed that severe damage may be limited to the surface layer [141], or

extend to the subchondral bone [165, 166], or damage the cellular components of

the matrix without any macroscopic evidence of failure [139].

An earlier study from this lab [32] showed that there were different microstructural

responses to impact loading between healthy and degenerate bovine patella AC-on-

bone samples. More recently, work from this lab [48] also showed that the bovine

patellae exhibited a range of tissue degeneration similar to that seen in human OA

from pre/early to moderate degeneration, which was correlated with the OOCHAS

[92] and Mankin scales [93]. Specifically, pre-to-early OA corresponded to OOCHAS

scores of 0 to 2, while early-to-mid level OA reflects a score of 2-4 [48]. Therefore

the aim of this new study was to utilize this bovine model of to determine how the

subtle changes from early-to-mid OA might influence the joint tissue response to a

traumatic event.

4.2 Methods

4.2.1 Tissue Selection and Test Groups

A total of 44 patellae were collected from freshly slain, mature female bovine animals

(age range ∼5-8 yrs) and stored at −20 ◦C. The patella is a sesamoid bone consisting

of uniformly dense cancellous bone, located at the front of the knee joint. It is

attached to the femur via the quadriceps tendon, and to the tibia via the patella

tendon (an extension of the quadriceps tendon) [1]. The posterior surface can be seen

in Fig 4.1. Prior to testing each patella was thawed in cold running water for at least

30 min. This single freeze-thaw process has been shown to cause no disruption to the

biomechanical properties of articular cartilage tissue [167, 168, 169]. A cartilage-

on-bone sample with en face dimensions ∼15 mm square and 15 mm deep was

extracted from the distal-lateral region of each patella using a hacksaw. Previous

studies have shown that the distal-lateral quadrant of the bovine patella is a region

where degenerative changes are first observed. Also, this quadrant is relatively flat

and an ideal sample site for mechanical testing [48, 141, 32]. Each sample was

embedded in a custom-built stainless steel holder using dental cement, ensuring

that the cartilage surface was positioned horizontally so that it lay parallel to the

indenter surface. The samples were covered in tissue soaked in 0.15 M saline to keep
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the cartilage hydrated before the impact event.

Four test groups (G0 to G3) were established based on the level of degeneration

according to the Outerbridge scale [94], and identified by staining the cartilage

surface with India ink (Figure 4.2). For each level of degeneration ten patellae were

tested, and one was kept aside as an un-impacted control.

Figure 4.1: Posterior surface of a bovine patella. Articular cartilage is visible, and the

tendon attachment sites are labelled along with the medial and lateral facets.

4.2.2 Impact Loading

A custom-built free falling impact setup was used for this study as described in

Chapter 3. This vertical testing configuration was considered easier to interpret

than previous pendulum-based impact setups as it utilized motion in only one plane,

and minimized any secondary shear effects. The 700 g indenter was released from

334 mm to give 2.3 J of potential energy (E = mgh). The impact energy used in the

present study is consistent with that used in our previous work [32] and was shown

to cause visible damage to the articular surface. Importantly the resulting range of

peak stresses are similar to those that have been reported in previous studies using
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Figure 4.2: Example of macroscopic degeneration. The red dashed line shows the sample

site (distal lateral). Black staining is fibrillation shown using India ink.

different impact loading protocols previously [116, 135]. The mean impact velocity

was 2.80 m/s. Similar impact energy values have been used previously and were

shown to cause visible damage to the articular surface [116, 32, 135].

The impact event was recorded using a high speed camera (2000 fps: i-speed

2HG, Olympus NDT Inc. Waltham, MA, USA) fitted with a macro lens and using

a low heat LED light source to minimize any drying out of the sample. The camera

was used to track the motion of the indenter from a side view of the impact which was

then analysed (i-Speed Suite 3.0.2.6., Olympus NDT Inc.) to determine the impact

and rebound velocity of the indenter. The kinetic energy lost during the impact,

known as the coefficient of restitution (CoR) was determined from the ratio of the

impact and rebound velocities. The force transducer and charge amplifier provided

force-time data which was used to determine both the peak stress and time to reach

peak stress. Peak stress was obtained by using the maximum force experienced
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during the impact divided by the cross section area of the 10mm diameter indenter.

4.2.3 Microscopic Examination

After impact the samples were fixed in 10% formalin and then mildly decalcified

in 10% formic acid for three days. The sample was then thoroughly rinsed to

remove any residual chemicals. The sample was transected perpendicular to the

articular surface approximately through the center of the impacted region and 30

µm thick cryo-sections incorporating the full depth of structure from the articular

surface down to a depth of ∼3 mm into the subchondral bone were obtained using a

sledging microtome. These sections were then examined in their fully hydrated state

using differential interference contrast microscopy (DIC, Nikon Eclipse 80i, Nikon

Instruments) in order to determine the extent of damage caused by the impact. The

thickness of the cartilage layer and calcified zone were also measured from these

sections using the measure tool in Adobe Photoshop , taking a mean thickness from

across the section length (Photoshop CS 5.1, Adobe Systems Incorporated, San Jose,

California, US).

4.2.4 Damage Quantification and Vulnerability Score

The impact induced structural damage was analysed microscopically and a system of

damage quantification was employed that was a slight modification of that previously

developed by Kim et al. [141]. This system describes various types of damage

commonly found in cartilage (Type I – IV). Type I damage describes the formation

of a single fissure or branching fissures in the AC without loss or delamination of the

AC. Type II damage occurs when a fissure extends into the deep zone of cartilage.

Type III damage is where AC delaminates along the calcified cartilage tidemark.

Lastly, Type IV damage occurs when a fissure penetrates through the entire AC

depth and into the subchondral bone. The rationale for this classification system

is also based on some assumptions on how post traumatic OA might be initiated

from an injury [71, 14]. For example Type IV damage involving subchondral bone

fracture is likely to initiate more biological responses than cartilage delamination

along the osteochondral junction and hence leads to a higher vulnerability scoring.

This microscopy-based classification system is more detailed than other macroscopic

structural examinations used previously [116, 170], where damage only in the surface

was examined. Other studies have also used histological and cell death analysis to

determine damage cause by impact loads [116, 171, 146, 148], which were not used

in the present study. The DIC technique we use is carried out on fully-hydrated

cartilage-bone tissue samples that have only been mildly decalcified. The complete

cartilage-bone section is imaged and gives a greater understanding on the depth and

type of damage occurring across these tissues. Thus the damage criteria defined
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above were used to derive a vulnerability score for each group of samples.

To do this, the total damage found in each sample was combined into a “vulnerability”

score to quantify its susceptibility to impact induced injury and involved assigning

a weighting to each type of damage based on how that damage could lead to a

further progression of PTOA. An aggregated numerical score
∑

n was given to each

impacted sample based on the types of damage present with types I to IV yielding

damage scores (n) of 1 to 4 respectively. Thus, each impacted sample could yield a

total possible score of 10.

4.2.5 Statistical Analyses

A Kruskal-Wallis test was performed to determine differences in distribution across

all levels of degeneration and an independent sample median test was used to identify

any significant differences in sample medians between groups (SPSS, IBM, Armonk,

NY, USA). These non-parametric tests were used because of the small sample

size in each group, although an independent sample T-test was also trialed with

a significance level of p<0.05.
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4.3 Results

4.3.1 Control Tissue Morphology

Un-impacted samples were examined using DIC microscopy to image any existing

degeneration present in each of the four sample grades (G0 – G3). The surface

layer can be seen in Figure 4.3. The surface layer of G0 samples was visibly smooth

with little disruption. In G1 samples, the surface layer had small irregularities in

the tangential zone and a greater number of cell clusters. G2 samples had a highly

irregular surface layer, with large clefts extending through the transition region. G3

samples did not have an effective surface layer at all, instead consisting of many

fissures which extended past the transition region into the mid-deep zone. Both

the G2 and G3 samples exhibited occasional in-phase fibrillar crimping within loose

collagen leaves (see arrows in Figure 4.4c). There was also presence of fibrillar

aggregation in the deep matrix as seen in Figure 4.4d.

Figure 4.3: Pre-existing surface morphology for each level of degeneration. (a) Grade

0, (b) Grade 1, (c) Grade 2 and (d) Grade 3. Black arrows show presence of surface

non-uniformities in G1 tissue.
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Table 4.1: Thickness measurement of AC and ZCC. All results were significant when

compared to the G0 control (p<0.05). N=10 for each level of degeneration.

Level of Mean cartilage Mean calcified zone

degeneration thickness (mm) thickness (mm)

G0 2.21 (SD 0.08) 0.16 (SD 0.01)

G1 2.66 (SD 0.08) 0.23 (SD 0.01)

G2 2.82 (SD 0.07) 0.29 (SD 0.01)

G3 2.51 (SD 0.12) 0.28 (SD 0.01)

Figure 4.4: Mid-deep zone fibril destructuring. (a) Grade 0, (b) Grade 1, (c) Grade 2 and

(d) Grade 3. White arrows show crimp and fibril aggregation

The mean cartilage thickness values are shown in Table 4.1. There was a ∼27%

increase in thickness progressing from degeneration grade G0 to G3 and a reduction

of ∼11% from G2 to G3. The thickness of the zone of calcified cartilage (ZCC) also

increased by ∼73% from G0 to G2.
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4.3.2 Mechanical Response to Impact

The average rise time to reach peak load was 0.61 milliseconds, which is within

the range for which loading is considered to be an impact load [119]. The mean

peak stress during each impact was found to decrease with increasing degeneration

(Figure 4.5). However, the differences were only significant between G0 and G2, and

G0 and G3. When compared to the normal G0 samples, the mean impact stress of

G3 samples was 14.2% lower.

The mean coefficient of restitution (CoR) for each level of degeneration was also

found to decrease slightly, except in the G3 group where it increased back to a similar

value to the G1 group (Figure 4.6). The only significant change in CoR occurred

when comparing G0 to G2, where the CoR dropped by 39%.

Figure 4.5: Mean peak stress (MPa) occurring during impact loading of articular cartilage.

Values presented are mean and error bars represent SD. N=10 patellae for each group. *

indicates statistically significant difference (p≤0.05).
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Figure 4.6: Coefficient of restitution occurring during impact loading of articular cartilage.

Values presented are mean and error bars represent SD. N=10 patellae for each group. *

indicates statistically significant difference (p≤0.05).
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4.3.3 Structural Damage

Figure 4.7(a-d), shows the range of damage types, I to IV, found in the impacted

samples. Type I damage (Figure 4.7a) is limited to fissure development extending

no further than the mid radial zone of the AC. These fissures present as single

oblique cracks (X) or pairs of oblique-counter-oblique cracks (Y), some of which on

extending further into the mid zone became more radially oriented. The image in

Figure 4.7b is an example of type II damage, which comprises a similar fissure to

type I but extends deeper and closer to the subchondral bone. The images in Figure

4.7c and 4.7d show examples of much more severe damage, that is type III and type

IV respectively. In type III (Figure 4.7c) the full-depth cartilage fissure did not

progress into the subchondral bone but produced a substantial delamination of the

AC at the tidemark whereas in type IV (Figure 4.7d), the fissure has propagated

through the zone of calcified cartilage (ZCC) and deep into the subchondral bone.

Figure 4.7: Examples of damage caused by traumatic impact. (a) Type I where damage

is contained within the upper one third of the cartilage matrix. (b) Type II representing

deeper matrix cracks. (c) Type III showing more extensive damage with delamination

at the calcified cartilage junction. (d)Type IV as the most significant damage where the

fracture propagates down to subchondral bone.
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Figure 4.8: The deep zone matrix of a G2 sample is shown. (a) Fibrillar structure adjacent

to region of impact indicates that the fibrillar structure is still intact. (b) In the directly

impacted region there is severe collapse of the matrix.

The development of types I and II damage was more prevalent in G0 and G1

groups than in G2 and G3 groups, with the latter generally displaying more type

III and IV damage. G3 samples exhibited the highest amount of type IV damage

and G1 samples showed the highest number of type I damage. G1 samples also

exhibited the presence of a more disrupted surface layer (Figure 4.7b) compared

to the G1 control (Figure 4.3b) as a result of the impact. A closer examination

of the directly impacted regions at higher magnification showed the presence of

fibrillar crimp deeper than just the articular surface in G2 and G3 samples (Figure

4.8). Figure 4.9 shows the mean vulnerability score for each sample group. When

compared to the G0 samples, the only significant change in vulnerability was for the

G1 samples which were 88% more vulnerable.
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Figure 4.9: Vulnerability score for each grade of articular cartilage based on structural

damage occurring post-impact. Values presented are mean and error bars represent SD.

N=10 patella for each group. * indicates statistically significant difference (p≤0.05).

4.4 Discussion

The present study investigated the effect of a single impact of known energy and

velocity on bovine patellae articular cartilage with varying stages of existing degenera-

tion. While a large majority of previous studies confirm the consistency of the

cartilage degeneration to occur only in the lateral region distal to the knee joint

[36, 69, 48], we are not certain if this localized degeneration is a result of overloading

or an inherent structural or material deficiency. A previous study has suggested that

regions on the tibia plateau of overload and less favorable properties are more prone

to OA [172]. Although we do not have late stage OA tissue from the bovine patellae

obtained from the local abattoirs where cattle are slain at between 5 to 9 years,

we may be able to utilize the insight from the previous study [172] to predict the

progression of the mild to moderate cartilage degeneration we observe in the bovine

patellae to fully developed OA. This reinforces our earlier work suggesting the bovine

patella as a pre-to-early model of OA [48].

The measured thickness of articular cartilage increased as the level of degeneration

increased, implying a swollen cartilage due to a loss of fibril network integrity

[101, 150, 39, 32]. This did not hold true for the G3 group which had a decreased

articular thickness, likely due to the loss of an effective surface layer. This cartilage

swelling has also been reported previously in other work on cartilage degeneration

[94, 173, 174, 139]. This degradation of the collagen fibril architecture is reflected in
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the ability of tissues to resist impact loads, causing them to become more compliant

even at high strain rates [32]. It has been shown that abnormally swollen cartilage

matrix is significantly less stiff than the normal matrix [12, 150, 20, 175] and also

undergoes a destructuring process in which the fibrils lose much of their repeating

interconnectivity and revert to a more aligned and aggregated architecture [150, 39].

An overly softened AC will clearly be less effective both in sustaining high stresses

without risk of structural damage and in functioning as a load-spreading layer [39].

Considering the mechanical data (Figure 4.5 and 4.6) and in view of the vulnerab-

ility scores (Figure 4.9), an important finding is that while mechanical changes only

appear to occur beyond the G1 state, the impact-induced damage in this state

is significantly intense. Interestingly there were no significant differences in the

vulnerability scores of G2 and G3 compared to G0. However the limitation in the

vulnerability score technique used in the present study is the increasing difficulty in

distinguishing between pre-existing cartilage damage versus impact-induced damage.

That the vulnerability scores for G2 and G3 were not significantly different to the G0

group thus does not imply that the actual vulnerability is not different, but may be

more representative of the limiting sensitivity of the vulnerability score technique to

pre-existing damage. Nevertheless, for the G1 group, the scoring was more robust,

as the pre-existing state of the tissue (see Figure 4.3b) was free from any overt

cartilage disruption, and the consistent scoring was also reflected in the relatively

small variation in the data (see SD bar in Figure 4.9).

It is known that G1 cartilage contains some inherent fibrillar matrix destructuring

[176, 150, 65, 66, 36, 69, 32] which may then be used to explain why the crack tips

following impact end much deeper in the matrix compared to G0. Further, that

the G1 cartilage has surface non-uniformities (as indicated by the arrows in Figure

4.3b), adds an additional factor that could have increased the tissue vulnerability

to crack propagation into the deeper matrix [177].

Since the groups of tissue used in the present study include progressively increasing

levels of degeneration, in the next few sections we discuss the mechanical and

structural data in relation to the transition from a healthier tissue state to the

next level of degeneration.
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4.4.1 Transition from G0 to G1

The change in structure from healthy articular cartilage to the mild surface fibrillation

and swelling present in G1 grade cartilage is associated with a much higher prevalence

of damage to the articular surface and underlying bone structure. This is most likely

due to the existence of fibril aggregation still confined by the energy spreading surface

layer [101, 178]. It has been shown previously that degenerate tissue undergoes larger

axial displacement under impact, generating higher tensile stresses in the surface

layer as the fibrils are pulled towards the central indentation site [35, 179, 180].

These higher tensile stresses are likely to lead to development of more fissures, that

can propagate through the de-structured fibril matrix of degenerate tissue more

easily than through the normal tissue, due to a reduced degree of interconnectivity

between fibrils and their aggregation into bundles. The fissure requires less energy

to propagate, leading to greater damage to the calcified cartilage interface and the

subchondral bone beneath. The earlier studies by Alexander et al. [165, 181] show

the significance of the cartilage and subchondral bone as a single functional unit,

where by creating damage in the cartilage the subchondral bone remodels in response

[165, 181]. Their studies demonstrate a ‘mechanobiological’ continuum between the

articular cartilage and underlying bone. In the present study, with the increased

thickness of the ZCC in the G1 samples, it may be implied that the resulting

altered mechanical environment will influence load transmission to the subchondral

bone. Thus whether the ZCC structural changes in early degeneration (G1) is an

adaptation to protect the underly-ing bone is an intriguing question that requires

further investigation.

In the mildly degenerate G1 samples we propose that a combination of surface

non-uniformities and a subtle reduction in fibrillar interconnectivity allows cracks to

progress deeper and cause more damage. Numerous previous studies have shown how

in G1 cartilage from the bovine patellae, there is mild matrix fibrosity, indicative

of fibrillar destructuring [176, 150, 65, 66, 36, 69, 32]. What may have occurred

is that in the G1 cartilage, the surface irregularities coupled with some fibrillar

destructuring in the upper regions of the matrix, could have predisposed the tissue

to rupturing with a deep crack. Thus it may be the case that the propagation of

the crack into the deeper matrix in G1 samples, enabled by fibrillar destructring in

the upper matrix, is ultimately halted by relatively intact fibrillar interconnectivity

in the deeper matrix.
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4.4.2 Transition from G1 to G2

As degeneration progresses from G1 to G2, the surface layer becomes more eroded

(Figure 4.3b-c). This decreases the energy distributing properties of that layer as

there is a less continuous arrangement of fibers in a direction that is parallel to the

surface, and instead exposes the de-structured radial fibers (as seen in Figure 4.4a)

to the impact energy. As collagen fibrils are weak in compression, this causes the

fibril architecture to buckle, producing the crimping effect observed in Figure 4.4b.

The impact stress and CoR results indicate that the removal of this surface layer

may be responsible for the dramatic change in the tissue’s mechanical properties.

Both the impact stress and CoR decreased in G2, indicating a greatly reduced elastic

response. The interconnectivity of collagen fibers is further reduced in G2 cartilage,

compared to G1. Further, the fibrillar ‘destructuring’ in G2 is also accompanied

with an increased level of fibrillar ‘aggregation’ into significant bundles. Arguably

this aggregation into strongly aligned radial bundles could make it much easier for

a crack to propagate through the matrix compared to earlier grades.

4.4.3 Transition from G2 to G3

The articular surface of G3 grade tissue is highly disrupted and mostly non-existent,

as seen in Figure 4.3d. When an impact of high energy is applied to severely

degenerate G3 cartilage the peak stress does not increase compared to G2. The

common factor in these two grades is the lack of an effective tangential surface

layer. Coupled with a degraded collagen fibril architecture both the G2 and G3

matrix would be subject to greater fibrillar-scale buckling and increased transfer

of load to the underlying bone structure. However with the G3 cartilage tissue

showing more fibrillar destructuring, the load transfer to the underlying bone would

be greater. This would be consistent with an increase in CoR (Figure 4.6) where a

more elastic response is a result of the involvement of the inherently elastic bone in

attenuating the impact. Additional support for this suggestion of the involvement

of the underlying bone comes from previous studies showing the advance of the

bone cement line in G3 type samples, due to microscale bone remodeling, which

was suggested to be able to alter the mechanical response of cartilage under weight-

bearing [48, 68, 182]. This could be occurring in our G3 samples as the ZCC thickness

is decreased compared to G2 as seen in Table 4.1.
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4.4.4 Discussion Summary

A schematic representation of what the author believes to be occurring during impact

for the different levels of degeneration studied is shown (Figure 4.10). When an

impact load is applied to G0 tissue, the energy is largely distributed via the load

spreading surface layer and the highly connected fibrillar network. While most of the

energy from impact is returned to the indenter as evidenced by the high peak stress

and CoR, we propose that a large extent of the energy is also distributed laterally

(Figure 4.10a). This idea becomes clearer when comparing with G1 where the surface

layer which is mildly degraded and the collagen network shows signs of destructuring.

The surface layer microscale degradation is probably not large enough to show a

significant difference in CoR compared to the G0 and hence is able to distribute

forces laterally (Figure 4.10b). However the lack of fibrillar interconnectivity, even

though slight, is probably sufficient to reduce the effect of lateral energy distribution

in the deeper matrix and hence lead to a higher vulnerability score. The idea of a

zonally-differentiated lateral distribution of force or energy involving the role of the

surface layer and an interconnected fibrillar matrix is thus ultimately reinforced in

the final scenario where in G2 and G3 tissue there is a lack of these two significant

structural components. Here the force is transmitted directly to the underlying

bone and the energy distribution is largely confined to within the region of indenter

footprint (Figure 4.10c). The radial matrix collapse (Figure 4.10d) that follows from

such a direct impact and lack of energy return back to the indenter is consistent

with the data that shows the collapsed structure and decreased CoR. From the

data presented in this study, it is proposed that mild and subtle inherent structural

changes in cartilage, both in the surface of the tissue and at the fibrillar scale, will

have a significant effect on the extent of damage following impact load.
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Figure 4.10: From the data of the present study the following conceptual schematics are

used to propose the effects, on load distribution, of structural changes associated with

early stage degeneration. The black arrows show the applied direction of impact force,

and the red arrows are indicative of the proposed direction of the reaction forces. The

yellow oval highlights the possible area and its relative opacity represents the intensity of

energy distribution. (a) The G0 group is represented showing an intact surface layer and

well interconnected fibrillar network. (b) G1 cartilage, showing intact surface layer and

swelling-induced increase of thickness. There is slight fibrillar destructuring and hence

a smaller distribution of energy. (c) Representation of G2 and G3 cartilage where there

is an absence of an effective surface layer and increased levels of fibrillar destructuring

and aggregation. The location of the reaction force is shown to be at the cartilage-bone

junction to highlight the lack of attenuation of the impact energy by the cartilage matrix.

(d) Showing the idea of fibrillar matrix radial collapse following impact of G2 and G3

samples.
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4.4.5 Conclusion

The impact mechanical properties of mildly degenerate (G1) articular cartilage

were not significantly different to healthy articular cartilage (G0) but showed a

significantly larger amount of structural damage after impact. From comparing the

mechanical and structural response of intact and mildly degenerate cartilage, to

tissue showing further increased macro-scale tissue degeneration, the significance

of the surface layer and fibrillar scale transverse interconnectivity in effectively

attenuating impact loads is demonstrated in this study. This study shows that even

though articular cartilage can appear visibly normal under macroscopic observation,

the micro-scale structural changes associated with very early stage osteoarthritis can

significantly increase its vulnerability to impact damage.
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Chapter 5

Micro-Nano Scale Vulnerability

5.1 Introduction

Previously in Chapter 4 the mechanical response of articular cartilage (AC) during

impact loading was evaluated and compared with the macro/micro level structural

damage caused to find its vulnerability. It was found that mildly degenerate AC

had similar mechanical properties to healthy AC, yet was the most vulnerable to

serious disruption of the tissue due to impact loading. It was concluded that the

mild fibrillar destructuring confined by a disrupted strain limiting surface layer as

seen under differential interference contrast microscopy was the cause of this large

increase in vulnerability.

Following on from this study, a smaller subset of samples were chosen to be

evaluated using scanning electron microscopy to examine any ultrastructural changes

in the AC matrix which would affect the propagation of damage. There are many

models for the structure of articular cartilage, the biphasic model assumes a single

porous solid phase (collagen) which does not interact with the liquid water phase

and can be fluid dependent or independent [183]. The fibril reinforced model

adds a fibrillar network to the homogeneous biphasic model, assuming collagen

has no compressive strength [162]. Broom and Silyn-Roberts [100] has shown

cartilage to consist of a much more complicated arrangement of fibrils than those

modeled. Using transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) they were able to show how radial fibrils are linked by a weave

of transverse connecting fibrils [100, 101, 150, 32, 39]. These transverse fibrils

are thought to be a mechanism of stress distribution in the AC system, the loss

of which could lead to serious loss of functionality. From earlier studies it is

known that mildly degenerate G1 tissue contains some inherent fibrillar matrix

destructuring, potentially explaining the large increase in vulnerability found in

Chapter 4 [176, 150, 65, 66, 36, 69, 32, 95]. A study by Lewis and Johnson [184]

has already examined the failure mechanisms of articular cartilage as a result of
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naturally occurring osteoarthritis. They found that naturally occurring fibrillation

was caused by delamination of collagen lamellae in the surface and transition layer

followed by fibril peeling in the deeper regions.

The aim of this study was to use scanning electron microscopy (SEM) to demonstr-

ate the ability of these interconnected fibrils to halt impact induced crack propagation,

how subtle structural destructuring can affect their ability to do so, as well as how

similar the failure mechanism is to that of natural fibrillation shown previously.

5.2 Methods

5.2.1 Tissue Preparation and impact

Samples were acquired, sorted into grades and impact tested as described earlier in

chapter 4.2.1. A total of 14 samples were examined for this study, six healthy G0,

six mildly degenerate G1 and two moderately degenerate G2. One sample from each

group was left unimpacted as a control. After the impact event, samples were placed

in formalin to fixate the tissue and formic acid to decalcify the bone as described

previously (Chapter 4). The impact event was also recorded with a high speed

camera as described previously, and the peak stress occurring during impact also

recorded. These were compared to the values previously found in Chapter 4.

5.2.2 SEM Preparation and Analysis

Prior to SEM, 30 µm thick cryosections were prepared as described in Chapter 4.2.1.

These sections were then rinsed thoroughly in hexane to remove excess fat from the

subchondral bone. The sections were then put through a series of dehydration

steps using increasing concentrations of ethanol. They were first placed in 50%

ethanol solution for 20 minutes before being transferred to 60%, 75%, 90% and

100% solutions for the same period of time. The sections were then critically point

dried using liquid CO2. This involves rinsing the ethanol from the samples under

pressurized liquid CO2, and then increasing the temperature and pressure of the

CO2 until it reaches the triple point of 31.5◦C and 1100 psi. At this point all the

liquid turns instantly to gas, producing negligible tensional forces on the specimen

compared to conventional air drying.

After critical point drying, sections were laid out flat on steel SEM sample stubs

using conductive carbon adhesive stickers. They were then sputter coated (Quorum

R Q150RS) with a 20 nm layer of platinum to prevent charge buildup during the

SEM process. Finally the samples were placed into the SEM (Phillips XL30 FEG,

Netherlands) and examined using backscatter electrons at a beam voltage of 5.0 kV.
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Figure 5.1: Arcade of collagen fibrils as seen with a scanning electron microscope. The

red line shows the direction of collagen fibrils as they transition from the radial deep zone

to become parallel to the articular surface.

5.3 Results

The arcade of collagen fibrils as described by Benninghoff [16] was clearly visible

using the SEM, as well as the disorganized nature of the collagen fibrils in the

surface layer as seen in Figure 5.1. This structure is very similar to that seen by

Lewis and Johnson [184] in a similar study. The induced cartilage damage was seen

to involve peeling apart of the collagen fibrils, either breaking the interconnecting

collagen or pulling them into aligned bundles. The inherent collagen network in the

surface layer, transition region and deep zone is shown in Figure 5.2, 5.3 and 5.4

respectively.
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Figure 5.2: Collagen fibril matrix seen the in surface layer of unimpacted mature bovine

articular cartilage. Column on the right shows a magnified version of the red boxed region

on the left. a) and b) show healthy G0 tissue. c) and d) show mildly degenerate G1 tissue.

e) and f) shows more advanced G2 degeneration. The yellow lines show where the surface

layer lies and the red lines show the predominant fibril direction.

The surface morphology of the matrix is visible in Figure 5.2. The increased

disruption to the usually smooth surface layer was visible in both G1 (Figure 5.2c&d)

and G2 (Figure 5.2e&f) tissue, as well as the fact that G2 tissue had radially aligned

fibers where the surface layer should be. The red arrows show predominant fibril

direction whereas the yellow line shows where the surface layer is (uppermost part

of the sample).
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Figure 5.3: Collagen fibril matrix seen the in transition region of unimpacted mature

bovine articular cartilage. Column on the right shows a magnified version of the red

boxed region on the left. a) and b) show healthy G0 tissue. c) and d) show mildly

degenerate G1 tissue. e) and f) shows more advanced G2 degeneration. Red arrows show

presence of fibrillar crimp.

The ultrastructure of the transition region can be seen in Figure 5.3. In the

mildly degenerate G1 matrix we can see some crimp beginning to form, shown by

the red arrows. There is also a similar increase in destructuring of the collagen

matrix, with more fibril aggregation and gaps in the matrix found in the more

advanced G2 samples.

Chapter 5 Joshua Workman 69



A multi-scale investigation of the joint tissue response to impact induced injury

Figure 5.4: Collagen fibril matrix structure in the deep zone of unimpacted mature bovine

articular cartilage. Column on the right shows a magnified version of the red boxed region

on the left. a) and b) show healthy G0 tissue. c) and d) show mildly degenerate G1 tissue.

e) and f) shows more advanced G2 degeneration.

In Figure 5.4 we can see the subtle ultrastructural changes to the collagen fibril

matrix arising from the initiation of tissue degeneration. In the G0 sample, collagen

fibrils are very aligned with small gaps between them. On progression to G1 the

fibril organization seems to be more distressed, with larger gaps in the matrix.

More degenerate G2 samples show further decrease in fibril organization, with fibrils

aggregated together into bundles as indicated by red arrows in Figure 5.4f.
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Figure 5.5: Crack tip of G0 sample ending in the upper one-third of the matrix, showing

transverse fibrillar interconnectivity.

The cracks in G0, G1 and G2 samples caused by impact loading were examined

at ultra-high magnification. The tips of the cracks formed were of particular interest

and are shown in Figures 5.5-5.11. The crack tip in the G0 sample ends in the upper

third of the cartilage matrix and is shown to have strands of fibrillar transverse

interconnectivity (Figure 5.5). In G1 samples the cracks traveled deeper than G0,

still showing evidence of fibrillar transverse interconnectivity (Figure 5.7). In the

G2 samples, the cracks tend to end much deeper in the matrix, in the deep zone

(Figure 5.9), and in some cases are redirected laterally (Figure 5.11). Importantly

in the degenerate samples, there is a distinct lack of fibrillar interconnectivity at the

crack tips (Figure 5.9, and compare 5.6 with 5.10). The large gaps between fibrils

are clearly visible, and the fibrils are also aggregated into larger bundles (5.10).
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Figure 5.6: Higher magnification view of fibrillar interconnectivity in the crack tip of the

G0 sample shown in Figure 5.5

Figure 5.7: G1 sample crack tip ending in the deep zone matrix.
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Figure 5.8: Higher magnification view of fibrillar interconnectivity in the crack tip of the

G1 sample shown in Figure 5.7. There is slightly less regular fibril interconnectivity at the

crack tip compared to the healthy G0 samples.

Figure 5.9: G2 sample showing a crack tip ending in the deep zone matrix. There is the

presence of increased fibril aggregation and disruption to the normal collagen matrix.
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Figure 5.10: Higher magnification view of fibrillar interconnectivity in the crack tip of the

G2 sample shown in Figure 5.9. There is almost complete lack of previously observed G0

and G1 connectivity in the G2 sample. Arrows indicate fibrillar aggregation into larger

bundles.

Figure 5.11: Lateral propagation of a crack in the deep zone matrix of a G2 sample,

cleaving through collagen fibrils instead of peeling them apart.
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5.4 Discussion

This study examined the effect of a single impact load of known energy on bovine

articular cartilage with various degrees of existing degeneration, six healthy patella

(G0), six patella with mild degeneration (G1) and two with more severe degeneration

(G2). Upon examination of the crack tips it was possible to see a slight decrease

in regular fibrillar interconnectivity for G1 samples which further reinforces the

hypothesis presented in Chapter 4. The hypothesis was that minor structural

changes occur during very early degeneration that have no major effect on the

mechanical response to impact loading, yet dramatically increase the vulnerability

of the tissue to damage from said impact loads.

When comparing the inherent fibrillar structure found in the deep zone of G0

and G1 samples there is a visible reduction in regular fibrillar interconnectvity,

which becomes even more pronounced in the further degenerate G2 samples (Figure

5.4). This minor change in ultrastructural level fibril organization clearly affects

the tissue vulnerability before macroscopic signs of degeneration occur. This change

is also visible in the transition region, with the G1 sample containing crimping

of collagen fibrils (Figure 5.3c). In the G2 sample the transition region is seen

to be similarly disrupted (Figure 5.3e,f). When the surface layer is examined

using SEM, the disruption caused by mild degeneration in G1 cartilage is visible

in the form of disorganized fibrils, small clefts in the surface and large aggregated

fibril bundles (Figure 5.2c and d compared with a and b). Upon looking at the

surface of G2 tissue there was an absence of tangentially aligned collagen fibrils

usually found in the surface of healthy cartilage (Figure 5.2e and f). The fibrils

present are aligned in a more radial direction showing that the normal surface layer

has been completely removed, indicating the loss of a major stress distributing

mechanism as discussed previously in Chapter 4.4.2. This inherent fibrillar structure

is in accordance with that previously reported showing G1 matrix destructuring

[176, 150, 65, 184, 66, 36, 69, 32]

Examining the SEM images of the crack tips and by comparing between G0

and G1 (Figure 5.6 and 5.8), where in the former the crack ends in the upper one

third of the matrix, we can clearly see an effect of collagen fibril interconnectivity

on the halting of crack propagation. As the crack advances it must either untangle

or break through the entangled collagen fibrils. The more interconnectivity between

collagen fibrils present in the matrix, more energy must be spent to cleave through

these nodes of connectivity [10, 100, 65]. In the healthy G0 sample, the crack was

arrested before it could travel much deeper than the transition region. In the mildly

degenerate G1 samples it is proposed that the reduced fibrillar interconnectivity

allows cracks to progress deeper and cause more damage as the energy required
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to propagate through the matrix is lower than that of propagating through the

healthy G0 matrix. That the G1 cartilage has surface non-uniformities (Figure 5.2b)

adds an additional factor that could have increased the tissue vulnerability to crack

propagation into the deeper matrix, as the crack could act as a stress concentration

point. Further, the fibrillar destructuring in G2 samples is accompanied with an

increased level of fibrillar aggregation into significant bundles (See white arrows in

Figure 5.10). Arguably, this aggregation into strongly aligned radial bundles could

make it much easier for a crack to propagate through the matrix compared to earlier

grades as the number of interaction nodes between collagen fibrils is reduced [65].

The information gathered in this study must be taken with the full understanding

of the potential artifacts that can be caused during the sample preparation process.

Critical point drying, while by far one of the best drying methods has been called

‘Crude and severe’ by Hunziker et al. [185], with the potential to cause large visible

artifacts. The platinum coating step has also been criticized for its coverage of

the banded structure of collagen fibrils [185]. Despite these drawbacks the collagen

structure was still clearly resolved at very high magnifications. The number of

samples used in this study was small, yet are believed to accurately represent the

respective Outerbridge grades based on the knowledge that the Outerbridge system

has been reliable in producing similar samples [94, 178, 48, 39].
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5.5 Conclusion

This study shows that there are nano-scale structural changes to the collagen matrix

associated with the progression of degeneration in bovine articular cartilage. Healthy

cartilage contains a highly interconnected network of collagen fibrils [100, 65] which

are effective in halting the progression of fissures, containing them to the top 1/3 of

the matrix. As degeneration progresses to the G1 stage, there is a slight loss of the

transverse connectivity between fibrils, leading to a reduced crack arresting ability

as they require less energy to travel further into the deep matrix. In later stages of

degeneration such as G2 and G3 the stress distributing surface layer is absent and

the fibrillar interconnectivity is dramatically reduced, as well as fibrils aggregating

into large aligned bundles. This will surely reduce the energy required for fracture

propagation even further.

A previous study by Griffin et al. [64] has shown that by weakening the structure

of cartilage at the microscale, such as by collagenase or trypsin treatment to degrade

either collagen or proteoglycan structure respectively, material properties may be

altered at the macro level. Such cross scalar effects have been shown to occur

even with molecular level changes such as the removal of lubricin form the most

superficial layer of AC [4]. Thus inherent structural changes may serve as potential

“mechanical signatures” [64] for studying the complex mechanical factors involved in

the initiation and progression of post traumatic osteoarthritis. The combination of

reduced fibrillar interconnectivity and aggregation into bundles has a large influence

on the propagation of fissures through the matrix, requiring less energy to break

through the matrix and allowing them to travel through to the deeper regions of

AC matrix. The energy saved by progressing through more degenerate tissue can

then be used to cause significant damage to the calcified region and subchondral

bone as seen in Chapter 4. Overall this study shows that articular cartilage is a

highly hierarchical tissue, and that structural changes occurring on the nano-scale

can have a large effect on the ability of the tissue to resist propagation of cracks due

to impact loading.
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Chapter 6

Cellular Vulnerability

6.1 Introduction

Chondrocyte death has previously been shown to occur following cyclic loading

[137, 149, 158], direct compression [186] and impact loading [157, 146, 187, 188].

This chapter addresses the hypothesis that the small structural changes associated

with early AC degeneration would also have a large effect on the vulnerability of

chondrocytes to impact induced damage, reducing the ability of the tissue to recover

from trauma compared to completely healthy tissue. The chondroprotective effect

of the PCM was also qualitatively evaluated in this study to potentially explain any

differences in chondrocyte vulnerability.

6.2 Methods

6.2.1 Tissue

Twelve patellae from freshly slain, mature female bovine animals were acquired

immediately prior to testing and stored in Dulbecco’s Phosphate Buffered Saline

(DPBS) with 50 mg/L Streptomycin Sulfate, 100 mg/L Kanamycin monosulfate and

1000 mg/L Glucose (Sigma Aldrich, Auckland, New Zealand). This ensured correct

osmolarity for maximum chondrocyte viability [189]. The patellae were divided into

two groups depending on the visible macro level of existing degeneration according

to the Outerbridge scale [94]. These groups were healthy cartilage (G0) and cartilage

with mild swelling and surface fibrillation (G1) as described previously in Chapter

4. Samples containing AC on bone were removed from the distal lateral quadrant

of each patella with en face dimensions of ∼15 mm x 20 mm, and then a ∼15 mm

x 5 mm section was removed from the end of this sample block to be used as a

paired control. The remaining ∼15 mm square sample block was then mounted in

a custom stainless steel sample holder using dental plaster, ensuring the articular

surface was horizontal and parallel to the indenter face and covered by a tissue

79



A multi-scale investigation of the joint tissue response to impact induced injury

soaked in DPBS to ensure adequate tissue hydration until the plaster had hardened.

A work flow diagram is shown in Figure 6.1, with information regarding number of

samples, separation into examination categories and arrangement of samples in the

confocal microscope.

Figure 6.1: Experiment work flow diagram showing the steps taken.

6.2.2 Mechanical Testing

A custom built free falling impact test rig was used as previously described (Chapter

3). A weighted indenter was released from a height of 420 mm to give 2.3 J of

potential energy. This level of impact energy was used previously by this lab and

has been shown to cause visible damage to the articular surface [32, 17, 141], as well

as being used in Chapter 4. The impact group of samples were exposed to a collision

as previously described in Chapter 4, with peak stress and coefficient of restitution

recorded.

6.2.3 Viability Staining

After the impact event, a 1 mm slice was cut radially through the center of the block

(in the center of the impacted region) encompassing both cartilage and bone using

2 microtome blades placed in a custom built holder. The 1 mm slice was placed in

10 mL DPBS with 5 µM calcein-AM and 5 µM propidium iodide and kept at 37 ◦C

in a water bath for 1 hour [159]. After this time the samples were thoroughly rinsed

in DPBS solution. During the incubation period, the dye molecules were able to

diffuse fully throughout the tissue thickness. The working of these viability markers

is explained in more detail in Chapter 1.2.3.
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6.2.4 Confocal Imaging & Image Analysis

The sections were examined in their fully hydrated state using an upright confocal

laser scanning microscope (FV1000, Olympus, Tokyo, Japan). A 473 nm laser was

used to excite the Calcein-AM and a 559 nm laser was used to excite the propidium

iodide. The sections were loaded into the confocal microscope as seen in Figure 6.1.

A Z-stack through ∼250 µm of tissue was used, with each slice representing ∼50 µm

and starting at least 50 µm from the cut edge of the slice to avoid counting cell death

caused by sample preparation. The gain of each laser was adjusted to ensure images

acquired contained only a few over saturated pixels with minimum signal loss. Four

Z-stacks were taken from each sample as shown in Figure 6.2. In the impacted

samples a Z-stack was acquired from a fissure in the directly impacted region, both

the surface/transition and transition/deep region. Z-stacks were also acquired from

an adjacent area where no surface fissure was identified in the surface/transition and

transition/deep regions again. For the un-impacted control group four regions were

identified and imaged at locations similar to the regions chosen for the impacted

groups.

The confocal image stacks were processed using ImageJ (ImageJ, U.S. National

Institutes of Health, Bethesda, Maryland, USA.) by using a manual threshold to

isolate the cells and the watershed feature to separate overlapping cells from different

depths. Using a manual threshold and reference image enabled the image to be

adjusted to a similar point for all Z-stacks where elimination of cells that were not

as bright was kept to a minimum. The particle analysis tool was used to determine

the number of viable cells by counting each separate dot, excluding all particles

below 20 µm2 in size. An example of this process flow is shown in Figure 6.3. If

a cell showed as both viable and non-viable it was still counted for each, canceling

itself out and not affecting the total percentage. The percent cell death (PCD) was

then calculated for each Z-stack taken. The PCD could then be compared between

the regions shown in Figure 6.2, as well as averaged and compared between impacted

and control samples for each level of degeneration.

Chapter 6 Joshua Workman 81



A multi-scale investigation of the joint tissue response to impact induced injury

Figure 6.2: Diagram showing regions of interest determined for confocal examination,

fissure and adjacent area for impacted samples and similar areas for un-impacted control

samples.

Figure 6.3: Images showing the processing of a Z-stack of viable cells from a) coloured

and merged Z-stack to b) thresholded image and c) cells counted.

6.2.5 DIC & SEM Imaging

After impact, half of each of the remaining sample blocks was fixed in 10% formalin

for 24 hours before being de-calcified in 10% formic acid as seen in Figure 6.1. 30 µm

cryosections were acquired using a sledging microtome. Sections were viewed using

differential interference contrast microscopy (DIC) and then subsequently critical

point dried using carbon dioxide for viewing with scanning electron microscopy

(SEM).

The DIC images were analyzed using a previously developed system to determine

the samples overall vulnerability to damage (Chapter 4). This involved identifying

four main types of damage and giving them a weighting based on their severity,

Type I being the least severe and Type IV being the most. The damage types I-IV

are then weighted 1 – 4 respectively. Therefore an articular structure exhibiting

all types of damage will have a combined vulnerability score of 10, while a healthy

undamaged matrix will have a score of 0. DIC microscopy was also used to examine
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the integrity of the collagen matrix surrounding the chondrocytes.

Sections were prepared for SEM using the same method described in Chapter

5.2.2. Each sample was qualitatively analyzed to determine the integrity of the

pericellular matrix of both control and impacted chondrocytes. This was done by

examining the fiber thickness, rugosity and connection to the extracellular matrix.

6.2.6 Statistical Analysis

For statistical examination, a Q-Q plot and Shapiro-Wilk test was used to determine

if the PCD, stress and COR were normally distributed, followed by independent

sample t-tests to determine significant differences in these variables between control

and impacted sample groups, as well as between G0 and G1 groups (95% confidence

interval).

6.3 Results

6.3.1 Mechanical Response

The impacts delivered caused visible damage to the articular surface of most samples.

As previously shown more degenerate samples exhibited no significant difference in

stress and COR (Chapter 4). This was not seen in this study, where the impact

stress of G0 samples was 11.6% higher (p = 0.043) and the COR was 36.5% higher

(p = 0.034) than G1. The mechanical data is presented in Table 6.1.

Table 6.1: Table showing mechanical response to impact loading of both healthy G0 and

mildly degenerate G1 sample groups. N = 6 per group.

Group Mean Impact Stress (MPa) (SEM) Mean Coefficient of Restitution

G0 55.6 (1.08) 0.572 (0.015)

G1 49.8 (2.14) 0.419 (0.061)

6.3.2 Chondrocyte Viability

G0 control samples showed at least 90% chondrocyte viability, while G1 control

samples showed slightly lower viability, yet still over 85%. The PCD difference

between G0 and G1 control samples was not significantly different (p = 0.14).

Chondrocyte viability in impacted samples showed a clear region of damage under

the impactor, with cell death accumulated around fissures in the cartilage surface

as seen in Figure 6.4. Figure 6.5 shows a representative Z-stack from a control and

impacted sample for both G0 and G1 grade.
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Figure 6.4: Corresponding images of a fissure induced in the articular surface, observed

with a) reflected light microscopy, and b) confocal laser scanning microscopy.

The mean percentage of dead cells for impacted G0 and G1 samples compared

to their controls is shown in Figure 6.6. There was no significant increase in cell

death in healthy G0 samples between the control and impact groups, but the mildly

degenerate G1 samples that were impacted had significantly increased cell death

compared to the control (p = 0.014). There was no significant difference in the

number of dead cells between the G0 and G1 control groups, but there was a

significant difference between the G0 and G1 Impact groups with there being 260.8%

more dead cells in G1 tissue after impact (p = 0.000). The cell death in G1 samples

was mostly confined to the upper 2/3 of the cartilage tissue. This is shown in

Figure 6.7 which breaks the PCD down into surface and deep zone. There was no

significant difference between the impact and control of G0 samples in either the

surface or deep zone. For G1 samples, there was a significant 80% increase in cell

death for the impacted samples when compared to the controls (p = 0.047). When

comparing between G0 and G1, the PCD was higher in both the surface (p = 0.017)

and deep (p = 0.041) zone of G1 samples.
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Figure 6.5: Representative confocal microscopy images of control and impacted G0 and G1

samples showing fissure in the articular surface of impacted samples. Green fluorescence

shows living cells while the red fluorescence shows dead cells. Dead cells can clearly be

seen to line the edges of the fissure, and the increase in dead cells in mildly degenerate G1

tissue is also evident. Scale bar = 200 µm
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Figure 6.6: Mean percentage of dead cells found in G0 and G1 control samples compared to

impacted samples. Error bars show standard error of the mean. * = Significant difference.

Figure 6.7: Mean percentage of dead cells found in both the surface and deep zone of G0

and G1 control samples compared to impacted samples. Error bars show standard error

of the mean. * = Significant difference.
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6.3.3 Damage Quantification

The mean vulnerability score of the impacted samples can be seen in Figure 6.8.

From this we can see that there is a large increase in macroscopic damage for mildly

degenerate G1 tissue when compared to healthy G0 as shown previously in Chapter

4.

Figure 6.8: Vulnerability score of impacted samples for both healthy G0 and mildly

degenerate G1 groups.

6.3.4 Differential Interference Contrast Microscopy

The chondrocytes were examined in their fully hydrated and physiological state by

utilizing DIC microscopy. This allowed both the fibrosity of the PCM and health

of the ECM surrounding the chondrocyte to be examined at high magnification.

A representative chondrocyte from the surface, transition and deep zone of each

control group is shown at 60x in Figure 6.9. An even higher magnification (100x)

comparison is shown in Figure 6.10. From these we can see the roughening and

inherent fibrosity present in the matrix of G1 tissue (Figure 6.9 and 6.10 b,d & f)

compared to that of healthy G0 tissue (Figure 6.9 and 6.10 a,c & e). The texture of

the G1 matrix looks more grainy than that of the smooth G0, indicating a potential

loss of intact collagen substructures as shown by white arrows [100, 66, 36].
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Figure 6.9: Differential interference contrast microscopy images of the ECM and PCM

surrounding chondrocytes in the surface (a&b), transition (c&d) and deep (e&f) zones of

unimpacted G0 (a,c&e) and G1 (b,d&f) cartilage. Scale bar = 20 µm. The matrix texture

is seen to be more rough and fibrous in the mildly degenerate G1 tissue as indicated by

the white arrows, and is most prominent in the transition and deep regions.
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Figure 6.10: Differential interference microscopy images of the ECM and PCM surrounding

chondrocytes in the surface (a&b), transition (c&d) and deep (e&f) zones of unimpacted

G0 (a,c&e) and G1 (b,d&f) cartilage. Scale bar = 10 µm. The matrix texture is seen to

be more rough and fibrous in the mildly degenerate G1 tissue as indicated by the white

arrows and is prominent in all regions at this higher magnification.

6.3.5 Scanning Electron Microscopy

Chondrocytes in the surface, transition and deep zone were examined from low to

ultra-high magnification as well as the chondrocytes adjacent to surface fissures.

The integrity of the pericellular matrix (PCM) was compared between healthy G0

and mildly degenerate G1 controls to identify any possible structural changes that

could explain the decrease in chondroprotectivity and increase in PCD. The PCM

was seen to be slightly less organized in the G1 chondrocytes compared to the

healthy G0 matrix. This can not be seen in Figure 6.11 where the PCM of a deep

zone chondrocyte from mildly degenerate G1 is shown in comparison to healthy

G0. It can be seen that the G0 matrix bridges between the PCM and territorial

matrix (TM) effectively, as does the G1 matrix. When examining chondrocytes in

Chapter 6 Joshua Workman 89



A multi-scale investigation of the joint tissue response to impact induced injury

the transition region, it can be seen from Figure 6.12 that the TM surrounding G1

chondrocytes is highly disorganized and random when compared to that of healthy

G0 tissue. The comparison between chondrocytes found in the surface layer is shown

in Figure 6.13. Similarly to the transition region we can see the G1 ECM and TM is

rather ragged, with frayed collagen fibrils pointing into where the chondrocyte was.

There does not seem to be presence of a PCM in the G0 or G1 chondrocyte.

Figure 6.11: Outer PCM and connection to territorial matrix of chondrocytes in the deep

zone of both a) healthy G0 tissue and b) mildly degenerate G1 tissue. The red dotted line

indicates the inner perimeter of the PCM . Red Arrow indicates radial direction pointing

to articular surface. Magnification = 50,000x, scale bar = 1 µm.

Figure 6.12: Outer PCM and connection to territorial matrix of chondrocytes in the

transition region of both a) healthy G0 tissue and b) mildly degenerate G1 tissue. The

red dotted line indicates the inner perimeter of the PCM. Red Arrow indicates radial

direction pointing to articular surface. Magnification = 50,000x, scale bar = 1 µm.
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Figure 6.13: Outer PCM and connection to territorial matrix of chondrocytes in the surface

layer of both a) healthy G0 tissue and b) mildly degenerate G1 tissue. PCM is not visible

surrounding the chondrocyte of G1 tissue, instead looking disorganized and ragged. Red

Arrow indicates radial direction pointing to articular surface. Magnification = 10,000x,

scale bar = 5 µm.

6.4 Discussion

This study explored the effect of a single impact of 2.3 J on the viability of chondroc-

ytes embedded in the collagen matrix of both healthy (G0) and mildly degenerate

(G1) cartilage. This G1 tissue was slightly swollen compared to the healthy tissue,

indicating a loss of fibril network integrity which has been shown to be significantly

less stiff than the normal matrix [101, 150, 39, 32, 94, 173, 139]. The G1 cartilage

shows no major macroscopic signs of degeneration, has a similar impact mechanical

response compared to healthy tissue yet is more vulnerable to impact induced

damage to the matrix components as shown in Chapter 4. Also shown in Chapter

4 is that loss of fibril network connectivity makes the AC more vulnerable to

impact induced injury, as the surface layer is compromised and the underlying

matrix shows signs of destructuring, applied forces are not able to be effectively

distributed. This Chapter hypothesises that these fibril network changes also effect

the chondroprotective abilities of the PCM.

Similar studies have been done previously, showing cell death occurring post

impact [159, 157, 190, 96, 191, 192, 193] as well as after other loading protocols

like direct compression [186] and cyclic loading [137, 149, 158, 194]. While some

studies are more in depth than just cell death analysis, there are no major studies

linking the inherent structural changes associated with pre-early OA degeneration

with an increase in cell death during impact injuries. That percent cell death (PCD)

increases in response to impact loading is known, but the 260% increase in PCD for

only mildly degenerate G1 tissue compared to healthy tissue is an important new

finding. This loss of functioning chondrocytes will severely limit the already low

ability of the cartilage layer to effectively repair any damage to the matrix caused

by impact loading. The higher vulnerability to damage of G1 tissue (Chapter 4),
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combined with the large decrease in chondrocyte viability will potentially lead to an

increased likelihood of further degeneration.

When examining the DIC images of chondrocytes and the surrounding matrix we

can see the grainy texture and fibrillation present in G1 tissue described previously

[176, 150, 65, 184, 66, 36, 69, 32]. This change in matrix texture has been shown

to affect the tissue vulnerability to impact damage (Chapter 4 and 5) and we now

propose it also reduces the chondroprotective nature of the matrix leading to the

increase in cell death found in G1 samples.

The cell staining protocol used in this study is similar to that used by Bush et al.

[159] and had similar success in correctly staining both viable and non-viable cells.

The limitation to this method is the inability to determine whether cells identified

as living by the Calcein-AM would eventually die due to apoptosis/other types of

cell death over time. This study could be improved by examining the cell viability

over a time period of up to 72 hours after incubation of the tissue. It could be

possible that more immediate cell death was present in the G1 samples, only for

it not to increase over time as shown previously [195, 158, 148, 149, 139, 157, 96].

To get a more in depth understanding of the difference in cellular response between

healthy and mildly degenerate tissue it would be beneficial to determine if cells lost

viability due to initial necrosis from the impact injury or via apoptosis signaled

from the most damaged chondrocytes. By leaving the cartilage-subchondral bone

interface intact for the impacts in the study we have ensured the full mechanical

continuum of articular cartilage has been preserved as it has been shown previously

that separation of these layers results in significantly reduced chondrocyte viability

[155].

When discussing the structure of the matrix surrounding chondrocytes, it is

useful to define the regions effectively and identify the material present in both the

PCM and ECM. A schematic of the collagen structures surrounding the chondrocyte

is shown in Figure 6.14. A previous study by Poole et al. [102] showed via SEM

and TEM that there is an amorphous, felt-like capsule surrounding the chondrocyte

and PCM which they believe defines the form of the chondron. They hypothesized

that compression and deformation of the chondron is linked to water loss of the

PCM, effectively dampening the compressive load and protecting the chondrocyte

from harm [102]. On closer examination of the interaction between the PCM and

ECM they found type VI collagen to be responsible for anchoring the chondrocyte

membrane to the PCM and through to the ECM. They suggest this type VI collagen

is responsible for chondron integrity, binding to the ECM and stabilizing the collagen,

proteoglycans and glycoproteins of the PCM [196]. The presence of specific cell
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surface receptors which mediate the interaction of the chondrocyte and type VI

collagen provides anchorage and a potential signalling pathway between the PCM

and cell nucleus. Because of these two factors, Poole et al. [196] suggests type VI

collagen ‘provides a close functional interrelationship between the chondrocyte, its

pericellular microenvironment and the load bearing extracellular matrix of adult

articular cartilage’ [196, 197].

Figure 6.14: Schematic identifying the regions of interest surrounding the chondrocyte.

The central nucleus is surrounded by a fluid environment filled with hyaluronan, collagen

VI and water. The capsule encasing this fluid is called the pericellular matrix (PCM), and

connects to the territorial matrix via collagen interconnectivity. This territorial matrix is

then connected with the main extracellular matric (ECM) via further collagen interaction.

A later study by Poole et al. [103] examined the immunolocalisation of type IX

collagen in healthy and osteoarthritic cartilage, finding that the type IX collagen is

responsible for producing the woven felt-like superstructure surrounding chondrocytes

and providing a hydrodynamic microenvironment between the cells and ECM. With

progression of OA, there is a decline in type IX collagen in the PCM, combined with

chondrocyte cluster formation and type IX collagen increase in the ECM indicating

remodeling of the PCM and its interaction with the cell and ECM [103]. Based on

this information, the potential loss of this functional interrelationship due to small

ultrastructural changes during pre-early OA could explain the large increase in cell
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death and loss of chondroprotectivity found in the present study. The effect of the

cell-matrix adhesion on cell death has also been shown previously by Jang et al.

[198] who discovered the link between strain and cell-adhesion receptors initiating

the chondrocyte death. Although the method in which the chondrocyte connects to

the ECM will affect its survivability, the integrity of the ECM itself has been shown

to play a big role in the mechanical behavior of chondrocytes [199].

Examining the SEM images shown in this study (Figure 6.11, 6.12 and 6.13), it

was possible to see a difference in the so called ‘felt-like layer’ in the surface layer

chondrocytes although it is not known if the lack of an easily discernible felt-like

layer is due to the integrity of the surrounding ECM or due to an artifact from

tissue preparation. There is also a decrease in the surrounding ECM organization

for the mildly degenerate G1 tissue when compared to the healthy G0 as evidenced

by the lack of connecting fibrils between the felt-like layer and the ECM, especially

visible in Figure 6.11 where in the healthy G0 tissue there is a connection with

the nearby radial fibrils, the G1 chondrocyte has a large gap between these distinct

structures. This interruption of the interrelationship between the the chondrocyte

and the ECM will undoubtedly have an effect on it’s chondroprotective ability,

leading to increased likelihood of cellular disruption due to impact load. That there

is lack of a discernible PCM surrounding chondrocytes in the surface layer of G1

cartilage could account for the significant increase in PCD of impacted surface layer

chondroctes when compared to those in the surface layer of unimpacted control

cartilage.

There is a potential that load dampening through water loss in the PCM as

discussed by Poole et al. [102] may not occur on the timescale of an impact load, due

to such a short period during which the water can permeate through the collagen

‘membrane’ [140, 120, 118, 200]. In the mildly degenerate G1 tissue where the

collagen membrane is destructured, a potential increase in its permeability could

lead to water loss even during impact loading. This could mean chondrocytes are

able to be deformed and exposed to a large amount of stress. When chondrocytes

are individually compressively loaded, they have been shown to have decreased

mRNA levels of aggrecan core protein and collagen IIa, the main components

of the ECM which could lead to poor tissue recovery after impact [201]. The

load dampening effect of fluid flow through the permeable PCM may protect the

chondrocyte from such slow compressive forces leading to continued normal function,

while the potentially large amount of sudden deformation associated with impact

loading may lead to reduced expression of the vital ECM components [200, 202].
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6.5 Conclusion

The mechanical response of mildly degenerate (G1) articular cartilage was slightly

different to that of healthy (G0) articular cartilage, having a lower peak impact

stress and coefficient of restitution. It was believed it was only due to the small

number of samples in this study, and if more impacts were done the results would

be similar to that shown in Chapter 4. The mildly degenerate G1 tissue showed a

∼260% increase in overall percentage cell death after impact compared to the healthy

G0 samples. The mildly degenerate G1 tissue also showed a significant increase in

percent cell death in the surface layer after impact compared to the unimpacted

control. This large increase in cellular vulnerability matches the increase in mildly

degenerate tissue vulnerability to macro and nano-level damage shown in Chapters

4 and 5. When examined using SEM, the PCM and it’s interaction with both the

chondrocyte and the ECM was seen to be compromised in the mildly degenerate

G1 samples, similar to that reported in earlier studies [102, 103, 196]. This study

shows that although mildly degenerate G1 articular cartilage looks visibly healthy

under macroscopic observation such as used in arthroscopy, the vulnerability of cells

to disruption post-impact is vastly increased compared to healthy articular cartilage

due to decreased functionality of the pericellular matrix and its interaction with the

surrounding extracellular collagen fibrils.
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Chapter 7

Final Remarks

7.1 Limitations

7.1.1 Animal Model

The use of the bovine patella model in these studies provided a readily available

source of tissue that did not require any ethical deliberations that would come with

using human tissue. As the tissue was obtained from the local abattoir, and was

part of the meat produce supply, it was relatively inexpensive and readily available

compared to laboratory obtained animal tissue. As previously discussed it has been

demonstrated that this model displays similar levels of cartilage degeneration to that

found in pre-mid stage human osteoarthritis [48]. Because of this it was determined

to be a good analogue for human tissue, as the similar thickness and structural

arrangement make it more compatible for mechanical studies than a rabbit or mouse

model that are typically used in animal studies.

7.1.2 Specimen Age and History

The samples used in these studies were obtained from abattoir that processed both

prime male bulls (∼2-3 years old) and mature female cows (∼5-9 years old). Initially

a combination of both was used but it was found that the prime bull samples

exhibited significantly different mechanical properties and thickness compared to

the mature female tissue (See Appendix B.1). The age range in mature female

cows used in these studies was less important than the consistent range of tissue

degeneration that could be seen in the patellae. This consistency allowed for the

collection of a good number of G0, G1, G2 and G3 grade patellae. Although data

was not available, the age and exercise history of the specimens would be useful for

further correlation of tissue vulnerability with age and level of physical activity.
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7.1.3 Sample Preparation

During sample preparation, blocks of cartilage on bone were excised from the patella

using a hack saw. Whether this procedure has an effect on the mechanical/structural

response of articular cartilage was not investigated, but the sample block used was

50% larger than the size of the indenter to hopefully reduce the effect of lack of

connected surrounding tissue. The act of cutting may have also had an effect on

chondrocyte viability, with damaged cells on the cut edge possibly signaling to others

within the matrix. As impacted samples underwent the same preparation procedure

as the control samples this limitation was minimized as both groups would undergo

the same effect. When mounted in the sample holders, the articular surface was

made parallel to the indenter face by a slight downwards pressure of the indenter

resting on it to bring the surface into alignment. Despite this, the articular surface

of some samples was not 100% flat leading to a less than ideal contact surface during

the collision. This was deemed unavoidable, and as the cartilage would deform under

load it would eventually reach a similar contact area for each sample.

7.1.4 SEM limitations

Methods of preparation for SEM analysis have been labeled as ‘crude’ in the past

[185], involving formalin fixation, depletion of the proteoglycan component, dehydra-

tion, critical point drying and sputter coating. The processes used attempted to

prepare samples with as little disruption as possible yet still see the structures

required for analysis in these studies. Dehydration in ethanol and critical point

drying is one of the most effective methods of drying, leaving little surface tension

on the matrix compared to conventional air drying. While depletion of proteoglycans

may have an effect of the integrity of tissue structure, it was necessary for examination

of the individual collagen fibrils that would normally be hidden by this amorphous

substance. The fixation of the tissue was able to prevent any severe structural

changes, but superior fixation methods could still be used. Cryofracture of samples

instead of cutting would also reduce artifacts caused by the blade, but would not

enable the exact same sample to be viewed under both DIC and SEM. Despite the

limitations of SEM preparation, the quality of data obtained in Chapters 5 and 6

was sufficient to enable visualization of the differences in micro-nano scale structures

between healthy and mildly degenerate cartilage matrices.

7.1.5 Qualitative Analysis

All studies in this thesis involve to some extent, structural studies based on observer

analysis which always involves some form of bias. In Chapter 4 the evaluation

of vulnerability score is open to the interpretation of the observer, despite the

detailed description of the different types of damage. The differentiation of impact
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induced damage from pre-existing degenerative changes was also difficult, as surface

disruption could equally likely have come from impact as from degeneration. This

bias was kept to a minimum by comparing samples to images of existing G0-G3 grade

tissue to reduce mis-diagnosis of damage. The ultrastructural changes observed in

Chapters 5 and 6 were also open to observer bias, but it is hoped from the images

presented and references to other papers that provide similar evidence that the

reader can agree on the changes observed. A potential way to reduce observer

bias would be to employ the use of a second observer to score the samples for

vulnerability, as well as to threshold the confocal z-stacks and take an average from

the two observed results. This was not done during these studies due to the time

constraints of finishing a PhD in a timely manner.

7.2 Summary

In this thesis, the macro, micro and nano scale response of healthy bovine articular

cartilage and bovine cartilage containing evidence of mild to moderate micro-scale

matrix destructuring was examined following impact induced loading. Importantly,

the bovine tissue with mild to moderate degeneration used in this study is similar

to that shown previously to be analogous to the human state of early or pre-

osteoarthritis [48, 160].

Initially, the macro level damage caused via impact loading at 2.3J was assessed

in healthy (G0), mildly degenerate (G1), moderately degenerate (G2) and severely

degenerate (G3) articular cartilage (Chapter 4). Secondly, the proliferation of

cracks through the articular matrix was examined on the ultrastructural level using

scanning electron microscopy to elucidate the fine changes in matrix fibril organization

(Shown in Chapter 5).Thirdly, the response of chondrocytes within the matrix

of healthy and mildly degenerate articular cartilage was investigated in terms of

cell viability, and ultrastructural level changes in the encapsulation mechanism of

articular chondrocytes (Shown in Chapter 6). From these three investigations, the

extent of cartilage vulnerability to tissue damage and cell destruction was established

in terms of a vulnerability score.

An important finding of this research is that although the mechanical response

of the tissue in the pre-osteoarthritic state (G1) is not significantly different from

that in the healthy state (G0), the subtle micro-to-ultra structural changes, or

destructuring, in the G1 fibrillar matrix cause the articular cartilage to become

increasingly more vulnerable to high levels of macro-scale cartilage damage as well as

increased cell death after impact induced traumatic injury. The macro scale damage

experienced in mildly degenerate G1 tissue includes fissures that travel deeper in the
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matrix, disrupting the zone of calcified cartilage as well as the subchondral bone.

Such an intense level of damage is likely to cause the release of more biological

mediators and possibly be the mechanism for the initiation and progression of

osteoarthritis. In the earlier chapter it was hypothesized that these fissures form

more easily in the compromised surface layer, and travel deeper in the matrix as

the reduced interconnectivity between fibrils requires less energy to cleave apart.

Similarly in the cell death investigation (Chapter 6) it was hypothesized that the

increased cell death in mildly degenerate (G1) tissue was due to reduced structural

integrity of the pericellular matrix.

Thus the subtle structural changes involved in this state of early cartilage degene-

ration include a compromised surface layer with small irregularities invisible to

the naked eye, decreased regular fibrillar interconnectivity in the collagen matrix

and changes in the pericellular matrix, and hence the interaction between the

chondrocyte and extracellular matrix. It is likely that these micro-to-ultrastructural

changes work together to significantly compromise the ability of the articular cartilage

to properly attenuate applied impact loads at the macro scale.

In order to obtain additional insight, in the sections that follow the information

from Chapters 4 to 6 are analyzed together to explore the possible interrelations in

the multi-scalar tissue and cell responses. Note that as these are separate studies

the following analyses is simply a theoretical assessment.

Firstly, the vulnerability score of the sample was adjusted to incorporate the

PCD. The increased amount of cell death will affect the vulnerability of the tissue

to injury, and was included by adding to the score in 10% increments. Samples with

0-10% PCD added nothing to the vulnerability score, samples with 10-20% PCD

added 1, 20-30% added 2, etc. This was done using the mean aggregated PCD for

each impacted sample, taking into account damage in both the surface and deep

zone.

Secondly, a linear regression analysis was performed to determine the relationship

between this new vulnerability score, Outerbridge level of degeneration, impact

stress, coefficient of restitution and percent cell death (PCD). When combined,

the level of degeneration, stress, CoR and PCD were able to account for 94.5%

of the variation in vulnerability score observed (p = 0.000). When broken down

into individual variables, only the peak stress during impact had no significant

effect on the model (p = 0.126). Level of degeneration (p = 0.019), percent cell

death (p = 0.000), and coefficient of restitution (0.002) significantly contributed

to the prediction of the overall level of tissue vulnerability. This indicates that the
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vulnerability of articular cartilage to impact induced damage is a combination of the

current state of tissue degredation, tissue elasticity (CoR) and how well protected

the chondrocytes are. Both the CoR and PCD can be controlled by the small scale

degenerative changes associated with level of degeneration, with loss of collagen

matrix interconnectivity and surface layer integrity affecting the elastic response of

the tissue as reported in Chapter 4 and 5; and disruption of the PCM in G1 tissue

decreasing chondrocyte viability after impact as shown in Chapter 6.

A revised version of the model proposed in Chapter 4 and shown in Figure

4.10 is shown below in Figure 7.1. This new theoretical model incorporates the

vulnerability of chondrocytes to damage alongside the existing energy distribution

model previously proposed.
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Figure 7.1: From the data of this thesis, the following conceptual schematics are used

to propose the effects of structural changes associated with early stage degeneration.

The black arrows show the applied direction of impact force, and the red arrows are

indicative of the proposed direction of the reaction forces. The yellow oval highlights the

possible area and its relative opacity represents the intensity of energy distribution. Blue

area shows intracellular fluid. The G0 group is represented showing an intact surface

layer and well interconnected fibrillar network. The applied load is redistributed laterally.

Upon examining the chondrocytes within the matrix, the connection between extracellular

matrix (ECM) and the territorial matrix (TM) and pericellular matrix (PCM) is highly

interconnected. The dotted red arrows suggest the distribution of applied load via these

connections. G1 cartilage with surface layer that is intact, yet containing non-uniformity,

and swelling-induced increase of thickness. There is some fibrillar destructuring within the

matrix. When examining the chondrocytes within this destructured matrix, the ECM is

less interconnected, and the connection between the PCM and TM is compromised (shown

by red oval). Thus the red dotted arrows depict forces directed towards the chondrocyte.

The blue arrows are included to represent the likely fluid flux through the compromised

PCM, as has been suggested by Alexopoulos et al. [203] .
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In the G0 tissue we can see the intact surface layer, and well interconnected

collagen matrix (Chapter 5). When an impact load is applied, the energy is distributed

laterally via these two important mechanisms, decreasing the likelihood of structural

damage and resulting in a lower vulnerability score (Chapter 4). When we look at

the chondrocytes within this matrix, we can see an intact territorial matrix (TM)

surrounding the pericellular matrix (PCM) which hold the chondrocyte fluid within.

The interrelationship between these components is still intact, allowing for potential

chondroprotection [196, 103]. When load is transferred through the ECM, fluid is

contained within the PCM and the chondrocyte does not deform, increasing local

strain in the surrounding matrix via a stress shielding effect [203].

In the mildly degenerate G1 tissue the intact surface layer containing some

surface irregularity is visible, as well as the slight disruption to the collagen matrix

interconnectivity (Chapter 5). When an impact load is applied, the energy distribution

mechanisms of the macroscopically intact surface layer and collagen matrix are

compromised, potentially leading to a high concentration of energy dissipated directly

beneath the indenter. These micro-nano scale changes associated with mild degenerat-

ion reduced the energy required for fissures to initiate and propagate through the

matrix, increasing the amount of structural damage from impact and thus increasing

the vulnerability score of the G1 tissue (Chapter 4). Upon examining the chondrocytes

of this degenerate tissue, the ECM is seen to be disrupted and the interrelationship

between the PCM and TM is reduced as indicated by the red oval [196, 103]. When

load is carried through the ECM, the compromised PCM cannot adequately contain

the fluid within, water flux increases and the chondrocyte is exposed to much higher

strains along with the ECM surrounding it [203]. The deformation of chondrocytes

has been shown previously to reduce the production of collagen IIa and aggregan,

if not rupture the cell completely [200, 202]. This may potentially explain the large

increase in PCD occurring after the impact of mildly degenerate G1 cartilage.

The information gathered in this thesis point to the importance of subtle micro-

to-ultrastructural changes in cartilage as they can affect the tissue vulnerability to

impact induced damage at the macro scale. The hierarchical structural interrelation-

ship across scalar levels in the cartilage matrix is important for researchers and

modelers of cartilage biomechanics. The way in which chondrocytes are affected,

in-situ, when there is subtle micro-to-ultrastructural changes to the surrounding

tissue provides additional insight into possible mechanisms for the initiation and

progression of OA. Thus, this work hopes to highlight the need to link macro-scale

mechanical studies of joint injury, to biological responses across all scalar levels.

Chapter 7 Joshua Workman 103



A multi-scale investigation of the joint tissue response to impact induced injury

7.3 Future Work

This work studied only the acute effects of impact induced injury on articular

cartilage. With the use of animal or cell culture studies more detailed information

could be garnered from examining the effects persisting long term post-impact on

both healthy and mildly degenerate tissue. The deeper cracks affecting the sub-

chondral bone found in mildly degenerate samples may lead to greater abundance of

available nutrients from the vascularized bone being used by still viable chondrocytes

to repair the matrix over time [47]. The lack of such nutrition for the shallow

cracks found in G0 tissue may lead to progressive erosion over time as the cartilage

fragments abrade in the joint space [47]. These time dependent factors could be

studied in longitudinal studies using bovine/ovine injury models.

Another time based effect may be the health of chondrocytes after impact injury.

The present work only examined viable chondrocytes within 2h of impact. The

signaled apoptosis of cells could increase dramatically the number of dead cells

within the matrix over time [192, 193]. This could be studied in future with in-vivo

as described above, or using cartilage explants cultured over time in an in-vitro

study. The study of biological markers released into the tissue post-impact for both

healthy and mildly degenerate tissue may also be a good source of information on

the cell response to rapid compressive injury. For example, the identification of

proteins responsible for matrix degeneration would be useful for the development of

inhibitors for use post-injury to ensure OA does not fully develop.

Another step towards identifying degenerate tissue may be to characterize the

mechanical properties of chondrocytes. It has been shown via micro-pipette aspiration

studies that the Young’s modulus of chondrocytes from severely degenerate cartilage

is significantly lower than those found in healthy tissue [204, 205, 206, 207]. Chahine

et al. [208] has also shown that the mechanical properties of chondrocytes are age

dependent. Whether this is also the case for chondrocytes from pre-early stages

of osteoarthritic degeneration would be a good indicator of the initiation of the

degenerative process; though it would be of little clinical value as these properties

cannot be studied in-vitro.

Other methods for identifying pre-early stage OA in clinical settings should

also be studied, to discover the earliest possible onset of disease and inhibit the

progression towards complete loss of cartilage. As the mechanical properties during

impact are similar between healthy and mildly degenerate cartilage, a more in-

depth characterization of tissue mechanical properties could be carried out using

hand held diagnostic probes such as the BiodentTM to identify any indicators of

pre-early OA [209, 210, 211]. There have been other methods developed for the
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characterization of articular cartilage integrity, such as the new ultrasound technique

used by Kaleva et al. [212]. This method is able to differentiate between healthy

cartilage surfaces and those that are fibrillated such as found during the early stages

of OA. A combined diagnostic technique for identifying pre-osteoarthritic tissue

would be a large end goal of this future research.
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Appendix A

A.1 Mechanical Data

For the results shown in Chapter 4, a large amount of data was gathered and used to

draw the aforementioned conclusions. 40 mature bovine patella were tested at both

1.6 and 2.3J impact energy and the impact velocity, strain rate, maximum impact

force and stress, rise time to peak load, coefficient of restitution, cartilage thickness,

calcified cartilage thickness and vulnerability score were all recorded. The results

for healthy G0 are shown in table A.1, for mildly degenerate G1 in table A.2, for

moderately degenerate G2 in table A.3 and for severly degenerate G3 in table A.4.

This data can be seen more concisely in figure A.1. The effect of degeneration on

impact response was not clear at 1.6J of impact energy, and was only brought to

light with the higher level of 2.3J. Due to this it was decided to focus all future

studies on using 2.3J of impact energy.
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Table A.1: Table showing all data collected from healthy G0 bovine patella.

Sample:
Energy

(J):

Impact

velocity

(m/s):

Initial

strain-rate

(sˆ-1):

Max

force

(N):

Impact

Stress

(MPa):

Rise

time

(ms):

COR:

Cartilage

thickness

(mm):

ZCC

thickness

(mm):

Vulnerability

score:

Ma-G0-01 1.6 2.15 1134 5380 68.5 0.68 0.71 1.90 0.15 1

Ma-G0-02 1.6 1.96 823 4580 58.3 0.70 0.42 2.38 0.15 1

Ma-G0-03 1.6 2.14 699 5100 64.9 0.70 0.75 3.06 0.24 5

Ma-G0-04 1.6 2.70 1475 5740 73.1 0.54 0.50 1.83 0.16 2

Ma-G0-05 1.6 2.42 1000 5700 72.6 0.52 0.67 2.42 0.22 1

Ma-G0-16 1.6 2.34 936 4980 63.4 0.64 0.58 2.50 0.15 1

Ma-G0-17 1.6 2.34 1255 5900 75.1 0.56 0.61 1.87 0.18 1

Ma-G0-18 1.6 2.34 1313 5900 75.1 0.50 0.58 1.78 0.12 1

Ma-G0-19 1.6 2.34 982 5180 66.0 0.54 0.25 2.38 0.14 8

Ma-G0-20 1.6 2.34 1111 4220 53.7 0.34 0.24 2.11 0.18 7

Average 2.31 1073 5268 67.1 0.57 0.53 2.22 0.17 2.8

Ma-G0-06 2.3 3.28 2158 7350 93.6 0.50 0.70 2.35 0.24 1

Ma-G0-07 2.3 2.69 1744 7260 92.4 0.50 0.67 1.54 0.15 0

Ma-G0-08 2.3 2.54 947 6900 87.9 0.70 0.78 2.68 0.21 1

Ma-G0-09 2.3 2.40 1154 6340 80.7 0.52 0.66 2.08 0.10 1

Ma-G0-10 2.3 2.94 1242 5260 67.0 0.46 0.23 2.37 0.16 10

Ma-G0-11 2.3 2.50 998 6020 76.6 0.60 0.23 2.51 0.17 7

Ma-G0-12 2.3 2.96 1431 6710 85.4 0.58 0.59 2.07 0.11 0

Ma-G0-13 2.3 2.82 1156 6580 83.8 0.60 0.61 2.44 0.19 1

Ma-G0-14 2.3 2.72 1428 5740 73.1 0.58 0.47 1.91 0.00 1

Ma-G0-15 2.3 3.00 1425 6910 88.0 0.50 0.60 2.11 0.20 1

Average 2.78 1368 6507 82.8 0.55 0.55 2.20 0.15 2.3
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Table A.2: Data obtained from mildly degenerate G1 bovine patella.

Sample:
Energy

(J):

Impact

velocity

(m/s):

Initial

strain-rate

(sˆ-1):

Max

force

(N):

Impact

Stress

(MPa):

Rise

time

(ms):

COR:

Cartilage

thickness

(mm):

ZCC

thickness

(mm):

Vulnerability

score:

Ma-G1-01 1.6 2.12 963 5260 67.0 0.68 0.72 2.20 0.26 1

Ma-G1-02 1.6 2.52 1102 5500 70.0 0.68 0.44 2.29 0.18 0

Ma-G1-03 1.6 2.26 788 5180 66.0 0.66 0.66 2.87 0.28 1

Ma-G1-04 1.6 2.24 833 4980 63.4 0.68 0.45 2.69 0.30 1

Ma-G1-05 1.6 2.74 1229 4700 59.8 0.68 0.46 2.23 0.20 1

Ma-G1-16 1.6 2.20 739 5220 66.5 0.66 0.66 2.98 0.25 1

Ma-G1-17 1.6 2.46 745 4860 61.9 0.72 0.60 3.30 0.37 2

Ma-G1-18 1.6 2.44 861 5380 68.5 0.66 0.71 2.84 0.18 1

Ma-G1-19 1.6 2.18 784 4380 55.8 0.72 0.25 2.78 0.15 8

Ma-G1-20 1.6 2.20 685 4380 55.8 0.60 0.11 3.21 0.28 5

Average 2.34 873 4984 63.5 0.67 0.51 2.74 0.24 2.1

Ma-G1-06 2.3 2.50 1534 5180 66.0 0.42 0.20 2.53 0.17 7

Ma-G1-07 2.3 2.78 1571 7020 89.4 0.58 0.46 2.40 0.16 1

Ma-G1-08 2.3 2.74 1166 6460 82.3 0.58 0.33 2.35 0.22 10

Ma-G1-09 2.3 2.82 1259 6780 86.3 0.66 0.70 2.24 0.18 9

Ma-G1-10 2.3 2.75 1249 5940 75.6 0.48 0.21 2.20 0.21 7

Ma-G1-11 2.3 2.47 1085 6340 80.7 0.64 0.80 2.28 0.30 1

Ma-G1-12 2.3 2.42 991 6180 78.7 0.58 0.36 2.44 0.20 10

Ma-G1-13 2.3 2.76 941 6790 86.5 0.60 0.73 2.93 0.21 1

Ma-G1-14 2.3 3.00 924 5300 67.5 0.56 0.50 3.25 0.32 5

Ma-G1-15 2.3 3.00 1059 6740 85.8 0.58 0.59 2.83 0.15 1

Average 2.72 1178 6273 79.9 0.57 0.49 2.55 0.21 5.2
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Table A.3: Data obtained from moderately degenerate G2 bovine patella.

Sample:
Energy

(J):

Impact

velocity

(m/s):

Initial

strain-rate

(sˆ-1):

Max

force

(N):

Impact

Stress

(MPa):

Rise

time

(ms):

COR:

Cartilage

thickness

(mm):

ZCC

thickness

(mm):

Vulnerability

score:

Ma-G2-01 1.6 2.50 1020 3740 47.6 0.84 0.38 2.45 0.25 8

Ma-G2-02 1.6 2.82 905 5220 66.5 0.82 0.60 3.12 0.25 2

Ma-G2-03 1.6 2.11 690 4660 59.3 0.72 0.63 3.05 0.30 2

Ma-G2-04 1.6 2.40 791 4700 59.8 0.74 0.56 3.04 0.36 2

Ma-G2-05 1.6 2.40 679 4100 52.2 0.84 0.11 3.54 0.24 5

Ma-G2-16 1.6 2.32 885 5700 72.6 0.62 0.89 2.62 0.31 1

Ma-G2-17 1.6 2.60 982 5230 66.6 0.60 0.50 2.65 0.33 1

Ma-G2-18 1.6 2.34 775 5340 68.0 0.74 0.56 3.02 0.24 1

Ma-G2-19 1.6 2.58 862 5420 69.0 0.66 0.61 2.99 0.23 2

Ma-G2-20 1.6 2.56 1078 5100 64.9 0.56 0.18 2.38 0.29 6

Average 2.46 867 4921 62.7 0.71 0.50 2.88 0.28 3.0

Ma-G2-06 2.3 2.43 1010 6580 83.8 0.56 0.50 2.40 0.30 1

Ma-G2-07 2.3 2.50 965 4140 52.7 0.54 0.22 2.59 0.31 7

Ma-G2-08 2.3 2.71 1035 7020 89.4 0.60 0.55 2.62 0.25 1

Ma-G2-09 2.3 2.86 1032 4900 62.4 0.48 0.18 2.77 0.34 7

Ma-G2-10 2.3 2.60 835 5740 73.1 0.62 0.20 3.11 0.26 5

Ma-G2-11 2.3 2.71 979 6620 84.3 0.64 0.64 2.77 0.32 1

Ma-G2-12 2.3 3.18 1237 6940 88.4 0.54 0.46 2.57 0.32 1

Ma-G2-13 2.3 3.22 1035 3940 50.2 0.95 0.17 3.11 0.29 4

Ma-G2-14 2.3 2.75 1060 5860 74.6 0.50 0.35 2.60 0.34 7

Ma-G2-15 2.3 2.72 886 4740 60.4 0.62 0.11 3.07 0.27 5

Average 2.77 1007 5648 71.9 0.61 0.34 2.76 0.30 3.9
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Table A.4: Data obtained from severely degenerate G3 bovine patella.

Sample:
Energy

(J):

Impact

velocity

(m/s):

Initial

strain-rate

(sˆ-1):

Max

force

(N):

Impact

Stress

(MPa):

Rise

time

(ms):

COR:

Cartilage

thickness

(mm):

ZCC

thickness

(mm):

Vulnerability

score:

Ma-G3-01 1.6 2.12 865 5380 68.5 0.66 0.72 2.45 0.30 2

Ma-G3-02 1.6 2.80 1236 5180 66.0 0.58 0.31 2.27 0.35 1

Ma-G3-03 1.6 2.20 881 5940 75.6 0.56 0.77 2.50 0.25 2

Ma-G3-04 1.6 2.18 1384 5460 69.5 0.54 0.55 1.58 0.34 4

Ma-G3-05 1.6 2.44 935 5460 69.5 0.60 0.63 2.61 0.29 2

Ma-G3-16 1.6 2.44 873 4300 54.7 0.48 0.15 2.80 0.26 2

Ma-G3-17 1.6 2.66 793 4940 62.9 0.76 0.59 3.35 0.28 1

Ma-G3-18 1.6 2.44 1251 5140 65.4 0.40 0.42 1.95 0.29 5

Ma-G3-19 1.6 2.44 922 6040 76.9 0.52 0.65 2.65 0.29 2

Ma-G3-20 1.6 2.68 1130 6180 78.7 0.54 0.59 2.37 0.32 1

Average 2.44 1027 5402 68.8 0.56 0.54 2.45 0.30 2.2

Ma-G3-06 2.3 3.34 1518 5220 66.5 0.52 0.46 2.20 0.45 2

Ma-G3-07 2.3 2.82 1849 5260 67.0 0.68 0.50 1.53 0.22 4

Ma-G3-08 2.3 2.63 857 6260 79.7 0.72 0.65 3.07 0.27 2

Ma-G3-09 2.3 2.36 849 6620 84.3 0.64 0.78 2.78 0.13 1

Ma-G3-10 2.3 2.64 848 6020 76.6 0.62 0.42 3.12 0.26 1

Ma-G3-11 2.3 2.90 889 4860 61.9 0.48 0.18 3.26 0.31 10

Ma-G3-12 2.3 2.90 1921 4940 62.9 0.28 0.34 1.51 0.22 5

Ma-G3-13 2.3 2.62 994 6860 87.3 0.60 0.58 2.64 0.28 2

Ma-G3-14 2.3 2.64 1177 4860 61.9 0.76 0.47 2.24 0.20 5

Ma-G3-15 2.3 2.88 882 4900 62.4 0.52 0.27 3.27 0.28 9

Average 2.77 1178 5580 71.0 0.58 0.47 2.56 0.26 4.1
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Figure A.1: Graph of a) mean peak stress and b) coefficient of restitution for mature cow

patella showing the lack of discernable trend in 1.6J samples. Error bars show standard

error of the mean.
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Appendix B

B.1 Immature Tissue

At the start of this thesis, immature bull patella were also tested alongside mature

cow patella. Due to the nature of developing tissue the mechanical properties of the

immature were highly inconsistent, even more so than the usual differences found

in biological tissues. A total of 8 intact and 17 degenerate bull patella were tested

at both 1.6 and 2.3J. The data from these tests is shown in table B.1 and in Figure

B.1. As can be seen from the large standard deviation in results, each sample is

very difficult to class into a specific “group” without knowing the exact state of

development. Because of this it was decided that only mature patella obtained from

cows aged 3-8 years old would be used to give more consistent mechanical properties.
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Table B.1: Data collected from 25 immature bull patella

Sample: Energy (J): Peak Impact Stress (MPa): Coefficient of Restitution:

G0-01 1.6 63.15 0.5

G0-02 1.6 70.28 0.44

G0-03 1.6 56.79 0.35

G0-04 1.6 43.54 0.5

Average: 58.44 0.45

G1-01 1.6 60.61 0.56

G1-02 1.6 69.52 0.75

G1-03 1.6 72.83 0.63

G1-04 1.6 61.34 0.75

G1-05 1.6 49.15 0.71

Average: 62.69 0.68

G2-01 1.6 64.17 0.44

G2-02 1.6 27.25 0.38

Average: 45.71 0.41

G3-01 1.6 45.58 0.5

G0-06 2.3 79.45 0.37

G0-07 2.3 85.94 0.63

G0-08 2.3 68.12 0.71

G0-09 2.3 75.63 0.5

Average: 77.29 0.55

G1-06 2.3 81.09 0.5

G1-07 2.3 87.98 0.89

G1-08 2.3 76.14 0.45

G1-09 2.3 55.26 0.2

G1-10 2.3 79.32 0.56

Average: 75.96 0.52

G2-03 2.3 84.54 0.67

G2-04 2.3 30.3 0.18

Average: 57.42 0.43

G3-02 2.3 70.79 0.3

G3-03 2.3 75.12 0.28

Average: 72.96 0.29
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Figure B.1: Graph of a) mean peak stress and b) coefficient of restitution for immature

bull patella showing the high standard deviation (error bars). Error bars show standard

error of the mean.
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Appendix C

C.1 Damage Quantification

The damage quantification method used for this thesis was briefly covered in Chapter

4, and was adapted from methods used previously in this research group. The

following figures will help to show the large range of damage found during this

thesis, with details on how the vulnerability score is assigned.

Some representative sections from impacted healthy G0 samples are shown in

Figure C.1. The types of damage are: Type I, presence of fissures in the surface layer

that do not extend deeper than the transition region. Type II is where fissures in the

surface extend into the deep zone. Type III is where the cartilage layer delaminates

from the underlying bone at the calcified cartilage interface. In type IV damage

fissures from the surface layer extend through the cartilage and calcified cartilage

into the subchondral bone beneath. In the following images Type I is highlighted in

green, Type II is highlighed in blue, Type III is highlighted in yellow and Type IV

is highlighted in red. The vulnerability score is also shown at the bottom right of

each section. Similar to the G0 samples, a representive of the mildly degenerate G1

sample sections are shown in Figure C.2. The types of damage are also highlighted

and it is clear that the G1 tissue suffers much more extensive damage in response

to impact. Sections from impacted moderately degenerate G2 samples are shown in

Figure C.3, and severly degenerate G3 in Figure C.4.
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Figure C.1: Representitive slices of impacted healthy G0 tissue highlighting damage caused and the vulnerability score determined.
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Figure C.2: Representitive slices of impacted mildly degenerate G1 tissue highlighting damage caused and the vulnerability score determined.
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Figure C.3: Representitive slices of impacted moderately degenerate G2 tissue highlighting damage caused and the vulnerability score determined.
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Figure C.4: Representitive slices of impacted moderately degenerate G3 tissue highlighting damage caused and the vulnerability score determined.
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Appendix D

D.1 Cellular Trials and Tribulations

During this work, multiple methods were trialled in the process of finding the

vulnerability of chondrocytes to impact loading. Initially, Fluoroscein diacetate

(FDA) was used in place of Calcein-AM. This fluorophore is very similar to Calcein-

AM, and works in the same way by releasing the fluorescent protein fluoroscein

when cleaved by intercellular processes. This cell stain did work, but the correct

concentration was hard to find. The initial fluorescent work was carried out using

a Nikon DIC with a fluorescent attachment and two filter cubes for the live/dead

fluorophores. The first few trial runs on fresh tissue did not keep the chondrocytes

alive and they all stained as being dead as seen in Figure D.1. The concentration of

FDA may have been too high and the acetone it was dissolved in could have killed

the chondrocytes. The samples for this had the cartilage removed from the bone,

glued to a mounting block and cryosectioned before being mounted on slides and

viewed with the fluorescent microscope. This process caused a lot of excess trauma

to the tissue and was clearly not going to work for the study.

Figure D.1: Images obtained from the first trial run of cell staining. a) shows the presence

of no living cells from FDA staining. b) shows all cells are ruptured due to positive staining

with PI.
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The next trial used a lower concentration of FDA, and the samples were examined

after being fixed with formalin and decalcified with formic acid. This technique has

been used before [154] and has shown that the fluorescent proteins can be fixed in

place in the cells for examination later. After cryosectioning again these samples

showed the presence of viable cells, with dead cells in the surface layer after impact.

The images obtained from this method can be seen in Figure D.2.

Figure D.2: Images obtained from the second trial run of cell staining. a) shows the

presence of some living cells from FDA staining. b) shows cells in the surface layer are

ruptured due to positive staining with PI.

A method was also trialled to preserve fresh tissue so that samples did not

have to be obtained fresh everytime a cell experiment needs to be done. This

involved collecting fresh patella and using various methods to freeze the tissue

without damaging the chondrocytes. Some were frozen in media, others were flash

frozen in a container of liquid nitrogen, but none of the methods were able to leave

the chondrocytes intact for examination at a later date.

The move to confocal examination came about due to the ease of sample preparation

required, and the depth resolution capable of the microscope. Samples were trialled

on the confocal using frozen patella so that all the cells would be guaranteed dead.

This was to find the parameters and setup which best suited the examination of

the samples. At first, 1mm sections were obtained by hand before the introduction

of the slice cutting device. Also, a home-made slide was utilised where multiple

layers of plastic were laid on top of each other with holes drilled in the middle to

form wells that samples could sit in with some media solution. The edges of the

slide and cover-slip were sealed with a viscous nitrocellulose solution. The design of

these slides was later given to the resident fabrication engineer to mill out of perspex

as can be seen in Figure D.3. These allowed multiple samples to be put into the

confocal at once, reducing down time and improving efficiency.
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Figure D.3: a) Initial hand-made slide used for confocal microscopy. b) Fabricated slides

with multiple slots used in later confocal examinations.

Following the success of this trial a new method was developed to ensure tissue

obtained remained viable for as long as possible before the experiment. As the

abbotoir where tissue is obtained is a two and a half hour drive from the lab it was

vital to ensure they survived the journey. The first set of samples were collected in

media solution made with added HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid) as a buffer and penicillin/streptomycin to kill bacteria. These samples were

put into media immediately after removal from the joint capsule and stored in an

insulated carrying case on the drive back. The next sets of samples were placed into

pre-mixed Dulbecco’s phosphate buffered saline with 1000 mg/L glucose, 50 mg/L

streptomycin sulfate and 100 mg/L kanamycin monosulfate as described in the main

section on cellular vulnerability (Chapter 6).

D.1.1 Additional Images for Chapter 6

The following series of images are provided to show Z-stacks from both healthy

(G0) and mildly degenerate samples (G1) that have been impacted, and their

corresponding unimpacted control. They are shown in the separate channels of

viable (green) and non-viable (red), with the thresholded image and cell counting

image also included along with the percentage of cell death (PCD).
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Figure D.4: Confocal Z-stack from healthy G0 sample number 1 showing its processing and analysis.
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Figure D.5: Confocal Z-stack from healthy G0 sample number 2 showing its processing and analysis.
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Figure D.6: Confocal Z-stack from healthy G0 sample number 3 showing its processing and analysis.
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Figure D.7: Confocal Z-stack from healthy G0 sample number 4 showing its processing and analysis.
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Figure D.8: Confocal Z-stack from healthy G0 sample number 5 showing its processing and analysis.
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Figure D.9: Confocal Z-stack from healthy G0 sample number 6 showing its processing and analysis.
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Figure D.10: Confocal Z-stack from mildly degenerate G1 sample number 1 showing its processing and analysis.
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Figure D.11: Confocal Z-stack frommildly degenerate G1 sample number 2 showing its processing and analysis.
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Figure D.12: Confocal Z-stack from mildly degeneratey G1 sample number 3 showing its processing and analysis.
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Figure D.13: Confocal Z-stack from mildly degenerate G1 sample number 4 showing its processing and analysis.
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Figure D.14: Confocal Z-stack from mildly degenerate G1 sample number 5 showing its processing and analysis.
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Figure D.15: Confocal Z-stack from mildly degenerate G1 sample number 6 showing its processing and analysis.
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