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A close relationship has been found between the 3D collagen structure and physiological condition of articular cartilage
(AC). Studying the 3D collagen network in AC offers a way to determine the condition of the cartilage. However, traditional
qualitative studies are time consuming and subjective. This study aims to develop a computer vision-based classifier to
automatically determine the condition of AC tissue based on the structural characteristics of the collagen network. Texture
analysis was applied to quantitatively characterise the 3D collagen structure in normal (International Cartilage Repair
Society, ICRS, grade 0), aged (ICRS grade 1) and osteoarthritic cartilages (ICRS grade 2). Principle component techniques
and linear discriminant analysis were then used to classify the microstructural characteristics of the 3D collagen meshwork
and the condition of the AC. The 3D collagen meshwork in the three physiological condition groups displayed distinctive
characteristics. Texture analysis indicated a significant difference in the mean texture parameters of the 3D collagen network
between groups. The principle component and linear discriminant analysis of the texture data allowed for the development
of a classifier for identifying the physiological status of the AC with an expected prediction error of 4.23%. An automatic
image analysis classifier has been developed to predict the physiological condition of AC (from ICRS grade 0 to 2) based on
texture data from the 3D collagen network in the tissue.

Keywords: texture analysis; automatic physical classification system; collagen structure; articular cartilage; osteoarthritis

1. Introduction

The mechanical properties of articular cartilage (AC)

come from the integrity of its extracellular matrix, which

is primarily composed of type II collagen and negatively

charged proteoglycans. During joint articulation, AC

experiences various compressive, shearing and wearing

stresses. The collagen fibres are oriented differently

between the surface and the deep zones to accommodate

the different functional requirements of AC. They anchor

to the subchondral bone, and align perpendicularly to the

surface of AC in the radial zone. Functionally, they mainly

participate in distributing loads and resisting compression

(Roughley 2006). The collagen fibres are arched in the

transitional zone to progressively contribute to shear and

wear resistance. In the superficial zone, the distribution

and structure of collagen fibres have been reported to

appear more complex in 3D observations than depicted by

traditional 2D microscopic studies. Two sub-layers have

been classified in this zone (Jeffery et al. 1991; Hunziker

et al. 2002; Hughes et al. 2005; Wu 2006). The most

superficial layer, which is also called the lamina splendens,

is integrated with an interwoven fibre network parallel to

the articular surface (Wu et al. 2004), while the subjacent

layer primarily contains collagen fibres oriented obliquely

to the articular surface (Wu 2006).

While having a specific mechanical role in each zone,

collagen fibres form a 3D scaffold that restrains the

swelling pressure generated by proteoglycans so that

the AC is provided with its overall mechanical properties.

The deformation behaviours of AC under pressures have

been modelled mathematically based on biphasic and

triphasic theory (Mak et al. 1987; Mow et al. 1989; Lai

et al. 1991), which confirmed experimentally that the

disruption of the 3D collagen network plays an important

role in changing the mechanical properties of AC. Fissures

observed in the articular surface is a typical sign of early

osteoarthritis (OA), which is directly associated with

degeneration of the collagen fibres and their network in the

superficial zone (Van der Sluijs and Van 1992; Ostergaard

1999; Pritzker et al. 2006). Because of this, studying the

microstructure of the collagen network offers a way to

assess the physiological properties of AC.

Some of the microscope techniques normally used to

acquire images of objects are described below: (a)

traditional light microscopy is the principal method used

to obtain clear images of an object, but its utilisation is

limited by refraction especially for identifying collagen

fibres from proteoglycans that share a similar reflective

index (Gratton EaV 1995). (b) Polarised and Phase Light

Microscopes can only provide a general outline of the area
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of interest but cannot reveal detail because of their

relatively poor resolution (Bhosale and Richardson 2008).

(c) Differential interference contrast microscopy is

particularly suitable for acquiring the contour profile of

living specimens, unstained and thick specimens (Harvath

1997). (d) Scanning electron microscopy has been the

primary tool used to study the collagen fibres of AC.

Transmission electron microscopy (TEM) can even

distinguish individual collagen fibril (the molecular

polymers) in AC. However, both of these types of electron

microscopy (EM) require an extreme imaging environ-

ment that dehydrates AC and can alter the arrangement of

collagen fibrils (Buckwalter and Mankin 1997).

Confocal microscopy cannot achieve the extremely

high resolution required to detect an individual collagen

fibril, and it acquires sufficient resolution compared to

traditional light microscopy to explore the orientation of

fibre bundles. It permits studying the three-dimensional

internal microstructure of biological tissues with minimal

physical disruption. By using fibre optic laser scanning

confocal microscopy (Semwogerere and Weeks 2005) and

Picrosirius red staining (which is a specific dye for

collagen I, II and III), the 3D collagen scaffold in AC has

been found to have a unique structure, which changes with

the physiological status of AC. Confocal microscopy

along with Picrosirius red staining had proved to give the

best images of the collagen scaffold structure in AC

compared to other optical microscopy techniques (Young

et al. 1998).

Normal AC contains distinctive interwoven fibre

bundles within the most superficial layer (Yeh et al.

2005; Duan et al. 2009; Mansfield et al. 2009), and the

collagen fibres immediately adjacent align predominately

in an oblique way to the articular surface (Wu 2003, 2006).

The degeneration of AC is a complicated sequence that

involves the changing of water content, cell apoptosis and

necrosis, endogenous of enzymes and cells, and disruption

and resynthesis of the extracellular matrix (Hough and

Sokoloff 1997). Early OA shows signs of removal of the

interwoven fibre bundles and alteration of the obliquely

orientated collagen fibres towards perpendicular align-

ment. With increasing OA severity, there is clear

disruption of the 3D collagen network.

Various histological/histochemical techniques that can

grade the OA degree have been developed such as the

pioneering work done by Collins (1949) and Mankin et al.

(1971). However, the early scoring systems were formally

questioned due to their reproducibility and their accuracy

in the assessment of mild and earlier phases of OA (Van

der Sluijs et al. 1992; Ostergaard et al. 1997). More

standard OA model systems therefore were established

leading to a more reliable scoring system to visually make

the histological comparisons. Osteoarthritis Research

Society International (OARSI) established a cartilage

histopathology grading/staging system by examining the

morphology changes and the proteoglycan content using

cationic stains such as Safranin O or Toluidine Blue

(Pritzker et al. 2006). However, including proteoglycan

content as one of the criteria for OA grading has been

questioned for its unpredictable performance because the

fixation protocols and staining methods that are employed

are believed to change the proteoglycan content and even

the cell morphology when alcohol and acetone-based

fixation protocols are used (Eggert et al. 1981; Hunziker

et al. 1992; Hyllested et al. 2002). The International

Cartilage Repair Society (ICRS) visual histological

scoring system therefore endeavoured to standardize the

fixation and staining techniques and made recommen-

dations to apply buffered formalin and hematoxylin &

eosin staining, respectively (Pousty et al. 1975).

Previous studies of the relationship between the 3D

collagen network and the physiological status of AC have

used mainly visual inspection of the corresponding

histopathologic analysis (Anamalay et al. 1995; Wu

et al. 2008). There has been a lack of quantitative analysis

of the 3D collagen structure and automatic classification

methods for assessing the physiological status of the AC.

The present study discussed in this paper presents a 3D

image analysis technique for quantifying the character-

istics of the 3D collagen network in AC with physiological

scores from ICRS grade 0 to 2. Texture parameters such as

angular second moment (ASM), contrast, inverse different

moment (IDM), correlation, and entropy are used to

construct a feature vector representing the 3D collagen

network in AC. Principle component and linear discrimi-

nant analysis of the texture data gives rise to a classifier for

predicting the physiological status of the AC with an

estimated prediction error of 4.23%.

2. Materials and methods

2.1 Specimen preparation

Forty-three cylindrical cartilage specimens of Ø 3mm

£ 4mm were punched out from the central weight-

bearing zone of 11 bovine femoral condyles 6 h after

slaughter. Twenty-two cartilage samples without visual

disruption, presented with unevenly textured surface,

were taken from five femoral heads of human cadavers

aged between 40 and 60. A further 28 cartilage specimens

showing minor OA signs presenting as soft indentions on

the surface or superficial fissures were obtained from 15

human arthritic femoral heads after joint replacement

surgeries. All the specimens were 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 48C for 24 and 72 h,

respectively, to the AC specimens which therefore had
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been fixed to prevent any tissue degeneration in the future.

The specimens were washed thoroughly in a 9 g/l saline

solution, pH 7.4, 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 0.756mm. The acquired image

stacks had 0.195mm lateral and 0.23mm axial resolutions.

The imaging field of view was 33mm2. Fifty confocal

image stacks were acquired from each physiological

group.

The confocal image stacks were reconstructed into 3D

images using Image J, shown as Figures 1–4(c), for 3D

visual inspections, and image projections in the XY, YZ and

Figure 1. (a) H&E histology of ICRS grade 0 bovine AC. (b) 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 indicate the predominant orientation of the
collagen fibres. White scale bar is 10mm.

Computer Methods in Biomechanics and Biomedical Engineering 933



XZ plane, shown as Figures 1(e)–(g), 2(d)–(f), 3(d)–(f)

and 4(d)–(f), for conducting a texture analysis three

dimensionally on the collagen structures. Prior to the

image analysis, the interwoven fibre bundles in the most

superficial layer of normal AC, shown in Figure 1(c) and

(d), were optically removed using F900e computer

program (Optiscan Pty Ltd, Melbourne, Australia),

shown in Figure 1(e). The interwoven fibre bundles have

been studied previously for numerically identifying

normal AC (Duan et al. 2009).

2.2 Histology and International Cartilage Research
Society grading

Following the confocal microscopic imaging, the speci-

mens were processed for H&E histology analysis using a

stereo optical microscope (Zeiss Axioplan 2) to grade the

physiological status of the AC in the scoring system

established by the ICRS (Mainil-Varlet et al. 2003). The

cartilage specimens were classified as normal, ICRS grade

0 which presented as an integral frictionless structure,

shown in Figure 5.1(b); nearly normal, ICRS grade 1,

Figure 2. (a) H&E histology of ICRS grade 1 human AC. (b) 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 10mm.
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shown in Figures 2(b) and 3(b) as soft indentation and/or

superficial fissures on the cartilage surface; and abnormal,

ICRS grade 2, shown as Figure 4(b) with a further surface

lesion and the cracks which can extend down into upper

part of the cartilage surface.

2.3 Texture analysis of the 3D collagen networks

The images reconstructed in the XY, XZ and YZ planes were

conducted texture analysis of the 3D characteristics of the

collagen network using Grey-level Co-occurrence

Matrices (GLCM) (Haralick 1973). The GLCM achieved

texture extractions by identifying the spatial variation

within a local image region. Given an image I:

Lx £ Ly ! G, where Lx ¼ f1; 2; . . . ;Nx} and Ly ¼
f1; 2; . . .Ny} are the spatial domains in X and Y directions,

while G [ f1; 2; . . . ;Ng} is the grey levels domain. Then

the GLCM Pd with a displacement vector of d ¼ ðdx; dyÞ is
generated from image I as: Pdði; jÞ ¼ jfððr; sÞ; ðt; vÞÞ :
Iðr; sÞ ¼ i; Iðt; vÞ ¼ j}j, where ððr; sÞ; ðt; vÞÞ [ Lx £ Ly, and

ðt; vÞ ¼ ðr þ dx; sþ dyÞ, calculating the relative frequen-

cies of a pair of pixels with a grey level of i and jwith a

Figure 3. (a) H&E histology of ICRS grade 1 human AC. (b) 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 10mm.
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distance of d. By changing the value of d, the co-

occurrence matrix along different directions were

acquired. For instance, when setting d ¼ ð1; 0Þ, it pro-

duced a horizontal grey-level spatial dependence matrix at

08. When d ¼ ð1; 1Þ, it presented a grey-level spatial

dependence matrix at 458. Subsequently, the 908 and 1358

matrices were generated by setting d ¼ ð0; 1Þ and d ¼
ð21; 1Þ respectively.

For each of the specimens, five GLCM at 08 to 1808
were generated at 458 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 f egy ¼
PNg

i¼1

PNg

j¼1P
2
dði; jÞ ,

which reflects the energy intensity of an image

and measures the homogeneity of the image. The

more homogeneous an image is, the larger the

ASM becomes.

(2) Contrast was defined as f ctr ¼
PNg

i¼1

P
j¼1

Ngði2 jÞ2Pdði; jÞ , which measures the amount of

local intensity variations presented in an image. It

Figure 4. (a) H&E histology of the ICRS grade 2 human AC. (b) A diagram of 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 10mm.
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is often large when a pixel pair of ðr; sÞ andðt; vÞ
being compared has different intensity values.

(3) IDM: f hmg ¼
PNg

i¼1

PNg

j¼1Pdði; jÞ=1þ ði2 jÞ2 ,
which is large when a pair of pixels being

compared have the same intensity value.

(4) Correlation: f cor ¼ ðPNg

i¼1

PNg

j¼1ði2 mxÞðj2 myÞ
Pdði; jÞÞ=sxsy; where mx and my are the means

and sxsy are the standard deviations of PdðxÞand
PdðyÞ, respectively, with PdðxÞ ¼

PNg

j¼1Pdðx; jÞ and
PdðyÞ ¼

PNg

i¼1Pdði; yÞ. Correlation measures the

linear dependencies in the image.

(5) Entropy: f ent ¼ 2
PNg

i¼1

PNg

j¼1Pdði; jÞ logPdði; jÞ,
which measures the information content in an

image. It will be large when the image contains

more information.

2.4 Auto classification of the AC physiological status

The texture parameters acquired from the three physio-

logical cartilage groups were then subjected to an auto-

classification of the physiological status of the AC using

linear discriminant analysis (LDA).

LDA is a statistical technique used to classify objects

into mutually exclusive and exhaustive groups based on a

set of measurable object features (Fisher 1936). The

principle of this method is to reach the maximum

‘between-classes’ scatter Sb, Equation (1)

Sb ¼
Xc

i¼1

niðui 2 uÞðui 2 uÞT ð1Þ

and the minimum ‘within-classes’ scatter Sw, Equation (2)

Sw ¼
Xc
i¼1

X
xk[class i

ðui 2 xkÞðui 2 xkÞT; ð2Þ

where ni is the number of the samples which belongs to

class i, c is the number of classes, ui is the mean of class i,

u is the mean of the whole sample classes and xk the kth

sample. The procedure projected the sample class to a

Figure 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.
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lower vector space to maximize the separability. The

projecting direction was generated by making Fisher’s

expression (3):

JfisherðwÞ ¼ wTSbw

wTSww
ð3Þ

to reach its maximum vector w (Fisher 1936). w is an

arbitrary vector in the reduced space.

While applying LDA to classify of the physiological

characteristics of the AC specimens in this study, it was

found to be difficult to form an optimal texture parameter

combination that could systematically classify the three

physiologically different cartilage groups completely from

one processing. For instance, as shown inFigure 6(a) and (b),

by randomly selecting two texture parameters, either the

entropy and IDM or contrast and IDM, to carry out a

LDA for an auto-classification of the three groups of

cartilages, there was some overlap between the ICRS

grade 1 cartilage from ICRS grade 2, while the ICRS

grade 0 cartilage was almost completely separated from

the ICRS 1 and ICRS 2 cartilages.

Both LDA and principle component analysis (PCA)

were implemented in this study to classify the physiologi-

cal status of the cartilage groups using the texture

parameters. The PCA is appropriate in situations where the

variables (e.g. the feature parameters) obtained for

measurement contain some redundancy. This is the case

when some of the variables are correlated with one another

and need 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 in the feature vector may

be attributable to the data collection method. The PCA

Figure 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%.
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removes these correlations by finding the principle

components of the covariance matrix of the texture

parameters of all the samples (Pearson 1901). Through this

procedure, the texture parameters obtained from the

collagen texture analysis can be replaced by a smaller

number of artificial variables, the principal components,

which account for the majority of the variance in the

observed variable (the texture parameters in this study).

The principle components are then used as the predictors

or criterion variables for distinguishing between the three

cartilage groups with different physiological status using

the LDA.

The covariance matrix is a matrix which contains the

variance relationship between each variable (e.g. each

feature parameter) in the measurement. Given an n

dimensional column vectorX ¼ ½X1;X2; . . . ;Xn�T, the

elements of the covariance matrix can be calculated

using Equation (4):

X
ij

¼ cov Xi; Xj

� � ¼ E Xi 2 mi

� �
Xj 2 mj

� �� �
; ð4Þ

where mi is the mathematical expectation of Xi, i.e.

mi ¼ EðXiÞ. Therefore, the covariance matrix can be

presented as Equation (5):

C ¼ E½ðX2 E½X�ÞðX2 E½X�ÞT�: ð5Þ

Eigenvalues l and eigenvectors vwill be generated by

finding the non-zero vector which satisfies the equation:

Cv ¼ lv (Korn and Theresa 2000).

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 eigenvalue. Then, a feature vector is the vector set

where the eigenvectors are ranked by eigenvalues from the

highest to lowest: FeatureVector ¼ ðeig1eig2· · · eign Þ.
Reductions of the correlations between the variables are

achieved by abandoning some vectors with lower

eigenvalues.

Five texture parameters obtained from a physiological

group generated a 5 £ 5 covariance matrix with five

eigenvectors. Subsequently, the feature vectors of the

three different physiological AC groups were obtained, as

shown in Figure 5(a)–(c).

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 Figure 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 were able to be replaced by

just two artificial parameters (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 (6):

X1 ¼ a1x1 þ a2x2 þ a3x3 þ a4x4 þ a5x5;

X2 ¼ b1x1 þ b2x2 þ b3x3 þ b4x4 þ b5x5;

"
ð6Þ

where xi (i ¼ 1, 2, 3, 4 and 5) is the ith feature parameter.

aj and bj ( j ¼ 1, 2, 3, 4 and 5) were composed of the first

two principle components, which in short are presented by

Equation (7):

Component coefficients ¼
a1

b1

a2

b2

a3

b3

a4

b4

a5

b5

" #T

: ð7Þ

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 data-sets, shown

as Equation (4). The two artificial vectors (PC1 and PC2)

were then used to classify the physiological condition of

the AC specimens using LDA, as shown in Figure 7.

The purpose of this study was to investigate the 3D

collagen texture differentiation related to AC tissue

degeneration, in order to provide a computer-aided

classification system based on the variables that can be

measured. Therefore, the ability of the developed

classification system to detect the deterioration of AC

through texture analysis needed to work well on different

sample sources, and the results showed this was the case.

As the texture analysis result varies from sample to sample

of the same OA grade due to the biodiversity, to obtain an

objective and statistically significant result, enough

samples needed to be collected. Due to the limited ability

of obtaining healthy human cartilage tissue, healthy

bovine cartilages were sampled instead. The 150 collagen

image stacks obtained from the three physiological groups

(50 image stacks/group) were subjected to texture analysis

using GLCM. The texture parameters obtained from 90

images (30 images/group) were used to train the classifier,

and the remaining 60 images (20 images/group) were left

out for validating the classifier.

3. Results

As shown by the 3D images in Figures 1–4, the 3D

collagen networks from the different AC condition groups

showed different structural characteristics. The 3D

collagen network in normal AC showed high structural

integrity, as indicated 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 Figure 1. During progression of the

physiological status from ICRS 0 to 1, the 3D collagen

network gradually lost its structural integrity, as shown in
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Figures 2(c) and 3(c). 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 3D collagen

framework became obvious, as seen in Figure 4(c).

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, see Figures 1

(e), 2(d) and 3(d).

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. The texture

characteristics presented by obliquely distributed collagen

fibres meshed as a network in its 3D natural view has been

quantitatively measured by the parameters applied in the

processing. Therefore, any 3D microstructure alteration of

collagen fibres associated with the cartilage deterioration

has been able to be captured and measured by applying the

texture parameters and by tracking its variation. 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 1.

Normal AC had a significantly higher mean contrast and

entropy value in the 08 analysis. In comparison, the mean

IDM value of the normal cartilage was much lower than

the other two physiological groups, although the 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 inversely proportional to the healthy

level of the AC, while the decrease in 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 458 and 1358
in normal AC, which approximately correspond to the

predominant orientation of the collagen fibres underlying

to the interwoven fibre bundles, shown in Figure 1(g) and

(f). The contrast measurement of aged and OA cartilage

Table 1. The mean feature parameters of the three physiological AC groups (mean ^ STD).

ASM ( £ 1023) Contrast ( £ 1023) Correlation ( £ 1023) IDM ( £ 1023) 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
ICRS 2 5.073^ 3.04 0.14^ 0.57 3.84^ 1.35 2.09^ 1.03 6.82^ 3.62

Note: ICRS 0, normal cartilage; ICRS 1, aged cartilage; ICRS 2, OA cartilage.

Figure 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%.
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peaked evenly at 08, 458, 1358 and 1808, shown in Figure 8
(b) and (c), respectively. This generally indicates that the

collagen fibres are oriented evenly at these directions, as

shown in Figures 3(e),(f) and 4(e),(f).

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 1. Therefore, an automatic classification

system has been constructed to automatically assess the

physiological status of cartilage specimens. The initial

auto-classification methodology of using LDA and

selecting two feature parameters at random did not

produce good separation between the classes, as shown in

Figure 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 is

inadequate for use in a clinical setting.

The high unacceptable prediction error in diagnosis of

27.46% can be attributed to using only two texture

parameters, and this was due to the high biodiversity of

each individual sample reflected by large variance of each

measured parameters, given as Table 1. For an auto-

classification to be of use in a clinical setting, to quantify

the condition of the collagen fibres in the 3D meshed

network and to track their deterioration and hence onset of

OA, it is important that there is a low margin of error, and

that the results are repeatable. The purpose of the auto-

classification system is to remove the subjectivity of

interpretation and hence rely on the result produced by the

classification system. Therefore, when all five parameters

measured for each sample (ASM, contrast, IDM,

correlation and entropy) were used in a PCA prior to the

LDA procedure being applied, a much better separation

between the groups can be achieved, as shown in Figure 7.

Consequently, the margin of error in the auto classifier

reduced significantly to 4.23% as more weighing factors

have been taken into consideration.

In addition, the contrast measurement in the XZ and YZ

direction approximated the collagen orientation charac-

teristics of AC. As shown in Figure 8, the contrast

parameter in normal AC showed two peak values at 458
and 1358 in normal AC, which approximately corresponds

to the predominant orientation of the collagen fibres

underlying the interwoven fibre bundles in the normal AC,

shown in Figure 1(f) and (g). However, there were no

obvious peaks seen in the contrast graphs of aged and OA

cartilage shown in Figure 8. This is consistent with the fact

that the collagen fibres in the cartilage groups generally

did not have preferred orientations, as shown in Figures 3

(e),(f) and 4(e),(f).

4. Discussion

Texture analysis has been widely used in many research

fields, including material science, geography, aerial and

satellite image analyses, to characterise 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 (Sutton and Hall 1972),

the study of blood cells (Landeweerd and Gelsema 1978;

Harms et al. 1986), identification of the abnormality

shown by ultrasound imaging of the liver (Chen et al.

1989) and echocardiography (Chandrasekaran et al. 1989).

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

Figure 8. Contrast feature parameters of normal (ICRS 0), aged (ICRS 1) and OA (ICRS 2) cartilages. The contrast analysis of the
normal cartilage showed two peaks at 458 and 1358, which indicated the predominant orientations of the collagen shown in Figure 1(f) and
(g), respectively.
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cartilage. This overcomes the subjective nature of the

qualitative and semi-quantitative evaluation methods used

in the medical field.

Since it iswell accepted that the collagen fibres inACare

a 3D meshwork, it is crucial when examining the collagen

structure to use 3D imaging and analysis techniques. As

shown in Table 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

demonstrates the limitation of analysing the 3D collagen

meshwork using only 2D techniques.

The distinct variation in the feature parameters of the

three physiological cartilage groups has allowed develop-

ment of a LDA classifier to automatically distinguish the

physiological status of the cartilage in the three

physiological states. As each feature parameter has 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), PCAwas used to rank

the power of the feature parameters in identifying the

characteristics of the 3D collagen network. This also

allows the feature parameters with a lower eigenvalue to be

ignored. By using two highest eigenvalues identified by the

PCA in the LDA, the classifier presented in this study has

been shown to be useful for automatically identifying AC

with early physiological changes shown at a microscopic

level.

The current clinical diagnosis of OA is mainly based

on the doctors’ assessment of the pathological section of

the patients’ cartilage, which is subjective and time

consuming. The system presented in this paper, however,

has a potential application on integrating with confocal

arthroscopy so that the physiological condition of AC can

be obtained instantly by orthopaedic researchers without

tissue biopsy (Jones et al. 2007). Although the prediction

error of the classifier was reduced to 4.23% with the use of

PCA, this prediction error is still high for usage of the

system in medical diagnosis. By increasing the size of the

training set and number of features, it may be possible in

the future to reduce the system prediction error to an

acceptable level for early OA diagnosis.

5. Conclusion

Confocal microscopy was used in this study because of its

unique performance in living tissue imaging. Compared to

conventional optical microscopy, which has insufficient

imaging resolution to resolve the collagen fibres in AC,

and EM, which has superior imaging resolution but

damages the integrity of tissue structure, confocal

microscopy can image the internal microstructure of AC

with considerable resolution and minimal physical

disturbance. The use of Picrosirius red provided a large

increase in the birefringence properties of the collagen

fibres in the AC (Smaill 1998).

This study developed an image analysis technique for

confocal microscopy to quantify the texture characteristics

of the 3D collagen matrices in three physiological states of

AC scored as ICRS grade 0 to 2. The results revealed that

3D image analysis was capable of detecting differences in

the collagen network in the cartilage groups. The use of

PCA as a pre-processing step before the LDA resulted in a

classifier that improves the ability to identify the

physiological status of the AC, especially the subtle

physiological change of AC during early OA.

Implementing such a classifier in an imaging system

such as confocal arthroscopy, a fibre optic imaging

technique employed by the laser confocal microscopy for

real time histology in a clinical setting (Jones et al. 2004,

2007, 2008), would allow medical researchers to

effectively diagnose the physiological status of AC

and early OA. Furthermore, it may allow surgeons to

quantify efficiently the pathology of AC in real time

during surgery.
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