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Abstract 

The PhD research described within this thesis involved a quantitative study of the 

morphological features of the articular cartilage related to its physiological status and 

the stage of osteoarthritis (OA). A unique method of three dimensional (3D) 

quantitative image analyses was developed and applied to study the microstructure of 

articular cartilage with varying biological states assessed in the International Cartilage 

Repair Society (ICRS) from grade 0 to grade 2. Degeneration of articular cartilage, the 

precursor of OA, has a close relationship with structural changes within two important 

components, the collagen matrix and the distribution of chondrocytes. By using 

confocal microscopy, the characteristics of the 3D collagen network and chondrocyte 

distribution pattern within articular cartilage (AC) samples of different physiological 

states were assessed. Quantitative image analysis techniques were developed and 

applied to numerically describe the morphological features of the 3D collagen network 

and the 3D arrangement of the chondrocytes depicted in the images acquired using 

confocal microscopy. 

The orientation of the fibre bundles presented in the lamina splendens and the 

structure of the subjacent collagen network were studied in detail and numerically 

described using parameters. An objective assessment was concluded using parameters 

extracted from 3D confocal images. It was found that characteristic matrix features 

associated with the development of OA can be assessed efficiently and effectively using 

the developed parameters. 

The distribution of chondrocytes within cartilage was studied in detail. The research 

was primarily concerned using the 3D distribution of chondrocytes, and the variation in 

patterns observed during the growth of cartilage from youth to healthy mature adult, and 

its degeneration in aged cartilage associated with early OA symptoms. 

This OA related study therefore provided a comprehensive view of cartilage features, 

taking into account the physical changes of both the collagen matrix, along with the 

chondrocytes and their distribution. The collagen structure was explored from the most 

superficial layer of the cartilage (uppermost 10μm) to the upper area of the superficial 

zone (up to 70μm deep from the surface). 

This thesis was written in the form of a compilation of research publications. It 

consisted of four main parts: (1) Identification of collagen fibres in the lamina splendens 
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(the most superficial layer) of normal articular cartilage, (2) Assessment of 

arrangements of fibre bundles in the lamina splendens and with the health of articular 

cartilage, (3) Quantitative study of collagen network structure (underlying the lamina 

splendens) with varying grades of degeneration (0-2 OA grade), and (4) 3D morphology 

study of chondrocyte distribution in cartilage specimens from juveniles, healthy adults 

and adults with early OA symptoms. 

(1)  Identification of fibre bundles in the lamina splendens (the most superficial layer) 

and with the health of articular cartilage 

(Chapter 3 Identifying Fibre Bundles in the Most Superficial Layer of Normal Articular 

Cartilage) 

This study developed a noise reduction method for identifying and isolating fibre 

bundles lying within the most superficial layer in healthy cartilage. Confocal 

microscopy was used to visualize collagen fibres or fibre bundles, and the acquired 

images displayed the distribution of collagen fibres both parallel and perpendicularly 

oriented to the surface. The objective of this study was to identify and assess only the 

fibre bundles parallel to the surface. Other fibrous components were considered as the 

background noise in this study.  

(2)   Assessment of arrangements of fibre bundles in the lamina splendens and with the 

health of articular cartilage 

(Chapter 4 Automatic Classification of the Health of Articular Cartilage by 

Differentiation of Fibre Bundles using Filter Recognition Methods) 

This study reinforced the initial findings and revealed a deeper understanding of the 

relationship between the existence of fibre bundles running parallel to the articular 

surface in the lamina splendens and the condition of articular cartilage. The work 

presented in this study allowed identification of a unique presentation of parallel fibre 

bundles which only exist in healthy cartilage. An extraction method has been proposed 

that can automatically distinguish the collagen fibres lying within the lamina splendens, 

and calculate their length and orientation. By analysing three sample groups of articular 

cartilage specimens, healthy (ICRS grade 0), aged ( ICRS grade 1 OA) and ICRS grade 

2 OA samples, respectively, it was concluded that the parallel oriented collagen fibres 

existed almost exclusively in ICRS grade 0 cartilage samples, while in ICRS grade 1 

and 2 OA samples, this evidence could rarely be observed.  
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(3)  A quantitative study of the collagen network underlying the lamina splendens in 

ICRS grade 0-2 cartilage 

(Chapter 5 Texture Analysis of the 3D Collagen Network and Automatic Classification 

of the Physiology of Articular Cartilage) 

This study assessed a deeper layer underlying lamina splendens in the superficial 

zone. Rather than being arranged parallel to the surface (as in the lamina splendens), the 

collagen fibres in this range aligned obliquely to the surface of AC to support the 

biomechanical function of cartilage. This study focused on the changing of the 3D 

collagen network with the development of OA. This study introduced a texture analysis 

method to assess the collagen arrangement in confocal images. The parameters applied 

to describe the features of the collagen network were distinct between different sample 

groups, from ICRS grade 0 to grade 2. Therefore, an automatic classification method 

was applied to effect computer diagnosis. For the 150 samples available (50 in each 

group), 90 samples were used as a training sequence and the remaining 60 were used for 

testing. A 4.23% prediction error made this method a potentially reliable tool for auto 

diagnosis in the future. 

(4)  3D morphological study of chondrocyte distribution in youth, healthy mature and 

aged articular cartilage with early OA symptoms 

(Chapter 6 A 3D Study of the Distribution of Chondrocytes in Juvenile, Healthy Adult 

and Early Osteoarthritic Articular Cartilage of Rats) 

With the development of OA, the collagen network displayed great variation. 

Accompanying the changing collagen network were changes to the chondrocytes and 

their distribution. A morphological study of chondrocytes and their distribution in 

different grades of OA was therefore conducted. Sample groups were collected from 

juveniles, healthy adults and aged cartilage with early OA symptom from Wistar rats. 

3D images of chondrocytes were acquired using confocal microscopy. Nuclei of 

chondrocytes were extracted using a 3D contour detection algorithm and projected to 

XY, YZ and XZ planes respectively. Analysis was accomplished by k-mean clustering 

and peak ratio studies. The distribution of chondrocytes with depth from the cartilage 

surface was assessed. Distribution differences were observed and reported quantitatively 

between juveniles compared to healthy mature cartilage, and also those with early OA 

symptom.  
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Chapter 1  

Introduction 

1.1 Overview of Research 

Osteoarthritis (OA) is a predominantly chronic disease that can cause severe pain, 

and in many cases reduces or even deprives the movement ability of patients. Detailed 

studies of OA has progressed for several decades, but the aetiology of the disease is still 

not fully understood and research is ongoing [1-3].  

Research related to OA has a strong focus on the study of articular cartilage (AC) 

which provides smooth sliding surfaces to allow movement and transmits the 

mechanical load through the joint. However, recent studies have revealed that the 

microstructure of both of the primary elements of cartilage, the collagen matrix and 

chondrocytes, are altered by the onset of OA. Therefore, to achieve a comprehensive 

analysis of OA, this study included both a quantitative study of collagen network and 

the distribution of chondrocytes.  

The unique microstructural design of AC provides remarkable biomechanical 

properties to support and protect the joint during activity [4, 5], though damage will still 

occur especially when joints suffer trauma [6, 7]. Recent studies have also shown that 

the degeneration of tendon could also trigger disorders in joints, like ectopic ossification 

or OA [8, 9]. For example, Ameye et al discovered the abnormal collagen fibrils in 

Achilles tendons of mice lead the development of severe premature OA as well as 

significant ectopic ossification [8]. Effective treatment is limited by the avascular 

environment of AC, which can lead to poor recovery and use of symptomatic relief. 

Surgery is the final option, waiting until most of the AC has become worn. Surgical 

repairs are normally adopted for alleviating the extreme pain of OA. The typical 

techniques that have been applied in clinic are surgical interventions with/without active 

biologics, and tissue engineering. Tissue engineering is now attracted more attention on 

cartilage repair, which not only includes cells and matrices transplantation, but also 

contains signaling substances or genetic measures for the structural and functional re-

establishment of cartilage tissue [10]. 

Assessment of repair techniques has been limited by the limited magnification and 

resolution of the observation techniques used, including radiography, magnetic 

resonance imaging or destructive biopsy. Therefore, the study of OA and its related 
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tissues can move to a higher level of investigation and diagnosis when non-destructive 

assessment modalities are developed and used. The invention of confocal laser scanning 

microscopy (CLSM) greatly enhanced the quality of 3D tissue imaging in its native 

environment allowing examination of tissue to a certain depth. This high resolution 

fluorescence microscopy method also provides wider research potential for the 

investigation of cartilage, ligament, tendon and bone [11]. A related innovation, the 

laser scanning confocal arthroscope (LSCA), is capable of imaging the bio-samples in 

vivo without any structural destruction.  

The current research used confocal microscopy to facilitate quantitative assessment 

of OA degeneration of varying severity and compared with histological analysis. This 

study has provided the first step for an objective assessment of OA degeneration by 

extracting quantitative parameters to numerically describe AC of different grades of 

degeneration. The information gathered by this process has facilitated a more evidential 

and objective assessment of OA.  

1.2 Significance and Objectives of Research 

This thesis has focused on two topics related to OA, firstly the extraction of 

parameters related to collagen degeneration associated with OA, and secondly the 

changing of density and distribution of chondrocytes through the growth of cartilage 

toward the onset of early OA.  

1.2.1  The significance of this research 

Studies to gain understanding of the deterioration procedure in OA have been 

conducted for several decades, utilising both microscopy and histological analysis. 

Although the aetiology of OA is yet to be fully elucidated, the symptoms of this disease 

have been described in detail. In particular, using electron microscopy with up to 8000 

times magnification, each collagen fibre can be well imaged individually. Quantitative 

studies have been developed in the published literature mainly to reconstruct the 

fibrillary matrix. However, the traditional assessment of OA was primarily conducted 

by visual observation, and lesser effort has been put into the quantitative evaluation of 

OA in different stages of degeneration. This can be attributed to an absence of 

appropriate technologies and techniques to evaluate the cartilage. To precisely classify 

the condition of AC and stage of OA degeneration traditionally requires a histological 

section, which (in turn) requires a destructive biopsy that can be especially traumatic 

and counterproductive for patients with early stage OA. With the application of CLSM 
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and LSCA, the possibility of imaging the microstructure of AC in situ or even in vivo 

has brought non-invasive diagnosis into the realms of reality. Such imaging techniques 

afford a 3D visualization inside the cartilage structure without destruction, while further 

quantitative study is subsequently required for a more objective assessment for clinical 

application. The significance of this study was to establish a quantitative measurement 

system for the assessment of OA by analysing the images from arthroscopy or confocal 

microscopy. The ideal objective was to develop a real time diagnose system build-in the 

clinical imaging procedure. The pictures acquired from either confocal microscopy or 

arthroscopy will be processed immediately in this system, and give out the assessment 

of the samples’ status for the doctors refer. This system was also planned to extend to 

the orthopaedic diagnosis in the future. 

OA is the leading chronic disease prevalent in elderly people, especially those over 

50 years old. According to an Australian national population survey, over 1.3 million 

people were suffering from OA in 2005, and this number is expected to increase in the 

following decade [12]. A similarly high prevalence is also reported in the USA, with 

more than 350,000 knee and hip replacement surgeries estimated to be needed per 

annum [13]. As this age-related disease is recognised as a major cause of pain with all 

articular joints involved, it eventually will lead to loss of tissue function and work 

disability. Further study of OA aetiology and the degenerative process will be enabled 

by non-destructive microscopy and the subsequent development of a quantitative 

evaluation tool for objective investigation. This study has attempted to fill the perceived 

gap between visual assessment and quantitative analysis for auto-classification and 

diagnosis, shown as Fig. 1.1. 
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1.2.2  Critical Research Question  

The basic question is whether quantitative analysis methods are suitable for 

orthopaedic study? Specifically, this raises two principal questions:  

(1)  Is it possible to use quantitative parameters to measure and classify the 

biological condition of OA?  

(2)  Can the identified feature parameters extracted from sample examination 

efficiently describe the progress of this disease, and are they sufficiently distinct and 

reliable?  

Considering the capability of CLSM fluorescence imaging, the collagen fibres and 

chondrocytes can be observed clearly in 3D.  Therefore two specific research questions 

are raised: 

(1)  Which identified parameters are capable of depicting collagen distribution and 
organization in AC? 

(2)  Which identified parameters are capable of depicting chondrocyte morphology 
and their physical characteristics? 

1.3 Research Design 

This research project commenced with a comprehensive literature review, and was 

then followed by research into two main topics. The first topic consisted of a study of 

collagen and the second was a study of chondrocytes. In the collagen study, two sub 

topics were examined regarding to the fibre bundles in the superficial layer and the 

morphology of collagen distribution in the near surface area, shown as Fig. 1.2. 

1.3.1  Study Design  

The study presented in this thesis was formulated to identify and validate the use of 

numerical parameters for the assessment of OA. Different search engines have been 

utilised to gather information and previous research for the literature review, as well as 

library based searches. Quantitative study techniques have been applied within both the 

collagen and cell studies. The study of collagen in AC was conducted longitudinally 

from the surface (superficial layer) to the deeper layers.  

The assessment of different grades of OA was based on the cartilage and OA scoring 

systems established by the International Cartilage Repair Society (ICRS) as shown in 

Fig. 1.3. Finally a statistical analysis method was applied comparing the numerical 

Fig. 1.1 The significance of this research 
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results with the corresponding disease grade. This research has shown that it is possible 

to use auto classification techniques for OA diagnosis based on quantitative analysis 

results, which provides significant opportunities to apply the techniques in clinical 

applications. 

1.3.2  Structure of Thesis  

The main body of this thesis is contained in Chapters 3 to 6. The research 

commences with the development and application of a noise reduction algorithm 

particularly developed for confocal image denoising (chapter 3). Quantitative analysis 

of the fibre bundles on the superficial layer of AC is then introduced (chapter 4) by 

automatically extracting the fibre bundles and studying the variance of the number of 

bundles with the development of OA. The deeper layers of cartilage were then 

examined where the fibre bundles are meshed together in a lattice network, and texture 

analysis was applied to measure the deterioration at different stages of degeneration 

(chapter 5). The morphology of chondrocytes and their distribution have been examined 

in the following chapter (chapter 6). 
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ICRS Grade 0 – Normal 

 
ICRS Grade 1 – Nearly Normal 
Superficial lesions. Soft indentation (A) and/or superficial fissures and cracks (B) 

          
     A                           B 

ICRS Grade 2 – Abnormal 
Lesions extending down to <50% of cartilage depth 

 
ICRS Grade 3 – Severely Abnormal 
Cartilage defects extending down >50% of cartilage depth (A) as well as down to calcified layer (B) and 
down to but not through the subchondral bone (C). Blisters are included in this Grade (D) 

    
       A                    B                 C                D 

ICRS Grade 4 – Severely Abnormal 

  
       A                 B 
Copyright © ICRS 

 

Fig. 1.3 ICRS grading system of OA 
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Chapter 2  

Literature Review 

Arthritis refers to conditions of joints where two or more bones have been damaged. 

According to Australian national population surveys, about 3.85 million people suffer 

from arthritis in Australia, which means nearly one in five has this disease. A leading 

research organisation, Access Economics, suggests that, according to current trends, 

there will be over 7 million Australians suffering from this disease by 2050 [12]. There 

are over 100 forms of arthritis but the most common three types are OA, rheumatoid 

arthritis, and gout [14]. Osteoarthritis, in particular, affects over 1.3 million Australians, 

accounting for nearly 30% of those affected by arthritis, and this number extrapolates to 

190 million worldwide in 2002 [15].  

As arthritis is a leading cause of disability in elderly people with a trend to also 

inflict those of working age or even youths, the Australian government budgets 

approximately $23.9 billion each year to undertake medical care and fund other indirect 

costs. The total number of surgical cases of knee and hip operations in Australia 

increased from 34,700 cases in 1996-1997 to 44,552 in 2000-2001 [12], and this 

number was expected to grow by approximately 30% over the following 4 years.  This 

is a significant burden on the Australian national healthcare budget.  

Besides the huge expense, patients suffer extreme pain as the most distressing 

symptom, which is in addition to joint stiffness caused by the inflammation and damage 

to the joints. In later stages of arthritis, the pain, stiffness and deformities of joints 

obstructs people’s daily activities such as employment, housework and mobility. 

Although medical research shows that the damaged  joints cannot be cured or restored 

completely, early detection and intervention can delay the onset of the disease and may 

reduce the number of cases by about 500,000 within 15 years [12]. Therefore, the 

significance of studying the early diagnosis of arthritis is extremely important as any 

detection of the early pathology of arthritis will be vital to the outcome of treatment and 

control on this disease.  
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2.1 Synovial Joints  

A joint is an area where two or more bones are connected to allow a motional 

function of body parts [16]. By structural classification [17], it can be divided into three 

types of joints: fibrous joints, cartilaginous joints and synovial joints [18]. Only 

synovial joints, also called diarthrodial joints, can provide a variety of movement to 

maintain the normal activities of the body in mammals [19].  

Knee joints are typical synovial joints, which are normally composed of AC, tendons, 

ligaments, and the patella, as shown in Fig. 2.1 [20]. These structures work 

cooperatively together to achieve a normal movement of the joint. Any study of joint 

disease, OA for example, cannot be confined to an isolated part of the joint, but needs to 

be studied systematically. 

 

Fig. 2.1 Anatomy of a human knee joint [8]. 

 

AC is a white stiff tissue covering the end of bones in joints. The main function of 

AC is to absorb the peak load generated from movement and provide a smooth gliding 

motion between joints with a friction coefficient of under 0.005 [21-23]. The 
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connections between bones or with muscles are achieved though ligaments and tendons 

respectively [24]. The hierarchal structure of both ligaments and tendons allows a firm 

connection and a flexibility with certain freedoms among bones [25]. The Patella covers 

the front of the knee joint to protect the anterior articular surface [26].  

2.2 Articular Cartilage 

AC is an aneural, avascular, alymphatic connective tissue which can be found on 

most joint surfaces [27]. The primary functions of AC are facilitating the body 

movement and locomotion. With the protection of AC, peak load or shearing forces 

which are generated by vigorous exercise or sport can be suppressed and gently 

transferred between bones. Therefore, the health and integrity of AC has long been a 

popular topic in orthopaedic research. Distinct from bone or muscle, AC was firstly 

documented as a very unique tissue by Aristotle in the fourth century BC [28]. Since 

then, investigations related to AC have never stopped. From the original clinical 

description as ‘an elastic substance with white colour’ in the 18th century [29], to a 

comprehensive study subject involving biochemistry [30], mechanism [31], imaging 

techniques and modem medical applications [32-34] and nowadays, AC has consistently 

been an interesting topic attracting researchers from various fields. However, the cause 

of cartilage degeneration still remains uncertain and the fundamental microstructure of 

AC has been reported paradoxically in the literature regarding the structure of 

transitional zone and surface layer [35-41]. The study of AC has been undertaken from 

various aspects. Mechanical properties study, for example, is a proper approach to 

understand the structure and function of AC. Mechanical properties can be studied from 

many aspects, for instance by fluid transport [31], biosynthetic response under 

compression [42] or even from the view of chondrocytes [43, 44] and collagen network 

[45]. Knowing the dynamics of articular cartilage and designing an efficient 

measurement will help researchers finding out the key elements of AC degeneration and 

assessing the performance of the current treatments. This thesis however, is focused on 

some other important characters, the microstructure of AC, the physical morphology, 

and the main components in healthy AC as well as the fundamental changes occurring 

in OA to conduct the research. 

2.2.1  Structure of Normal AC 

Normal AC is composed of the extracellular matrix (ECM) and chondrocytes [46]. The 

ECM of hyaline cartilage mainly contains water, collagen, proteoglycans, structured 
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glycoproteins, and small amounts of lipid and inorganic components. Water constitutes 

60% to 80% of the total weight of hyaline cartilage [47]. Collagen, on the other hand, 

contributes 60% of the dry weight of cartilage. Several types of collagen have been 

detected in cartilage, but is predominantly type II collagen [48]. Proteoglycans are 

complex macromolecules, contributing 20% to 40% of the dry weight of hyaline 

cartilage [49, 50]. The collagen network and proteoglycans are entangled in both a 

mechanical way and in chemical connection, which provides the cartilage with excellent 

loading capacity [51]. The structured glycoproteins are a noncollagen nonproteoglycan 

matrix which interact with cellular receptors and constitute 5% to 15% of the dry weight 

of hyaline cartilage [47, 52]. Chondrocytes, make up 1% - 5% of the volume of cartilage 

[53], are surrounded by the ECM they synthesized and maintain its metabolism. As 

there is no blood vessels in AC, nutrition and waste exchanges will be achieved by the 

diffusion through the cartilage matrix [54]. Once the matrix gets impaired by joint 

immobilization, this diffusion may be stopped which leads to deficiencies in self-

healing of AC [55]. Lack of self-repair capability [10] makes it essential to detect 

damage of cartilage at early stage to allow for an appropriate and timely medical 

intervention.  

2.2.1.1 Collagen Fibres 

The predominant collagen in AC is type II collagen which constitutes about 90% to 

95% of the total collagen volume [56], but types V, VI, IX, X, and XI (small amount) are 

also present [57]. Types XI, VI and IX collagen are thought to present as heterotypic 

copolymers [58], as type IX collagen helps type II collagen to regulate its diameter 

depending on its concentration [59], meanwhile type XI collagen facilitates the 

formation of fibrillar components with type IX collagen arranged antiparallel on the 

surface [60]. The linkages between type IX and type XI from head to tail was suggested 

to support the pericellular fibrillar network and macromolecular interactions with other 

components [60]. Mechanically, different types of collagen are enmeshed together within 

a tight matrix and provide cartilage with its tensile properties [61]. The collagen 

meshwork constrains the negatively charged proteoglycan macromolecules, which then 

provides the cartilage with excellent compression capacity.  

The collagen fibers have an anisotropic arrangement in the cartilage, shown as Fig. 

2.2. It has been widely accepted that the organization and alignment of collagen fibers 

varies through the depth of cartilage and four distinct layers are divided according to the 

form of the collagen fiber network [6, 53, 57, 62-65]. From the calcified cartilage, 
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collagen fibers are anchored to the subchondral bone, and are oriented perpendicular to 

the articular surface in the deeper zone to distribute loads and resist compression. In the 

middle zone, the function of the matrix then gradually transfers to resistance of shearing 

forces through arched collagen fibers. When it comes to the superficial zone, there are 

controversies existing in the literature. The traditional conception describes the collagen 

fibers as predominantly parallel to the surface [37, 66, 67]. However, recent studies have 

revealed that the distribution of collagen fibers is more complex in the superficial zone, 

and the arrangement of collagen fibers also changes. Two sub-layers have been classified 

in this zone [37, 68-70]. In the most superficial layer, which is also called the lamina 

splendens, collagen fibres appear as interwoven bundles parallel to the articular surface 

[71]. Whilst the deeper superficial layer contains flattened chondrocytes, surrounded by 

obliquely distributed collagen fibres [72]. This structure resists shearing forces generated 

during movement and serves as a gliding surface for the joint.  To confirm the existence 

of the most superficial zone (lamina splendens), there are differing views expressed in 

the literature. From the first expression of cartilage surface as a smooth membrane [29], 

two different descriptions gradually appeared from different studies. The lamina 

splendens was firstly proposed in 1951 as an extension of the synovial membrane [73]. 

This opinion was suspect as it was considered an artificially induced interruption [74]. 

However, with the development of microscopy skills, more and more evidence 

accumulated with regard to the presence of such thin layers. Scanning electron 

microscopy firstly confirmed the existence of lamina splendens [37, 75, 76]. More 

recently, Wu et al (2006) successfully observed the parallel oriented fibre bundles within 

the lamina splendens under its natural hydrated environment [77]. Other methods have 

also demonstrated the existence of this layer. An amorphous layer with electron dense 

materials rich in lipid was confirmed by Kirk et al at 1993 [38], and this was also 

demonstrated by atomic force microscopy (AFM) [72] and SEM [72, 78] on fast frozen 

cartilage specimens later as well as by immunohistochemical analysis [79]. 
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Fig. 2.2 Organization of an AC unit showing the three zones namely superficial and 
tangential zone , middle zone and deep zone [80]. 

 

Although different opinions arose based primarily on various imaging and analytical 

methods, it is widely accepted that the integrity of the collagen fibres and network in the 

superficial zone is essential to maintain the normal physiological status of AC as 

collagen fibres have great tensile strength. Therefore, initial OA degeneration 

characterized by disruption of the cartilage surface is believed to be related to the 

deterioration of the collagen structure on the uppermost surface [81-83].  

2.2.1.2 Chondrocytes 

The activities of the chondrocytes are crucial to maintain the normal function of AC 

[84]. Each chondrocyte is surrounded by sulphated glycosaminoglycans and confined 

by a fibrillar pericellular capsule [27]. This construction makes up the basic 

microanatomical unit of adult AC [85]. The metabolic role of chondrocytes is 

demonstrated by spatial and temporal differentiation of newly synthesized aggrecan [27]. 

High pericellular concentration of sulphated proteoglycans was also confirmed around 

chondrocyets [86], confirming the strong interactions of proteoglycan and collagen 

within the pericellular microenvironment. The distribution of glycoproteins has also 

been identified in pericellular microenvironment [87] including fibronectin [88], link 

protein [84] and laminin [89]. Besides synthesizing the basic elements of cartilage, 

chondrocytes also operate synergistically with the ECM to reduce and transmit the 

compression and shearing forces generated from physical activity [84]. 
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Microcompression studies confirmed that chondrocytes would deform laterally when 

compressed vertically and recover to their normal pattern when unloaded [90]. This 

geometrical rearrangement amongst the chondrocytes under loading situations has also 

been demonstrated by ultrasound studies [91] and confocal microscopy [92]. 

The shape and volume of chondrocytes is believed to be linked to the degeneration of 

AC [93-97]. Therefore, accurate measurement of chondrocyte morphology is the subject 

of several current studies [98]. As the heterogeneity of AC has been generally accepted, 

to get a comprehensive analysis of chondrocyte measurement, it is essential to discuss 

how the morphology of both chondrocytes and the ECM vary with depth from the 

articular surface [99, 100]. Such variation is suspected to also be related to the 

metabolic activity of chondrocytes [101, 102]. Except for the calcified cartilage zone, 

three heterogeneous layers were classified through the cartilage depth in samples from 

the human femoral condyle, Fig. 2.3. In the superficial zone (normally occupying 10% 

of the cartilage depth from the surface), chondrocytes are typically oval in profile and 

arranged parallel to the surface with high cell density [23, 103]. In the transitional zone 

(a further 30% of depth below superficial zone), the cell density is lower and 

chondrocytes are more sparse and display a more rounded shape [69, 100]. In the 

remaining 60% of the cartilage, called the radial zone, chondrocytes are arranged in 

columns perpendicular to the cartilage surface [69, 100]. In fact, these distinct layers are 

only completely formed in skeletally mature individuals, as the function and activity of 

chondrocytes also varies during skeletal growth process, from producing new tissue to 

maintaining and replacing the degraded matrix macromolecules [104, 105]. 
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Fig. 2.3 Sketch of Chondrocytes a. Schematic drawing of histologically stained human 
cartilage, showing the three striking heterogeneous cartilage layers that are generally 
recognized between articular surface and subchondral bone, namely surface (I), middle 
(II) and deeper zones (III). Zonal subdivision is based on morphology, differences in 
cell density and orientation, nature, content and distribution of proteoglycans as well as 
organization of the collagen fibrillar network. (b.-d.) Schematic drawings of 
chondrocytes in the three cartilage layers. b. Chondrocytes in the surface zone are small, 
flattened, oriented parallel to the articular surface, and are rather inert with respect to 
matrix synthesis. c. Chondrocytes in the middle zone are larger and round. d. 
Chondrocytes in the deeper zones are largest and usually occur in groups. Chondrocytes 
in the middle and deeper zones of cartilage exhibit highest metabolic activity and are 
responsible for cartilage homeostasis. (A x390; B x5226; C X 4680; D X5616).  
Pernette J. Verschure 1996 [106]. 

 

The interactions between chondrocytes and ECM are fundamental factors affecting 

the maintenance of the cartilage. The matrix macromolecules secreted by chondrocytes, 

in turn surround and protect the chondrocytes from damage during the activities of 

joints. The nutrition that is required by the chondrocytes to synthesize matrix elements 

are also filtered by the matrix [107]. Therefore, in addition to matrix degeneration, the 

functional deterioration of cartilage is also susceptible to the changing characteristics of 

chondrocytes. 

a. 

b. 

c. 

d. 
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2.2.2  Osteoarthritis and Articular Cartilage  

OA is a common chronic disease that impairs human joints in middle-aged and 

elderly people. The original causes of cartilage disease remain unclear, but the 

degeneration of AC as part of the clinical syndrome of OA is one of the most common 

causes of chronic pain and disability [108, 109]. Modern medical methods have not yet 

found therapies for the injured or degenerated cartilage to be restored completely, 

though promising techniques such as autologous chondrocyte implantation (ACI) are 

being developed and implemented [110]. 

To describe the degeneration of cartilage, there are many studies in the literature. 

Ghadially [111] observed that the first apparent signs of OA is the loss of proteoplucons 

from the articular surface. The most distinctive change in the matrix of osteoarthritic 

AC described by Ghadially [111] is the presence of lipidic droplets from the 

chondrocytes undergoing in-situ necrosis. Roy [112] demostrated that the most 

prominent changes in old or osteoarthritic cartilage is the accumulation of 

intracytoplasmic filaments. T.B. Kirk [113] [114] demonstrated that studying the debris 

in synovial joints can also be an effective technique to assess the condition of AC by 

comparing particles acquired from the synovial fluid of cartilaginous joints. It was 

found that those from osteoarthritic joints contained a more rigid collagenous matrix 

than the counterparts from asymptomatic joints. Ali et al [115] and T.B.Kirk et al [113] 

[114] reported that one feature which indicated the breakdown of AC is the appearance 

of lysosomes from osteoarthritic chondrocytes on synovial membrane. 

The development of OA not only includes the articular cartilage, but also the whole 

synovial joint organ. Some evidence suggested that the initiation or progression of OA 

may be related with the subchondral bone tissue [116]. One of the typical symptoms of 

OA is characterized by hypertrophic bone changes and subchondral plate thickening 

[117, 118] . The causes of bone can be various, like genetic mutation [119], hormonal 

factor [120] or other metabolic factors [121, 122]. For example, new findings revealed 

the changing of subchondral bone thickness and the cartilage degeneration due to the 

dysregulation in the synthesis of bone proteins. The role of bone is critical in the 

development of OA as well as its progression. Significant changes had been found in 

subchondral bone with OA, especially the accelerate turnover of collagen damaged the 

integrity of bones and consequently facilitate the progress of OA. The reaction of bone 

therefore in OA progression is its remodeling like the elevated subchonral bone in knee 

joint with OA, which can be observed clearly under radiography [123]. The mechanical 
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responsibility of this abnormal turnover and remodeling are still needed to be 

considered. Besides, the growth factors are also involved in chondrogenesis and 

osteogenesis [124]. Several growth factors have been noticed in controlling the cell 

differentiation and activity, bone formation processes and the communication between 

bone and adjacent cartilage cells [122][]. Therefore, some new therapeutics targeted on 

the bone turnover in OA and would create a new direction of OA treatment.  

Generally speaking, the very early symptoms of OA begin with the degeneration of 

the surface of AC [81-83]. With the development of OA, the cartilage becomes softer 

and is gradually worn away [125]. The loss of cartilage will eventually lead to bone 

against bone operation at the advanced severe stages of OA which causes severe pain 

during normal activities [70]. Fig. 2.4 illustrated how the cartilage changes in four OA 

stages, imaged using confocal microscopy. The collagen matrix and chondrocytes have 

their own unique appearance with the degeneration of cartilage.  

2.2.2.1 Collagen Matrix Response in OA Cartilage 

The collagen matrix has a strict regular turnover through a balance of synthesis and 

digestion by chondrocytes in normal cartilage. However, this routine is disrupted in OA 

cartilage as both synthesis and digestion would be stimulated to increase by cytokines 

and growth factors  produced by chondrocytes once disruption of cartilage has been 

detected [126, 127]. The collagen network eventually becomes less dense and along 

with erosion, produces the characteristic features of OA degeneration [128].  

In all types of collagen that exist in cartilage, type II and XI collagen are mainly 

responsible for establishing the fibrillary matrix, and their torsional stability and tensile 

strength are critical to maintain the integrity of cartilage [129-131]. The fibrillary matrix 

is formed by the lateral association of collagen molecules which are connected with 

each other by aldimine-derived crosslinks. These crosslinks further join the telopeptide 

of other collagen molecules to establish a triple helix [132]. However, the firmly cross-

linked collagen network which could prevent thermal or mechanical dissociation from 

outside would be disrupted by the MMPs (matrix metalloproteinases, produced by 

chondrocytes) that is able to cleave in the nonhelical telopeptide of type II collagen 

[133-135]. This cleavage will disrupt the fibril structure and function which eventually 

will result as a destabilization of the cartilage. Damage of collagen network has also 

been studied and demonstrated from the genetic view that the premature degradation of 

collagen structure in OA cartilage is generated by the mutations in type II collagen.  
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Morphologically speaking, the degeneration process of OA is always accompanied 

by structural deformation and reorganization of the fibre bundles and collagen matrix 

degeneration has also been observed and demonstrated using microscopic techniques. 

There have been many published documents which describe degeneration phenomena. 

Meachim [136], along with Hardy and Broom [137], have described that very early 

osteoarthritic changes started from fibrillation, a local fraying or splitting of cartilage on 

the surface.  

2.2.2.2 Cellular Response in OA Cartilage 

Two phases have generally been accepted as chondrocyte activities during the 

cartilage degradation [96]. First is the biosynthetic phase in which the chondrocytes are 

actively proliferating to repair the damaged matrix. In the following degradative phase, 

the chondrocytes will produce enzymes to digest the matrix which accelerate the erosion 

of cartilage [49, 138-140].  

 

Fig. 2.4 An overview of the morphology of human tibial AC as a function of cartilage 
grade. Panel a. shows four low power (×5 objective lens) projected images obtained by 
CLSM (∼100 μm depth) of AC exhibiting the four levels of erosion as graded in the 
present study (see Materials and methods). Grade 0 cartilage showed no surface erosion, 
whereas grade 1 exhibited clear signs of surface roughness. This was increased for 
grade 2 cartilage where there was marked loss of the SZ. Finally grade 3 tissue 
demonstrated complete loss of the SZ with erosion extending into the MZ and beyond. 
The chondrocytes were labeled with the cytoplasmic fluorescent dye calcein (live cells; 
bright spots); extracellular matrix autofluorescence was also visualised to highlight the 

a. b. 



20 
 

surface erosion grading described above. Scale bar=100 μm. Panel b. shows 
superimposed 1 μm z-sections through human AC obtained by CLSM (∼40 optical 
sections obtained using ×63 water-immersion objective lens). For the purpose of this 
study, chondrocytes were broadly grouped into those within the SZ, MZ, and DZ. 
Chondrocytes were labeled with the cytoplasmic fluorescent dye calcein (as described 
in Materials and methods). The orientation of the cartilage is indicated by the articular 
surface (AS) at the top of the figure. Scale bar=10 μm. [141]. 

 

Chondrocyte proliferation has been observed by many researchers [128, 138, 142, 

143] during early stage OA. This response is believed to be due to a loosening structure 

[128] or the self-damage of the collagen network [144] that stimulates the chondrocytes 

to become more active to balance the degeneration. Consequently, clustering of 

chondrocytes has been observed in OA cartilage as a characteristic feature. From the 

results of biochemical studies, this active anabolic response from chondrocytes is due to 

their attempt to enhance the synthesis of extracellular matrix components [145-153]. As 

the metabolic activity of chondrocytes is varying in different locations within cartilage 

[101, 102], this difference is also present in OA cartilage. Studies have shown that the 

most active chondrocytes are in the middle and deep zones of OA cartilage, whereas 

those in the superficial zone are generally down regulating their expression of matrix 

components [154].  

A distinguishing characteristic of OA is the loss of cartilage, which is often attributed 

to the enzyme MMP-13 that could degrade the collagen network thereby increasing OA 

degeneration in latter stages [155]. Many other MMPs that chondrocytes could also 

produce are also reported to increase in OA cartilage [156-158]. A possible reason of 

the elevation of these MMPs is because the cells are stimulated by the inflammatory 

cytokines tumor necrosis factor (TNF)-α that is produced by the synovium and 

chondrocytes [159]. Another controversial argument which relates to the typical 

features of cartilage degeneration in OA is the apoptosis of chondrocytes [136, 160, 

161], as the amount of apoptotic cell death was reported as 5-11% in normal cartilage 

and can rise to 51% in OA patients [162-165]. However, this apoptotic rate was 

questioned in the literature [142, 166, 167], as it has been pointed out that other 

biosynthetic parameters are unlikely to be correct if chondrocytes maintain such a high 

death rate. A 0.1% rate of cell apoptosis is indicated in the literature [96] which 

supports the view that the death of chondrocyte has limited impact on the pathology of 

OA. 
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2.3 Imaging Technique for Cartilage   

There are numerous types of microscopy that have been used for the study of 

cartilage, such as Traditional Light Microscopy, Polarised & Phase Light Microscopy, 

(DIC) Differential Interference Microscopy, SEM (Scanning Electron Microscopy), 

TEM (Transmission Electron Microscopy), AFM (Atomic Force Microscopy), and 

LSCM (Laser Scanning Confocal Microscopy). These types of microscopes are all 

employed in the field of biomedical research.  

Traditional Light Microscopy is the fundamental method to obtain clear images of an 

object, but its utilization is limited by refraction even if used with an oil immersion 

objective lens [168]. Ideally, the image would be precisely generated on the detector by 

the light coming from the focal plane, but in reality some light originates from outside 

the focal plane and introduces spurious signals during imaging. In particular, when 

imaging cartilage tissue, the similar reflective index between collagen and 

proteoglycans can make it extremely difficult to identify the collagen fibres using 

Traditional Light Microscopy [37, 169].  

Polarised & Phase Light Microscopes can only provide a general outline of the area 

of interest and cannot reveal detail because of its relatively poor resolution [37]. 

Although the birefringence of collagen fibres allows this method to visualize the general 

texture distribution within cartilage, the individual collagen fibres couldn’t be identified 

under polarized and phase contract microscopy, due to its insufficient resolution [170, 

171]. 

Differential Interference Contrast Microscopy, also known as Nomarski microscopy, 

enhances the contrast in unstained, transparent samples by utilising a unique 

illumination technique. Based on the principle of interferometry, it works by mutually 

applying two orthogonal light beams split from the same polarised light source on to the 

sample plane which recombine before coming back to the eyepiece [172]. This method 

can be used to observe some invisible features by gaining information about the optical 

path length of the sample. The offset light sources interfere to produce an image with a 

3D physical appearance which emphases linear features and edges but is not a 

topographically accurate image. Therefore, it is particularly suitable for acquiring the 

contour profile of living specimens, unstained and thick specimens.  

Electron Microscopes have excellent magnification, up to 100,000 times. As electron 

beams are utilized to scan the biological tissue and by collecting the electrons scattered 
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from the specimens’ surface for image acquisition, it is possible to depict each collagen 

fibre when observing AC. However, this kind of microscopy sometimes requires the 

sample to be fixed, dehydrated and sectioned, which means, the cartilage will lose its 

nature, environment and structure.  

Sample preparation may introduce more artefacts into the specimen [70, 173] which 

may lead to misleading research conclusions. For example, the observed humps and pits, 

ridges and undulations observed under conventional SEM eventually proved to be 

shrinkage artefacts [38]. Kumar [72] demonstrated that the irregularities observed on the 

uppermost superficial layer of AC under SEM is due to artefacts, as they were not 

detected by AFM. Another type of electron microscopy, Transmission Electron 

Microscopy (TEM), requires the sample to be thinly sectioned to obtain high quality 

images [174, 175]. The procedure of slicing the sample could damage the 3D 

orientation of the collagen fibres under their hyaline condition [66, 173]. The extremely 

small and ultra-thin sections make it difficult to reconstruct the full three dimensional 

arrangement of features and can also cause distortion of the tissue, the main problem 

being that of introducing artefacts [176].  

The Atomic Force Microscope (AFM), with over 1000 times magnification, can 

achieve a resolution of fractions of a nanometer. It is one of the foremost tools for 

acquiring 3D images of biological tissue or even living organisms, and requires minimal 

sample preparation, and does not require a metal or carbon coating. However, image 

artefacts might occur if an incorrect tip for the required resolution has been selected. 

AFM traditionally has a relatively low rate of scanning speed compared with SEM, 

which often leads to thermal drift in the image [177] [178], making the AFM less suited 

for measuring accurate distances between features on the image. 

All of the microscopic methods introduced above are incapable of acquiring a 3D 

image directly from the living tissue without sectioning the target into thin slices. 

Furthermore, sophisticated computer techniques are required to reconstruct the 2D 

images of those tissue slices to their 3D arrangement [179, 180]. Although new imaging 

methods have been developed for electron microscopy to obtain 3D volume, the 

principal method being applying electron topography by gradually changing the 

incidence angle within a certain range when scanning the object [181]. However, this 

simulation is not able to reflect the real indigenous structure of the living tissue [182]. 

An exploration of developing novel microscopy techniques was motivated by the 

necessity to acquire the genuine 3D images. Laser Scanning Confocal Microscopy, for 
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instance, has been developed to improve upon the limitations of conventional 

microscopies and   demonstrate the internal morphology of tissues.  

2.3.1  Laser Scanning Confocal Microscopy (LSCM) 

The principle of Confocal Microscopy was originally proposed in 1955 when 

researchers attempted to observe neurons in brain tissue having experienced insufficient 

resolution when using Traditional Light Microscopy [183]. Although the first biological 

images captured by LSCM were published in 1972, the early images were not able to be 

stored due to a lack of adequate computer systems and storage techniques at that time 

[184]. 

During the following decades, the rapid development of computer science benefited 

microscopy, along with advanced manufacturing techniques, led to tremendous 

improvements. The first commercial LSCM was launched by by SiScan® in 1988 [185]. 

Since then, LSCM, as the next generation of optical light microscopy [186], has played 

an important role in biological tissue observation under the natural hydrated 

environment of the samples [43, 187].  

The LSCM has been modified with the addition of a florescent mode in the more 

modern application. A laser light is launched with one or several specific wavelengths 

to illuminate the sample and the emission light is collected by the detector (Fig. 2.5 

C.W.Jones, 2005 [11]). The beam expander located before the laser launcher increases 

the diameter of the input laser beam to completely fill the objective, as the image 

resolution is dependent on the working numerical aperture (NA) of the objective lens 

[188].  

To further filter the noise from out of focus light, a pinhole is placed in front of the 

detector before the light gets expanded again. Therefore, when generating the image on 

the photodetector, the blurring caused by the out of focus light will be suppressed by the 

pinhole leaving the precise image of the sample on the focus plane [187, 189]. 
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Fig. 2.5 Simplified set-up a confocal microscope. 

 

2.3.2  Operation Principles  

One of the most novel improvements of the confocal microscope is to efficiently 

reject out-of-focus light from the objective lens. For the single focus point system, as 

used in normal bright field microscopes, reflected light would introduce other 

information to the image plane and cause blurring and degraded resolution. However, 

the special design as conjugated focal points will keep the imaging light source only 

inside the points so as to suppress other interfering light [190]. Single point illumination 

and detection is used in this system to generate a single point of the sample image by 

raster scanning. The incident laser light is focused onto a single diffraction-limited spot, 

which is controlled by diffraction rather than lens aberrations. Single point detection is 

achieved by ensuring the reflected light from the sample be captured by the objective 

after passing through a pin-hole and then being filtered by wavelength before reaching 

the photon detector. As the pin-hole and the diffraction limited spot are coincident, the 

pin-hole and the following detector aperture will reject out of focus light and 

consequently improve the resolution [191]. 

The working depth of CLSM varies with the type of sample and the type of laser. 

These affect the penetration and the reflected light path length. For cartilage, 

particularly, primary light attenuation is caused by molecular concentration and laser 

wavelength [192], and so far the largest useful penetration in cartilage by CLSM is 200-

300  [92]. 
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2.3.3  Resolution  

The most important improvement of LSCM over traditional widefield microscopy is 

that spatial resolution has been enhanced. Resolution is the ability of an imaging system 

to identify two different entities, which is a critical parameter to assess the performance 

of  microscopes [193]. Theoretically speaking, the imaging quality generated by LSCM 

is more than 10% enhanced compared to widefield microscopy under the same 

measuring environment (including the optics and light source) [194]. 

The theoretical resolution of a imaging system is limited by the Nyquist sampling 

theorem that defines the minimum sampling frequency should be at least two times the 

maximum frequency of signal change [195]. However, as the resolution is a function of 

the wavelength (λ) of the incident light and the objective’s numerical aperture (NA). 

The theoretical resolution is difficult to obtain as the actual resolution will be weakened 

by the physical limitations of the objective lens and because of lens aberrations 

enhancing the possibility of the spread of photons. In addition, the NA of an objective 

lens can be described as equation (1) [196, 197]:  

sin             (1) 

Where n is the refractive index of the lens, θ is the half-angle subtended by the lens at 

its focus (Fig. 2.6). Therefore, the real resolution is dependent on the factors of focal 

length, aperture diameter and the quality of the objective.  

 

 

Fig. 2.6 Lens parameters and lens numerical aperture. 

 

Rayleigh’s criterion explained that the resolution could be defined at the place where 

the intensity between two Airy patterns from two entities drops to 26.5% of the 
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maximum intensity [198]. The minimum resolving distance therefore could 

approximately be estimated as the radius of the Airy disk [199], Fig. 2.7 [200, 201].  

 

Fig. 2.7 Resolution between two entities is achieved when one Airy pattern’s maxima 
crosses the other’s first minimum. 

 

As confocal microscopy acquires the 3D image blocks by sequentially changing the 

focal plane, the resolution is classified in both lateral and axial directions. Lateral 

resolution is the minimum distance in the horizontal plane that two illuminated entities 

can be distinguished in in-focus diffraction images [202]. Axial resolution, on the other 

hand, is along the depth and refers to the minimum distance from two points of adjacent 

images that can be identified as two different points [197, 202, 203]. Different 

conditions need to be considered when calculating these two resolutions. 

2.3.3.1 Lateral Resolution 

The most practical resolution measurement for resolution estimation is using the full-

width and half maximum (FWHM) resolution (3dB resolution) [188]. Equations (2) and 

(3) reveal the lateral FWHM of confocal microscope [204, 205] and conventional 

microscope [186] respectively. 

	
.

             (2) 

.
             (3) 

where λ is the emitted light wavelength and NA represents the numerical aperture of the 

objective lens. Equations (2) and (3) revealed that the lateral resolution of confocal 

microscope is much smaller than the conventional widefield microscope under the same 

illuminating laser light and NA. As the out of focus light has been significantly rejected 

by the pin-hole design, the scattering caused by the optical process will be considerably 

reduced and lead to a better resolution [187, 204]. 
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2.3.3.2 Axial Resolution 

The axial resolution of confocal microscope is the ability to identify two entities 

from two different image slices, known as depth resolution, which can be calculated by 

equations (4) [204, 205]. 

	
.

             (4) 

where  represents the index of refraction. Although there is a modest improvement of 

axial resolution of confocal microscopy compared with the conventional widefield 

microscopy, the actual advantage is in the optical sectioning capability in thick 

specimens [206]. Because the integrated intensity point spread function (PSF) is a 

function of depth and reach to a maximum in the focus plane, whilst that of the 

conventional widefield microscope is constant with the changing of depth resulting in 

no optical sectioning properties. 

Comparing lateral and axial resolution, it clearly shows that the lateral resolution is 

better than the axial resolution under the some environment, and the latter is more 

depended on the NA of the objective lens. It also shows that the shorter wavelength 

laser could provide better image resolution for both lateral and axial, and the objectives 

with higher NA could achieve a thinner optical section slice.  

2.3.4  Fibre Optic Laser Scanning Confocal Microscopy  

As CLSM is capable of acquiring 3D images from samples under their natural 

hydrated environment, several generations of CLSM have been continuously updated to 

achieve more precise imaging techniques. Fibre optic laser scanning confocal 

microscopy (FOCM) is one of them. FOCM is equipped with a single-mode optical 

pathway for both excitation and emission light, meanwhile acting as the pinhole in the 

conventional CLSM [207-209]. Thus, FOCM can provide great flexibility for the 

separation of launch and detection equipment. The separated portable scanning system 

therefore could be used in many situations that are impractical when using conventional 

CLSM. Furthermore, isolating the launch system from the detection system could 

eliminate the electronic noise generated by the laser-cooling fan, and such vibration can 

degrade the image quality to some extent [187, 207].  

The laser type and path can be selected in FOCM by filter d, h and splitter c, d, Fig. 

2.8. Different laser wavelengths can be combined together or imaged separately, 

depending on the particular study. Different working modes in reflectance or 

florescence can also be selected. Laser power is adjusted by laser power control button 
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g to 1%, 10% and 100% according to sample and imaging requirements. The working 

channels can also be controlled by the filters e, h and splitters c, f as a single or double 

mode, with two channel mode being capable of examining two different components of 

the same object at one time. To specifically observe cartilage, wavelength as 488nm 

blue illuminating laser with a reflectance channel was used for chondrocyte observation 

while a 488 nm (50%) and 514 nm (50%) combination of blue and green illuminating 

laser was used for imaging the collagen matrix. 

Many commercial computer software programmes have been developed to achieve a 

friendly operational interface for confocal microscopes, for instance, F900e (proposed 

by Optiscan Pty Ltd) for Zeiss confocal microscopes and Becker & Hickle Fluorescence 

Loss Imaging Microscopy (FLIM) analysis system for Leica confocal microscopes. All 

packages can be used to convert the detected laser light into digital images. F900e, for 

example, will collect the reflected or emission signals via Photomultipliers 1 (PM1) and 

2 (PM2). Three dimensional image stacks will then be generated by all the 2D in-focus 

images and the distance between each slice can be set up before scanning.  
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Fig. 2.8 The optical path of fibre optic confocal microscopy 

 

The characteristics of FOCM allowed it to be developed to a more flexible 

configuration, the laser scanning confocal arthoscope (LSCA), which embedded the 

raster scanning equipment into a 4.5 mm cannula. Such innovations facilitate the 

application of confocal system to facilitate in situ tissue imaging which can further 

maintain the original condition of the samples [210] [211]. Although the quality of 

images from the current arthroscopy system is reduced, it still can image a 50 x 50  

plane with maximum depth as 200  [212]. 
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2.3.5  CLSM for AC Assessment  

To examine the healthy status of cartilage, CLSM has two unique advantages. It is 

non-destructive to the cartilage surface, and it can facilitate 3D reconstruction. The 

hyaline cartilage is responsible for providing smooth joint articulation during activity, 

and can be subject to injury and disease due to the peak stress or shearing force it 

experiences.  

The current imaging equipment for observing chondrocytes or the collagen matrix 

involve the visible disruption of the cartilage surface in clinical applications[6]. The 

emergence of CLSM has filled a perceived gap in technology for imaging the 

microstructure of AC in situ for detection of early degeneration [10].  

As most biological tissues exhibit very little reflection of light, observing 

orthopaedic tissues requires the use of the fluorescence mode of the confocal 

microscope [187]. During the last two decades, there have been numerous staining 

methods and fluorophores developed for the study of the internal structure study of AC. 

For instance, Rhodamine 123 (R123) and Rhodamine B (RB) are often used for the 

study of living cells as they can stain the membrane of the cells [213-215]. Acridine 

orange (ACO) and Acriflavine (ACF) can bind to nuclei, and thus provide an approach 

for molecular study [216, 217]. Although the confocal microscope cannot image the 

molecular level, the nucleus can be observed clearly under confocal microscopy. 

Furthermore, Wu et al noticed that with the variety of concentration of solution and 

staining time, ACF can also stain chondrocytes. ACO has been demonstrated to affect 

cells through bi-nucleation in AC [218]. Ethidium homodimer could indicate the 

presence of dead-cells through its impermanent staining and a high DNA affinity [219-

221]. For extracellular matrix study, picro sirius red stain followed by fluorescent 

staining in Texas red/Rhodamine can be applied to visualize types I to III collagen [222]. 

Moreover, the use of dextran-bound conjugates and acetoxymethyl ester can be used to 

assess specific features of both cells and the matrix [223].  

Based on numerous studies, the application of CLSM to assess AC yields a very 

positive result, and the microstructure of AC revealed by CLSM is consistent with 

established models [23, 224]. Early observations using CLSM focused on the general 

morphology of chondrocytes as well as the ultrastructure of AC [225]. Latter studies 

have concentrated on the detection of early degeneration of AC by observing the 3D 

micro changes to chondrocytes and collagen fibres in the superficial layer of AC [141, 

226]. Although CLSM has achieved strong performance [225] compared to TEM and 
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SEM, there remain two problems associated with the use of fluorophores in CLSM, 

photobleaching and attenuation with depth [223]. Attempts have been made to reduce 

the influences of these issues, such as using lower power lasers to minimize the 

exposure time and parametric function to correct the attenuation of the light [227]. 

Phototoxicity is another issue proposed by researchers recently as fluorophore toxicity 

would be induced by laser illumination and cause damages to living cells [212], but this 

has clearly been overcome with the widespread clinical use and approval of endoscopic 

confocal imaging [228], which is now a clinically approved procedure with thousands 

of procedures having been conducted [229, 230]. 

2.4 Image Analysis Techniques  

Image analysis techniques play a very important role in modern diagnosis systems, as 

the objective analysis results they provide strong support for clinical decisions, and 

reduce the potential for subjective variability in human judgement. The traditional 

clinical assessment of cartilage degeneration is mainly dependent on ultrasound (US) 

and magnetic resonance imaging (MRI) to assess the cartilage thickness and total tissue 

volume, along with histological analysis to assess microstructure [231, 232]. Image 

processing methods for these applications are mainly focused on quantitative study of 

the thickness and the changing volume of AC [233-236]. Whilst, techniques such as 

CLSM can provide the ultrastructure of internal components of cartilage including the 

chondrocytes and ECM, image analysis methods are more often related to the 

quantitative changing of microstructure.  

The non-destructive property of CLSM is capable of assessing the detailed changing 

in fibrillation with the onset of OA, thus quantitative study of the thickness of cartilage 

as a validation of ultrasound investigation has been conducted using CLSM [237]. 

Furthermore, CLSM can detect much finer microstructures within thick sections, 

including articular elastin fibres, compared to traditional histological techniques [238]. 

The first comprehensive quantitative study of AC using CLSM didn’t emerge until 2002 

by Hunziker et al [69], who conducted a stereological analysis of the mean cartilage 

thickness, chondrocyte shape and number of chondrocyte in different zones. Later, 

detail classification of different zones in cartilage was conducted by analysing 

cytoplasmic extension from chondrocyte under CLSM [141]. Combined with vital cell 

labelling techniques, CLSM can acquire 4D imaging (3D imaging over time) of live 

chondrocyte cells with its dynamic mode in interstitial osmotic pressure [192]. The 

successful acquisition of 4D chondrocyte images prompted the development of the 
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image analysis techniques for volumetric measurement, which both quantified 

fluorescence intensity and the chondrocyte viability [192, 227, 239]. 

Another important application of CLSM is to detect the degeneration of AC with the 

development of OA. Considering the complexity and variety of biological structures 

observed, to accurately measure any elements changing due to OA is a great challenge. 

One approach has been to focus on the wear debris from AC within synovial joints and 

analyse their physical features to assess the degeneration of cartilage tissue during wear 

of synovial joints [70, 240]. The morphology within cartilage itself had been observed 

as well [241, 242], but very few papers have been published to quantitatively describe 

the features of the AC surface. The common parameters often used for wear debris 

evaluation relate to boundary analysis and surface characterisation. Boundary analysis 

parameters include area, fibre ratio, height aspect ratio and fractal dimension [243] [244] 

and [245]. Fractal dimension is a method to characterise features using non-integer 

dimensions which can assess the irregularity of different wear particle features. 

Representative methods are based on Fourier and fractal techniques. Kirk et al [246] 

used these parameters on debris analysis for machine condition assessment and 

diagnosis. Surface characteristics parameters contains two properties: surface roughness 

and texture characteristics [247]. The former describe the amplitude and height 

distribution properties [248], providing an alternative to traditional measurements such 

as roughness average, root mean square, the maximum depth/height of the profile 

below/above the centre line, the maximum peak, surface skewing and kurtosis [249] 

[250]. The latter describes spatial properties, like the degree of anisotropy of the surface. 

Representative methods utilise 2D Fourier transformation, power spectral density and 

angular spectral density based methods. 

Parameters used to assess both boundary and surface characteristics assess the 

physical changes to the surface of AC samples or particles, however, two major internal 

constituents of AC can be observed under CLSM, chondrocytes and collagen, which 

can provide more direct evidence of the degeneration of AC with OA. Bush and Hall 

[141] demonstrated clear changes in images of chondrocytes with OA at different stages 

of degeneration. The collagen matrix, as a vital component to maintain the integrity of 

AC, has also attracted significant attention. A hypothesised fibrillar change of collagen 

in OA under SEM has been proposed to simulate the loosing structure of collagen 

matrix [137]. A quantitative approach for automatic reconstruction of a single collagen 
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fibre was reported using CLSM [251]. Some microstructural models of cartilaginous 

tissue have also been developed based on confocal arthroscopy [252] [253].  

Generally speaking, to describe the contents of a digital image, the fundamental 

process is to design and employ appropriate feature detection and specific descriptors to 

characterise the features of interest. Depiction of digital features can, furthermore, lead 

to automatic classification if sufficient samples have been statistically analysed. Feature 

extraction from AC images of different health status is a key for potential automatic 

diagnosis. The following text will summarize the main procedures and methods to 

extract features from AC. 

2.4.1  Image Denoising  

Noise reduction is a fundamental and essential process for every image analysis 

procedure. Despite the existence of typical traditional techniques, novel image 

denoising algorithms are continuously proposed, although some of them are only 

appropriate for use on some kinds of images, such as those with specific types of noise 

or under certain specific conditions. This section summarizes some denoising methods 

which are suitable for broad application.  

2.4.1.1 General Noise Reduction Methods 

Image noise refers to the unwanted random variation of brightness or colour that is 

introduced by a scanner or digital imaging equipment [254]. Depending on the cause, 

digital image noise can be generally classified into the following four types, Gaussian 

noise, Salt-and-pepper noise, Shot noise, and Speckle noise. Gaussian noise is also 

called amplifier noise which is independent to each pixel or brightness value but caused 

primarily by thermal influences [255, 256]. Gaussian noise typically contains most 

frequencies, and a Gaussian filter has been specifically designed to remove this kind of 

noise [257]. Salt-and-pepper noise is a kind of impulsive noise that causes dark/bright 

pixels against a bright/dark background [258]. A median filter or dark frame subtraction 

can significantly eliminate this noise [259-261]. Shot noise is primarily caused by 

statistical quantum fluctuations because of the photons detected at a various exposure 

levels[262]. Shot noise normally follows a Poisson Distribution, and a Wiener filter is 

the best solution to eliminate it [263]. Speckle noise inherently exists in radar or 

synthetic aperture radar (SAR) images, caused by the coherent processing of returned 

signals from multiple distributed targets [264]. General filters are not sufficient to 



34 
 

remove this noise [263] but require a statistical technique to build a noise filtering 

algorithm [265].  

2.4.1.2 Filtering Methods 

A well performing denoising algorithm should not only suppress the noise, but also 

needs to consider the calculation speed, preservation of useful information, and 

sensitivity to environment. Therefore, researchers are constantly developing methods to 

improve or hybridise denoising methods to achieve better performance [266-268]. For 

instance, the Gaussian filter was improved to achieve faster operation by using recursive 

implementation [269], or to suit the changing of the detected subjects [270]. As there is 

abundant literature reporting the improvement of traditional methods, the following text 

will only list the basic principles of the most well applied original methods.  

The Gaussian filter is a typical local smoothing method [260, 271, 272]. The 

Gaussian kernel used in this lineal convolution is defined as: 
√

| |

 . 

While applied to the image smoothing progress, this kernel will be expanded to two 

dimensions as equation (5): 

,             (5) 

convoluted with the image and the value of a reference pixel  can be evaluated as 

equation (6): 

∗ ∑ ∈ ∑     (6) 

where  is the average value of the function  on the pixel ,  is standard 

deviation of the Gaussian distribution. The degree of smoothing is dependent on  of 

Gaussian kernel. Therefore, the image will be blurred along with the elimination of 

noise. 

Unlike the Gaussian filter, the median filter is a different type of denoising method, 

and is a nonlinear digital filtering technique [273]. The main idea is: sort the entire 

pixels in the processing window numerically and replace the reference pixel with the 

median value of its neighbourhood, equation (7). Without actions such as average or 

convolution, typical edges or corners in the image will be preserved after removing the 

noise. 

/2 , 1 ,⋯ , ,⋯ , /2    (7) 
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where  is the size of the window. This method is capable of removing noise with 

extreme magnitudes, such as salt and pepper noise. The influence of this noise will not 

be added to the smoothing procedure like linear filters, as this noise will be eliminated 

directly from the original image. 

SUSAN filter is another structure preserving noise reduction method. It came from 

the abbreviation of Smallest Univalue Segment Assimilating Nucleus.  The main idea of 

this algorithm is using a mask with a nucleus at the center. By comparing the pixel 

value dropped into the mask (window) area and the brightness value of the nucleus, it 

can be determined which pixel has the same brightness as the nucleus [274]. The mask 

is put at every point in the image. Comparing with the nucleus is according to the 

equation (8): 

,
1					 | |
0					 | |

         (8) 

Where  is the location of the nucleus,  is the place of any of the original pixel 

dropped in the mask.	  is the brightness of the pixel to be compared while  is 

the brightness of the nucleus.  is the threshold fixed to distinguish whether the pixel in 

the mask is as same as the nucleus. This is one of the parameters “SUSAN” algorithm 

considers, while the other one is the size of the mask, or window.  

The non-local means algorithm is a relatively new method [275]. Rather than 

geometrically adjust the local pixel value, this method considers assessment of the 

overall image and preserves the fine structure and details, but removes the noise by 

exploiting a high degree of redundancy from the original images. The principle is 

shown as equation (9), given  as a bounded domain Ω ⊂ , then 

exp	
∗| . . |

      (9) 

where Ω , is a Gaussian kernel with a standard deviation a.  h is the filtering 

parameter, exp	
∗| . . |

 is the normalizing factor. This 

algorithm achieved the denoising progress by replacing the value at x by the average of 

all pixels that Gaussian neighbourhood is similar to that of x.  This method combines 

the Gaussian filter and an anisotropic filter together and produced a satisfactory result 

by both keeping the main features of the image and preserving the fine edges and 

structures. 
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The bilateral filter is a non-linear filter which can preserve edges as well as remove 

the noise [276] [277, 278]. The performance of this filter is impressive and it has been 

extended to a fast algorithm [279] and for colour images [280]. The basic idea is an 

extension of Gaussian filter by taking the range weight into consideration, which avoids 

the general smoothing throughout the filter window [281]. The output of applying a 

bilateral filter on pixel ,  is defined as equation (10): 

∑ ‖ ‖∈      (10) 

where 1/  is the normalization factor, ‖ ‖  is the space weight (traditional 

Gaussian filter) and  define the size of the window, while  is the range 

weight, and  is the minimum difference between pixel intensity of an edge. As the 

smoothing procedure is limited by range weight element , the pixels on an edge will 

not be smoothed during the filtering process, thus the detail structure can be preserved. 

2.4.2  Feature Extraction Methods for Collagen Fibres 

Collagen fibres are one of the components that have a distinct variation with the 

onset and development of OA. To quantitatively study how OA influences the cartilage 

tissue, collagen fibres are the ideal features of interest. As the morphology and 

distribution of collagen varies with depth, it can be summarized as parallel arranged 

fibre bundles on the surface with oblique and mesh-like oriented collagen networks in 

the deeper range. Different techniques need to be applied to extract the features of the 

collagen fibres and collagen network respectively. Studies have reported the 

reconstruction of a single collagen matrix which has been conducted from both 

simulation and real datasets [137, 251]. The following text describes fundamental 

methods of feature extraction.  

2.4.2.1 Hough Transform  

As collagen fibres are interwoven together as fibre bundles on the surface, they 

present as an approximately straight line under CLSM, the Hough transformation is the 

best and easiest way to extract these features. The Hough transform has been widely 

applied for feature exaction in image processing field [260] since it was first proposed 

in 1962 by Paul Hough [282]. It has then been developed into a more practical version 

to detect curves [283] or arbitrary shapes in images [284]. The basic idea is to 

parameterize the object to be detected and to apply an explicit voting procedure to 

isolate the qualified feature. Taking straight lines, for example, the rectangular 
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coordinates of a straight line are described as y ax b, where a is the slope and b is 

the intercept parameter. A Hough transform, however uses another expression using 

polar coordinates, the vertical distance to the origin, as shown as equation (11): 

	           (11) 

a line can then be denoted by a pair of parameter as , , when ∈ 0,  and ∈  or 

∈ 0,2  and 0. For any arbitrary point ,  that the line goes thought then 

can be described as equation (12): 

	 cos sin          (12) 

Therefore, all the lines that pass through this point ,  assemble a sinusoidal curve 

in the polar coordinate plane. A straight line in spatial space will be interpreted by the 

Hough space as a point that all the sinusoids will pass the corresponding parameters 

,  for that line. Thus, to detect a straight line after Hough transform requires finding 

the concurrent curves. In practice, as it is impossible to get an infinite line because of 

the limitation of image size. The most linear structure is presented by the point with the 

highest number of sinusoids that pass through.  

2.4.2.2 Texture Analysis 

Apart from the fibre bundles that present on the cartilage surface layer, the majority 

of collagen is arranged within a network with the distinct microstructure of cartilage. To 

study this fine and elegant mesh work, texture is one of the optimum characteristics to 

assess the health and condition of tissue. Texture analysis has been applied widely in 

medical research, such as pulmonary classification [285], the study of blood cells [286] 

[287], ultrasound imaging of the liver [288] and echocardiography [289]. As the images 

acquired from CLSM are grey level images, the concept of grey-level co-occurrence 

matrices (GLCM) will be introduced [290]. This method achieved texture extraction by 

identifying the spatial variation within a local image region. Given image I: →

, where 1,2,⋯ ,  and 1,2,⋯ ,  is the spatial domain in X and Y 

directions, while ∈ 1,2,⋯ ,  is the grey levels domain. Then the grey-level co-

occurrence matrix  with displacement vector ,  is generated from I as 

equation (13): 

, , , , : , , ,        (13) 

where ( , , , ∈ , and , , , calculated the relative 

frequencies of the pair of grey levels  and  with distance as d . By changing the value 
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of d, the co-occurrence matrix along different directions can be acquired. For instance, 

when set 1,0 , the horizontal grey-level spatial dependence matrix was produced 

as an initial step. When 1,1 , it presented the situation of 45 , and consequently, 

90 	and	135 	matrices can be generated by set 0,1  and 1,1  respectively. 

2.4.2.3 Fourier Transform 

For those spatial images with a strongly orientated structure, frequency analysis is an 

important approach to image processing procedures. Fourier transformation is one of 

the basic and most important methods for this study. Considering the input image as 

spatial domain discrete data, a Fourier transformation will decompose the image into a 

combination of a constituent sine and cosine functions, known as its frequency domain.  

For instance, given a spatial image with size , the two-dimensional Fourier 

transformation is defined by equation (14): 

, ∑ ∑ ,         (14) 

where ,  is the image in spatial domain and ,  is the corresponding frequency 

expression. As the original image has been interpreted by its frequency domain which is 

basically an assembly of periodical functions (sine and cosine), features in spatial 

domain like periodic structures or other alignment with strong patterns will be described 

as a peak or a distribution with regular shape. On the other hand, if the original image 

has a random pattern with no specific arrangement, the Fourier transformation result 

will contain most of the frequency components which will spread in a large area in 

frequency domain with a relatively even distribution.  

2.4.3  Feature Extraction Methods for Cell Properties and Morphologies  

The variance of chondrocytes changing with the development of OA had been 

discussed in 2.2.2.2, this chapter. The parameters that related to the changing of 

chondrocytes can be summarized as it number, density and morphology [141]. 

Therefore, quantitating those variants could offer an objective assessment of OA grades. 

To extract these parameters, the first step should be isolating each single chondrocyte 

from its background. The study of small volume segments in bio-tissues is quite well 

reported in literature [291-294]. Although there are many algorithms or methods for 

object segmentation, most of them can only reach their optimal performance under 

certain conditions. For instance, Markov’s approach works very well for radar [295] and 

MR image [296], but for ultrasound images, the influence of speckle noise needs to be 

considered during segmentation processing [297]. In this study, as CLSM is the main 
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microscopy method used to observe the cartilage tissue and acquire 3D image blocks. 

3D object contour detection and k-mean clustering were selected respectively to isolate 

the features and provide assessment of physical distribution. 

2.4.3.1 Feature Analysis 

3D object contour detection described in the literature [298, 299], could not only 

extract each feature but could also provide location information such as volume, surface, 

centroid, and centre. This tracking algorithm contains two basic steps. The tracker 

initially commences scanning the whole image slice from the top left corner and the 

threshold of objects was set up. Only the pixels with intensity over the threshold will be 

considered as part of the objects and then be tagged, as illustrated in Fig. 2.9 [298]. The 

pixels from a same object (in this case, chondrocyte) share a same tag number which is 

unique from other objects. With this process progressing, when a new object found, its 

13 neighbouring pixels, 9 from its upper slice and 4 from its own slice, it will be 

checked to find if any tag exists before a new tag given. After scanning the whole image, 

the second step is to remove any redundant information from the previous step, to avoid 

any repeat counting or ambiguous extraction. Object and surface image stacks will be 

obtained after 3D contour tracking analysis and other parameters such as volume, 

surface, centroid, centre of mass, etc. will be acquired within a table file.  

 

Fig. 2.9 3D object contour detection method illustration [277]. 

 

The advantage of this technique is acceptable time consuming, efficient performance 
and redundancy control. The technique can be considered as a variant of flood filling 
algorithm. Every pixel will be examined and classified as objective (the chondrocytes) 
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or the background during the processing. Therefore, the contour detection performed 
thoroughly by this method. The time consuming is also acceptable, though it largely 
relies on the pixel number and the quality of the image. The redundancy control is very 
useful as normally we are dealing with 3D image block. It is very likely to count one 
chondrocytes more than one time as it is a closed area in space. So the redundancy 
control function in this provided in this technique is very important for accurate statistic 
of chondrocytes number. 

2.4.3.2 K-mean Clustering 

After each chondrocyte has been extracted, their morphology and arrangement need 

to be analysed as the distribution varies with the deterioration. The layering and 

clustering phenomena of chondrocyte distribution can therefore be studied by the k-

mean clustering method. In Cartesian axes, 3D image blocks can be described in the XY, 

YZ, and XZ planes, then k-mean clustering can be applied on each plane to achieve a 

complete view of the distribution. K-mean clustering is a non-supervised cluster 

analysis method [300], which classifies each observation to  th cluster with nearest 

mean. Given a set of observations (the chondrocyte’s locations) as , , ⋯ , , 

where each observation is a -dimensional real vector (in this case 3), and partition 

them into  sets , , ⋯ ,  (in this case, 3), with the centroid of each set as 

, , ⋯ , , the main idea of this method is to guarantee the minimum within-cluster 

sum of squares, shown as equation (15): 

∑ 		∑ ∈            (15) 

where  is a chosen distance measure between an observation  and the 

cluster center , the mean of points in . Therefore, every observation will be 

classified to the nearest cluster by this processing which makes the distribution of 

chondrocytes become more clearly presented.  
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Chapter 3 

Identifying Fibre Bundles in the Most Superficial Layer of 
Normal Articular Cartilage  

 

Introduction	

 

The research work presented in this thesis began with this chapter, and explored the 

fibre bundles in the most superficial layer of normal articular cartilage (AC). The fibre 

bundles in this area were firstly observed by our group under confocal microscope. But 

the quantitative analysis of these fibre bundles was yet to be conducted. This chapter 

focused on developing an image processing technique for automatically distinguishing 

the parallel arranged fibre bundles by investigating the confocal image data. After 

applying an iteration model, the collagenous background was suppressed significantly 

and the parallel oriented fibre bundles were exhibited much clearer for computer 

extraction. 

The successful application of this study on fibre bundles abstraction led to a more 

objective investigation of AC surface, and founded a platform for numerical expression 

of fibre bundles in the next study. 
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Abstract  Osteoarthritis is characterised by functional failure of synovial joints. It is 

directly related to degeneration and malfunction of articular cartilage (AC). Earlier 

studies have reported that normal AC contains a 3D collagen network integrated with 

interwoven fibre bundles in the superficial zone. The fibre bundles are critical to the 

tensile and shearing resistance of AC. By integrating with the underlying collagen fibres, 

these fibre bundles also contribute to allow the loading capacity of the normal AC. The 

fibre bundles gradually disappear with age and early degradation of AC. This paper 

describes a computer image analysis technique developed to identify fibre bundles as an 

indicator of the healthy status of AC. 

Keywords: Osteoarthritis, Fibre Bundles, Image Processing 

3.1 Introduction 

Osteoarthritis (OA) is a term used to describe the status of structural and functional 

failure of synovial joints. It is one of the leading causes of disability, and attributed to 

degeneration and malfunction of articular cartilage (AC) [12], an elastic load bearing 

material covering on the ends of the articulating bones. 

AC is devoid of blood vessels, lymphatics and nerves [301]. By integrating to the 

subchondral bones, AC acts as a cushion that transfers loads from one joint to another, 

attenuates peak stresses and provides nearly frictionless surfaces to facilitate the normal 

function of the synovial joints [302]. Early OA is characterized by lesions on the AC 

[303, 304]. With the progression of the disease, the cartilage becomes softer and is 
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gradually worn away. This leads to bone against bone operation which causes severe 

joint pain during normal activities. 

Collagen possesses exceptional tensile properties. It is one of the critical components 

forming the mechanical function of AC [305]. The collagen fibres in AC form a 3D 

collagen network that restrains the osmotic pressure generated by hydraulic 

proteoglycans so that AC is provided with its loading capacity.The collagen fibres in the 

superficial zone are particularly critical for the durability of AC [38, 226]. Lesion of the 

articular surface is a direct result of disruption of the integrity of the collagen network in 

the superficial zone [137]. 

Laser scanning confocal microscopy (LSCM) offers a way to study the internal 

microstructure of biological tissues without physical dehydration and sectioning. This 

largely eliminates the artifacts associated with tissue dehydration and physical 

sectioning. Previously, a 3D imaging technique has been developed to study collagen 

fibres in native AC [77]. The study showed that normal AC contains interwoven fibre 

bundles in the superficial zone. The fibre bundles gradually disappear with age and 

disruption of AC. However, the previous 3D imaging technique requires visual 

inspection that is subjective and relies largely an expert interpretation. 

The present paper describes a computer image analysis technique that has been 

developed to distinguish the fibre bundles in the most superficial layer and identify the 

physiological status of AC. The technique overcomes the limitation of the requirement 

for qualitative visual inspection for image assessment and moves towards development 

of a computer image analysis system to objectively identify early pathological change of 

AC and OA. The technique is also capable of reducing inherent noise in the images 

acquired by confocal microscopy. In particular, the background iterative noise removal 

method developed within the technique can remove noise that cannot be easily removed 

by traditional noise remove algorithms. Technically, the method is based on the concept 

that the fibre bundles continuously present as lines in comparison with noise. Therefore, 

randomly distributed dots are removed significantly while fibre bundles are displayed as 

a relatively dense gathering of image pixels and present prominently after the iterative 

procedure. 
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3.2 Materials and methods  

3.2.1  Specimen Preparation  

 Normal AC specimens were collected from the femoral condyles and femoral heads 

of approximately two year old cows within 24 hours of slaughter. Cylindrical cartilage 

specimens of Ø3 x 4mm were punched out from the central weight-bearing region, 

stillattached to the subchondral bone. 

The specimens were fixed in 10% buffered formalin solution (BFS) for 24 hours, and 

immersed into 0.2% Phosphomolybdic acid solution for another 24 hours at 4°C before 

being stained with 1 g/L Picrosirius red for 72 hours. After being washed in 9 g/L saline 

solution, the specimens were put into specifically designed specimen dishes to maintain 

their hydrated state and collagen images were acquired using a fibre optic laser scanning 

confocal microscope (FOCM, Optiscan Pty Ltd, Melbourne, Australia) [226]. 

3.2.2  Image Acquisition 

A fibre optic laser scanning confocal microscope equipped with an Olympus 

PlanApo 60 / 1.4 oil immersion lens was employed to acquire the images of the 

collagen fibres in the AC. This provides 0.73 m axial resolution and 0.23 m lateral 

resolution. Prior to this study, the FLSCM was calibrated using focal check fluorescent 

microspheres (Molecular Probes, The Netherlands) of Ø15m. 

A reflectance channel and an illumination mode of 488 nm (50%) and 514 nm (50%) 

laser were selected to achieve optimal imaging acquisition. The optical step size was set 

at 0.541 or 0.689 m. After this, using computer software F900e, propriety to the 

FLSCM, a series of 2D images in xy planes (an image stack) of the collagen fibres was 

acquired. The image stack was then reconstructed into a maximum brightness image 

(MBI), which is an image which represents a view of all of the data in the 3D sequence 

as if all of the 2D optical sections were combined into a single image showing only in-

focus data, as shown in Fig. 3.1a. 

In this study, collagen fibres up to 80 m deep from the surface, approximately the 

top 3 - 5% of cartilage depth, were acquired. However, as detailed in the next section, 

the image analysis process was only conducted in the image slices representing the most 

superficial layer corresponding to the lamina splendens [306]. 

3.2.3  Image Analysis 

The image analysis process contained three main steps: 
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The first step involves noise reduction. To avoid interference from the subjacent 

collagen fibres and chondrocytes, as shown in Fig. 3.1a., the top consecutively 

registered image slices that contain the interwoven fibre bundles were optical separated 

using F900e. These image slices were then reconstructed as an MBI devoid of 

interference from the subjacent collagen fibres and chondrocytes, as shown in Fig. 3.1b. 

Subsequently, a rolling ball algorithm [307] and contrast enhancing process were 

applied to the MBI to further reduce the randomly distributional electronic noise, and 

enhance the visual clarity of the image, as shown in Fig. 3.1b. 

The second step is image iteration. After removing the electronic noise from the MBI 

in Fig. 3.1b., a region of interest (ROI) was selected manually, shown as the dashed 

rectangular area in Fig. 3.1b. The iterative procedure combined by a rolling ball 

algorithm and the median filter technique, expressed by Equation 1, were applied to the 

ROI to identify the fibre bundles, as shown in Fig.3.4a.  

              (1) 

 is the data  matrix of the image to be processed. F I  is the processing of the combined 

Rolling Ball Algorithm and Median Filter function.  

The iteration limitation of  is the standard deviation of a pixel brightness value. By 

repeating the iteration process until the limitation is smaller than a previously fixed 

standard deviation ∆, the iteration procedure will cease so that most of the background 

in the image will be removed. However, the image is still presented as a grey scale 

picture. Subsequently, by applying a binarization and skeleton procedure to the image, a 

curve fitting function shown by equation (2), easier recognition of the orientation of a 

fibre bundle is facilitated.  

The final step involves curve fitting. Iteration of the background subtraction function 

considers image pixels of the fibre bundles as signals and the remainder of pixels are 

considered noise, therefore, the S/N (signal to noise) ratio is increased, which allows 

easier application of the curve fitting function to the image. By applying a linear fitting 

function, as expressed by equation (2), a curve approximating the orientation of the fibre 

bundle was generated, as shown in Figs. 3.5 – 3.7, 

              (2) 

 is the intercept while  is the slope of the line approximating the orientation of the 

fibre bundle in an x-y coordinate system. 
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3.3 Result  

Optical separation of the image slices containing the fibre bundles in the most 

superficial layering using F900e can  initially remove some background noise initiating 

from the underneath collagen fibres and chondrocytes. However, image quality can be 

further improved after applying the rolling ball algorithm and a contrast enhancing 

function, as shown in Fig. 3.1b. This is evidenced by the histogram in Fig. 3.2a., which 

indicates the mean energy distribution and standard deviation of the initial image 

acquired by LSCM to be of 510.930 and 85.052 respectively. These are narrowed down 

to 84.695 and 63.225 respectively in Fig. 3.2b. 

The energy distribution of the image was much more convergent after the iterative 

function was applied, as shown by the histogram in Fig. 3.3 which indicates that the 

standard deviation of the energy distribution is reduced to 7.873. This is consistent with 

the observation that the fibre bundle of interest becomes more visible in the image. 

The application of binarization and skeletonization functions to the ROI in Fig. 3.1b 

enabled identification of fibre bundles of interest (arrows in Figs. 3.4a and b). After 

applying a curve fitting function in the image in Fig. 3.4b, the orientation of the 

collagen fibres were objectively described in the coordinate system, as shown in Figs. 

3.5 – 3.7. The graphs in Figs. 3.5 - 3.7 show the fibre bundles A, B and C (arrows 

indicate) in Fig. 3.1b have slopes of about -0.9455, -1.0219 and -0.2182 to the x-axis, 

respectively.  

  

Fig. 3.1 a. A MBI of collagen fibres up to about 80 µm deep. b. A MBI reconstructed 
from the slices containing the interwoven fibre bundles after application of a rolling ball 
algorithm and contrast enhancing function to reduce the randomly distributed electronic 
noise, scale bar is 10 μm. 

ROI 
a. b.

A 

B 

C 
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Fig. 3.2 a. The brightness histogram of Fig 3.1a; b. The brightness histogram of Fig. 
3.1b. In comparison, the energy of Fig. 3.2b is much convergent than that in Fig. 3.2a, 
demonstrated by the reduced standard deviation range. 

 

 

Fig.3.3 The brightness histogram of the MBI in Fig. 3.1b after an iterative procedure, 
showing the bright pixels to be mainly representing fibre bundles. Most background has 
been removed from prominence. 

 

   

Fig. 3.4 a. The ROI shown in Fig. 3.1b was processed by an iterative procedure to 
further reduce the noise. The arrows indicate a fibre bundle. b. After applying 
binarization and skeletonization procedures on Fig. 3.4a, noise has been successfully 
minimised, and the skeleton of the fibre bundle has emerged. Scale bar is 10 μm . 

a. b.

a. b.
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Fig. 3.5 The graph indicates that fibre bundle A in Fig. 3.1b has a slope of about -
0.9455 to the x-axis. 

 

 

Fig. 3.6 The graph indicates that fibre bundle B in Fig. 3.1b has a slope of about -
1.0219 to the x-axis 

 

 

Fig. 3.7 The graph indicates that fibre bundle C in Fig. 3.1b has a slope of about -
0.2182 to the x-axis 
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3.4 Discussion and Conclusion 

 Imaging the 3D collagen structure in AC is challenging. This is because collagen and 

proteoglycans have a similar refractive index and are closely intermingled in AC. Also, 

the much larger physical size of chondrocytes can often overshadow the brightness of 

the collagen. Therefore, the 3D imaging technique previously developed to acquire 

images of the collagen fibres are not optimised in the terms of the image sharpness and 

resolution of the collagen fibres. The collagen showed a lower image energy 

distribution when compared with the chondrocytes’ in the experiments conducted. Even 

the collagen structure was successfully acquired, the different distribution of collagen 

with the depth of cartilage made it very hard to track a single collagen fibre existing on 

the top surface of cartilage. The technique presented in this paper aimed on identifying 

single collagen fibre from the rich collagenous distributed background. Although human 

intervene was required in the ROI selection procedure, this image processing method 

identified successfully each single collagen fibre by iteratively remove the noisy 

background. Besides, the angle of each fibre was also calculated which can be a 

potential research direction of the cartilage integrity study. This method is a worthwhile 

effort on automatically distinguishing collagen fibres on the superficial layer of 

cartilage. 

The current study introduced image processing techniques, such as a rolling ball 

algorithm a contrast enhancing function and iterative function to reduce background 

noise and increase the sharpness and resolution of the collagen within images. By 

minimizing the background signal using the developed techniques, the brightness value 

of fibre bundles was restricted to the central range of values. Also, the standard 

deviation can represent the range of brightness values being assessed. Therefore, the 

image resolution of the fibre bundles has been increased. However, the iterative 

limitation in this study was set at 8 when applying the process. The potential for other 

brightness values to further increase the image resolution will be explored in future 

studies. 

Moreover, the 3D imaging technique previously developed has allowed imaging of 

the collagen structure to indicate early physiological changes of AC and OA [226]. 

However, the technique is mainly based on subjective visual inspection. The image 

analysis technique developed in this study can objectively identify the orientation of 

fibre bundles. This indicates the potential for developing a technique used for objective 

and quantitative image analysis to assess the pathology of AC and OA at early stage. 
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Chapter 4  

Automatic Classification of the Health of Articular Cartilage 
by Differentiation of Fibre Bundles using Filter Recognition 

Methods 

 

Introduction	

 

 The previous study presented an image processing method for automatically 

distinguishing the fibre bundles on the most superficial layer. This chapter took a 

further study as a numerical analysis of the fibre bundles in that area. As these fibre 

bundles were parallel to the cartilage surface with a distinguishable diameter, a rotated 

filtering method was developed in this study for tracking each fibre bundle individually 

as well as calculating its length and orientation. This automatic recognition technique 

took a further effort to suppress the collagenous background, and separate the fibre 

bundles successfully. Therefore, large number of images would be processed 

objectively by this technique and interpreted in numerical expression. By comparing 

three different sample groups with osteoarthritis (OA) symptom from grade 0 to grade 2, 

this study confirmed that the fibre bundles were only existed in healthy cartilage, in 

grade 0 sample group. Such oriented fibre bundles were less evident in grade 1 and 

completely disappeared in grade 2 sample group.  

This study concluded that the degeneration of articular cartilage (AC) which might 

cause OA symptom started from the most superficial layer of the cartilage. This 

assumption motivated the further study as how the underlying collagen network 

changed after the damage of the cartilage surface in the next chapter.  
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Abstract  The structure of the collagen matrix in the most superficial layer of articular 

cartilage (AC) is particularly critical to the wear and tensile resistance of AC. 

Disruption of the collagen network can cause rapid wear of the articular surface, which 

is the contributory factor leading to osteoarthritis (OA). Using confocal microscopy, our 

previous studies have confirmed that the lamina splendens, the most superficial layer of 

AC, contains interwoven fibre bundles, which gradually disappear with age and 

pathological change of AC. The image analysis techniques described in this paper have 

been developed to provide a quantitative description of the relationship between the 

presence of the fibre bundles in the lamina splendens and health status of AC. The 

technique promises to develop a quantitative computer image analysis system integral 

with confocal microscopy and confocal arthroscopy so that the objective parameters 

about the osteoarthritic status can be instantly used by orthopaedic researchers and 

clinicians. The statistical results obtained from 97 samples demonstrated that all the 

healthy samples (International Cartilage Repair Society, ICRS, grade 0) of AC contain 

fibre bundles in the load bearing area, which were observed in less than 10% of aged 

cartilage samples (corresponding to ICRS grade 1) and totally absent from OA samples 

(ICRS grade 2). 

 

Keywords:  Fibre bundles, Image analysis, Osteoarthritis, Articular Cartilage 
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4.1 Introduction 

Osteoarthritis (OA) is one of the most common debilitating diseases. It is primarily 

attributed to degeneration of AC. The initial cartilage degeneration is from the surface. 

Typical early OA features are fissures in the superficial zone of AC. This gradually 

leads to the cartilage fibrous, and completely wearing away, creating a severe condition 

of OA. At this stage, the subchondral bone, synovial membrane and capsules can also 

be affected, causing inflammation and swelling of the synovial joints. 

Clinical diagnosis of OA is usually based on detailed medical history, a series of 

physical examination and ancillary equipment tests (normally the radiograph). However, 

the relatively low resolution of radiographic images restricts its applicability to detect 

the initial degeneration of the AC at a microstructural level [308-311]. From early to 

advanced OA, the development of the disease can be characterized by morphologic 

changes to the cartilage, presenting as the reduction of cartilage volume and thickness 

[312-314]. The degeneration of the collagen framework, which normally restrains 

hydraulic proteoglycans to form the tight and efficient load support mechanism of AC, 

is one of the key reasons contributing to the decreasing cartilage volume and thickness 

[315-320]. 

Collagen fibres in the AC have distinctive zonal orientations. The initial OA 

degeneration characterized by disruption of the cartilage surface is believed to be related 

to the deterioration of the collagen structure on the uppermost surface [81-83]. 

Therefore, the integrity of the collagen fibres and network in the superficial zone is 

essential to maintain the normal physiological status of AC as collagen fibres have great 

tensile strength [226]. Lesions of the articular surface are a direct result of degeneration 

of the integrity of the collagen network in the superficial zone [137].  

Various equipment and approaches have been successfully applied for observing the 

collagen network in laboratory studies. However, the clinical diagnosis of OA is still 

carried out by use of conventional radiography, which is not sufficiently sensitive to 

assess the initial phase of the disease [321]. Magnetic Resonance Imaging (MRI) 

provides multi-planar analysis of a joint and has the ability to accurately depict the 

volume  and thickness of the cartilage [322], but lacks the resolution for a 

microstructure observation on the AC. Electron microscopes, like the Scanning Electron 

Microscope (SEM) and Transmission Electron Microscope (TEM), possess a extremely 

high magnification (of up to 100,000 times more) and imaging resolution but require 
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sample preparation (e.g. sample dehydration and sectioning) and an extreme imaging 

environment, which can introduce artefacts and have little clinical potential [37, 323]. 

Polarised & Phase Contrast Light Microscopy can only provide a general outline of the 

area of interest and cannot reveal the details of individual fibres because of its relatively 

low resolution [37].  

 Fibre optic laser scanning confocal microscopy (LSCM) has the potential to provide 

in-vivo 3D imaging [226, 324]. It enables elimination of any artefacts caused by sample 

dehydration and sectioning, resulting in its use in a significant number of prior studies 

[77, 325]. With less potential for introducing artefacts, this imaging method has been 

developed to study the collagen structure in the superficial zone of AC under different 

physiological conditions [226]. 

 Clear evidence has been published that the existence of interwoven fibre bundles on 

the superficial layer is indicative of healthy AC [71]. However, there is little evidence of 

such fibre bundles on the surface of osteoarthritic cartilage, these fibre bundles not 

being evident when advanced OA develops. This structure is thought to be particularly 

important to the durability of AC and to represent its healthy status. As the 3D 

organization of collagen and its interaction with hydraulic proteoglycans provides a 

fundamental tearing and load resistance mechanism, this surface structure is the most 

vulnerable component of AC to extreme peak stresses or external trauma. Once the 3D 

structure of the collagen is damaged, the degradation of this organic system will 

gradually progress, lose its load resistance, and lead to further accelerated degeneration. 

It is therefore potentially important to be able to observe morphological changes at the 

initial stage of OA for diagnosis, treatment or eventual prevention of OA. 

However, there is a current lack of objective methods to assess the integrity of the 

superficial collagen matrix. Such methods would be useful to orthopaedic researchers 

and clinicians to gain instant parameters describing the intrinsic physiological 

conditions of AC. This study describes the development and application of an image 

processing algorithm to quantitatively analyse these fibre bundles. This algorithmic 

approach addresses the shortcomings of visual observation which can provide no 

statistical data such as bundle count, density or orientation information. A challenge 

arising from the collagen displayed by image sets acquired using LSCM is that parallel 

fibre bundles can merge with other collagenous structures distributed in the background. 

This can mask the contrast between the objective and background, which has exposed 

limitations in traditional feature detection methods such as thresholding. This paper 
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focuses on this problem, resulting in the use of a rotated filtering algorithm which 

successfully distinguished the fibre bundles from the background collagenous structures, 

and confirmed the existence of fibre bundles on the uppermost surface. Ninety seven 

samples were processed to ensure robust results.  

4.2 Materials and methods 

4.2.1  Specimen Preparation 

 Cylindrical cartilage specimens of Ø 3mm x 4mm were punched out from the central 

weight-bearing region of approximately two year old asymptomatic cows, processed 

within 24 hours of slaughter. The specimens were left attached to the subchondral bone 

to prevent sample deformation that could result from release of internal tensile stresses 

within the cartilage matrix.  

 The specimens were fixed in 10% buffered formalin solution for 24 hours, and left in 

0.2% Phosphomolybdic acid solution for a further 24 hours at 4 . After washing in 

9g/L saline solution, they were stained for preferentially imaging collagen using 1g/L 

Picrosirius red for 72 hours. The samples were then washed thoroughly using 9g/L 

saline solution and placed into a specifically designed specimen container to maintain 

their state of hydration. Imaging of the collagen structure was conducted using a fibre 

optic laser scanning confocal microscope (FOCM, Optiscan Pty Ltd, Melbourne, 

Australia). 

4.2.2  Image Acquisition 

 An Olympus PlanApo oil immersion lens (60X, NA 1.4) was employed to acquire 

the images of the collagen fibres in the specimens. This provided a 0.195 µm planar 

resolution and a 0.23 µm axial resolution. Prior to imaging, the FOCM was calibrated 

using focal check fluorescent microspheres of Ø15 µm (Molecular Probes, The 

Netherlands). 

 A reflectance mode with laser wavelengths of 488 nm (50%) and 514 nm (50%) was 

selected to image the collagen network. Collagen fibres up to 80 µm deep from the 

articular surface, corresponding to the top 3-5% of cartilage thickness, were acquired. 

The most superficial layer of AC, corresponding to the lamina splendens where the 

interwoven fibre bundles parallel to the articular surface were found, was measured to 

be approximately 10 µm thick. The optical step size between the image slices was set to 

be 0.541 or 0.689. A series of 2D images in the x-y plane were recorded as an image 

stack using computer software F900e (Optiscan Pty Ltd), specifically developed for 
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FOCM. Each slice of the stack represents a sequential image at different depths within 

the imaged volume. The confocal imaging technique rejects out of focus information so 

that in-focus data presents most clearly in each image slice representing its focal plane, 

resulting in the brightest pixel value when in focus. Therefore, a maximum brightness 

image generated from a 3D image sequence contains all the in focus information from 

the series of image slices, as shown as Fig. 4.1a. 

4.2.3  Image Analysis 

 A confocal microscope generates image stacks by changing the focal plane with 

respect to the sample surface. The series of image slices share exactly the same 

positions in the X-Y coordinate system, but sequentially varies the Z position. 

Consequently, the processing procedure was implemented on the premise that no image 

registration is required. The image processing stage contained three main steps: 

Noise Reduction 

 AC contains mainly type II collagen which is difficult to image using confocal 

microscopy. Each single slice from the original image stack acquired using the confocal 

microscope displayed considerable noise and a poor S/N ratio. Some of the noise is 

electronic noise with a random distribution. Therefore, a projection of the slices along 

the Z axial coordinate was used to suppress the random noise [326], as shown in Fig. 

4.1a. 

 Although the projection process reduced the ratio the electronic noise and increased 

the visibility of fibre bundles (arrows in Fig. 4.1a), it was still based on a certain 

background noise with a mean grey level of 511 and a standard deviation of 86 (Figs. 

4.1a and c). To further enhance the image contrast and identification of  the fibre 

bundles in Fig. 4.1a, a rolling ball algorithm [327] with a mask radius of 50 pixels was 

applied to the image, followed by contrast enhanced processing, shown in Fig. 4.1b. 

Histograms which provide the distribution of pixel values were used to examine the 

effects of the imaging processing methods in improvement of image contrast, as shown 

in Figs. 4.1c and d. The mean grey level, which dropped from 511 to 85, illustrates that 

most of the background noise had been removed. 
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Fig. 4.1 a. The imaging projection of an image stack acquired by FOCM. b. The image 
obtained after the noise reduction process was applied to Fig. 4.1a. c. The histogram of 
Fig.1a. d. The histogram of Fig.4.1b showed the pixel value was narrowed. Scale bar is 
10 μm. 

 

Rotated Filtering Hough Transform Algorithm 

 The image stack acquired by confocal microscopy displays interwoven fibre bundles 

(arrows in Fig. 4.1a) as well as the subjacent collagen fibres which are oriented 

predominantly perpendicular to the articular surface. These subjacent fibres appear as 

bright dots (arrow heads in Fig. 4.1b) and considered as noise in the projection image 

for segmenting the interwoven fibre bundles. These bright spots could not be removed 

using the projecting and rolling ball algorithm (as with other types of noise). The fibre 

bundles parallel to the surface, were masked amongst the noisy background. To identify 

such fibre bundles as linear features, a Hough transform was considered to be an 

appropriate solution [283]. 

 However, as the superficial fibre bundles appear to have a random distribution and 

often cross over each other, with the complication of rich collagenous structures 

a. b. 

c. d. 

Interwoven 
fibre Bundles 

Underneath  

Collagen Fibre 

X 
Y Y 

X 
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existing in the background, the edges of the lines and features are blurred. The standard 

Hough transform algorithm was therefore not effective in distinguishing the interwoven 

fibre bundles within the image. Therefore, a rotated filtering Hough transform algorithm 

has been developed in this study to automatically identify the fibre bundles. The 

algorithm is demonstrated by the flow chart in Fig. 4.4. 

 The rotated filtering Hough algorithm incorporated both the rotating filtering and 

Hough transform. Applying this algorithm to distinguish the interwoven fibre bundles, 

the first step was to set up a filtering kernel. As fibre bundles in the image did not 

display very sharp edges, the kernel was selected as a Gaussian filter to fit the transition 

of pixel value. A one dimensional Gaussian filter can be expressed by equation 1: 

√
exp	            (1) 

Where x is the distance from the origin in the horizontal axis and σ is the standard 

deviation of the Gaussian distribution.  

0.4695					0.8278					1.0000					0.8278					0.4695   

												

0.4695					0.4695					0.4695					0.4695					0.4695
0.8278					0.8278					0.8278					0.8278				0.8278
1.0000					1.0000					1.0000					1.0000					1.0000
0.8278					0.8278					0.8278					0.8278				0.8278
0.4695					0.4695					0.4695					0.4695					0.4695

  

Fig. 4.2 a. 1D Gaussian filter. b. A ribbon shape 2D Gaussian filter at zero degree. c. 
The matrix of the 2D Gaussian filter with a 5x5 pixels radius at Zero Degree 
(Horizontal) Mask. 

The size of the filter kernel is the proportion of the feature compared to the pixel size 

of the whole image. In this case, the acquired images were 512 by 512 pixels, and the 

widths of the feature lines (the fibre bundles) were approximately 3-7 pixels. As an 

average, 5 was set up as the radius of the mask, which leads to σ = 2.3. Therefore, a one 

dimension Gaussian filter was generated as shown in Fig. 4.2a. A ribbon shape 2D 

a. 

b. 

c. 
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Gaussian filter (Fig. 4.2b), and matrix (Fig. 4.2c), was a parallel expansion of the 1D 

filter orthogonally.  

0.1716					0.7717					0.6794					0.4125					0.0805
0.7717					1.0000					0.8782					0.6794				0.4125
0.6794					0.8782					1.0000					0.8782					0.6794
0.4125					0.6794					0.8782					1.0000					0.7717
0.0805					0.4125					0.6794					0.7717					0.1716

  

Fig. 4.3 a. A ribbon shape 2D Gaussian filter at 135 degree. b. The matrix of the 2D 
Gaussian filter with a 5x5 pixels radius at135 degree. 

 The key characteristic of this algorithm is rotating of the filter while scanning the 

image. As the distribution of fibre bundles in an image is unpredictable, rotating the 

filter throughout the whole image could completely detect all the fibre bundles. 

Consequently, every potential feature line aligned to the orientation of a fibre bundle 

was set up as a sub-image. By repeating this process, a 3D matrix was then generated to 

store these subimages as the Hough transform voting domain. The rotating step was set 

at 2 degree to save computing expense on the premise of entire detection. When the 

rotating procedure ceased, the most prominent indicated feature lines from each 

subimage were merged to one image as a candidate set. 

a. 

b. 

Table 4.1 Units for Magnetic Properties 

Parameters Function 

MinLength Set minimum length of the fibre bundles 

NumGaps Set the maximum gaps one line could bear 

LenStrength The ratio of pixels numbers between actual line and 
proposed line. Reflect how strong or how clear the line 
is in the image 
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 Although the candidate feature lines were selected and stored in one image, it still 

required refining as some collagen dots (derived from perpendicular fibres) which 

happened to be following the same direction appeared as a pseudo line. Therefore, 

based on the morphology of the merged image, primary enhancement processing was 

applied to optimize and emphasise the feature lines, including removal of isolated pixel 

clusters, filling the gaps within lines, closing the line, and deletion of too short lines 

which are most likely pseudo lines. These operations made the later Hough transform 

much quicker and more accurate as redundant branches were eliminated over a wide 

range. 

 The Hough transform is a classic feature extraction technique to classify a certain 

shape using a voting procedure. Due to its excellent performance, it has been wildly 

used in image processing and computer vision. An improved version is called the 

‘generalized Hough transform’ which can detect arbitrary shapes, but the traditional 

method is more suitable in this case. Two parameters of Hough transform are  and , 

using  instead of  for computational convenience, 

where  represents the distance between the potential line and the origin of the image 

while  represents the angle of the perpendicular line from the origin to the line, which 

is unique if ∈ ,or if 0,2  and 0. Therefore, the ,  plane is set as the 

Hough space to distinguish straight lines in two dimensions. The orientation of the lines 

refers to the horizontal line which can be generated by the parameter θ. As the Hough 

transform stores the coordinate sets of the start and end pixel of the line extracted, if the 

calibration of the microscope is known, then the real length of the fibre bundles can be 

calculated by equation 2: 

      (2) 

Pixel number is the statistical number of pixels comprising a line, and 512 is the side 

size of the image.  

Parameter Control 

 After the Hough transform was applied, the spots assembled with a linear trend 

would be interpreted as a line. Despite most of the collagen fibres in the deeper region 

aligned perpendicularly to the cartilage surface and appeared as bright dots in the image 

projection, it is naturally a small portion of the collagen fibres did not completely 

vertical to the surface so they can coincidentally satisfy the condition of the Hough 

transform and be interpreted as lines. Consequently, there is a possibility that some of 
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the linear feature identified by Hough transform were not the actually lines 

corresponding to the fibre bundle in the most superficial layer.  

 Since the fibre bundles in the cartilage surface, as seen in the original image Fig. 4.5a, 

had a considerable length and width, other three parameters (Table 4.1) were further 

introduced to filter the real fibre bundles from the short collagen fibres in the deep 

region. 

 The ‘LenStrength’ is set up to assess how well the assembling pixels fitting the line. 

Only those lines which possessed certain threshold set in the ‘LenStrength’ filter can be 

considered as the fibre bundles and marked by red lines, as shown in Fig. 4.5b. The 

setting of the threshold of the LenStrength is varied with the input images as different 

images possess different brightness and contrast. Therefore, the normal AC, which often 

have the fibre bundles presented in its surface, was consequently distinguished from the 

abnormal ones in which the fibre bundles have been found to be gradually disappeared 

during OA degradation [137, 328]. 

In addition, other measuring properties of a line such as the length and orientation, as 

shown in Table 4.2, which have been stored in the matrix of candidate lines, were also 

used to assess whether a line identified by Hough transform is the real fibre bundle or 

not. The length of a line measures how long the line is and the orientation of a line 

measures the angle of the line from the horizontal axis.  

The Rotated Filtering Hough Transform process used for identifying the fibre bundles 

in the most superficial layer is shown by the chart in Fig. 4.4. 
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Fig. 4.4 A flow chart shows the Rotated Filtering Hough Transform Algorithm. 

Start 
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 Tables 4.2 - 4.4 present an illustration of the analysis result from this processing 

corresponding to ICRS 0-2 sample groups, showing the details of the detection result 

regarding whether or not fibre bundles existed, the list of each extracted fibre with its 

length, orientation as well as the time consuming.  

Cartilage Scoring 

 Traditional histology using H&E staining was applied to grade the physiological 

status of the AC in the internal cartilage repair system [329]. The images of the 

traditional histology were acquired using a Zeiss stereo optical microscope. 

Table 4.2 Image Analysis Result of a Normal Cartilage Sample at ICRS 0 

Bundles Detected Results 

Elapsed time is 4.416597 seconds 

25 line(s) detected above threshold 

7 lines selected with strength above 65.0% maximum strength 

Line: 1, length: 329.61, angle: 126.5, strength:0.1531 
Line: 2, length: 256.34, angle: 125.0, strength:0.1255 
Line: 3, length: 327.71, angle: 101.5, strength: 0.1100 
Line: 4, length: 215.78, angle: 112.0, strength: 0.1092 
Line: 5, length: 115.69, angle: 112.0, strength: 0.1039 
Line: 6, length: 312.12, angle: 113.5, strength: 0.1094 
Line: 7, length: 275.67, angle: 140.5, strength: 0.1215 

 

Table 4.3 Image Analysis Result of an Aged Cartilage at ICRS 1 

Bundles Detected Results 

Elapsed time is 5.055600 seconds.  

No distinct fibre bundles have been found in this image 

 

Table 4.4 Image Analysis Result of an OA Cartilage at ICRS 2 

Bundles Detected Results 

Elapsed time is 2.081111 seconds 

No distinct fibre bundles have been found in this image 
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Statistical analysis 

The statistic conclusion is generated by SPSS (Statistical Package for the Social 

Sciences, IBM) from the processing result of all the sample groups. 

4.3 Results 

The results were obtained by analysing a total of 52 healthy samples at ICRS grade 0, 

18 aged samples at ICRS grade 1 (macroscopically normal) and 25 OA samples at 

approximately ICRS grade 2 using the program developed in this study.  

 As shown in Figs. 4.8 and 4.9, using the developed system, all normal cartilage, 

corresponding to ICRS grade 0 (Fig. 4.5c) was detected fibre bundles. As shown in 

Table 4.5, the normal cartilages were detected an average 15 (mean 15 with STD 10) 

fibre bundles at 99% statistical confidence. While only one sample was found 

containing fibre bundles among 18 aged cartilages, approximately at ICRS grade 1, as 

shown in Fig. 4.6c. The OA cartilages at about ICRS grade 2 (Fig. 4.7c), were not 

detected fibre bundle at all (at 100% statistic confident). Despite of this, the content of 

the fibre bundles in the normal AC was varied significantly from sample to sample with 

typical one fibre bundle to 43 bundles, as shown in Fig. 4.9. About 80% of the healthy 

cartilage specimens contained 3 to 20 fibre bundles, and 8% of them contained less than 

3 fibre bundles. Those that had 20 to 30 fibre bundles were 7% of the whole group and 

only 4% of samples contained over 30 fibre bundles.  

 The noise reduction processing played an important role in enhancing the visibility 

of the collagen fibres for subsequently applying the Rotating filtering Hough transform 

to efficiently extract the fibre bundles, as shown in Figs. 4.1b and d. After this 

processing, the standard deviation of the pixel values in the image, which is a widely 

used measurement of variability or diversity of an image, was narrowed from about 85 

Table 4.5 Statistic Summary of Collagen Appearance in ICRS Grade 0-2 Cartilage 
Groups 

Cartilage Sample  

Group 

Number of fibre  

Bundles Detected 

Probability of Containing  

fibre Bundles 

ICRS Grade 0 15± 10 >99% 

ICRS Grade 1 

ICRS Grade 2 

<1 

0 

<5.9% 

0 
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to about 63, as shown Figs. 4.1c & d. This indicated that the pixel values or image 

energy of the interested objects was gathered together rather than spread out over a large 

range, and the visibility of the featured objects was correspondingly improved. As 

shown in Fig. 4.5b, the rotated filtering Hough transform technique could distinguish 

nearly 90% of the fibre bundles embedded in an image for quantify the concentration of 

the fibre bundles and assessing the physiological status of the AC. 

  

        

Fig. 4.5 a. A project image in x-y reconstructed from a healthy sample of LSCM. b. 
Computer image recognized and marked the fibre bundles presenting in image a. c. A 
corresponding traditional histology using H&E (XZ plane) d. The corresponding ICRS 
diagram, grade 0. Scale bar in Fig. 4.5a and b is 10 μm, Scale bar in Fig. 4.5c is 50 μm. 

a. b. 

c. d. 

Surface 

Y 

Y X 
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Fig. 4.6 a. A projected image from a LSCM image stack of an aged AC at ICRS grade 1. 
b. H&E-stained histology image (XZ plane). c. The corresponding ICRS diagram, grade 
1. Scale bar in Fig. 4.6a is 10 μm, Scale bar in Fig. 4.6b is 50 μm.  

 

    

Fig. 4.7 a. Z direction project image from LSCM of an OA sample (XY plane) b. H&E-
stained histology image (XZ plane) c. The corresponding ICRS diagram, grade 2. Scale 
bar in Fig. 4.7a is 10 μm, Scale bar in Fig. 4.7b is 50 μm. 
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b. 
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Fig. 4.8 Number of fibre bundles automatically distinguished from  the AC with 
different physiological status ranged from ICRS Grade 0 to 2. Error bars is ± 2SD. 

 

 

Fig. 4.9 Number and distribution of fibre bundles displayed in the surface of healthy 
cartilage samples. 
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4.4 Discussion and Conclusions 

 The previous studies in this lab showed normal AC contained distinctive interwoven 

fibre bundles which gradually degraded during OA degeneration [71]. To distinguish 

the fibre bundles parallel to the surface of AC from the entire collagen matrix 

compromised of both of the fibre bundles and collagen fibres in the deep regions that 

oriented perpendicularly to the surface represented a significant challenge. 

 The previous qualitative analysis of the fibre bundles requires expert interpretation, 

which is subjective and time consuming. Even the traditional image analysis methods 

were not qualified to distinguish and classify the fibre bundles as the applied staining 

method highlighting all the collagen elements, which provides both target signal and 

background with a similar brightness. Therefore, a customized image analysis procedure 

is required aiming at noise reduction and minimize the influence of the collagen fibres 

in the deeper region.  

 The present study developed a quantitative imaging analysis system for identifying 

and quantifying the fibre bundles in the AC for classifying the physiological status of 

AC. The procedure started by rolling ball algorithm, to reduce noise and enhance the 

sharpness as well as the resolution of the collagen displayed in the images, followed by 

rotated Hough transform detection for extracting the potential fibre bundles. Finally, by 

integrating the parameters such as the collagen fibre bundle orientation, length and 

numbers in the system, some of the collagen fibres in the deep region which could 

present as shorter fibres in an image project were effectively eliminated from being 

translated as the fibre bundles.  

 The system can efficiently distinguish and quantify the fibre bundles that present as 

straight lines in the AC image. As shown in Fig. 4.5b., about 90% of the linear fibre 

bundles in AC can be distinguished. The system was not sensitive for detecting the fibre 

bundles which presented as curves, for instance, an arch shape fibre bundle in Fig. 4.5b. 

(the white arrow points). However, this will not significantly affect the efficacy for 

quantifying the fibre bundles for assessing early OA changes of AC since most of the 

fibre bundles in normal AC presented as straight lines and they disappeared during OA 

degradation from ICRS grad 1 to 2 [71]. 

 The analysed results are consistent with our previous studies [330] and ICRS using 

traditional histology, as shown in Table 4.5 and Figs. 4.5 to 4.7. Therefore, the 
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developed method is a useful tool for quantitatively screening the early change of the 

healthy status of the AC. 

 The imaging analysis system developed in this study focussed on quantifying the 

healthy statue of AC, and objectively assessing early OA. The fibre optic confocal 

microscopy technique has enabled the development of confocal arthroscopy for imaging 

the internal microstructure, and discriminating the healthy status of AC without biopsy 

[211, 331]. With the advent of confocal arthroscopy, the early detection methods 

developed could have significant clinical potential with further development of the 

technologies and techniques. 
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Chapter 5  

Texture Analysis of the 3D Collagen Network and Automatic 
Classification of the Physiology of Articular Cartilage 

 

Introduction	

 

The distribution of fibre bundles in the most superficial layer was studied in the 

previous chapter. The existence of parallel oriented fibre bundles were only abstracted 

from healthy cartilage, ICRS grade 0. However, it was insufficient to describe the 

osteoarthritis (OA) cartilage with different grades. This study explored the cartilage in 

the zone beneath the most superficial layer, and investigated the changing of collagen 

network structure with the procession of OA. As the collagen network was presented as 

a lattice structure, it was impossible to track each single collagen fibre but to treat the 

collagen arrangement as a whole pattern. Texture analysis was applied in this study to 

describe the general feature of the collagen fibres distribution. The differences among 

three sample groups, from grade 0 to grade 2, were distinguishable when expressed by 

texture parameters. The significant differences existing in values of parameters has been 

exploited by principal component analysis (PCA) applied afterwards for an auto 

classification. 

This study took the advantage of 3D in vivo imaging technique of confocal 

microscopy, thus the analysis was based on the data source acquired from the cartilage 

tissues within their natural environment. The clear classification with low predict error 

of discriminating cartilages from three sample groups with different OA grade made 

this study a potential method for further auto diagnosis in clinic application.  
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Abstract Degeneration of articular cartilage (AC) is a primary symptom of 

osteoarthritis (OA). A strong relationship has been found between the 3D collagen 

structure and physiological condition of the AC. This study applied a texture analysis 

method to quantitatively characterise the 3D collagen structure in normal (International 

Cartilage Repair Society, ICRS, grade 0), aged (ICRS grade 1) and osteoarthritic 

cartilage (ICRS grade 2) as a means of quantifying the physical condition of the AC. 

Texture parameters of angular second moment, contrast, inverse different moment, 

correlation and entropy have been introduced to numerically describe the characteristics 

of the 3D collagen network and physiological status of the AC specimens. Normal AC 

had significantly different mean texture parameters compared to the other two 

physiological cartilage types. In addition, the application of principle component and 

linear discrimination analysis have led to the development of an automatic analysis 

system for systemically identifying the three physiological cartilage specimens at a 

prediction error of 4.23%. 

Keywords: texture analysis, automatic physical classification system, collagen structure, 
articular cartilage, osteoarthritis 
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5.1 Introduction  

Osteoarthritis (OA) is a chronic degenerative disease of synovial joints which causes 

distress or even disability to the patients. Although the multiple potential causes of OA 

remain unclear, aging, overuse and joint trauma are attributed to development of OA 

[332, 333]. Degradation of articular cartilage (AC) [82, 334] and subchondral bone 

[335] are typical characteristics of OA. At a micro level, degeneration of AC shows 

symptoms of water content elevation and proteoglycans (PG) decrease in the cartilage. 

The collagen fibres become more susceptible to destruction and damage. Consequently, 

studies of AC and collagen meshwork offer a method to depict the degenerative 

processes of OA.  

Different types of collagen are enmeshed together as a tight matrix and contribute 60% 

of the dry weight of cartilage but AC contains primarily type II collagen [155]. The 

organization and alignment of the collagen fibres vary with the depth from the surface 

of cartilage. The collagen fibres are anchored to the subchondral bone, and oriented 

perpendicularly to the articular surface in the radial zone. Functionally, they mainly 

participate in distributing loads and resisting compression [336]. In the middle zone, the 

arch collagen fibres gradually take responsibilities of shearing and wearing resistance of 

the AC. In the superficial zone, the distribution and structure of collagen fibres have 

been reported to appear more complex in 3D observation than depicted by traditional 

2D microscopic studies. Two sub-layers have been classified in this zone [37, 68, 69, 

77]. The most superficial layer, which is also called the lamina splendens, was 

integrated with interwoven fibre bundles parallel to the articular surface [330]. Whilst 

the deeper superficial layer contained collagen fibres orienting predominantly in an 

oblique way to the articular surface [77].  

The collagen fibres in the superficial zone are mainly responsible to the resistance of 

shearing and wearing stresses generated during activities. By integrating with the 

underlying collagen fibres to form a 3D collagen network that restrains the swelling 

pressure of encapsulated proteoglycan gel, the collagen in this region also contributes to 

the compressive properties of AC. The earliest sign of OA degeneration in clinics has 

been defined as surface disruption of AC that is closely related to alteration of the 

collagen structure in the superficial zone. This also leads to further micro morphological 

destruction within the tissue and exacerbates further cartilage degeneration [81-83]. 

Consequently, a study of the 3D micro architecture of the collagen framework near the 
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surface offers an understanding of the degenerative process of AC and early OA 

progression. 

The unique design of fibre optic laser scanning confocal microscopy (LSCM) 

enables 3D imaging of the microstructure of AC without dehydration and sectioning of 

the tissue [226, 324]. A 3D image stack of the microstructure can be acquired by 

progressively changing the focal plane in the Z direction. As the out of focus 

information is largely rejected by the integration of a pinhole in the imaging system, the 

in-focus data is presented clearly in the images. The imaging technique allows artefacts 

caused by sample dehydration and sectioning to be eliminated, as described in prior 

studies [77, 325]. It has resulted in 3D studying of the collagen network within different 

physiological status of AC at ICRS grade 0 to 2 [330, 331]. The 3D collagen network 

has been found to change with the physiological status.  

The previous studies on the 3D collagen networks and their relationship to the 

physiological status of AC were mainly based on visual inspections  [226, 337]. There 

was a lack of detailed quantitative analyses of the 3D collagen structures and a 

systematic classification of the physiological status of the AC. This present study 

developed a 3D imaging analysis technique to three dimensionally quantify the 

characteristics of the 3D collagen network in AC with physiological status scored as 

ICRS grade 0 to 2. Texture parameters of Angular Second Moment (ASM), contrast, 

Inverse Different Moment (IDM), correlation and entropy have been used to quantify 

the characteristics of the 3D collagen network in AC assessed with physiological scores 

from ICRS grade 0 to 2. The principle component and linear discriminate analysis has 

been used to develop an automatic classification system for systematically classifying 

the physiological status of the AC at a 4.23% prediction error. 

5.2 Materials and Methods 

5.2.1  Specimen preparation  

Forty - three cylindrical cartilage specimens of Ø3 x 4mm were punched out from 

the central weight-bearing zone of 11 bovine femoral condyles 6 hours after slaughter. 

Twenty-two aged cartilage samples without visual disruption on the surface were taken 

from five femoral heads of human cadavers aged from 40 to 60 years old. A further 

twenty-eight cartilage specimens showing minor OA signs were obtained from 15 

human arthritic femoral heads after joint replacement surgeries. All the specimens were 
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obtained with subchondral bone attached to prevent the natural distortion caused by the 

release of tensile stresses from the cartilage matrix.  

Solutions of 0.2% phosphomolybdic acid and 1 g/L picrosirius red were applied at 

4°C for 24 hours and 72 hours respectively to the AC specimens. The specimens were 

washed thoroughly in a 9g/L saline solution, and placed in specifically designed sample 

dishes to maintain the hydrated states while being observed for the collagen network 

using a fibre optic laser scanning confocal microscope (FOCM, Optiscan Pty Ltd, 

Melbourne, Australia) equipped with a 60X / NA 1.4 Olympus PlanApo oil immersion 

lens. The imaging was carried out using a reflectance channel and an illumination mode 

of 488 nm (50%) and 514 nm (50%) at an optical image step size of 0.689 or 0.756 µm. 

The acquired image stacks had a 0.195 µm lateral and 0.23 µm axis resolution. The 

imaging field of view was 33 µm2. Fifty confocal image stacks were acquired from each 

physiological group. 

The confocal image stacks were reconstructed into 3D images using Image J, shown 

as Figs.5.1 – 5.4c, for 3D visual inspections; and image projections in the XY, YZ and 

XZ plane, shown as Figs. 5.1e - g, Figs. 5.2d - f., Figs. 5.3 d - f. and Figs. 5.4 d - f., for 

conducting a texture analysis three-dimensionally on the collagen structures. Prior to the 

imaging analysis, the interwoven fibre bundles in the most superficial layer of normal 

AC, shown in Figs. 5.1c and d, were optically removed using F900e computer program 

(Optiscan Pty Ltd, Melbourne, Australia), shown in Fig. 5.1e. The interwoven fibre 

bundles have been studied previously for numerically identifying the normal AC [338].  
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Fig. 5.1 a. H&E traditional histology of ICRS grade 0 AC. b. The diagram of ICRS 
grade 0, normal cartilage. c. The 3D collagen network in normal AC reconstructed from 
a confocal image stack. d. The XY plane view of the 3D collagen network. e. The XY 
plane view of the 3D collagen network after optically removing the interwoven fibre 

bundles in the lamina splendens. f. The YZ plane view of the 3D collagen network. g. 
The XZ plane view of the 3D collagen network. The arrows in f and g indicated the 
predominant orientation of the collagen fibres. White scale bar is 10 μm. 
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Fig. 5.2 a. H&E traditional histology of ICRS grade 1 AC. b. The diagram of ICRS 
grade 1, nearly normal AC. c. The 3D collagen networks in AC corresponding to ICRS 
grade 1. d. The XY plane views of the 3D collagen networks. e. The YZ plane views of 
the 3D collagen networks. e. The YZ plane views of the 3D collagen networks. f. The 
XZ plane views of the 3D collagen networks. White scale bars are 10 μm. 
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Fig. 5.3 a. H&E traditional histology of ICRS grade 1 AC. b. The diagram of ICRS 
grade 1, nearly normal AC. c. The 3D collagen networks in AC corresponding to ICRS 
grade 1. d. The XY plane views of the 3D collagen networks. e. The YZ plane views of 
the 3D collagen networks. f. The XZ plane views of the 3D collagen networks. White 
scale bars are 10 μm. 

 

 

c. d. e. 

f. 

a. b. 

Slightly 
surface 
disruption 

XY 

Z 

10um

50um 

X

Y
Y

X

Z

Z



95 
 

       

   

 

Fig. 5.4 a. H&E traditional histology of the ICRS grade 2 AC. b. The diagram of the 
ICRS grade 2. c. The 3D image of the collagen network in ICRS grade 2 AC. d. The 
XY plane view of the 3D collagen network. e. The YZ plane view of the 3D collagen 
network. f. The XZ plane view of the 3D collagen network. White scale bars are 10 μm. 
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were then embedded in paraffin blocks and cut in 5-μm serial slices from the articular 

surface to bottom using a rotary microtome (Leica RM2255). The slices were stained 

with Haematoxylin and Eosin (H&E) for morphological assessment, and with Safranin 

O fast green for analysis of the proteoglycan (PG) content, respectively. The cartilage 

specimens were classified as normal, ICRS grade 0, shown in Fig. 5.1b; nearly normal, 

ICRS grade 1, shown in Fig. 5.2b & Fig. 5.3b and abnormal, ICRS grade 2, shown as 

Fig. 5.4b. 

 

5.2.3  Texture analysis of the 3D collagen networks 

The images reconstructed in the XY, XZ and YZ planes were conducted using 

texture analysis of the 3D characteristics of the collagen network using Grey-level Co-

occurrence Matrices (GLCM). The GLCM achieved texture extractions by identifying 

the spatial variation within a local image region. Given an image I: → , where 

1,2,⋯ ,  and 1,2,⋯  is the spatial domain in X and Y directions, 

while ∈ 1,2,⋯ ,  is the grey levels domain. Then the GLCM  with a 

displacement vector of ,  is generated from image I as: ,

, , , : , , , , where ( , , , ∈ , and ,

, , calculating the relative frequencies of a pair of pixels with a grey level  

of  and 	with a distance of  . By changing the value of d, the co-occurrence matrix 

along different directions were acquired. For instance, when setting 	 1,0 , it 

produced a horizontal grey-level spatial dependence matrix at 0 . When	 1,1 , it 

presented a grey-level spatial dependence matrix situated at 45 . Subsequently, the 

90 	and	135 matrices were generated by setting  0,1  and 1,1  

respectively.  

For each of the specimens, five GLCM at 0  to 180  were generated at 45 intervals  

from the images in the XY, XZ and YZ plane respectively to analyse the texture 

features of the 3D collagen meshwork. Five texture featuring parameters of ASM, 

contrast, IDM, correlation and entropy were extracted from each of the matrices. 

(1). ASM was given as:	 	 ∑ ∑ , , which reflects the energy intensity 

of an image and measures the homogeneity of the image. The more homogeneous an 

image is, the larger of the ASM becomes.	
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(2). Contrast was defined as: 	 	 ∑ ∑ , , which measures the 

amount of local intensity variations presented in an image. It is often large when a pixel 

pair of , 	 ,  being compared has different intensity values. 

(3). IDM : 	 	 ∑ ∑ ,
, which is large when a pair of pixels being 

compared have the same intensity value.  

(4). Correlation: 	 ∑ ∑ , ,	where  and  

are the means and  are the standard deviations of and  respectively, 

with  ∑ , 	 and ∑ , . Correlation measures the 

linear-dependencies in the image.  

(5). Entropy:	 	 ∑ ∑ , log , , which measures the information 

content in an image. It will be large when the image contains more information.  

5.2.4  Auto Classification of the AC physiological status 

The texture parameters acquired from the three physiological cartilage groups were 

then subjected to an auto-classification of the physiological status of the AC using a 

Linear Discriminating Algorithm (LDA).  

The LDA is a statistical technique to classify objects into mutually exclusive and 

exhaustive groups based on a set of measurable object features [339]. The principle of 

this method is to reach the maximum ‘between-classes scatter’ , and the minimum 

‘within-classes scatter’ , where ∑ , 

∑ ∑ ∈ 	 .  is the number of the samples which 

belongs to class .		  is the number of classes.  is the mean of class .  is the mean of 

the whole sample classes and 	  was the 	sample. The procedure projected the 

sample class to a lower vector space to maximize the separability. The projecting 

direction was generated by making Fisher’s expression:	 	
, to reach its 

maximum vector  [339].  is an arbitrary vector in the reduced space. 

While using the LDA for an auto classification of the physiological characteristics of 

the AC specimens in this study, it was found to be difficult to form an optimal 

parameter combination that could systematically classify the three physiologically 

different cartilage groups completely at once. As shown in Figs. 5.6a. and b., by 

randomly selecting two texture parameters, either the Entropy and IDM or Contrast and 
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IDM, to carry out a LDA for an auto-classification of the three groups of cartilage, it did 

not separate completely the ICRS grade 1 cartilage from ICRS grade 2 although the 

ICRS grade 0 cartilage was almost separated from the ICRS 1 and ICRS 2 cartilage. 

In order to accomplish a systematic classification of the physiological status of the 

cartilage groups using the texture parameters obtained and LDA, principle component 

analysis (PCA) was implemented in this study. The PCA is appropriate in situations 

where the variables (e.g. the feature parameters) obtained for a measurement contains 

some redundancy. The redundancy means that some of the variables are possibly 

correlated with one another, and needed to be ranked according to their influence in the 

measurement so that an automatic classification can be efficiently carried out.  

In this study, the redundancy contained in the parameters might be attributed to the 

correlations possibly existing among them due to the manner of the data collecting. The 

PCA removed the correlations by finding the principle components generated from the 

covariance matrix of the texture parameters of all the samples [340]. Through the 

procedure, the texture parameters obtained from the collagen texture analysis were 

replaced by a smaller number of artificial variables, the principal components, which 

accounted for the most variance in the observed variable (the texture parameters in this 

study). The principle components were then used as the predictors or criterion variables 

for conducting an auto classification of the three cartilage groups with different 

physiological status using the LDA.  

The covariance matrix in general is referred to a matrix which contains the variance 

relationship between each variable (e.g. each feature parameter) in the measurement. 

Given a column vector with  variables: 	 , , ⋯ , , each entry of its 

covariance matrix can be calculated by equation (1): 

∑ , 	        (1) 

Where  is the mathematical expectation of , i.e. . Therefore, the 

covariance matrix can be presented as equation (2):  

           (2) 

Eigenvalues  and eigenvectors 	will be generated by finding the non-zero vector  

which satisfies the equation: 	  [341].  

As the number of eigenvectors is same as the dimension of the matrix, the principle 

component of the data set (the parameters) is the eigenvector with the highest 
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eigenvalue. Then, a feature vector is the vector set where the eigenvectors are ranked by 

eigenvalues from the highest to lowest: 	 ⋯	 	 . 

Reductions of the correlations between the variables are achieved by abandoning some 

vectors with a lower eigenvalue.  

Five texture parameters obtained from a physiological group generated a 5 x 5 

covariance matrix, which had five eigenvectors. Subsequently, the feature vectors of the 

three different physiological AC groups were obtained, as shown in Figs. 5.5a. – c. 

 

																									0.4726					 0.3840		 0.2275					0.7100		 0.2709
											 0.3433				 0.5815	 0.6248	 0.3520		 0.1726

										0.2651							0.6660				 0.5975	 0.1348		 0.3332
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       b.	
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																										0.5670		 0.1474		 0.1674					0.5276			 0.5919

													 0.5704								0.0887				0.3717			 0.0574		 0.7248

		 	 	 	 c.	

 
Fig. 5.5 a. The feature vectors of the normal cartilage group, corresponding to ICRS 
grade 0. b. The feature vectors of the aged cartilage group, corresponding to ICRS grade 
1. c. The feature vectors of the OA cartilage group, corresponding to ICRS grade 2. The 
first two columns of the principle components highlighted by the dash squares possessed 
higher eigenvalues and were used for conducting the auto-classification of the 
physiological status of the specimens. 

The privilege tendency of the parameters was reflected by the principle components. 

The first two columns of the principle components, the PC1 and PC2 highlighted by the 

dash squares in Fig. 5.5, possessed higher eigenvalues. They were chosen for executing 

the LDA analysis. From here, the five feature parameters obtained from the texture 

analysis of the collagen networks in the three different physiological cartilage groups 
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were able to be replaced by just two artificial parameters, the X1 and X2, to carry out an 

auto classification of the physiological status of the cartilage specimens without losing 

the most important information, as shown by equation (3): 

       (3) 

where	  (i = 1, 2, 3, 4 and 5) was the  feature parameter. ,  (j = 1, 2, 3, 4 and 5) 

were composed of the first two principle components, which in short were presented by 

equation (4): 

	 	 	 	 	 	 	
      (4) 

As each of the parameters was given a weight after the PCA, shown as equation (3), 

the two artificial feature parameters (X1 and X2) were generated by the matrix 

multiplication with the original parameter datasets, shown as equation (4). The two 

artificial vectors (PC1 and PC2) were able to be used for the auto classification of the 

physiological condition of the AC specimens systematically by the LDA, as shown in 

Fig. 5.7. 

The 150 collagen image stacks obtained from the three physiological groups (50 

image stacks / group) were conducted the texture analysis using GLCM. The texture 

parameters obtained from 90 images (30 images / group) were performed the PCA and 

LDA as a training sequence. The texture parameters obtained from the remaining 60 

images (20 images / group) were used for validating the auto classification system 

developed. 

5.3 Results  

As shown by the 3D images in Figs. 5.1 to 5.4, the 3D collagen networks in the AC 

with a different physiological status from the ICRS grade 0 to 2 presented different 

structural characteristics. The 3D collagen network in normal AC presented structural 

integrity demonstrated by interwoven fibre bundles (arrow heads) and neatly compact 

underlying collagen fibres, which aligned predominantly to be oblique to the surface of 

the AC, as shown in Fig. 5.1. During progression of the physiological status from ICRS 

0 to 1, the 3D collagen network gradually lost its structural integrity, as shown in Fig. 

5.2c and Fig. 5.3c. The interwoven fibre bundles gradually became less apparent in the 

3D collagen. Also, the collagen fibres showed less directional orientation. When the 

physiological condition degraded to ICRS grade 2, an increase of the disruption of the 
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3D collagen framework became obvious, as seen in Fig. 5.4c. However, the apparent 

collagen structural alteration observed in the 3D images during an early physiological 

change of the AC from ICRS grade 0 to 1 could not be seen clearly in the 2D images in 

the XY location, Fig. 5.1e, Fig. 5.2d and Fig. 5.3d.  

This study carried out a comprehensive texture analysis of the 3D collagen network 

in the three different physiological cartilage groups by studying the 3D collagen texture 

in the XY, XZ and YZ plane. Fifty collagen networks acquired respectively from the 

three cartilage groups stated as ICRS grade 0 to 2 were quantitatively analysed. The 

results were shown in Table.5.1. Normal AC had a significantly higher mean Contrast 

and Entropy value in the three orthogonal plane analysis. In comparison, the mean IDM 

value of the normal cartilage was much lower than the other two physiological groups. 

However, the mean Contrast value was not considerably different between the ICRS 

grade 1 and 2 groups. In the orthogonal directions (the YZ and XZ), the texture analysis 

showed that the mean value of ASM and IDM were inverse to the healthy level of the 

AC, whilst the decrease of the mean value of the Entropy was associated with the 

declining of the physiology of the AC.  

In addition, the Contrast measurement conducted in the XZ and YZ plane showed 

two peak values at 45  and 135  in normal AC, which approximately corresponded to 

the predominant orientation of the collagen fibres underlying to the interwoven fibre 

bundles, shown in Figs. 5.1g and f. Relatively, the Contrast measurement of aged and 

OA cartilage peaked evenly at 0 , 45 , 135  and 180 , shown in Figs. 5.8b and c. 

respectively. This generally indicates the collagen fibres oriented evenly at these 

directions, as shown in Figs. 5.3e & f, and Figs. 5.4e & f. 

Table. 5.1 The mean feature parameters of the three physiological AC groups (± STD) 
(ICRS 0 = Normal cartilage; ICRS 1 = Aged cartilage; ICRS 2 = OA cartilage) 

 

 

ASM  

( ) 

Contrast 

 ( ) 

Correlation 

( ) 

IDM 

 ( )   

Entropy 

 

YZ Plane ICRS 0 2.94 ± 1.23 4.12 ± 2.79 0.12 ± 0.46 0.76 ± 0.39 8.57 ± 4.46 

ICRS 1 17.07 ± 6.58 0.81 ± 0.35 0.65 ± 0.28 2.65 ± 1.25 6.35 ± 3.25 

ICRS 2 62.35 ± 28.6 0.54 ± 0.19 1.90 ± 0.75 4.26 ± 2.03 4.98 ± 2.67 
 

XZ Plane ICRS 0 3.72 ± 1.87 2.89 ± 1.43 0.19 ± 0.54 0.98 ± 0.47 8.52 ± 3.94 

ICRS 1 27.34 ± 13.4 0.59 ± 0.20 0.77 ± 0.37 3.42 ± 1.33 5.87 ± 2.08 

ICRS 2 94.12 ± 36.2 0.43 ± 0.17 1.17 ± 0.61 4.97 ± 2.84 4.57 ± 2.49 
 

XY Plane ICRS 0 0.619 ± 0.39 2.68 ± 0.96 0.23 ± 0.17 0.63 ± 0.29 9.61 ± 5.26 

ICRS 1 4.553 ± 2.67 0.10 ± 0.33 4.45 ± 2.02 2.39 ± 1.12 6.68 ± 3.73 



102 
 

ICRS 2 5.073 ± 3.04 0.14 ± 0.57 3.84 ± 1.35 2.09 ± 1.03 6.82 ± 3.62 

 

 

 

Fig. 5.6 An automatic classifying system using either a. LDA of Entropy-IDM texture 
feature parameters or b. LDA of Contrast-IDM feature parameters did not separate the 
three cartilage groups completely. The system had a prediction error of 27.46%. 

While the feature parameters obtained from the image analysis of the 3D collagen 

networks enabled quantifying the general physiological status of the three AC groups, it 

would be time consuming to analyse the substantial feature data during a time 

constrained medical diagnosis, as shown in Table. 5.1. Therefore, an automatic 

a. 

b. 



103 
 

classification system has been constructed to systematically classify the parameter data 

as a means of automatically assessing the physiological status of cartilage specimens. 

However, the initial auto classification methodology attempted by using the LDA and 

the two feature parameters randomly selected did not lead to systematically 

distinguishing the three AC groups thoroughly, as shown in Fig. 5.6. Most ICRS grade 

1 cartilage specimens were overlapped with the ICRS grade 2 cartilage specimens. The 

prediction error of this system was 27.46%, which was far too inadequate for being used 

for an automatic diagnosis of the physiological status of the AC specimens.  

The automatic classification system further developed by implementation of the PCA 

and LDA has eventually led to a systematic classification of the physiological status of 

the AC specimens, as shown in Fig. 5.7. The prediction error of the system dropped to 

4.23%. 

 

Fig. 5.7 An automatic classification system based on using the two Principle 
Components and LDA permitted automatic classifying the AC with physiological status 
assessed as ICRS grade 0, ICRS grade 1 and ICRS grade 2. The system has a prediction 
error of 4.23%. 

In addition, the Contrast measurement in the XZ and YZ direction approximated the 

collagen orientation characteristics of AC so that the physiological status of the AC. As 

shown in Fig. 5.8a, the Contrast parameter in normal AC showed two peak values at 

45  and 135  in normal AC, which approximately corresponds to the predominant 
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orientation of the collagen fibres underlying the interwoven fibre bundles in the normal 

AC, shown in Figs. 5.1f and g. However, there were no obvious peaks seen in the 

Contrast graphs of aged and OA cartilage, shown in Figs. 5.8b and c. respectively. This 

is consistent to the fact that the collagen fibres in the cartilage groups generally did not 

have preferred orientations, as shown in Figs. 5.3e & f and Figs. 5.4e & f.  

5.4 Discussion  

Texture analysis has been widely used in many research fields, including material 

science, geography, aerial and satellite image analyses, to characterize the image 

patterns and identify useful information from the images. It has also played an 

important role in aiding medical diagnosis, such as pulmonary classification [285], the 

study of blood cells [286, 287], identification of the abnormality shown by ultrasound 

imaging of the liver [288] and echocardiography [289]. For the first time, in this study, 

a texture analysis technique has been developed to quantitatively characterise the 3D 

collagen network in AC with physiological status scored as ICRS grade 0 to 2 as means 

of comprehensively quantifying the physiological status of early degraded cartilage. 

This overcomes the subjective nature of the qualitative and semi-quantitative evaluation 

methods used in the medical field. 

 

Fig. 5.8 Contrast feature parameters of normal (ICRS 0), aged (ICRS 1) and OA (ICRS 
2) cartilage. The contrast analysis of the normal cartilage showed two peaks at 45o and 
135o, which indicated the predominant orientations of the collagen shown in in Figs. 
5.1f and g, respectively. 
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Since the collagen fibres in AC format are well accepted as a 3D meshwork, it is 

crucial when imaging the collagen structure and degradation to use 3D imaging 

technique, and analysis to study the structure comprehensively. As shown in Table. 5.1, 

the mean texture feature parameters of the collagen network of the ICRS grade 1 and 2 

cartilage group showed no significant diversity in the analysis carried out in the XY 

plane but they altered dramatically in the vertical direction analysis (the YZ and XZ 

planes). This clearly indicated the limitation of analysis of the 3D collagen meshwork 

using 2D imaging analysis techniques.  

The distinct variation in the feature parameters of the three physiological cartilage 

groups has allowed developing an automatic classifying system to automatically 

distinguish the physiological status of the cartilage in the three physiological states 

using LDA. As each feature parameters had a different influence in identifying the 

features of the 3D collagen networks in three physiological cartilage groups in 3D (the 

XY, XZ and YX direction), the PCA was applied to rank the power of the feature 

parameters in identifying the characteristics of the 3D collagen network and abandoned 

the feature parameters with a lower eigenvalue. By using two highest eigenvalues 

identified by the PCA, the PC1 and PC2, to replace the feature parameters to conduct 

the LDA, an automatic classification system has been developed in this study to enable 

automatic assessment of the physiological status of the cartilage specimens. The system 

is particularly useful for automatically identifying AC with early physiological changes 

shown at a microscopic level.  

Although the automatic classification system developed by the use of PCA and LDA 

reduced the prediction error of the system to 4.23%, in consideration for the usage of 

the system in medical diagnosis, the prediction error is still high. By increasing the 

quantity of the samples and feature parameters in the future, it will be possible to reduce 

the system prediction error to an acceptable level for early OA diagnosis. 

The average thickness of the AC on the femoral condyles of human and bovine knee 

joints is  1915 μm [16, 17] and 1826 μm [18] respectively; therefore, the superficial 

zone making up the  top 10% of the cartilage thickness is around 190 μm and 180μm 

respectively in the cartilage. The confocal images of the collagen fibres were acquired 

up to 80 µm deep from the surface, corresponding to approximately the top 3-5% 

thickness of the normal cartilage. The imaging depth of the aged and OA cartilage were 

about 80 µm deep the cartilage surface remained. 
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5.5 Conclusion 

The confocal microscopy was employed in this study because of its unique 

performance in living tissue imaging. Comparing conventional optical microscopy 

which has insufficient imaging resolution to resolve the collagen fibres in AC and the 

electronic microscope which owns superior imaging resolution but damages the 

integrity of tissue structure, confocal microscope can manage to image the internal 

microstructure of AC with minimal physical disturbance while reaching a considerable 

imaging resolution. Especially, the use of Picrosirius red largely increased the 

birefringence properties of the collagen fibres in the AC [342]. 

This study developed an image analysis technique for confocal microscope to 

quantify the texture characteristics of the 3D collagen matrices in three physiological 

and pathological states of AC scored as ICRS grade 0 to 2. The results revealed that 3D 

imaging analysis was capable of distinguishing the distinct difference existing in the 

collagen network in the cartilage groups. The application of the PCA for conducting the 

analysis of the feature data using the LDA has allowed the development of an auto 

classifying system to identify systematically the physiological status of the AC, 

especially the subtle physiological change of AC during early OA. 

By implementing such an auto classifying system in an imaging system such as 

confocal arthroscopy, a fibre optic imaging technique employed by the laser confocal 

microscopy for real time histology in clinics [212, 343, 344], it would allow the medical 

researchers to effectively diagnose the physiological and pathological status of AC and 

early OA. Furthermore, it may help surgeons to quantify efficiently the pathology of AC 

in real time during surgery. 
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Chapter 6  

A 3D Study of the Distribution of Chondrocytes in Juvenile, 
Healthy Adult and Early Osteoarthritic Articular Cartilage of 

Rats 

 

Introduction		

 

The numerical changing of collagen bundles in the most superficial layer and the 

morphology alteration of the underlying collagen fibres network had been studied 

quantitatively in the previous chapters. As the mechanical function of articular cartilage 

was maintained by the cooperation between collagen fibres and chondrocytes, the 

physical features of chondrocytes would also be changed with the degeneration of 

collagen structure affected by OA. This chapter focuses on the distribution of 

chondrocytes along the vertical depth of cartilage, attempting to investigate how this 

feature changes with the growth of cartilage and when OA initially onsets. Three sample 

groups were collected from juvenile, normal adult and early OA articular cartilages of 

Wistar Rats, and their 3D in vivo chondrocytes images were acquired by confocal 

microscope. The result presented a significant difference of chondrocytes distribution 

amongst the three sample groups after a sequence of image processing. The aim of this 

study was to provide a detailed analysis in microstructure of articular cartilage in its 3D 

morphology.   

Changes in chondrocytes distribution at different articular cartilage depths were 

shown to be related to growth, aging and the onset of OA. The changing of 

chondrocytes distribution along cartilage depth was concluded with the growth and 

degeneration of cartilage. The dynamic process of chondrocytes development was 

captured in this study. Combined with the previous chapters, these studies provided a 

quantitative expression of cartilage features with the progress of OA from a 

comprehensive view. 
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Abstract Chondrocytes in adult articular cartilage have a highly heterogonous 

distribution through the cartilage thickness. Any change in the chondrocyte distribution 

may reflect a change in the physiological status of the cartilage. The purpose of this 

study was to determine and analyse the chondrocyte distribution characteristics in rat 

cartilage of juvenile (less than 10 weeks), healthy adult (older than 4 month) and adult 

with early osteoarthritic symptoms using laser scanning confocal microscopy, which 

obviates the need for sectioning the cartilage to obtain images, as is required when using 

traditional histology. A three-dimensional (3D) image analysis method developed for 

processing confocal microscope images was applied to numerically describe the 

distribution and features of the chondrocytes in the sample groups. The results 

demonstrated that the chondrocytes in the juvenile and healthy adult cartilage exhibited 

heterogeneous distributions through the cartilage thickness. A depth-dependent 

fluctuation was observed in the chondrocyte distribution of the cartilage groups. 

Distinct regions of high chondrocyte density were observed to assemble along the 

longitudinal direction of cartilage, ranging from one to three high density regions 

observed in this study. However, such a heterogonous distribution was not clearly 

evident in early osteoarthritic samples, with a relatively even distribution of 

chondrocytes. The 3D imaging results from the current study suggested that the 3D 

distribution characteristics of the chondrocytes were linked to the physiological status of 

the articular cartilage, which can be quantitatively assessed and characterised. 

Keywords: texture analysis, collagen, articular cartilage, osteoarthritis 
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6.1 Introduction  

Articular cartilage (AC) plays an important role in the normal functioning of a 

synovial joint. Being smooth and more deformable than the rigid bone underneath, AC 

permits transfer of loads, attenuation of dynamic stresses and provision of smooth 

surfaces during joint articulation. Any surface or sub-surface damage or degeneration of 

AC can directly influence the normal operation of the synovial joint. Osteoarthritis (OA) 

is a joint syndrome related to cartilage degradation and loss, which leads to chronic pain 

and possible disability to patients [1]. Therefore, a large number of studies of AC and 

OA have been conducted worldwide to develop a better understanding of the 

microstructure, development and degeneration of AC during aging and early 

osteoarthritis.  

AC contains up to 70% water by weight, 10-20% type II collagen, 10-20% 

proteoglycans (in the form of aggrecans), and about 5% other types of collagen and 

proteins [2]. Although only occupying 1-5% of AC volume [2], chondrocytes synthesize 

and maintain the massive extracellular matrix to meet the physiological requirements of 

synovial joints [3, 4].  

AC has a complex microstructure. The morphology, distribution and density of the 

chondrocytes are all depth-dependent through the superficial to the deep zone [5, 6], as 

illustrated in Fig.6.1. In the superficial zone, approximately the top 10% of the cartilage 

depth, the chondrocytes possess a typically oval profile with their long axes parallel to 

the surface and are high in distribution density [7, 8]. In the transitional zone, the next 

30% to 40% of the cartilage thickness, the chondrocytes become rounder and have a 

lower distribution density [6, 9]. In the radial zone, the remaining 40% to 60% of 

cartilage thickness, spindle shaped chondrocytes are arranged in columns perpendicular 

to the cartilage surface [6, 9]. Many studies have indicated that aging and deterioration 

of AC influence the morphology and distribution of chondrocytes [10-12].  

The distribution and morphology of chondrocytes in different depth zones are 

illustrated schematically in Fig. 6.1, together with an indication of the depth zone where 

the detailed 3D distribution of chondrocytes will be investigated in this study using a 

particular optical technique, which does not require the conventional sectioning of AC. 
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Fig. 6.1 Schematic illustration of the zones observed within AC. The tide mark 
demarcates the transition from the deep zone to the calcified cartilage zone. Image from 
http://ajs.sagepub.com/content/26/2/309/F2.large.jpg. 
 

Quantitative studies have been conducted to analyse the density, volume and 

orientation angles of chondrocytes in human and animal AC [5, 9, 10]. Using a 3D 

digital volumetric imaging technique, Jadin et al [5] compared the chondrocyte density 

and organization in juvenile and mature bovine stifle joints. It was reported that the 

cellularity decreased with depth from the cartilage surface and age from fetal to adult. 

This corresponded to a reported increase in the distance between the cells in the deep 

zone of adult cartilage. However, the major drawback of the 3D digital volumetric 

imaging technique used was that it required physical sectioning and dehydration of AC 

to image the volume of chondrocytes. This has the potential to introduce artefacts to the 

study.  

Without the need for physical sectioning and dehydrating of the tissue [13, 14], laser 

scanning confocal microscopy (LSCM) effectively minimizes the possibility of artefacts 

as it employs optical sectioning to image along the axial direction, requiring no physical 

disruption or dehydration of the tissue, to study the 3D distribution of the chondrocytes 

in AC. By applying a beam splitter and pinhole to eliminate out of focus light from 

reaching the photo detector, LSCM provides an improved imaging resolution in 

comparison to other optical microscopy techniques [15, 16]. A quantitative study using 

LSCM has also been carried out to assess chondrocyte volume, diameter and surface 
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areas [9]. However, little is known about the spatial distribution patterns of 

chondrocytes during the development of AC from juvenile to adult, through to OA 

degeneration using confocal microscopy.  

This study examines the detailed 3D distributions of chondrocytes in juvenile, 

healthy adult and early OA cartilage of rat femoral condyles using LSCM, and 

quantified the distribution patterns of chondrocytes from the cartilage surface to a depth 

of up to 60 μm as illustrated in Fig. 6.1. This region includes the entire superficial zone, 

and part of the transitional zone. A 3D object contour tracking algorithm was applied to 

extract quantitative parameters such as volume and location of the chondrocytes in the 

cartilage samples. The results demonstrated that there was a significant interface 

between the chondrocyte distribution patterns observed in the superficial and 

transitional zones in healthy sample groups, but this interface was not evident in the 

early OA cartilage group, corresponding to International Cartilage Repair Society 

(ICRS) grade 1. 

6.2 Materials and Methods  

6.2.1  Specimens and confocal imaging  

Wistar rats of 10 week age were used for juvenile samples, and 4 to 5 month old rats 

were used for adult samples. The AC was initially visually inspected. The juvenile and 

healthy adult femoral condyles generally showed a normal glistening appearance. The 

physiological status of all the AC specimens was confirmed by the traditional histology 

and the ICRS grading system, and compared with LSCM findings.  

Acriflavine solution has been reported to stain the cell nucleus [17], and previous 

studies have observed that, with various concentrations of the solution and different 

staining time periods, it can also stain chondrocytes [18]. The cartilage specimens were 

stained by a solution of 0.03g/L Acriflavine for three minutes at a room temperature and 

washed thoroughly in a 9g/L saline solution. Specifically designed sample dishes were 

then used to maintain the hydrated state of the specimen while being observed using a 

fibre optic laser scanning confocal microscope (FOCM, Optiscan Pty Ltd, Melbourne, 

Australia) equipped with an Olympus PlanApo oil immersion lens (60X, NA 1.4) with a 

fluorescent channel and an illumination mode of 488 nm. This provided a lateral 

imaging resolution of 0.195 µm and an axial imaging resolution of 0.23 µm. The optical 

imaging step size was set at 0.595 µm.  
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Images stacks were acquired and reconstructed as 3D images to allow general 

observation of the 3D distribution of chondrocytes in the three physiological AC groups, 

as shown in Figs. 6.4a, 6.9a and 6.12a. As the rat femoral condyles had considerable 

curvature, prior to imaging, the attached subchondral bones were carefully trimmed 

using a surgical scalpel and sand paper to ensure images were acquired from the central 

weight bearing regions and samples were in comparable positions to allow quantitative 

analysis of the spatial distribution. 

Curvature of cartilage samples has traditionally caused difficulty in obtaining planar 

images at consistent depth when using confocal microscopy. This has the potential to 

introduce errors to any further quantitative analysis based on depth measurements. The 

curvature of cartilage has been studied by some researchers, particularly with regard to 

human cartilage [18, 19]. This value varied with the body size being examined [20]. 

Particularly, with increasing body size, the cartilage logically became flatter with the 

correspondingly larger curvature radius [20]. To address this concern, a circle 

approximating the surface was generated to estimate the curvature radius of the joint 

(red circle in Fig. 6.2). Compared with the reference ruler, the diameter of its osculating 

circle was visually estimated as 4 mm, which corresponds to a curvature radius of 2 mm. 

As laser light penetrated the cartilage surface at a normal angle, the errors caused by the 

curvature was measured from the point that the laser first met the surface within the 

central area, point P as illustrated in Fig. 6.3, to the point that the laser reached the edge 

of the field of view. Given the scanning area as 100 μm ×100 μm, the height differences 

caused by the curved shape of cartilage were derived as: 

∆ 	→ 	∆  

where r was the curvature radius (which was 2 mm), s was the half of the field of view 

(given as 50μm). When the values are substituted, ∆h was calculated to be 

approximately 0.625μm. Given the sample depth to be observed was around 60 μm, the 

difference caused by the curvature of the cartilage surface was relatively small, 

accounting for only 1.04% of the total height. Even in the extreme situation when the 

edge rather than the centre of the field of view was located at P point, which was when 

‘s’ equals 100 μm, ∆h was 2.5μm and occupied 4.16% of the total height. Particularly, 

with increasing body size, the cartilage became flatter and the curvature radius was 

correspondingly larger [20], making ∆h even smaller in human samples or other large 

animals. 
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Another potential source of measurement errors was the method of harvesting 

cartilage with the subchondral bone attached. To maintain the natural strength and 

curvature of cartilage, the samples were removed with the subchondral bone remaining 

attached. The cut surface of the subchondral bone was laid on the microscope slide. 

Therefore, the smoothness of the cut surface was important to obtaining well aligned 

images. In this study, the samples including subchondral bone were cut off using a 

surgical scalpel to ensure appropriate flatness of the cut surface. 

      

Fig. 6.2 Femoral head of an adult rat. Red circle is the osculating circle of point P, 
which actually fits the most of cartilage curve. D is the diameter of the osculating circle, 
visually estimated as 4mm.  

 

 

Fig. 6.3 Analysis of Curvature Influence. Red circle and r is the osculating circle and 
curvature radius of point P respectively.  
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6.2.2  Imaging analysis 

Bilateral Filter 

A bilateral filter is a non-linear filter which preserves the edge of objects of interest 

while removing background noise [19, 20]. The Gaussian filter used for bilateral 

filtering took the range of the space weight into consideration, which prevented general 

smoothing through the filter window [21]. The output from a bilateral filter on pixel 

,  was defined as: 

1
‖ ‖

∈

 

where 1/  was a normalization factor, ‖ ‖  was the space weight taken by 

the traditional Gaussian filter,  was the size of the window,  was the 

range weight and  was the minimum difference of the pixel intensity of an edge. 

Being limited by the range weight element , the pixels on an edge were not 

smoothed during the filtering process but noisy backgrounds were suppressed so that 

the contour of an object was sharpened without loss the content information. 

The bilateral filter was applied to image stacks acquired using confocal microscopy 

to suppress the background noise generated by electronic scanning processes and 

staining materials, as shown in Figs. 6.4b1, b2, Figs. 6.9b1, b2 and Figs. 6.12b1, b2. 

3D Chondrocyte Object Contour Tracking  

After bilateral filtering, much of the noise was removed from images while the 

contours of the chondrocyte nucleus were well preserved. The image stacks were then 

processed using a 3D object contour tracker within the Fiji computer imaging analysis 

program to extract the 3D location and morphology of the chondrocyte nuclei including 

the volume, surface area, centroid and centre [22, 23].  

The 3D object tracking algorithm was used in two stages to identify the chondrocyte 

nuclei. When a threshold was set for screening the chondrocyte nucleus, the tracker 

firstly scanned each image in the confocal image stack from the top left corner. Only the 

pixels with an intensity at or above the threshold were considered as part of the 

chondrocyte object and tagged with numbers. The pixels of the same chondrocyte 

nucleus were tagged a unique number different from other nuclei. Subsequently, any 

redundant tags from the previous step were removed from the images to avoid repeat 

counting or ambiguous abstraction.  
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After 3D contour tracking, the chondrocyte nuclei were assigned a colour scale from 

blue to pink according to the depth at which they were located from the surface of the 

cartilage. Fig. 6.5a illustrates the chondrocyte objects abstracted, while Fig. 6.5b 

presents the surface of each object. The blue colour was assigned to objects nearest to 

the surface. As depth from the surface increased, the colour assigned to the objects was 

progressively less blue. The volume, surface areas, centroid, and centre of mass of the 

nucleus were measured from the coloured images respectively. 

6.2.3  Morphological Analysis  

k-mean Clustering 

After 3D cell contour tracking, the centroids of the chondrocyte nuclei were detected, 

as shown in the 3D coordinator system in Fig. 6.6a. The centroids were then projected 

into the XY, XZ, and YZ planes to study the spatial distribution characteristics of the 

chondrocytes within the 3 cartilage sample types by k-mean clustering analysis, as 

shown in Figs. 6.6b - d.  

k-mean clustering is a non-supervised cluster analysis method [24], which classifies 

each observation (e.g. the chondrocyte location) to the  th cluster with the nearest 

mean. Given the set of locations of the chondrocytes as , , ⋯ , , where each 

location xi (i=1, 2, …, n) was a -dimensional real vector, partitioning the set of 

locations into  sets: , , ⋯ , , with the centroid of each location set 

as , , ⋯ , ,  is the number of clusters in which the data assembled. This method 

guaranteed the minimum within-cluster sum of squares J: 

		
∈

 

where  is a chosen distance measurement between the location of a 

chondrocyte   and the cluster center , the mean of points in . The locations of the 

chondrocytes by depth were classified to their nearest cluster by k-mean clustering, as 

shown in Fig. 6.6e, for quantitatively characterising the arrangement patterns of the 

chondrocytes by depth. 

Peak Ratio Analysis 

The projections of the chondrocytes in the x-z and y-z planes were screened by a 

6	 	 6	 	  window from the surface at a 0.6	  step. The numbers of the 
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chondrocytes in the window were counted at each step so that the profile of the 

chondrocyte numbers in the depth was graphed, as shown in Figs. 6.7a, 6.10a and 6.13a. 

The peak ratio analysis method [25] was then applied to analyse the distribution pattern 

of the chondrocytes in the z direction from the profiles. 

The peak – to – average ratio (PAR) theory has been widely applied to study the 

waveform of electrical signals and analyze surface morphology in fields of engineering 

[25]. The PAR calculates the peak amplitude of a waveform to its root mean square 

value (RMS) [26], which is expressed as 
| |

, where C is the PAR,  is the 

location of the peak, and  is the mean square value.   

After applying PAR analysis to the profile of chondrocyte distribution by depth, 

classification of regions of assembly of chondrocytes was possible by calculating the 

highest and lowest chondrocyte numbers at certain depths within the AC. However, the 

distribution profiles of the chondrocytes by depth did not display a smooth waveform, 

as shown in Figs. 6.7a, 6.10a and 6.13a. Small peaks and troughs appeared frequently 

along the forms of the waves. Therefore, the profiles were fitted by an assemblage of 

sine functions, which smoothed the fluctuation of profiles, as shown in Figs. 6.7b, 6.10b 

and 6.13b. However, some sub-peaks still existed (black arrows in Fig. 6.7b), which 

caused confusion during chondrocyte classification. To eliminate such influences, the 

mean value of the profile was plotted as a reference (the dashed line in Figs. 6.7a & b). 

If a parabola were constructed between two mean points (for instance, and  in Fig. 

6.7b) using the average-maximum cell values, the peaks were evident and the area 

under the curve defines one zone of chondrocyte congregation. Therefore, influences 

from similar data values or close distributions had been removed and the morphology 

and cluster of chondrocytes had become more distinct.  

6.2.4  Traditional histology and International Cartilage Research Society 
grading 

After confocal microscope imaging, the specimens were examined using traditional 

histology analysis by H&E staining to grade the physiological status of the AC 

according to ICRS [21]. Two normal cartilage samples (Fig. 6.8a & Fig. 6.11a), had 

been found in both juvenile and adult samples with one assessed as nearly normal 

condition (ICRS grade 1, Fig. 6.14a) in an adult sample. Besides, Safranin O staining 

was applied to measure the content of proteoglycan to confirm the cartilage grading, 
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shown as Fig. 6.8b, Fig. 6.11b and Fig. 6.14b.  The histology images were acquired 

using a stereo optical microscope (Zeiss Axioplan 2). 

6.3 Results 

Three sample groups were collected for LSCM study, from juvenile, healthy adult 

and early OA adult rat respectively. Three dimensional image stacks displayed the 

chondrocyte distributions in the superficial and transitional zones. Each single 

chondrocyte was located using a 3D object contour tracking process. The centroid of 

each chondrocyte was isolated and then presented in both a 3D view and in each 

orthographic view. K-mean clustering and PAR analysis were applied to determine the 

distribution characteristics of the three sample groups. 

6.3.1  Juvenile Cartilage Sample  

The juvenile cartilage sample was classified as a healthy sample as it exhibited a 

smooth cartilage surface from H&E staining image, shown as Fig. 6.8a. The content of 

proteoglycans which was evident in Safranin O stained images, shown in Fig. 6.8b, 

which confirmed the healthy status of the juvenile cartilage sample. Apart from the 

cartilage surface area, the evenly distributed proteoglycan (indicated by orange colour) 

indicated that the natural reaction (refer Fig. 6.11b) had yet formed, which confirmed 

the cartilage was from a juvenile sample. 

In the 3D confocal images, the chondrocytes presented a high density with 

fluctuation with the cartilage depth. The density of chondrocytes in Figs. 6.7a and b was 

plotted along the cartilage depth, and one gap in the distribution clearly existed at a 

depth of about 22	  from cartilage surface. Two district regions aside the gap were 

evident which indicated two areas within which chondrocytes were assembled, existing 

at depths of 15.6	  and 30	  respectively. The peaks existing in each zone show the 

highest density of chondrocytes appearing in that range of depths. Hypothetical planes 

were fitted in these areas to simulate the aggregation of chondrocytes, shown in Fig. 

6.6e. Between plane 2 and plane 3, obverse clearly evident gap was observed at a depth 

of 16.7	μm. However, the distance between plane 1 and plane 2 was only 2.07	μm, 

which made it difficult to confirm the existence of the gap a structural feature or co-

incidental arrangement of chondrocytes. Consequently, peak ratio analysis was applied 

to eliminate subjective judgement and confirmed the two zones evident in the Z-

direction. The space between the two zones, calculated as the distance between the two 

peaks in each zone, was 16.7	 . According to histological study, this gap exists in the 
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chondrocyte distribution around the interface of superficial zone and the transitional 

zone.  

   

 

Fig. 6.4 Juvenile rat model. a. original image stack of chondrocytes. . After noise 
reduction processing was applied.  one slice of the orthogonal view, arrow points to 
flattened chondrocytes normally located in the surface zone, arrow heads point to more 
rounded chondrocytes with a random arrangement lying in the transitional zone. Scale 
bar is 20 . 

 

   

Fig. 6.5 Juvenile rat model. a. chondrocytes detected by 3D object tracking. b. surface 
of the chondrocytes. Scale bar is 20 . 

 

a. b1. 

a. b.

b2. 

X
Z



121 
 

 

 

 
Fig. 6.6 Juvenile rat model. a. 3D nucleus distribution within juvenile cartilage sample. 
b. XY plane projection view. c. XZ plane projection view. d. YZ plane projection view, 
dashed lines illustrate the potential gaps existing in the chondrocytes distribution pattern 
along z-direction. e. k-mean clustering of nucleus distribution, the green, blue and red 
circles represent the chondrocytes in different clusters. The unit of coordinate system is 
micro meter. 
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Fig. 6.7 Juvenile rat model. a. numbers of chondrocytes along z-direction. b. fitted 
curve of a.  
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Fig. 6.8 Juvenile rat model. a. H&E staining result of the juvenile rat sample. b. 
Safranin O staining of the juvenile rat sample. Scale bar is 50 μm. 

 

6.3.2  Healthy Adult Cartilage Sample  

The healthy adult cartilage sample exhibited a smooth cartilage surface within the 

H&E staining image, shown as Fig. 6.11a.  The content of proteoglycans presented a 

more condensed distribution in the transitional zone in cartilage, illustrated by Safranin 

O staining image in Fig. 6.11b. This phenomenon is thought to indicate that the 

cartilage had experienced natural dynamic movement, and the function of chondrocytes 

at this stage had transferred to maintain the balance of the extracellular matrix, rather 

than the synthesis of new components for growth. 

From the study of 3D confocal images, the density of chondrocytes also varied with 

the depth of cartilage. A gap was apparent in the z-projection of chondrocytes, located 

at a depth of 32.1 , shown in Fig. 6.10a. Two districts zones beside the gap 

represented the superficial zone (left) and part of the transitional zone (right). The first 

peak appeared at a depth of 11.5	  and the second peak was located at 39.2	 . The 

distance between the peaks was 27.7	 , showing a more distinctive space between 

superficial zone and the transitional zone when compared with the juvenile cartilage 

sample. 

a. b.
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Fig. 6.9 Healthy adult rat model. a. original image stack of chondrocytes. b . after noise 
reduction processing was applied. b  one slice of the orthogonal view, red arrow points 
to the flattened chondrocytes normally located in the surface zone, red arrow head 
points to the more rounded chondrocytes with a random arrangement lying in the 
transitional zone. Scale bar is 20 . 
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Fig. 6.10 Healthy adult rat model. a. numbers of chondrocytes along z-direction. b. 
fitted curve of a.  
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Fig. 6.11 Healthy adult rat model. a. H&E staining of the healthy adult rat sample. b. 
Safranin O staining of the healthy adult rat sample. Scale bar is 50μm. 

 

6.3.3  Early OA Cartilage Sample 

In early OA cartilage, the H&E staining image exhibited a matt surface in Fig. 6.14a 

and the Safranin O staining image in Fig. 6.14b evidenced the loss of proteoglycans 

produced by chondrocytes, showing the function of chondrocytes may have been 

impaired. 

  

 

Fig. 6.12 Early OA adult rat chondrocytes. a. original image stack of chondrocytes. b1. 
after noise reduction processing was applied. b  one slice of the orthogonal view. As 
OA developed, there appeared to be no significant pattern of chondrocyte arrangement. 
Scale bar is 20 μm. 

 

3D confocal image studies also demonstrated that the order in the distribution of 

chondrocytes had been interrupted. In Figs. 6.13a and b, the density of chondrocytes 
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exhibited no distinctive gaps or peaks in chondrocyte distribution with depth, with a 

blurred interface between superficial zone and transitional zone. 

 

Fig. 6.13 Early OA adult rat chondrocytes. a. numbers of chondrocytes along z-
direction. b. fitted curve of a. 
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Fig. 6.14 Early OA adult rat chondrocytes. a. H&E staining of the OA adult rat sample. 
b. Safranin O staining of the OA adult rat sample. Scale bar is 50 . 

 

Five samples from each cartilage group with different physiological conditions were 

processed for this study. Significant differences were found between juvenile, healthy 

and early OA cartilage samples, shown as Table 6.1. First, the numbers of chondrocytes 

reduced from the juvenile cartilage to healthy adult cartilage, deceasing from an average 

92 to 53 in a 100x100x60 μm volume. This number, however, increased to around 104 

in adult cartilage with early OA. Second, the distribution of chondrocytes showed 

significant differences between the samples. In juvenile and healthy adult cartilage, 

there were clearly layers of chondrocytes assembling according to depth, presented as 

peaks in the z-direction profile. However, this structure variation with depth could not 

be clearly observed in early OA cartilage samples, although there were slight 

fluctuations in the numbers of chondrocytes along the z-direction, Fig. 6.13b. Finally, if 

the highest peak value represented the depth that most chondrocytes appeared in that 

layer, the location of peaks was observed to be different between juvenile and healthy 

adult specimens. In juvenile samples, the first peak appeared at a depth of around 

14	 , while the second peak normally existed around 32	 , Fig. 6.7b. In healthy 

adult cartilage, the locations of peaks were deeper than the corresponding juvenile 

sample, at about 11  and 40  respectively, Fig. 6.10b. Therefore, the distances 

between layers were approximately 18  and 29  in juvenile and healthy adult 

cartilage respectively.  

a. b.
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Fig. 6.15 presents a more intuitive view of the peaks contained in chondrocyte 

distribution with cartilage depth. The analysis result revealed that there were no 

significant gaps or peaks apparent in early OA cartilage samples. However, such 

patterns were clearly distinguished in juvenile and healthy adult sample groups. The 

first peak apparent in juvenile cartilage was always deeper than the healthy adult 

cartilage, while the second peak in juvenile cartilage was normally higher than the later. 

 

Fig. 6.15 Peaks location in juvenile and healthy adult rat cartilages. The sample number 

is 5. 

 

6.4 Discussion 

Early OA shows a clinical symptom of degradation of the surface of AC. This study 

exploited the advantages of LSCM for acquiring high resolution images of the 

chondrocytes in the superficial and transitional zone of the three category rat cartilage 
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Table. 6.1 Analysis Result of Different Pathological Cartilage Group 
 Juvenile Healthy Adult Early OA Adult
Numbers of 
chondrocytes per unit 
(N/100x100x60 ) 

92±12.7 53.3±7.2 104.5±15.9 

Peaks evident Yes Yes No 
Peaks location (μm) First:14.33±1.82 First: 11.41±1.79 NA 

Second: 32.86±2.02 Second:40.84±4.26 
Distance  
between layers (μm) 

18.52±2.79 29.43±4.45 NA 
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without physically disturbing the AC [27] as a means of developing a technique for 

detecting early physiological changes in the AC. A methodology has been developed in 

this study to describe the cellularity and the arrangement of chondrocytes with depth in 

juvenile, healthy adult and OA adult rat samples. Laser scanning confocal microscopy 

was applied to acquire the 3D image stack from hydrated cartilages which were taken 

from the femoral head of the cartilage straight after euthanasia. No fixation was applied 

during specimen preparation which avoided the slight possible risk of change of 

microstructure [28]. Due to the penetration limit of the laser scanning confocal 

microscope, the present work only focused on the superficial zone and transitional zone 

of AC. As the thickness of rat cartilage was around 300  and the top two zones 

occupy approximately 30% of the cartilage [29], the images within the 3D field could 

be completely acquired for the zones of interest. Although this study was not able to 

examine the whole depth of cartilage, the experiment preserved the hydrated 

environment of cartilage without any sectioning. The preservation of the natural sample 

guaranteed the accuracy of the chondrocyte distribution.  

The numbers of chondrocytes within the observation area (roughly 100x100x60 , 

as a standard volumetric unit) and their distribution along the z-direction has been 

studied in the present work. In juvenile cartilage, the numbers of chondrocytes were 

much greater than those observed in healthy cartilage and reached up to 100 per unit. 

This great increase in numbers was due to the fast self-reproduction of chondrocytes 

aimed at accelerating the growth of cartilage and bone. This process ceased with the 

maturation of the subject and the numbers of chondrocytes in this study reduced to 56 

per unit. By contrast, in early OA cartilage, chondrocytes started to proliferate again 

with numbers reaching up to 106 per unit, but unlike the juvenile situation, this 

proliferation was extremely disordered. The following morphological study of 

chondrocyte distribution with depth provided a clearer understanding of this situation. 

The shape of chondrocytes and their arrangement were varying with the cartilage 

depth in and the health status of the sample. In the superficial zone, spindle-shaped 

chondrocytes (illustrated by arrow in Fig. 6.4b ) lay aligned parallel to the cartilage 

surface [10, 30]. Chondrocytes with this shape have been observed in fast growing 

cartilage, synthesizing type I collagen [31]. While the transitional zone always 

displayed rounded chondrocytes (arrow heads in Fig. 6.4b ) with random alignment [31, 

32], they were in a region of restricted growth and likely to be synthesizing type II 

collagen and proteoglycans [2, 33] to maintain the loading capacity of cartilage. This 
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variation of distribution has been observed and confirmed in this study. The layers in 

juvenile samples were not clear (solid line in Fig. 6.16). A possible reason for this was 

because the morphology of chondrocytes was different in adult samples due to the still 

active growth process of cartilage. The chondrocytes in the superficial zone exhibiting 

flattened morphology were growing fast to support the development of cartilage [32, 

34]. With the proliferation of chondrocytes, there is potential for chondrocytes to 

migrate to the transitional zone and gradually change toward a more rounded shape. 

This transformation could therefore blur the boundary between the superficial zone and 

transitional zone, and translate to a relatively small gap between the two chondrocyte 

layers. However, with a 35  interval, the layers in healthy adult cartilage were much 

clearer. As the fast growing process of cartilage would have ceased in adult cartilage, 

the cellular density was smaller than the juvenile sample which made the chondrocytes 

appear in a more explicit and ordered distribution (dashed line in Fig. 6.16). Such clear 

organization of chondrocyte structure led to the second peak appearing much deeper 

than the first one which agreed with other studies [35]. In contrast, in the adult samples 

with early OA symptom, despite some minor fluctuation with depth, significant peaks 

could hardly be found (dotted line in Fig. 6.16). This apparently even distribution 

indicated that the integrity of the chondral structure of cartilage which preserved the 

orderly distribution of chondrocytes had totally broken down. With over proliferation of 

cells, the morphological structure of chondrocytes became disordered and difficult to 

track. The reason for the sharp drop in chondrocyte numbers occurred at around 30  

in depth was not clear. It was perhaps due to the attenuation of penetration power of 

laser that limited the imaging of chondrocytes below this depth. Another possible reason 

could be based the on the hypothesis that the degeneration of cartilage commences from 

the surface. As the degeneration would be a gradual continuous procedure, the disorder 

occurring in chondrocyte distribution would also commence from the surface of 

cartilage and then gradually spread to the deeper zones. Therefore, the dropping of 

chondrocyte numbers at this depth could also be explained if the disease/degradation 

hadn’t yet progressed to this area, and the decrease of chondrocytes could be because of 

the natural interface between the superficial zone and transitional zone. 
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Fig. 6.16 Cell numbers changing with cartilage depth in three sample groups.  

 

The key image analysis method applied in this study was 3D object contour tracking, 

this process being based on the predefinition of object threshold. As all the objects, the 

chondrocytes in this case, had been assessed to be above the same pixel intensity, the 

chondrocytes in the deeper region with lower emitted signal may not be considered as 

an object. On the other hand, if the threshold was set too low, some noise might be also 

included as an object. To reduce the influence caused by threshold, this study observed 

a maximum 60  depth of cartilage which was far below the limitation of laser 

penetration. Also, the samples were washed thoroughly in saline after staining to avoid 

overexposure. However, the fundamental solution was to improve the image analysis 

method, such as developing a dynamic threshold detection method to interpret every 

different image slice, hence images of deeper regions of cartilage could be processed.  

As the thickness of AC in the femoral head of juvenile and adult rats was roughly 

round 400µm and 150µm [16, 17], images of chondrocyte nucleus with depths from 80 

µm and 50 µm deep from surface were acquired correspondingly, which contained the 

surface (30%–50% of cartilage thickness) and transitional (10%–20% of cartilage 
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thickness) zone of the cartilage. The optical step size between image slices was set up to 

0.595µm, therefore around 120/80 image slices were acquired from a single 

juvenile/adult sample and each slice of the stack represents a sequential image at 

different depths within the imaged volume.  

6.5 Conclusion  

This study has observed and assessed the detailed 3D distributions of chondrocytes 

in rat cartilage with different physiological conditions. The 3D images of chondrocytes 

within their original bio environment were acquired using confocal microscopy. As the 

natural integrity of the samples was preserved, the analysis was established on reliable 

image sources, which has led to a compelling outcome.  

The 3D images of the chondrocyte distributions from juvenile, healthy, and early OA 

rat cartilage were initially processed using a bilateral filter to eliminate noise and 

present a more distinct boundary of chondrocytes. A 3D contour tracking algorithm was 

then applied to isolate each chondrocyte by providing its nuclear location. The 

distribution of chondrocytes was analysed by calculating the numbers of chondrocytes 

with depth after projection of the nuclear centre of each cell to the z direction.  A profile 

of depth verses numbers of chondrocytes was generated to describe the detail of density 

variation. Curve fitting and peak-ratio analyses were used to determine the division that 

chondrocyte assembled together, and finally k-mean clustering was applied to generate 

each potential layer to simulate the divisions. 

The result presented that both distribution and density of chondrocytes altered with 

the physiological changing of cartilage. Although the heterogeneity of chondrocytes in 

cartilage had been confirmed and four zones were classified by their physical 

characterization in the literature, the interface between the superficial zone and 

transitional zone contained in healthy cartilage was quantitatively assessed using and 

the distance between them, as first calculated in this study. In healthy cartilage, 

including juvenile and adult, a division between the superficial zone and transitional 

zone was clearly evident. However, this distinct boundary disappeared in early OA 

cartilage because of the disordered mitosis. The density of chondrocytes remained at a 

moderate level in adult healthy cartilage compared with juvenile samples, but it 

exhibited an unsystematic increase with early OA. These characteristics, the density and 

distribution of chondrocytes, were successfully extracted by numerical expressions 
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which have provided potential for a deeper study of the patterns of cartilage generation 

and degeneration. 
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Chapter 7  

Discussion and Conclusions 

The research work presented in this thesis was focussed on the quantitative 

assessment of osteoarthritis, specifically, the numerical measurement of tissue features 

in OA samples which exhibited different measurable grades of degeneration. The 

parameters isolated in this study to measure cartilage deterioration and degeneration 

presented strongly distinguishable features between different types and grades of sample 

groups. 

7.1 Quantitative Feature Study of Collagen  

Study of numerical measurement of OA features started from the examination of 

fibre bundles within the most superficial layer, the lamina splendens. The lamina 

splendens exhibited parallel oriented fibre bundles which were interwoven with a 

distinguishable diameter. The existence of these fibre bundles in the lamina splendens 

was initially observed by the UWA group using confocal microscopy, but the 

relationship between the exhibited phenomena and the condition of articular cartilage 

was not clear at this stage. The study contained in this thesis, therefore, set out to 

develop a method (Chapter 3) using confocal images to distinguish these fibre bundles 

from their collagenous background. This approach of using computer generated 

numerical grading parameters, without the influence of subjective assessment, has 

opened up a new line of research into determining if computer generated numerical 

grading parameters can be used in the identification of symptoms for OA. Two sample 

species were used in this study, human and bovine femoral head. The primary reason 

was the lack of sample sources. Furthermore, as this research was more concentrate to 

the techniques exploring, the variety of sample sources could introduce very few 

influences to the application of this methodology. 

The second stage of the study reinforced the initial findings, and further investigated 

the relationship between the condition of the fibre bundles in the lamina splendens and 

the condition of the articular cartilage, revealing a deeper understanding of the operation 

and degeneration of cartilage. Based on the methodology developed previously, a 

computer generated automatic classification algorithm was developed to not only 

distinguish the collagen bundles but also to tally their number as well as to determine 

their orientation (Chapter 4). The application of this algorithm was carried out on three 
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different sample groups from grade 0 (normal) to grade 2 (abnormal). The results 

showed that the fibre bundles only existed in healthy articular cartilage, although the 

numbers of fibre bundles varied from sample to sample, because of natural biodiversity. 

Evidence of fibre bundles was rarely exhibited in grade 1 (early OA symptom) and was 

completely absent from the grade 2 sample group. This finding supported the argument 

that the degeneration of articular cartilage starts from structural disorders including the 

presence of fibre bundles in the superficial layer. Although the presence of parallel 

oriented fibre bundles in the lamina splendens could not be concluded to be the first 

sign of cartilage deterioration, their existence has already been shown in this study as an 

apparent sign of the healthy status of cartilage. 

The appearance of fibre bundles in the lamina splendens was one of the unique 

characteristics of healthy cartilage, but the existence of the network could not be used as 

an indicator of the degree of progression of OA. Subsequently, the study looked into 

how OA degeneration could influence the condition of the collagen structure beneath 

the lamina splendens. The collagen tissue subjacent to the superficial layer is orientated 

approximately perpendicular to the surface. Rather than being integrated as a bundle, 

these fibres mesh with each other and form a 3D lattice network. With the 

disappearance of fibre bundles on the most superficial layer with the onset of OA, the 

fibre structure beneath changed gradually as the cartilage surface became increasingly 

damaged. To analyse the 3D structure of the collagen fibre network presented under 

confocal microscopy, this study first introduced texture analysis (Chapter 5). As the 

collagen network presented itself as a lattice structure, it was impossible to identify each 

single fibre in the image considering the resolution of confocal images. Texture analysis, 

as a well-established methodology, was able to assess the general trend of collagen fibre 

alignment. After the examination and evaluation of three sample groups (grade 0 to 

grade 2 OA cartilage), the parameters generated by texture analysis demonstrated a 

significant difference in the values of texture analysis parameters depending on the 

grade of OA progression. As each specific sample group (0-2) demonstrated its own 

pattern of parameter values, it was possible to develop a method of auto classification. 

The practicability of this method had also been demonstrated in this study to have only 

a 4.23% prediction error, which provides strong validation of the reliability of this 

method.  
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7.2 Physical Distribution of Chondrocytes  

Strong interaction between the collagen network and the chondrocytes within 

cartilage has been widely accepted and studied. Considering the inherent physical and 

biological relationships between collagen microstructure and the chondrocytes, study at 

this stage focused on the distribution of chondrocytes appearing in the same depth 

ranges of cartilage as the collagen networks previously analysed. Sample groups were 

composed of juvenile, healthy mature and early onset OA cartilage model samples from 

Wistar rats. The aim of this study was to use the advantages of the 3D imaging 

technique of confocal microscopy to determine how the distribution of chondrocytes 

changes with the growth of cartilage as early OA symptoms develop (Chapter 6). 

Without any artificial interference to the samples, such as dehydration or sectioning, the 

3D micro structure of the chondrocytes and their distribution within samples was 

acquired. Previous confocal microscopy studies on chondrocytes have qualitatively 

shown the degeneration of cartilage through the onset of OA, while the current study 

has primarily focussed on the development of quantitative measures of chondrocyte 

distribution and distribution. The current study demonstrated significant changes of 

chondrocyte distribution during cartilage growth from juvenile to adult and subsequent 

changes with the development of OA. After analysis of the image data, significant 

chondrocytes sparse zones emerged in the 3D distribution of chondrocytes in juvenile 

and healthy mature adult cartilage samples. As the sparse zones appeared at around 30 – 

40  depth from the surface, this corresponds with the interface of the superficial zone 

and the transitional zone. However, in samples with early OA symptoms, these sparse 

zones disappeared and the numbers of chondrocytes increased significantly. 

Histological examination indicates that this phenomenon may occur because the 

chondral units are disrupted with the onset of OA, which could then result in disruption 

of the initially orderly distribution of chondrocytes. The chondrocytes could then self-

duplicate in the absence of the boundaries imposed by chondral limitation, thus 

impinging on the previous sparsely populated zones. In addition, superficial tissue is 

likely to be released into the synovial cavity, eroding the near surface structure. This 

study has developed and used a unique morphological analysis on a 3D image block of 

tissue with chondrocytes in their native environment rather than viewing 2D planar 

sectional views, resulting in a more accurate and comprehensive assessment. The 3D 

distribution can therefore be viewed and analysed in far greater detail than previously 

possible. 
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7.3 Summary  

This thesis was based on a quantitative study of the tissue characteristics exhibited in 

osteoarthritis. The study involved applying new research applications to images 

acquired using confocal microscopy with comparison to image slices from histological 

sectioning. In particular, computer algorithms and 3D analysis were used to reveal and 

evaluate cartilage features previously hidden in existing images. The parameters applied 

were capable of assessing the specific tissue characteristics of each different grade of 

disease degeneration. The quantitative analysis methods developed in this thesis have 

provided a foundation for more objective and comprehensive research of OA in the 

future, and promise to be applicable to other biological tissues where quantitative 

assessment is required.  

The clinical significance of this study was quantitatively describing the changing of 

cartilage with OA processing. The current assessment of OA was based on the 

investigation of the histological section of cartilage, which was time consuming and 

with considerable human intervene. The quantitative study can provide fast and 

objective assessment compare with human investigation. In big picture, the final 

objective of this study was to embed this auto-assessment system to the imaging 

equipment and realize a real time diagnose. Furthermore, image processing system can 

be independent from the sample species, which allowed more functions that can be 

developed for this system. By then, quantitative study and auto classification system 

could be applied on the assessment of not only OA, but also tendinopathy or other 

orthopaedic diseases. 


