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Articular cartilage is the soft connective tissue that covers the bony ends in diarthrodial 

joints providing good distribution of the load on the bone and good lubrication for joint 

movement. However, many factors may result in the degeneration of articular cartilage 

and then lead to osteoarthritis (OA). Swelling is an electrochemical mechanical property 

of articular cartilage and plays an important role in weight bearing and joint lubrication. 

The overall aim of this study is to use high-frequency ultrasound to characterize the 

transient and inhomogeneous swelling properties and progressive degeneration of 

articular cartilage in situ. 

 

In this study, an ultrasound swelling measurement system (USMS) was developed. 95 

full-thickness cartilage-bone specimens were prepared from fresh mature bovine 

patellae for different tests. The osmotic free shrinkage and swelling behavior was 

induced by changing the concentration of bathing saline solution from 0.15 M to 2 M 

and then back to 0.15 M. The hydration behavior in 0.15 M saline was monitored by the 

USMS after the specimen was dehydrated in the air for 45 minutes. The progressive 

degeneration of articular cartilage was induced by trypsin digestion. Swelling tests, 
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histological assessments and acoustic measurements were performed for both normal 

and trypsin-digested cartilage specimens. Moreover, the aggregate moduli at different 

layers were extracted from the swelling strains detected by the USMS using a newly-

developed bi-layered triphasic model.  

 

A good repeatability of the present ultrasonic measurement for the shrinkage-swelling 

behavior was obtained (n = 10, ICC > 0.8, CV% < 10%). The USMS successfully 

detected the progressive penetration of trypsin through the cartilage tissue. The 

digestion speed slowed down from the initial rate of 0.62 ± 0.16 mm/s to 0.04 ± 0.02 

mm/s when the digestion front reaching the deep region (approximately 70% of the full 

thickness).  

 

It was demonstrated that the cartilage specimens might experience an “overshoot-

relaxation” behavior during the swelling-shrinkage test. The absolute peak shrinkage 

strain (0.010 ± 0.005, n = 50) was significantly (p < 0.001) larger than the peak swelling 

strain (0.003 ± 0.003). The non-uniformity of the swelling strains at different depths 

was observed. The degenerated cartilage specimens (n = 30) showed weaker shrinkage, 

swelling and hydration behaviors.  

 

Using the triphasic model, it was demonstrated that the region near the bone, for the 

normal specimens, had a significantly higher aggregate modulus (Ha1 = 18.5 ≤ 15.5 

MPa, p < 0.001) in comparison with the middle zone and the surface layer (Ha2 = 7.6 ≤ 

11.6 MPa and Ha3 = 3.6 ≤ 3.3 MPa, respectively). The predicted normalized thickness 

of the deep layer was 0.67 ≤ 0.22. For the specimens with 30-minute trypsin 1h
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digestion, the values decreased to Ha1 = 11.1 ≤ 10.1 MPa, Ha2 = 6.7 ≤ 16.9 MPa, Ha3 = 

1.9 ≤ 2.8 MPa, h1 = 0.55 ≤ 0.24. 

 

It was found that the acoustic parameters of the degenerated specimens had insignificant 

changes in comparison with the normal specimens. Moreover, the correlations among 

swelling, acoustic and biochemical parameters were obtained.  

 

In summary, the USMS proposed in this study has been successfully used to measure 

the transient and inhomogeneous swelling behavior and to track the trypsin penetration, 

which simulated the progressive degeneration of the OA-like articular cartilage in situ.  

 

Keywords:  Ultrasound, Articular cartilage, Proteoglycans, Osmotic shrinkage-swelling, 

Dehydration-hydration, Triphasic modeling, Trypsin-digestion, Osteoarthritis, 

Ultrasound tissue characterization, Depth-dependence, Swelling strain, Aggregate 

modulus. 
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Chapter 1                                                                                                          Introduction 

CHAPTER 1  INTRODUCTION 

 

1.1 Research Background and Significance 

1.1.1 Knee joint and articular cartilage 

The knee is one of the major weight bearing joints of the body. It consists of two 

articulating joints, i.e. the tibio-femoral joint and the patello-femoral gliding joint, 

which are associated with femur, tibia and patella (Fig. 1.1). The large round ends of the 

femur, the flat top of the tibia, and the posterior surface of the patella are covered by 

articular cartilage. 

 

The patella is the largest sesamoid bone in the body.  The primary functional role of the 

patella is knee extension. The proximal patella bears the tensile forces transferred from 

quadriceps muscles. The anterior patella bears both tension and compressive forces. 

 

 

Femur 

Tibia 

Articular cartilage 

Tibio-femoral joint 

Patello-femoral joint 

Patella 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Diagram of a midsagittal section of the knee joint (Saladin, 2005). 
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There are three broad classes of cartilaginous tissues in the body: hyaline cartilage, 

fibro-cartilage, and elastic cartilage (Mow et al., 2005). Articular cartilage is the most 

common hyaline cartilage and mainly consists of the organic composite proteoglycan-

collagen matrix and water content. Functionally, articular cartilage provides joints with 

excellent lubrication and wearing characteristics, and maintains a smooth efficient 

force-bearing system for the body. Normal or healthy cartilage looks white, has a 

smooth surface and has an ability to withstand the large load. When there is an external 

load on the joint, articular cartilage deforms (or behaves the variations in dimension and 

hydration) to respond to the tensile, shear, and compressive stresses.  

 

Articular cartilage has been found to be a multi-phasic hydrated mixture mainly 

composed of proteoglycan (PG) (5–10%), collagen (10–20%), and water (60–80%) 

(Mow et al., 2005). According to its structure, articular cartilage can be roughly 

separated into three zones: superficial, middle and deep, occupying approximately 10-

20%, 40-60%, and 30% of the total tissue thickness, respectively (Fig. 1.2). It has been 

found that in the superficial part, collagen fibrils orientate tangentially to the surface, 

randomly in the middle zone, and perpendicularly to the cartilage-bone interface in the 

deep layer (Fig. 1.2c) (Mow et al., 2005). In addition, the changes in the cellular shape 

correspond to the orientation of collagen fibres. Cells are in an elliptic shape in the 

surface zone while the long axis is parallel to the surface. With depth increasing, 

chondrocytes tend to be round. In the deep zone, chondrocytes arrange together in lines 

perpendicular to the cartilage-bone interface (Fig. 1.2a).  
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(a)                            (b)                       (c) 
Fig. 1.2  (a-b) Histology of normal articular cartilage stained with safranin O and fast 

green; (a) The enlarged images at different layers of (b); (c) Schematic of the layered 

structure of articular cartilage (Mow et al., 2005).  

 

 

Moreover, it has been discovered that the inhomogeneous distributions of cartilage 

components are depth-dependent (Mow and Guo, 2002). The collagen content is highest 

in the superficial zone and lower in the middle and deep zone. The fibrils at the surface 

zone play a structurally important role in limiting the swelling behavior of cartilage 

(Setton et al., 1998). The PGs composed of a core protein bonded with 

glycosaminoglycan (GAG) chains, enmesh in collagen network. They are highly 

distributed in the middle layer. Collagen network and PGs construct the solid matrix of 

articular cartilage. The interactions between these macromolecules significantly 

contribute to the complex mechanism of articular cartilage. The amount and the spatial 

distribution of the interstitial water in the cartilage layer depend largely on the following 

three factors: the PG concentration and the correspondingly induced swelling pressure, 

the orientation of collagen network, and the biomechanical properties of the matrix 

(Mow et al., 2005). Therefore, its distribution is also non-uniform along the depth 

direction (Mow and Guo, 2002; Shapiro et al., 2001; Torzilli et al., 1990). The 
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interstitial water makes the collagen-PG matrix swollen and being a strong solid matrix 

(Mankin et al., 2000). Since water can diffuse freely between the tissue and the bathing 

solution, exudation and imbibition of the interstitial fluid (i.e. shrinkage and swelling of 

cartilage) play an important role while the load is applied on and removed from the 

tissue (Lai et al., 1991; Maroudas, 1976a). Because articular cartilage has no blood 

vessels, the fluid component also provides a transition path for nutrients and waste 

products (Mow and Hung, 2001). The degree of hydration of articular cartilage becomes 

an index of the balance between the total swelling pressure and the strong tensile force 

within collagen network (Mankin et al., 2000; Maroudas, 1976a). The increasing water 

content causes an increase in the permeability and a decrease in the strength and 

stiffness of the matrix. More detailed review on articular cartilage will be introduced in 

Chapter 2.  

 

1.1.2 Swelling behavior of articular cartilage 

Swelling, an electrochemical mechanical coupling phenomenon of articular cartilage, 

arises from the interactions between the fixed negative charges on the PGs and the 

mobile ions (Lai et al., 1991; Maroudas, 1976a). Mainly, two force resources give rise 

to the swelling pressure within cartilage (Lai et al., 1991; Mow et al., 2005). One is the 

ion imbalance which creates a substantial pressure in the interstitium higher than the 

ambient pressure in the bathing solution. This part of swelling pressure is known as the 

Donnan osmotic pressure. The other is the charge-to-charge repulse force known as the 

chemical-expansion pressure. This pre-swollen state under biological conditions (Setton 

et al., 1998; Wang et al., 2002) plays a significant role in the biomechanical behavior of 

articular cartilage (Maroudas, 1976a; Narmoneva et al., 1999) and protects joints from 
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heavy loading (Mankin et al., 2000). With the increasing concentration of the external 

bathing solution, the difference between the internal and external ion concentration 

decreases and thus the overall swelling pressure is reduced (Lai et al., 1991; Maroudas, 

1979). Therefore, the tissue merged in the hypertonic solution (2 M saline) is regarded 

as the reference configuration of zero swelling pressure (Eisenberg and Grodzinsky, 

1985; Narmoneva et al., 1999).  

 

In the physiological condition, normal cartilage does not show any swelling behavior 

due to the balance between the collagen tension and the swelling pressure (Eisenberg 

and Grodzinsky, 1985; Lai et al., 1991; Maroudas, 1976a; Maroudas et al., 1986). 

Therefore, swelling of cartilage is sensitive to the damage of collagen fibrils (Setton et 

al., 1994; Zhu et al., 1993). The changes in the swelling behavior of articular cartilage 

reflect the changes in the proteoglycan concentration, fixed charge density (FCD), water 

volume fraction, and the intrinsic mechanical properties of the cartilage solid matrix 

(Eisenberg and Grodzinsky, 1985, 1987; Flahiff et al., 2002; Lai et al., 1991; Maroudas, 

1976a; Mow and Guo, 2002; Narmoneva et al., 1999). The triphasic model regarded as 

an electrochemomechanical swelling theory provides a more accurate description of the 

tissue composition and the thermodynamic foundation and the potential complex 

mechanical chemical electrokinetic mechanism for cartilage swelling, deformation, and 

viscoelasticity (Lai et al., 1991).  

 

1.1.3 Degeneration of articular cartilage and osteoarthritis 

Proper functions of articular cartilage, however, can be only maintained when the tissue 

retains its normal structure and composition. Factors such as aging, wear and tear, 
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excessive weight-bearing stress, a sudden knee injury, and genetic factors affecting 

collagen and PG formation may give rise to cartilage degeneration. Untreated injuries 

will lead to further degeneration, and even result in osteoarthritis (OA). Since OA is 

induced by cartilage damage, not by inflammation, OA is generally regarded as “wear-

and-tear arthritis” different from rheumarthritis. 

 

 “Osteoarthritis is a group of overlapping distinct diseases, which may have 

different etiologies but with similar biologic, morphologic, and clinical outcomes. The 

disease processes not only affect the articular cartilage, but involve the entire joint, 

including the subchondral bone, ligaments, capsule, synovial membrane, and 

periarticular muscles…” 

 

The above determination of OA (Flores and Hochberg, 2003) demonstrates that OA is a 

symptom-complex musculoskeletal disease. It is noted that the degeneration of articular 

cartilage occurs in the early stage of OA and is a base for the further damage of other 

components in the joint. Clinically, a longtime knee pain, limitation in joint movement 

and age (> 38) are selected as diagnosis criteria (Flores and Hochberg, 2003). However, 

the late-stage damages including cartilage depletion (Fig. 1.3), bone exposition, knee 

pain and joint immobility cannot be reconverted. The severe OA increasingly costs a 

huge amount of financial expense and affects the life quality of people. OA has been 

regarded worldwide as one of the most common forms of musculoskeletal disease, 

which ranks fourth and eighth in health problems for female and male (Murray and 

Lopez, 1996). Nonpharmacological treatment and drug therapy cost high, e.g. the most 

cost-effective hip or knee replacement operation will be a cost per DALY (disability-

adjusted life year) of more than US$4800 (Brooks, 2003). A recent research indicated 

that osteoarthritis cost $989 annually and ranked second in 1-year disease-specific costs 
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(Fenter et al., 2006). Although many researchers have made plenty of efforts, the 

definitive resolution still awaits further research. Therefore, it is quite important to find 

an assessment method of early OA.  

 

 
Fig. 1.3 Arthroscopic view of normal and damaged articular cartilage 

(www.pt.ntu.edu.tw). 

 

 

There are many previous studies putting efforts on the investigations on the cartilage 

degeneration to avoid the severe OA and to save the huge amount of financial expenses. 

The increase of tissue hydration, the loss of PGs, and the damage of collagen fibrils are 

indicated to be the earliest signs of cartilage degeneration during OA (Armstrong and 

Mow, 1982; Martini, 2004; Torzilli et al., 1990). The PGs of the OA tissue tend to be 

much less aggregated and more easily extracted, and the collagens tend to be 

disorganized (Mow and Hung, 2001). The quantification of these swelling effects on 

articular cartilage can be used to characterize the degenerative changes associated with 

OA in early studies using water-gain weighting (Maroudas, 1976a) and optical 
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microscopy method (Narmoneva et al., 1999), and recent studies using MRI (Calvo et 

al., 2004) and finite element modeling (Wilson et al., 2004). 

 

1.1.4 Significance of the study 

First of all, various types of ultrasonic information including A-mode signals, M-mode 

images, and B-mode biomicroscopic images could be provided using the focused high-

frequency ultrasound to monitor the transient inhomogeneous swelling behavior and 

progressive degeneration of articular cartilage in situ. Secondly, the ultrasonic transient 

deformation mapping could probe what happens inside the cartilage tissue during 

swelling in a real-time non-contact and non-destructive way. Thirdly, the proposed 

transient ultrasonic monitoring of enzyme digestion provided a method for the dynamic 

quantification of tissue degeneration. Furthermore, the study analyzed not only the 

swelling behavior of articular cartilage but also the acoustic parameters such as 

reflection coefficient, frequency spectrum and attenuation and thus provided more 

comprehensive information for cartilage assessment. Finally, the results of this study 

could be a foundation for further research on articular cartilage and the studies of other 

biological tissues, as well as biomaterials of which the transient and inhomogeneous 

properties are concerned. 

 

1.2 Objectives of the Study 

Many methods including water-weighting, optical, mechanical, and MRI and their 

combined approaches have been employed to investigate the swelling behavior of 

articular cartilage in the literatures. However, these methods have their own limitations 
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in quantification of swelling behavior of articular cartilage, which will be discussed in 

details in Chapter 2.  

 

The primary objective of this study is to develop an ultrasound swelling measurement 

system (USMS) to explore the transient inhomogeneous swelling of articular cartilage 

in situ. This system can provide a non-contact, non-destructive method to real-time 

display A-mode ultrasound signals, M-mode images and B-Mode biomicroscopic 

images. It is expected that this ultrasound system can provide reliable quantitative 

information of the osmosis-induced swelling behavior of articular cartilage, including 

the swelling strain, shrinkage strain, hydration strain, as well as the acoustic coefficients 

of ultrasound attenuation, backscatter, and reflection, etc.  

 

The second objective is to provide a novel method to monitor and evaluate the 

progressive degeneration of articular cartilage during the trypsin digestion. In this study, 

the experimental OA was induced via enzyme digestion and the ultrasound system was 

used to detect the progressive degeneration and swelling behavior of the degenerated 

cartilage. The parametric analysis was performed in comparison with that of the normal 

samples.  

 

The third objective of this study is to establish an improved layered triphasic model to 

extract the aggregate modulus (Ha) and the free swelling strain pattern of full-thickness 

cartilage based on the ultrasound-measured data.  
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1.3 Outline of the Dissertation 

Following the introduction chapter, Chapter 2 begins with a review of previous studies 

on the relationship between the mechanical properties and the complex compositions 

and structure of articular cartilage. The origin and contribution of swelling behavior of 

articular cartilage is then introduced and followed by a detailed review of the various 

methods of measuring the mechanical, acoustic, swelling or combined properties of 

articular cartilage. The effects of OA on the mechano-acoustic properties and swelling 

behavior of articular cartilage are reviewed in this chapter.  

 

In Chapter 3, the methodology of this study is systematically introduced. Following 

specimen preparation, the 3D USMS set-up for the experiments is presented. Feasibility 

studies were performed to prove the reliability and validity of this novel approach in the 

measurement of swelling behavior of articular cartilage. Then, the experimental 

protocols for the ultrasonic characterizations of the transient and inhomogeneous 

swelling behavior of articular cartilage are described in details. Experimental OA model 

was induced by enzyme digestion in this study. The real-time dynamic degeneration 

progress was monitored using the USMS. Microscopic, histological, biochemical and 

acoustic analyses for both the normal and degenerated samples were performed. The 

theoretical bi-layered triphasic model was built up. Finally, the related data processing 

and data analysis are included.  

 

Chapter 4 presents the results of the experimental studies and modeling analysis. 

According to the methodology chapter, the results of feasibility test, ultrasonic 
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characterization of swelling, acoustic parameters and modeling prediction are reported 

one by one.  

 

In Chapter 5, systematic discussions on the experiment set-ups and the results are 

provided. The results of this study are compared with the results of related previous 

studies and the possible explanations for our findings are given. Meanwhile, the 

limitations of the methods are discussed and further improvements are suggested.  

 

Chapter 6 summarizes the findings of this study and the potentials of using this 

ultrasound system in other research fields. Suggestions on future research directions are 

highlighted.  
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CHAPTER 2  LITERATURE REVIEW 

 

2.1 Articular Cartilage 

Articular cartilage covers the articulating bony ends in diarthrodial joints to reduce the 

load on the bone and provide a frictionless and smooth surface for movement 

lubrication. Without it, it is hard to imagine how the skeleton can bear the weight of the 

body and conduct the movement. Proper functions, however, can work only if the 

cartilage tissue retains its normal structure. It has been found that the exact composition 

and structure of articular cartilage depend greatly on anatomy location, depth, and age, 

as well as the pathological state of the tissue (Fung, 1993; Mow et al., 2005; Mow and 

Hung, 2001). The complex hydrated-charged nature and magic functions of articular 

cartilage have attracted tremendous research interests.  

 

2.1.1 Composition, structure and mechanical properties  

Chondrocytes, PGs, collagens and water are the major components of articular cartilage. 

Their distributions depend on depth and consequently they consist of the layered 

structure of articular cartilage. The composition-structure-function relationship 

determines the mechanical properties of articular cartilage. 

 

2.1.1.1 Composition 

Chondrocytes and Extracellular Matrix 

Articular cartilage can be regarded to consist of chondrocytes and extracellular matrix 

(ECM) (Mow et al., 2005). ECM (95% of the total wet weight) is primarily composed 

of water, collagen fibres, PGs, and other minor components, such as growth factors, 
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lipids, enzymes and adhesives (Mow et al., 2005). Chondrocytes occupy a small 

proportion of the total volume. However, the cells are important in the control of matrix 

turnover throughout production of collagens, PGs, and enzymes for cartilage 

metabolism. Previous studies seemed to ignore their contributions on the mechanical 

properties of articular cartilage. In recent years, the relationship between chondrocytes 

and their ambient environment has become a focused research area. Wang et al. (2002) 

observed the environment of chondrocytes under a compressive force and osmotic 

loading using microscopy. They found the depth-dependent inhomogeneity of stiffness, 

strain and FCD of the intrinsic tissue. Using micropipette aspiration, Alexopoulos et al. 

(2005) found that the mechanical properties of cell-perimatrix were similar to ECM 

while Guilak and Mow (2000) obtained a contrary result that the stress and strain of 

cell-perimatrix were obviously higher than those of ECM using a multi-scale biphasic 

finite element model. 

 

Proteoglycan and Collagen 

PGs are enmeshed and reinforced by a network of collagen fibres. The cartilage matrix 

mainly consists of these two components and is swollen with water (Mow et al., 2005). 

PGs are bio-macromolecules, produced by chondrocytes and secreted into the matrix, 

with a half-life period of three months. A single PG aggrecan molecule consists of a 

protein core to which numerous GAG chains are bounded by sugar bonds. The 

aggregating PGs are strongly electronegative. These negatively charged groups (SO3
- 

and COO-) are quantified as the fixed charge density (FCD) (Lai et al., 1991; Maroudas, 

1976a). They contribute to the origin of articular cartilage swelling mechanism, as 

discussed in section 2.2. The size, structural rigidity, and complicated molecular 
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conformation of PGs contribute to the electrochemical mechanical behaviour of 

articular cartilage (Mow et al., 2005). It was discovered that the mechanical parameters 

of the PG-degraded tissue including shear modulus (Zhu et al., 1993), compressive 

modulus (Qin et al., 2002; Zheng et al., 2001) and swelling modulus (Flahiff et al., 2004; 

Narmoneva et al., 2001) greatly reduced but the superficial swelling strain increased 

(Flahiff et al., 2004; Narmoneva et al., 2001). 

  

Collagen fibres contribute to the mechanical properties of articular cartilage, i.e. provide 

the stiffness and the elastic energy storage capability (Zhu et al., 1993). The fibrils like a 

network and horizontally spread in the superficial part of the tissue. In the middle zone, 

collagen fibres are randomly arranged with a lower density but attached with the high 

concentration of PGs. Collagen fibres at the deep zone are bundled together, orientated 

vertically to the interface between the cartilage and the calcified cartilage, and tightly 

attached to the underlying bone tissue (Hunziker et al., 1997; Mow and Hung, 2001). 

This zone distributes loads and resists compression. Therefore, the depth-dependent 

orientation of collagen fibres is greatly responsible for the mechanical properties of 

articular cartilage. 

 

Interstitial water 

Generally, articular cartilage, a hydrated tissue, contains more water than other 

cartilages (Martini, 2004). The interstitial water distributes non-uniformly and plays an 

important role in controlling the mechanical behaviour of articular cartilage. The fluid 

contributes to allow the deformation via shifting in and out of the tissue in response to 

stress. It has been demonstrated that the decrease or increase of water content has an 
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effect on the permeability, strength, stiffness and Young’s modulus. When the water 

content of the OA cartilage increases, the permeability increases. In contrast, the 

strength, stiffness (LeRoux et al., 2000; Lyyra et al., 1999) and modulus (Flahiff et al., 

2004; Laasanen et al., 2003a; Narmoneva et al., 2002; Qin et al., 2002; Saarakkala et al., 

2003; Toyras et al., 1999; Zheng et al., 2001) of the OA cartilage were all found to 

decline.  

 

 
Fig. 2.1 Ultra-scale diagram of the charged-hydrated soft tissue equilibrated with NaCl 

solution (Lai et al., 1991). 

 

Mobile Ions 

In the ultrastructural view, mobile ions are dissolved in the interstitial water and can 

freely move with the interstitial fluid by convection or shift through the interstitial fluid 

by diffusion. A part of cations is attracted by the fixed negative charges on the PGs, 

creating a substantial Donnan osmotic pressure, one of the causes of the cartilage 

swelling (Fig. 2.1) (Lai et al., 1991). Since Myers et al. (1984) proposed the ionic 

strains of the continuum theory, ions have been regarded as the third phase of articular 

cartilage in the triphasic theory in addition to solid and fluid phases (Lai et al., 1991). In 
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1997, a quadriphasic theory, an extension of the triphasic theory, proposed that the ion 

phase could be divided into two independent phases, i.e. cation phase and anion phase 

(Huyghe and Janssen, 1997). However, this theory has not been widely applied.          

 

2.1.1.2 Layered structure 

The cartilage tissue can be roughly divided into three layers, i.e., surface, middle, and 

deep layer (Fig. 1.2c). Each layer contributes the individual role to the properties of 

intact articular cartilage. 

 

Surface layer (or superficial zone) 

The surface layer is the thinnest layer but forms a smooth surface for articular cartilage. 

In this layer, PG content is lower but collagen and water contents are highest (Mow et 

al., 2005; Shapiro et al., 2001; Wang et al., 2002). Collagen fibres are horizontally 

arranged to form a dense network. Therefore, the surface layer can resist the shear stress 

during the joint motions (Mow and Guo, 2002) and limit the swelling stress (Eisenberg 

and Grodzinsky 1985; Lai et al., 1991; Maroudas 1976a; Maroudas et al., 1986).  

 

Middle layer (or transitional zone)  

The middle layer occupies more than half of the whole cartilage layer. It plays an 

important role in mechanical function (transform the shearing forces to the compressive 

forces) and swelling behavior due to the orientation of collagen fibres and the highest 

PG content (Mow et al., 2005; Narmoneva et al., 2001).  
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Deep layer (or radial zone) 

The deep layer occupies approximately one third of full thickness and contains a high 

content of collagen and PGs but a low content of water. It has been found that this layer 

is stiffer than the upper two layers (Chen et al., 2001; Narmoneva et al., 2001), probably 

because collagens are packed to bundles and a calcified cartilage zone is formed 

beneath the deep layer. Its stiffness ranges between the stiffness of the cartilage and the 

bone (Mente and Lewis, 1994). It provides a tight junction between the cartilage layer 

and the bone tissue and thus resists the stresses (Hunziker et al., 1997). Therefore, it has 

been demonstrated that there is a difference between the ex situ behaviors and properties 

and the in situ ones (Mow and Schoonbeck, 1984; Setton et al., 1998; Skaggs et al., 

1994). 

 

2.1.1.3 Inhomogeneity and anisotropy of mechanical properties 

Based on the layered composition-structure-function relationship, the mechanical 

properties (including tension, compression, shear, viscoelasticity, and swelling) of 

articular cartilage are inhomogeneous, depth-dependent and anisotropy. The zonal 

variations of the mechanical properties of articular cartilage have been measured in 

tension (Guilak et al., 1994; Roth and Mow, 1980; Verteramo and Seedhom, 2004; Woo 

et al., 1976) and in compression (Chen et al., 2001; Setton et al., 1994) using carefully 

excised tissue slides at different depths. It should be noted that the overall integrity of 

articular cartilage could not be protected during these measurements. The 

nonhomogeneous deformation distribution within the full-thickness cartilage layer was 

theoretically predicted (Mow et al., 1980; Wang et al., 2001). In the 1990’s, the 

inhomogeneity of the mechanical properties of articular cartilage was directly measured 
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using a confocal microscope (Guilak et al., 1995) and a video microscope (Schigagl et 

al., 1996, 1997). A new optical method was developed for the investigation of the 

nonuniform strain distribution within the cartilage layer during free-swelling induced by 

varying the concentration of the bathing saline solution (Narmoneva et al., 1999, 2001). 

Their results demonstrated that the strain distribution of cartilage was significantly 

depth-dependent. However, the strain map was measured along one side of the excised 

specimen in the optical methods. It is not clear whether the depth-dependent material 

properties of articular cartilage obtained in such a ‘destructive’ way would be the same 

as those in its natural intact state. Associated with compression or indentation, 

ultrasound has been used to facilitate the direct measurement of the depth-dependent 

mechanical properties of articular cartilage, such as the transient Poisson’s ratio (Fortin 

et al., 2000), and the compressive strain (Zheng et al., 2002). Cohn et al. (1997a, 1997b) 

extended the elastography technique (Ophir et al., 1991, 1999) to an elastic ultrasound 

microscope system. A 2D ultrasound elastomicroscopy system was developed to map 

deformations of articular cartilage (Zheng et al., 2004b). During the recent years, the 

inhomogeneous swelling of cartilage was investigated using osmotic loading combined 

with optical imaging (Narmovena et al., 1999) and ultrasound (Wang and Zheng, 2006; 

Wang et al., 2006; Zheng et al., 2006a). 

 

2.1.2 Degeneration of articular cartilage and osteoarthritis  

2.1.2.1 Spontaneous osteoarthritis changes  

Generally, the normal functions of articular cartilage can last for decades. However, 

factors including aging, cumulative wear and tear, constant pounding of joints, 

overwork, excessively weight-bearing stress, and genetic factors may result in the 
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damage of articular cartilage. If the progressive pathological changes start, untreated 

injuries may lead to OA with symptoms such as the loss of the cartilage tissue and even 

worse the exposition of the bone across the joint causing pain, swelling, immobility, and 

finally the loss of the joint functions.  

 

At present, it is clearly indicated that the macromolecular degradation catalyzed by 

proteolytic enzymes happened at the early- and mid-stages of cartilage degeneration 

(Sandy, 2003). The component-level changes including the increase of tissue hydration, 

the loss of PGs, and the damage of collagen fibres are indicated to be the earliest signs 

of cartilage degeneration during OA (Armstrong and Mow, 1982; Martini, 2004; Sandy, 

2003; Torzilli et al., 1990). Moreover, the swelling behavior of articular cartilage may 

also serve as an indicator of OA because the damage of collagen network and the 

resultant decrease of PGs result in the alteration of cartilage swelling (Bank et al., 2000). 

However, the early signs are not easily detected. 

 

The spontaneously degenerated human articular cartilage is relatively difficult to obtain 

and the degeneration level is not easy to control. In addition, little information on the 

progressive degeneration can be provided. Animal model of spontaneous OA has 

significant utility for OA study due to its similarities to the human disease. Generally, 

there are two typical methods to experimentally induce the pathological changes. One is 

enzyme digestion and the other is surgery. The experimental methods will be reviewed 

in the following section. 
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2.1.2.2 Experiment-induced cartilage degeneration  

The proper proteinases have been experimentally applied in the animal model of OA. A 

recent research suggested that the early stage of OA pathogenesis was characterized by 

a series of proteinase-involved tissue destruction (Sandy, 2003). The macromolecular 

degradations are catalyzed by proteinases. The OA-like cartilage can be obtained using 

digestion by enzymes to deplete one or two components in articular cartilage. Trypsin 

and chondroinase ABC are widely used to digest the PGs although trypsin has been 

reported to cleave a minor amount of collagen (Harris et al., 1972). Collagenase is used 

to damage collagen fibres. Table 2.1 lists the enzymes used in previous studies. Using 

histological evaluation, the PG depletion could be quantified using safranin O and fast 

green staining (Kiviranta et al., 1987; Leung et al., 1999; Rosenberg, 1971). It was 

found that the area fraction of safranin O staining decreased rapidly in the first half hour 

of trypsin digestion with a concentration of 0.25% (Qin et al., 2002). The changes in 

collagen fibrils could be observed using scanning electron microscope (SEM) (Laasanen 

et al., 2005; Saarakkala et al., 2004) or polarized light microscope (Arokoski et al., 1996; 

Cherin et al., 2001; Kiraly et al., 1997; Nieminen et al., 2002). 
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Table 2.1 List of various enzymes used in the literatures for the degeneration of articular 

cartilage.  

Authors 
(Year) 

Specimen  Enzyme Protocol Digested 
composition 

Parametric measurement 

Bank et al. 
(2000) 

Human femoral 
cartilage (f=6mm) 

0.5mg/500ml 
a-chymotrypsin

37˚C  
12 hours 

Collagen  Instantaneous deformation; 
Swelling increased. 

Basser et al. 
(1998) 

Human femoral 
cartilage (middle 
layer, f=7mm) 

1mg/ml 
trypsin 

room 
temperature

5 hours 

PG PG loss did not affect stiffness 
of collagen network. 

DiSilvestro 
and Suh 
(2002) 

Bovine patellar 
articular cartilage 

plug 

0.25%  
trypsin 

37˚C 
15 minutes 

PG Biphasic proviscoelastic 
parameters: E and n decreased, 

but k increased. 
Hattori et al. 

(2005a) 
Pig cartilage 

(f=5mm) 
30U/ml 

collagenase 
37˚C  

1, 2, 4, 8, 16, 
and 24 hours

Collagen  Magnitude of echo decreased; 
Aggregate modulus decreased

Joiner et al. 
(2001) 

Human and bovine 
articular cartilage 

(f=3mm, h=1.5mm) 

0.3%  
papain 

37˚C  
 12 hours 

PG 
 

Sound speed decreased; 
Attenuation increased. 

30U/ml 
collagenase 

37˚C  
 48 hours  

Collagen 

50μ g/ml  
trypsin 

37˚C 
 24 hours 

PG 

Lyyra et al. 
(1999) 

Bovine patellar 
articular cartilage 

plug 

0.1U/ml 
chondroitinase 

ABC 

37˚C  
24 or 48 

hours 

PG 

Stiffness decreased;  
Related to PG depletion in 

surface layer. 

30U/ml 
collagenase  

37˚C  
6 hours 

 

Collagen  
 
 

Reflection coefficient 
decreased;  

Attenuation decreased; 
Speed decreased. 

Nieminen et 
al. (2002) 

Cylindrical bovine 
cartilage-bone 

specimen (f=9mm) 

200μ g/ml 
(0.02%) 
trypsin 

37˚C  
 4 hours 

PG Reflection coefficient 
decreased; 

Attenuation increased; 
Speed decreased. 

Pellaumail 
et al. (2002) 

Rat patellar articular 
cartilage 

1000U/ml 
hyaluronidase

37˚C  
6 hours  

 

PG AIB and IRC: no significant 
difference between control and 

degenerated specimens.  
Qin et al. 

(2002) 
Cylindrical bovine 

cartilage-bone 
specimen (f=3mm) 

0.25%  
trypsin 

0.5, 1, and 3 
hours 

PG Percentage area with safranin 
O staining reduced with 

digestion time. 
30U/ml 

collagenase  
37˚C  

 44 hours  
Collagen  

 
Reflection coefficient 

decreased; Surface roughness 
increased. 

1mg/ml 
trypsin 

37˚C  
1, 1.5, or 4 

hours 

PG 

Saarakkala 
et al. (2004); 
Laasanen et 
al. (2002, 
2003b); 

Toyras et al. 
(2002) 

Bovine cartilage-
bone plug (f=16mm; 
f=4mm; f=9mm) 

0.1U/ml 
chondroitinase 

ABC 

37˚C  
44 hours 

PG 

Reflection coefficient 
decreased; The relationship 

between reflection coefficient 
and creep rate and between 
dynamic and equilibrium 
modulus were reported. 

Suh et al. 
(2001) 

Bovine patellar 
articular cartilage 
(1cmμ1cmμ1cm) 

1mg/ml 
trypsin 

37˚C 
 20 minutes

PG Sound speed decreased. 

Zheng et al. 
(2004a) 

Cylindrical bovine 
cartilage-bone sample 

(f=6.35mm) 

1mg/ml 
trypsin 

20˚C  
 6 hours 

PG Swelling of cartilage 
decreased; The trypsin front in 

the tissue was detected. 
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Many experimental models of the degenerated tissue have been obtained using external 

operations, including repetitive loading, surgical damage of ligaments or menisci, and 

intra-articular drug injection. These models evolve chronically (a few of weeks) to 

induce OA lesions in vivo by a surgery, such as transection of the anterior cruciate 

ligament (ACL) and  meniscectomy (Batiste et al., 2004; Calvo et al., 2004; Laurent et 

al., 2006; Song et al., 2006). Joint immobilization is another method to induce the 

degeneration in the cartilage tissue (Narmoneva et al., 2002). These methods usually 

cause a change in joint mechanics, which consequently leads to an alteration of the 

loading on articular cartilage. Murphy et al. (1999) revealed that surgical model 

produced only mild pathology. Acute cartilage damage is often induced by intra-

articular injection of chemical reagents and biological mediators, such as mono-iodo-

acetic acid (MIA) or papain (Cherin et al., 1998; Laurent et al., 2003; Saied et al., 1997) 

and collagenase (Hattori et al., 2005a).  

 

Animal models, such as rat, rabbit, canine, pig, and bovine model, are able to 

conveniently provide a control on time course, an access to cartilage tissue, and a 

quantification assessment using various techniques. They contribute to the investigation 

of the insights of the pathology of OA. However, since OA is a complex disease, it is 

not expected that a single model could mimic all aspects of the human OA.  

 

2.2 Swelling Behavior of Articular Cartilage 

2.2.1 Origins of swelling 

As a result of the physicochemical forces, swelling is often defined as the ability of 

articular cartilage to alter (gain or lose) in dimension, weight and hydration when an 
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osmotic loading exerts on the tissue (Mankin et al., 2000). During the past three decades, 

the mechanism of swelling and the development of methods to quantify swelling have 

been of great interests. 

 

The swelling behavior of articular cartilage is considered as an electrochemical 

mechanical coupling phenomenon of cartilage (Lai et al., 1991). This interesting 

electrochemomechanical phenomenon is attributed to the interactions between the fixed 

negative charges and mobile ions. Two force resources give rise to a swelling pressure 

within articular cartilage (Lai et al., 1991; Mow et al., 2005). One is the imbalance of 

ions caused by the fixed negative charges, which attract counter-ions to create a 

substantial pressure in the interstitium higher than the ambient pressure in the bathing 

solution. This part of swelling pressure is known as the Donnan osmotic pressure (p), 

which is related to the fixed charge density ( ) and the electrolyte concentration ( ) 

of the external bathing solution and thereby can be adjusted by the ion concentration of 

the bathing solution. The other is the charge-to-charge repulse force generated by the 

charged groups fixed on the PGs, known as the chemical-expansion pressure. This 

swelling pressure balances with the collagen tension, so no swelling behavior can be 

detected under normal conditions (Eisenberg and Grodzinsky, 1985; Lai et al., 1991; 

Maroudas, 1976a; Maroudas et al., 1986). The pre-swollen state of articular cartilage 

plays an essential role in the biomechanical functions (Setton et al., 1998; Wang et al., 

2002). When external forces are exerted on articular cartilage, the swollen cartilage 

carries forces like a cushion (Mankin et al., 2000).  

Fc *c
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When the cartilage tissue is bathed in a hypertonic salt solution (with a high 

concentration of salt ions), the difference of the ion concentration between the cartilage 

matrix and the bathing solution decreases. In other words, the Donnan osmotic pressure 

reduced. As a result, the tissue shrinks and loses water. In contrast, when the cartilage 

tissue is bathed in a hypotonic salt solution (with a low concentration of salt ions), the 

difference of the ion concentration increases. The tissue swells and gains water. The 

variations in dimension and hydration can be measured during these procedures (Lai et 

al., 1991; Mow et al., 2005; Myers et al., 1984; Sun et al., 1999). It has been reported 

that the swelling strain distribution is inhomogeneous throughout the thickness of 

articular cartilage (Lai et al., 1991; Maroudas 1976a, 1976b; Narmoneva et al., 1999, 

Wang et al., 2002; Wang and Zheng, 2006). Moreover, it is noted that the effects of 

osmotic loading within the ECM are different from the effects the practical mechanical 

loading conditions achieved in the laboratory (Mow et al., 1999). Therefore, the study 

on cartilage swelling induced by osmotic loading is useful to provide the insight 

understanding of articular cartilage.  

 

2.2.2 Swelling behavior 

Osmosis-induced swelling  

Osmotic loading technique by varying the concentration of the bathing saline solution is 

a simple and useful method to induce and investigate mechanical-combined swelling 

(Eisenberg and Grodzinsky, 1985, 1987; Grodzinsky et al., 1981; Guilak et al., 1994; 

Mow and Schoonbeck, 1984; Myers et al., 1984; Wang et al., 2002) and free-swelling 

behaviour of articular cartilage (Narmoneva et al., 1999, 2001; Setton et al., 1998; 

Wang and Zheng, 2006). Generally, the concentration of NaCl solution is altered 

 24



Chapter 2                                                                                                 Literature Review 

between 2 M, 0.15 M, and 0.015 M. The solution containing 0.15 M NaCl is regarded 

as physiological saline; the 0.015 M NaCl solution as hypotonic solution and the 2 M 

saline as hypertonic solution. In the early studies, the water gains of different zones of 

articular cartilage were weighted to indirectly qualify the swelling behavior while the ex 

situ samples were at equilibrium in saline solutions with different concentrations 

(Maroudas, 1976a; Maroudas et al., 1986; Mow and Schoonbeck, 1984). In addition, 

integrated with tension and compression, the isometric swelling phenomena of cartilage 

strips with a fixed length were examined by changing the bathing ionic concentration 

(Eisenberg and Grodzinsky, 1985, 1987; Grodzinsky et al., 1981; Guilak et al., 1994; 

Mow and Schoonbeck, 1984). Recently, the equilibrium swelling strain of the full-

thickness cartilage was optically measured (Narmoneva et al., 1999) and the transient 

swelling and shrinkage strains were obtained using ultrasound (Wang and Zheng, 2006). 

 

To study swelling, the state equilibrating in 2 M NaCl solution is usually regarded as 

the reference configuration of zero swelling pressure (Eisenberg and Grodzinsky, 1985; 

Narmoneva et al., 1999). The reference inhomogeneous distribution of water volume 

fraction  and PG-associated negative FCD ( ) are generally required by the 

estimation of swelling pressure (Lai et al., 1991).  can be measured by calculating 

the wet and dry weight of cartilage slices (Flahiff et al., 2002; Narmoneva et al., 1999, 

2001, 2002) or by MRI (Shapiro et al., 2001).  can be determined by a compression 

microscopy method (Wang et al., 2002) and the DMMB dye-binding assay (Narmoneva 

et al., 1999). 

w
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Intrinsic inhomogeneity  

The intrinsic inhomogeneity of the swelling behaviour is determined by the 

heterogeneous composition and micro-structural organization of the cartilage tissue. 

Since the early 1980’s, it has been discovered that the cartilage tissue dimensionally 

swells when the concentration of the external solution is changed. In Myer’s study 

(1984), the dimensional swelling measured by stereomicroscope and tension device 

showed that the osmosis-induced contractions of the superficial, middle and deep zone 

varied and the largest contraction occurred at the deep zone of the cartilage layer. It is 

suggested that the gradient of swelling pressure from the surface to the deep well 

protects articular cartilage from fatigue (Maroudas, 1976a). However, the cartilage layer 

had to be cut into slices in the previous studies and thereby lost the integrity of the full-

thickness cartilage layer.  

 

Recently, with the decrease of the ion concentration of the bathing solution, the matrix-

dependent anisotropy of the residual swelling of the ex-situ intact cartilage layer was 

studied by evaluating the changes in curvature, stretch and area (Setton et al., 1998). 

The non-uniformity of the swelling strains at different zones was also optically 

observed in 2D swelling-induced residual strains at the cut surface of the cartilage-bone 

samples (Narmoneva et al., 1999, 2001). The finding that the deep zone had 

compressive strains while the middle and superficial zones had the tensile strains 

(Narmoneva et al., 1999) may be explained by the constraint of collagen network in the 

surface layer and the support of the subchondral bone layer. When articular cartilage 

was degenerated, the OA cartilage showed a more obviously inhomogeneous change in 

hydration and swelling strain (Maroudas, 1976a; Narmoneva et al., 2001). However, 
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many previous studies only investigated the equilibrated swelling of articular cartilage, 

and thus failed to address its transient inhomogeneity. 

 

2.2.3 Theoretical models 

Since the 1970’s, a variety of analytical or numerical models, from the linear elasticity 

models to multi-phasic models, have been established to describe the mechanical 

properties of articular cartilage. With the deeper understanding of the composition and 

structure of articular cartilage, the models have been challenged and improved. 

Currently, the biomechanical properties of articular cartilage have been well understood 

using biphasic theory. And the triphasic models can reasonably describe the 

electrochemomechanism of cartilage swelling. To provide a clear review, the summary 

of the models and their limitations is presented in Table 2.2. Among various theories, 

biphasic theory and triphasic theory have been widely accepted and applied in studies 

on articular cartilage.  

 

Articular cartilage has been viewed as a biphasic material, composed of solid phase 

(PG-collagen matrix) and fluid phase (water and the dissolved ions) (Mow et al., 1980). 

The biphasic mixture theory has been applied in various experimental and theoretical 

studies (reviewed by Mow et al., 2005; Mow and Guo, 2002). In view of the porosity 

and viscoelasticity of articular cartilage, the biphasic poroviscoelastic model of articular 

cartilage was proposed (Disilvestro and Suh, 2002; Mak, 1986; Mak et al., 1987). 

Although the assumption of the homogeneous tissue could be accepted for the 

measurement of the aggregate modulus Ha, the parameters such as strain, stress, and 

pressure inside the inhomogeneous tissues obviously differ from those of homogeneous 
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materials. The possible reason is that the biphasic pressure does not include the FCD 

(osmotic) effects (Mow et al., 1998).  

 

Table 2.2  Summary of different theoretical models of articular cartilage. 

Features Authors 
(Year) 

Model 
Solid Matrix Fluid Flow Ions 

Limitations 

Hayes et 
al. (1972) 

Linearly elastic Linearly elastic, 
isotropic, and 
homogeneous 

material 

/ / Unable to describe the 
time-dependent behaviors 
such as creep and stress-

relaxation behaviors. 
Viscoelastic 
solid matrix 

 

/ / Hayes and 
Bodine 
(1978) 
Parsons 

and Black 
(1977) 

Viscoelastic 
 

Creep and stress-relaxation behaviors 

Unable to describe the 
effects of interstitial fluid.

Incompressible, 
nondissipative 
PG-collagen 
solid matrix 

Incompressible, 
nondissipative 
interstitial fluid 

/ Mow et al. 
(1980) 

Biphasic  

Elastic stress 
fluid pressure  

Solid matrix is linearly 
elastic, homogeneous, and 

isotropic; 
Did not include the FCD 

(osmotic) effects. 

Mak 
(1986) 

Biphasic 
poroviscoelastic  

(same as above)
Viscoelastic in 
shear and bulk 

(same as 
above) 

/ Solid matrix is linearly 
elastic in bulk 

deformation; Did not 
include the FCD effects. 

Myers et 
al. (1984) 

Thermoelastic 
analogy  

(same as Mow’s 
model) 

(same as 
above) 

Ion-induced 
strain 

Ions were not modeled as 
a dependent phase. 

(same as above) (same as 
above) 

Ion phase of 
cations and 

anions 

Lai et al. 
(1991) 

Triphasic  
 

Donnan equilibrium ion distributions, the dimensional 
swelling effects, Donnan osmotic pressures, and 
kinetics of swelling.  

The PG-collagen  solid 
matrix was assumed to be 

homogeneous; a 
homogeneous distribution 
of FCD; uniform modulus 

and Poisson’s ratio.  

Huyghe 
and 

Janssen 
(1997) 

Quadriphasic (same as above) (same as 
above) 

Divited into two 
mono-valent ion 
phases: cation 

(+) and anion (-). 

Assumed that deformation 
is incompressible and 

isothermal; The mixture as 
a whole is assumed locally 

electroneutral. 
Gu et al. 
(1998) 

Multi-
electrolytes 

mixture theory 
(n+2 model) 

Charged solid 
phase 

Non-charged 
solvent phase

n ion species Only increase the number 
of species. 

 

Triphasic theory models articular cartilage as triphasic material, composed of solid 

phase (PG-collagen matrix), fluid phase (water) and ion phase (Lai et al., 1991). Taking 
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into account the ion concentration and the electrical potential effects, triphasic theory 

provides the thermodynamic foundation and the complex mechanical chemical 

electrokinetic mechanism for cartilage swelling, deformation, and viscoelasticity. 

Therefore, triphasic theory can describe the electrochemomechanism of swelling more 

comprehensively than any other former theories. Using this theory, Narmoneva et al. 

(2001) and Flahiff et al. (2002) developed the triphasic theoretical formulation of 

articular cartilage in a free-swelling configuration to determine the stiffness at different 

layers and the thickness-averaged uniaxial modulus which ranges from several to over 

20 MPa. A recent study established a micro-scale (molecular-level) triphasic model 

using finite element modeling to describe the electric field of the chondrocytes and their 

vicinity while a macro-scale model is used to describe the cartilage layer (Wang et al., 

2002). This method may offer a way to better understand the intrinsic properties of 

articular cartilage at multi-scale.  

 

By changing the salt concentration of the bathing solution, a combination of 

electrostatic forces and hydration forces may lead to osmosis-induced swelling or 

shrinking deformations of articular cartilage (Lai et al., 1991). It has been found that 

hydration forces are a dominant swelling factor in the mineral porous media (Huyghe 

and Janssen, 1997). The flow-dependent and flow-independent viscoelastic behaviors, 

swelling behaviors, and electrokinetic behaviors of the charged-hydrated soft tissues 

have been well described using the triphasic theory (Lai et al., 1991; Mow et al., 1998, 

2005; Sun et al., 1999). However, with reviewing of the investigations of the 

interactions between FCD and the physiochemical properties of articular cartilage, the 

equivalence of mechanical loading and osmotic pressure in the triphasic theory was 
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highly restrictive (Mow et al., 1999). One of the limitations of triphasic theory for soft 

hydrated tissue (e.g. cartilage) is the neglect of the electrical flux, geometric non-

linearity and hydration forces (Huyghe and Janssen, 1997; Lai et al., 1991). Although 

many studies have been conducted, some theories are overlapped or even contradictory. 

Therefore, further research is needed. 

 

In Lai’s model (1991), the cartilage solid matrix was assumed to have homogeneous 

elastic material properties with uniform aggregate modulus Ha and Poisson’s ratio ns. 

However, the multilayered structure and the non-uniform distribution of components 

determine the inhomogeneous material properties of articular cartilage. Narmoneva et al. 

(2001) developed a partial inhomogeneous bi-layered triphasic model to predict the 

non-uniform material properties of the normal and degenerated tissues.  

 

 

2.3 Evaluation Techniques for Articular Cartilage 

2.3.1 Mechanical methods 

Since articular cartilage is a weight-bearing tissue, its mechanical properties have been 

the original interest in the research area of articular cartilage. Tension, compression and 

shear tests have been usually designed to study the species- and location-dependence 

(site-dependence) (Laasanen et al., 2003a; Lyyra et al., 1999; Treppo et al., 2000) and 

inhomogeneity and anisotropy (refer to section 2.1.1.3). Fig. 2.2 shows schematics of 

the experiment set-up of the unconfined and confined compression, indentation, and 

tension tests. The unconfined and confined compression and tension are suitable for the 

in-vitro testing because the cartilage sample must be removed from the anatomical 
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location. Indentation using an indenter to compress the tissue can be applied for in-vivo 

testing.  

   

Porous filter         PA 

Bathing 
solution 

Rigid, impermeable bony substrate 

Cartilage 
sample 

Bathing 
solution

Porous filter         PA 

Rigid, impermeable loading platen 

Cartilage 
sample 

(a) (b) 

         

F 

Cartilage sample 

l

Continuous supply of 
solution 

Articular 
cartilage 

 PA 

Porous indenter 

Subchondral bone

(c)                                                            (d) 
Fig. 2.2 Schematics of (a) confined compression configuration, (b) unconfined 

compression, (c) indentation (Mow and Guo, 2002), and (d) tension (Myers et al., 1984). 

 
 
Ultrasound techniques combined with compression and indentation have recently been 

applied to measure the mechanical properties, such as modulus, Poisson’s ratio, and the 

creep rate (Cherin et al., 2001; Fortin et al., 2003; Joiner et al., 2001; Suh et al., 2001; 

Toyras et al., 1999; Zheng et al., 2001, 2002, 2004b). A recent study introduced an 

ultrasonic indentation method using water flow as an indenter (Lu et al., 2005). The 

ultrasound pulses penetrate the tissue from the lateral side or along the depth direction. 

However, ultrasound indentation has seldom been used in the swelling tests. The 

swelling behavior of articular cartilage has been tested using tension and the osmotic 

loading by the change of the concentration of the external bathing solution (Guilak et al., 

1994; Myers et al., 1984) (Fig. 2.2d). The swelling-induced deformation can be 
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measured using the sensors. The relationship between the electromechanical stress and 

the ion concentration was investigated during swelling process in tension (Grodzinsky 

et al., 1981; Guilak et al., 1994). However, these aforementioned mechanical-swelling 

methods can only measure the restricted swelling of articular cartilage, which may lose 

some characteristics of the in-situ or in-vivo cartilage swelling. Swelling induced by the 

osmotic loading instead of external forces is called as free swelling, which has been 

investigated using ultrasound, optical imaging, etc.  

 

2.3.2 Ultrasound techniques 

Ultrasound technique provides a noninvasive visualization of articular cartilage. Not 

only traditional A-mode, B-mode, and M-mode signals have been widely used in the 

research on articular cartilage, but ultrasound biomicroscopic (UBM) image with a high 

resolution reaching the order of micrometer has been applied (Cherin et al., 2001; Foster 

et al., 2000; Laasanen et al., 2006; Saarakkala et al., 2006; Saied and Laugier, 2004; 

Toyras et al., 2002; Wang and Zheng, 2005; Zheng et al., 2004b). 

 

2.3.2.1 Free swelling 

Ultrasound techniques have been mainly applied in studies on both acoustic and 

mechanical characterizations of cartilage in last two decades, which are described in 

details in next section. Tepic et al. (1983) first probed the hydration process of the 

dehydrated cartilage using ultrasound. Our previous study with a small number of 

specimens has demonstrated that it is feasible to use high-frequency ultrasound to 

monitor the transient behavior of articular cartilage during the free swelling or shrinkage 

process induced by the concentration change of the bathing saline solution as well as the 
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progressive enzyme digestion (Zheng et al., 2004a). In our recent study, the quantitative 

ultrasonic characteristics of the transient changes of normal bovine patellar cartilage 

under the osmotic loading were introduced (Wang and Zheng, 2006). In comparison 

with water-gain weighting and optical imaging, ultrasound can provide the transient and 

depth-dependent swelling of the intact cartilage tissue in situ. However, not enough 

effort has been made in this research field. 

 

2.3.2.2 Acoustic properties of articular cartilage 

Ultrasound is defined as sound with a frequency above the upper limit of normal human 

hearing, typically 20 KHz (Meire and Farrant, 1995). Medical ultrasound is sound with 

a frequency ranging from 2 MHz to 100 MHz. Generally, high frequency ultrasound 

applied in clinical practice has a frequency of more than 7.5 MHz. In comparison with 

low frequency ultrasound, high frequency ultrasound has a higher resolution, but a less 

propagation depth in tissues. For example, 40 MHz ultrasound can only propagate 

several millimeter (Kremkau, 1998). Since the thickness of bovine patellar cartilage is 

approximately 1.5 mm, high frequency ultrasound can be applied. 

 

The acoustic parameters (including sound speed, attenuation coefficient, reflection 

coefficient, backscatter coefficient, etc.) additionally provide more comprehensive 

information for cartilage assessment. During the last decade, ultrasound has been widely 

used in studies on articular cartilage from small and/or large animal models (such as rat, 

canine, porcine and bovine) to human subjects. Table 2.3 lists a summary of ultrasound 

methods applied in the literatures in the last two decades.  
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Table 2.3  Studies on articular cartilage using ultrasound in the last two decades. 

Authors 
(Year) 

Mode Frequency 
(MHz) 

Specimens Parameters 

Adam et al. 
(1998)  

A 12.5 Human knee cartilage (2-5 
mm) 

Accuracy and 
reproducibility of 

thickness measurement
Agemura et 
al. (1990) 

A; 
Laser 

100 Bovine articular cartilage (f = 
2 mm; and slices (patellar 

groove) 

Attenuation 
coefficient; sound 

speed at different depth 
and orientation 

Cherin et al. 
(1998, 
2001); 

Pellaumail 
et al. (2002); 
Saied et al. 

(1997) 

A, B 50; 
55 

Rat patellae cartilage (with 
aging/aged or 

immature/mature) 

Reflection, backscatter 
coefficients; thickness 

Disler et al. 
(2000 ) 

B 5-12 Porcine and human knee 
articular cartilage 

Accuracy and 
reliability of grading 

defects 
Forster et al. 

(1990) 
A 25 Dog skin Attenuation coefficient

Fortin et al. 
(2003) 

A 
Unconfined 
compression 

50  
(focused) 

Human humeral head cartilage 
(f=1.65mm, h=1.00mm) 

Dynamic deformation; 
Poisson’s ratio 

Hattori et al. 
(2004, 

2005a,b); 
Kuroki et al. 

(2004) 

A 10 Human articular cartilage; 
pig and rabbit cartilage 

Echo magnitude and 
duration 

Joiner et al. 
(2001) 

A 30 Human and bovine articular 
cartilage (f=3mm, h=1.5mm) 

Sound speed; 
attenuation coefficient

Jurvelin et 
al. (1995) 

A 10 Canine and bovine knee 
articular cartilage 

(10mmμ10mmμ5mm) 

Thickness 

Laasanen et 
al. (2002, 

2003a) 

A 10.5 Bovine knee joint (patello-
femoral groove, medial 

femoral condyle, and medial 
tibial plateau, f=4mm) 

Reflection and 
dynamic modulus 

Lefebvre et 
al. (1998) 

B 
3D 

50 Rat knee patellar articular 
cartilage 

3D ultrasonic 
reconstruction 

Nieminen et 
al. (2002)  

A 29.4 
(focused) 

Bovine patellar cartilage 
(f=9mm) 

Attenuation and 
reflection coefficients 

Patil et al. 
(2004); 

Zheng et al. 
(2006b) 

A 50 
(focused) 

Bovine patellar cartilage Depth- and 
concentration-

dependent ultrasound 
speed  

Saarakkala 
et al. (2004, 

2006); 
Laasanen et 
al. (2006) 

B 20  
(focused) 

Bovine patellar cartilage;  
Porcine femoral cartilage 

Reflection coefficient 

Senzig et al. 
(1992) 

A 25 Bovine femur articular 
cartilage (f=4mm)  

Attenuation coefficient
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Table 2.3 continued 

Authors 
(Year) 

Mode Frequency 
(MHz) 

Specimens Acoustic parameters 

Suh et al. 
(2001) 

A 10 Bovine patellar cartilage 
(1cmμ1cmμ1cm) 

ultrasound speed; 
accuracy of thickness 

measurement 
Toyras et al. 
(1999,2002) 

A or B, C D, 
F, M 

22 Bovine patellar cartilage 
(f=6mm) 

Reflection coefficient; 
ultrasound speed  

Toyras et al. 
(2003); 

 

Saarakkala 
et al. (2003) 

A 
indentation 

10.5 Bovine knee joint (different 
anatomical locations, f=4mm)  

Ultrasound speed; 
thickness; dynamic 
modulus; Young’s 

modulus 
Wang and 

Zheng 
(2005) 

A, UBM  40 
(focused) 

 

Bovine patellar cartilage 
(f=6.35mm) 

Swelling strains; 
Ultrasound 

biomicroscopy imaging
Wang and 

Zheng, 
(2006); 

Zheng et al. 
(2004a) 

A, M 50 
(focused) 

 

Bovine patellar cartilage 
(f=6.35mm) 

Shrinkage and swelling 
strains; 

Progressive 
degeneration of 

articular cartilage 
Zheng et al. 

(2004b, 
2006a) 

A, UBM; 
Confined 

compression 

50 
(focused) 

Bovine patellar cartilage 
(f=6.35mm, with a thin bone 

layer); mouse skin 

Elastomicroscopy of 
displacement and 

strains 
Zheng et al. 
(2001, 2002, 

2005)  

A, M; 
Confined 

compression 

50 
(focused) 

Bovine patellar cartilage 
(f=6.35mm, with a thin bone 

layer) 

Depth-dependent 
strains; Equilibrium 

compression modulus; 
transient deformation 

Ultrasound speed in cartilage 

Ultrasound speed is an important parameter in the quantitative measurement of articular 

cartilage. However, it depends on many factors, such as temperature, density of the 

medium, intensity of pressure, etc. Some studies on articular cartilage assumed 

ultrasound speed as different constants (Fortin et al., 2003; Joiner et al., 2001; Jurvelin 

et al., 1995; Laasanen et al., 2003a; Modest et al., 1989; Myers et al., 1995; Toyras et al., 

2002; Zheng et al., 2001, 2002), which ranged from 1654 to 1765 m/s. Other studies 

found the inhomogeneity of ultrasound speed in articular cartilage (Agemura et al., 1990; 

Patil et al., 2004; Yao and Seedhom, 1999) and doubted the validity of results measured 

using ultrasound (Lee and Bouffard, 2001; Yao and Seedhom, 1999). The uncertainty of 

ultrasound speed in the tissue is still in controversy. However, ultrasound techniques 
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have been widely used in research on articular cartilage and demonstrated to be 

acceptable (Adam et al., 1998; Disler et al., 2000; Jurvelin et al., 1995; Laasanen et al., 

2002; Mann, 2001; Modest et al., 1989; Wang and Zheng, 2006). Moreover, Nieminen 

et al. (2002) believed that a constant ultrasound speed could be accepted in the 

measurement of the cartilage thickness based on their results that there was a mild 

difference in the averaged sound speed in the full-thickness cartilage.  

 

Ultrasound measurement of cartilage thickness 

The thickness of cartilage layer is an important index for assessing OA since thinning of 

the cartilage layer is one of signs of OA. Generally, the thickness measured using 

ultrasound is calculated by the equation, 2/Tch ×= , where c is the speed of ultrasound 

in articular cartilage, T is the flight time of ultrasound echoes for a round trip in the 

tissue. The possible variation in ultrasound speed may affect the ultrasonic 

measurement of cartilage thickness. In current, since the variation of ultrasound speed is 

acceptable, ultrasound has been used in measuring the thickness of the cartilage layer. 

Many previous studies demonstrated that ultrasound techniques in vitro provided highly 

accurate and reproducible measurements of the cartilage thickness (Adam et al., 1998; 

Disler et al., 2000; Jurvelin et al., 1995; Mann, 2001; Modest et at., 1989). Deformation 

of the tissue induced by compression or osmosis loading was measured using ultrasound 

(Wang and Zheng, 2006; Zheng et al., 2002, 2004a). 

 

Attenuation coefficient 

Ultrasound attenuation describes the propagation property of ultrasound in medium. In 

the normal cartilage, attenuation is frequency-dependent (Agemura et al., 1990; Joiner 
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et al., 2001; Nieminen et al., 2002; Senzig et al., 1992; Wells, 1993). Integrated 

attenuation values of approximately 2.8-6.5 dB/mm for bovine cartilage have been 

measured in the frequency range of 10-40 MHz (Senzig et al., 1992), while the mean 

values ranged from 9.79 to 11.49 dB/mm at the frequency range of 18.8-40.0 MHz 

(Nieminen et al., 2002) and the values of approximately 100 dB/mm were reported at 

100 MHz (Agemura et al., 1990). It was revealed that ultrasound attenuation positively 

correlated with compressive stiffness (Jurvelin et al., 1995) and was strongest under 

high stresses during joint motion (Senzig et al., 1992). Agemura et al (1990) found that 

attenuation coefficient significantly increased when the collagen intermolecular cross-

links were cleaved.  

 

 Reflection coefficient 

Reflection coefficient may be regarded as a quantitative analysis parameter assessing 

the acoustic energy level reflected from the interfaces (ranging from -21 to -24dB, 

measured by Cherin et al., 1998, 2001). It has been found that ultrasound reflection 

coefficient of the cartilage surface is site-dependent in indentation test (Laasanen et al., 

2003a) and specifically sensitive to the degeneration of collagen network (Laasanen et 

al., 2002; Nieminen et al., 2002; Toyras et al., 1999). However, no association was 

proposed between the reflection coefficient and GAG concentration (Laasanen et al., 

2003a). In the view of cartilage structure, collagen fibres arranged parallel to the surface 

to form a network seem to play a significant role in reflection.  
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Backscatter coefficient  

Backscatter coefficient is another important parameter for quantifying the level of 

acoustic energy backscattered by the internal structure and composition of articular 

cartilage (Cherin et al., 1998, 2001; Pellaumail et al., 2002). It was revealed that 

collagen fibrils played a more important role in ultrasound backscattering properties 

than PGs. The changes in backscatter reflect changes in shape, size, and/or density of 

the scatters in the tissue, which are related to the changes in the constituent 

concentration and the orientation of the matrix. 

 

Relationship between acoustic and mechanical properties 

Both acoustic and mechanical properties of articular cartilage are dependent on the 

composition and structure of the tissue. It was found that dynamic modulus was 

positively correlated with PG concentration while reflection coefficient correlated with 

collagen concentration (Laasanen et al., 2003a). The relationship between acoustic and 

mechanical properties has been used to assess the composition-level cartilage 

degeneration using ultrasound indentation as shown in Fig. 2.3 (Toyras et al., 1999, 

2002). In recent years, new indexes have been developed to evaluate the cartilage tissue. 

A cartilage quality index including modulus, degeneration score and water content was 

proposed and found to negatively correlate with attenuation and ultrasound speed 

(Nieminen et al., 2004). The reflex echogram of ultrasound signals transformed by 

wavelet was used to observe the positive correlation between the maximum magnitude 

and the aggregate modulus (Hattori et al., 2005a). However, there is less investigation 

on the relationship between acoustic and swelling behavior of articular cartilage.   
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Controls

PG degradation 

Collagen 
degradation

Fig. 2.3 Relationship between Young’s modulus and reflection coefficient of normal 

and degenerated cartilage measured using ultrasound (US) indentation (Toyras et al., 

1999). 

 

 

2.3.3 Other techniques 

The conventional clinical approaches, such as x-ray, MRI and B-mode ultrasound 

imaging, only offer a resolution with the order of millimeter. However, these techniques 

have been developed rapidly.  

 

Microscopic optical method 

Aided by computer and high-resolution charge coupled device (CCD) optical system, 

microscopic imaging has been applied to monitor the cross-sectioned cutting surface of 

articular cartilage, so as to extract the non-uniform compressive or free swelling-

induced strains of articular cartilage at equilibrium state (Flahiff et al., 2002, 2004; 

Narmoneva et al., 1999; Schinagl et al., 1996; Setton et al., 1998; Wang et al., 2002). It 

was also found that the compressive modulus of articular cartilage depth-dependently 

increased (Chen et al., 2001; Jurvelin et al., 1997; Laasanen et al., 2003b; Wang et al., 

2003). However, these studies had to cut cartilage into several sub-layers and only 
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observed the cutting surface. Properties of the integrated cartilage may not be 

maintained in the excised specimens, making the in vivo or in situ measurement difficult. 

To the best of our knowledge, few in situ studies have been reported on the transient 

swelling behavior of articular cartilage induced by changing the concentration of the 

bathing saline solution.  

 

Optical coherence tomography (OCT) 

Optical coherence tomography (OCT) was first applied in ophthalmology (Fujimoto et 

al., 1995; Puliafito et al., 1995). With an observation of small animal model, OCT has 

been proved to have potentials in monitoring the microstructural anatomy and features 

of OA in comparison with histological assessment (Adams et al., 2006; Patel et al., 

2005). To achieve in vivo assessment of tissues, the endoscopic OCT facilitated an 

interstitial imaging for the gastrointestinal and respiratory tracts, the vascular system, 

and joints (Tearney and Brezinski, 1997). In addition, OCT was applied to measure the 

displacement of the cartilage surface induced by an external electric field (Youn et al., 

2004). However, few studies have been performed on the swelling behavior of articular 

cartilage.  

 

MRI and m-MRI (Micro-MRI) 

MRI is a powerful tool for assessing joint abnormalities. One advantage is that MRI is 

capable of directly and non-destructively visualizing the components of joints 

simultaneously. Therefore, MRI is easy to evaluate the pathological change or 

anatomical abnormality of articular cartilage in small animal model such as rat and 

rabbit. The other advantage is that it can provide a panorama view of the knee joint. It 
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well evaluates cartilage thinning and space narrowing. With the recent developments of 

MRI technique, MRI has been applied to detect early cartilage degeneration of articular 

cartilage (Batiste et al., 2004; Jaremko et al., 2006; Laurent et al., 2006; Nissi et al., 

2004; Wheaton et al., 2004). Parameters such as magnetization transfer rate, T1 and T2, 

were used as indexes for assessing the scale of OA (Koff et al., 2005; Laurent et al., 

2006; Nieminen et al., 2000). However, one difficult issue for MRI is to be an imaging 

modality for the measurement of the cartilage stiffness (Nieminen et al., 2000). The 

other issue is its high cost to monitor the transient change of the tissue. Therefore, the 

swelling behavior of articular cartilage has seldom been studied using MRI.  

 

m-MRI provides a relatively high resolution at the macromolecular level for 

morphologic analysis of articular cartilage (Batiste et al., 2004; Beuf, 2004). However, 

the resolution of m-MRI seems still not sufficient for good evaluation of the micro-

structural changes of articular cartilage. 

 

CT and m-CT ( Micro-CT ) 

It has been well known that CT， similar to the conventional x-ray radiography, 

provides superior details for the bone and calcified tissues. Although m-CT is improved 

in resolution and has an ability to show the skeletal structure, it is unable to image soft 

tissues such as articular cartilage (Batiste et al., 2004; Berquist, 1997). Therefore, this 

imaging modality is a good evaluation tool for the late-staged OA with the damage or 

osteophyte development of the bone tissue. In a recent study, m-CT has been applied to 

investigate the micro-architectural features of subchondral bone in OA models (Ding, 
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2005). m-MRI and m-CT are potential for assessing OA of the small joints of small 

animal models (Wachsmuth and Engelke, 2004).  

 

Arthroscope or endoscope 

As a transcutaneous approach, arthroscope or endoscope has to invade into the chamber 

of joints. However, this method can provide the most direct information of tissues, 

although this information only comes from the surface of tissues. It plays an important 

role in joint surgery to help doctors observe the condition of the tissue and the progress 

of surgery. Recent studies have applied arthroscope or endoscope associated with 

ultrasound technique to observe acoustic parameters (Hattori et al., 2004) or mechano-

acoustic properties of articular cartilage (Laasanen et al., 2002). In their studies, an 

arthroscopic ultrasound probe with a small size was designed as shown in Fig. 2.4. This 

method could provide not only the video image of joints but also the acoustic and/or 

mechanical information of the cartilage tissues, which are deeply located inside the 

joints and difficultly observed using regular clinical B-mode ultrasound imaging. The 

arthroscopic ultrasound probe tends to be promising for the in-vivo assessment of the 

cartilages (Hattori et al., 2005b). Lyyra et al. (1999) in vivo characterized the 

indentation stiffness of human articular cartilage. However, it seems unsuitable for 

monitoring the free swelling behavior of articular cartilage due to its progressive nature.  

 

Histological evaluation  

Histology, a conventional assessment approach, provides an optical microscopic 

evaluation of the tissue. It can provide microscopic information including the normal 

and degenerated structure and composition. However, to achieve the histological images, 
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the specimen should be removed from the body and processed using the routine tissue 

processing protocols (Kiernan, 2001), which are time-consuming. Special attention 

should be paid during each step (e.g. fixation, decalcification, embedding, sectioning, 

staining) since the operations affect the final staining result (Kiernan, 2001). The 

histological assessment has been applied as a criterion for evaluating the validity of 

other aforementioned methods in the studies on the progressive degeneration of articular 

cartilage (Adams et al., 2006; Hattori et al., 2004; Kuroki et al., 2004; Laasanen et al., 

2006; Laurent et al., 2006; Qin et al., 2002; Saied et al., 1997). 

 

                    
(a)                                                               (b) 

Strain 
gauge 

Bone 

Cartilage 

Fig. 2.4 Two types of arthroscopic ultrasonic probe (a) for acoustic analysis (Hattori et 

al., 2004) and (b) for indentation (Laasanen et al., 2002). 

 

Radiography 

Due to the limitation of differentiating soft tissue, radiography (x-ray) provides less 

information extracted from the cartilage layer. Therefore, radiographic changes of OA 

including narrowing of joint space, osteophytosis (or bony spurs), cartilage loss and 

abnormality of subchondral bone, generally characterize the late stage of OA. However, 

a magnification radiography method was developed and could provide the bone changes 

at the early stage of OA (Buckland-Wright and Bradshaw, 1989). At present, 
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radiographic criteria remain as an assistant evaluation to confirm OA diagnosis 

(Buckland-Wright, 2004).  

 

In a summary, various imaging methods applied in the assessment of articular cartilage 

and OA have their individual advantages and disadvantages. Standard radiography (x-

ray) remains the primary imaging method for the joint abnormalities. It is believed to be 

the most economic and direct way to show the fracture and loss of bones and cartilage. 

However, it is not sensitive to the early stage of the pathological changes of soft tissues. 

MRI and m-MRI offer a precise panorama image of the knee joint and thus potentially 

visualize and analyze the quantification of the degeneration of bone and soft tissues. 

However, the knees with metallic implants are forbidden from MRI examination. 

Moreover, obese patients are unsuitable to be examined with MRI, and the examination 

takes long time. CT and m-CT can detect fine calcifications but lack information for soft 

tissues. MRI and CT are both expensive. Ultrasound has been applied to detect the 

abnormalities of the knee joint and even articular cartilage. UBM imaging could provide 

a microscopic image of articular cartilage. However, the accuracy and reliability of 

ultrasonic measurement remain in controversy. Arthroscopy permits direct observation 

of tissues inside of the joint capsule, but only for the surface morphological information. 

Optical methods are low-cost but the loss of integrity of articular cartilage is a limitation. 

From a technique view, OCT is similar to ultrasound. They both can provide an intra-

tissular image of the intact tissue. But the light is easily scattered and attenuated by the 

tissue. It has been noted that whichever OCT or ultrasound combines with arthroscopy 

can improve the images at the price of losing their non-invasive feature to monitor 

articular cartilage in joint chamber in vivo.  
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2.4 Effects of Osteoarthritis on Mechano-Acoustic Properties  

This section provides a literature review on the effects of OA changes (including 

composition loss, structure change, and aging) on mechano-acoustic properties of 

articular cartilage.  

 

2.4.1 Effects on swelling behavior  

During OA, the degeneration of articular cartilage occurs in the early stage, including 

PG depletion, water increase, and collagen damage (Maroudas 1976a; Mow et al., 2005). 

These changes affect the swelling behavior of articular cartilage (Flahiff et al., 2004; 

Narmoneva et al., 2002; Wang and Zheng, 2004). Triphasic theories demonstrate that 

cartilage swelling is related to FCD and PG content (Lai et al., 1991). Using MRI, 

Calvo et al. (2004) reported that there was a correlation between the swelling (increment 

of cartilage thickness) and the PG depletion and the cell loss. Meanwhile, the OA 

cartilage contains a considerable increase of water content and the swelling strains of 

the superficial zone increase (Narmoneva et al., 2001, 2002). Using ultrasound, it was 

monitored that the amplitude of the transient cartilage swelling reduced after trypsin 

digestion in comparison with normal cartilage (Zheng et al., 2004a). 

 

However, it is also well known that collagen network limits the swelling behavior 

(Eisenberg and Grodzinsky, 1985; Lai et al., 1991; Maroudas, 1976a; Maroudas et al., 

1986). Bank et al. (2000) reported that the increased swelling of the full-depth OA 

cartilage seemed to be related to the amount of degraded collagen molecules, instead of 

FCD or PGs, probably because the osmotic pressure gradient increased the water 
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absorption when the restraining force of collagen network was impaired. Other studies 

also demonstrated that collagen damages gave rise to the increase of osmosis-induced 

swelling strains (Flahiff et al., 2004) and transient dehydration-induced swelling strain 

(Wang and Zheng, 2004), and the nonlinearity of the swelling strains was caused by the 

collagen fibres (Tepic et al., 1983). Therefore, the integrity of the collagen network is 

important to resist the swelling pressures in the cartilage tissue. 

 

Due to the complexity of the properties of articular cartilage, comprehensive research 

on this aspect is still expected. With respect to the OA tissue, the quantification for the 

period of hydration, the speed of the water permeability, and the progressive 

degeneration are needed. Therefore, more efforts should be put into this research area.   

 

2.4.2 Effects on acoustic properties 

Since the acoustic parameters contain rich information of the tissue and thereby reflect 

the changes in composition and structure, many effects have been made to investigate 

the changes of the acoustic properties of the OA or OA-like articular cartilage (Table 

2.3). 

 

Ultrasound speed 

The mean values of ultrasound speed in the bovine or human cartilage measured by 

previous studies ranged from 1622 m/s to 1765 m/s (Agemuran et al., 1990; Myers et al., 

1995; Nieminen et al., 2002; Toyras et al., 1999). It has been reported that sound speed 

in the PG-depleted tissue decreased. Suh et al. (2001) obtained a sound speed of 1735 ± 

35 m/s in the normal cartilage and 1598 ± 28 m/s in the PG-depleted cartilage. It was 
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found that the sound speed in the trypsin-digested tissue or OA cartilage decreased 

approximately 7 m/s in comparison with that in the control samples (Myers et al., 1995; 

Nieminen et al., 2002). Meanwhile, collagen network affects sound speed in articular 

cartilage in a same pattern, i.e. sound speed decreases with collagen loss (Laasanen et 

al., 2002; Nieminen et al., 2002; Toyras et al., 1999). Some investigators believed that a 

constant ultrasound speed in both normal and degenerated cartilage tissues could be 

accepted in the measurement of the cartilage thickness based on their results that there 

was mild difference in the average sound speed in the full-thickness cartilage (Nieminen 

et al., 2002). However, it has been well known that the inhomogeneity and anisotropy of 

composition and structure (refer to subsection 2.1.1) determine the non-constant sound 

speed in articular cartilage. Therefore, the determination of sound speed in the tissue has 

been a concerned issue or a limitation for ultrasound measurement.  

 

Attenuation coefficient 

Attenuation coefficient is an index presenting the response of the tissue to ultrasound 

wave and must be changed by the OA or experimentally induced degeneration of 

articular cartilage. A significant increase in the attenuation coefficient was discovered 

during trypsin digestion (Nieminen et al., 2002). This finding consisted with Joiner’s 

study (2001), which reported that the mean attenuation coefficient increased 30% and 

20% for the papain-digested bovine and human cartilages with a loss of PGs, 

respectively, but was different from the earlier study of Toyras et al. (1999), which 

demonstrated that there was no insignificant increase in attenuation after chondroitinase 

ABC digestion. In addition, for collagen-digested cartilage samples, a statistically 

insignificant decrease was found in Nieminen’s study (2002), but a statistically 
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insignificant increase in Toyras’ study (1999). The difference of the previous results 

may be caused by different enzymes and measurement methods. Although the 

frequency-dependent attenuation in articular cartilage may be sensitive to experimental 

modification of the PG-collagen matrix, the roles of PGs and collagens in ultrasound 

attenuation have not been quite clearly characterized.  

 

Reflection coefficient  

Previous studies demonstrated that reflection coefficient was more sensitive to the 

collagen degeneration (Lyyra et al., 1999; Nieminen et al., 2002). Nieminen et al. (2002) 

found that collagenase digestion caused a significant decrease in ultrasound reflection 

coefficient from the cartilage surface. Cherin et al. (1998, 2001) demonstrated that 

reflection variation caused by OA degeneration indicated a change in acoustical 

impedance of the superficial layer of articular cartilage, which was linked to the change 

in constituent content of collagen fibres. However, the effect of PGs on reflection 

coefficient has been in controversy. Nieminen et al. (2002) reported that reflection 

coefficient significantly positively linearly correlated with the uronic acid concentration 

or PG content. Meanwhile, Laasanen et al. (2003a) proposed that the reflection 

coefficient was not associated with GAG concentration. In addition, reflection was also 

associated with water content (Saarakkala et al., 2003). Generally, it has been proved 

that this index is primarily determined by the composition and micro-architecture of the 

tissue, especially of the superficial zone (Pellaumail et al., 2002). But it was noted that 

enzymatic degeneration did not significantly change reflection while reflection at the 

surface of the spontaneously repaired tissue was significantly lower than the normal 

cartilage tissue (Laasanen et al., 2006). 
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2.4.3 Effects on mechanical properties 

 Many previous studies investigated the alterations of mechanical properties after 

articular cartilage was degraded. It was revealed that modulus of the damaged PG-

collagen matrix decreased (an averaged 48% decrease from the normal value of 21 MPa, 

Narmoneva et al., 2002; gradually reduced from 10.1 MPa, Flahiff et al., 2004; ~ 10% 

reduction from 13.8 MPa, Laasanen et al., 2003a). Using ultrasound indentation 

technique, the combination of Young’s modulus with reflection was applied to diagnose 

health cartilage from the degenerated cartilage and meanwhile to distinguish collagen 

damage from PG depletion (Fig. 2.3) (Saarakkala et al., 2003; Toyras et al., 1999). 

Meanwhile, Laasanen et al. (2003b) suggested the measurements of dynamic and 

equilibrium modulus could also be applied to diagnose the component degradation 

because the dynamic and equilibrium properties were determined by collagen fibres and 

PGs, respectively. In compression test, the equilibrium compressive moduli of the PG-

degraded cartilage specimens were significantly lower that those of normal cartilage 

(Qin et al., 2002; Zheng et al., 2001), and a similar result was obtained for the surgery-

induced OA cartilage with a depletion of PG content (LeRoux et al., 2000). In addition, 

cartilage stiffness decreased while PGs or collagen fibrils in the superficial zone were 

digested (Laasanen et al., 2002; LeRoux et al., 2000; Lyyra et al., 1999; Nieminen et al., 

2002). Furthermore, it was found that there was a direct correlation between the shear 

modulus and the orientation of collagen fibres in the superficial zone of articular 

cartilage (LeRoux et al., 2000). And it was found that the creep rate significantly 

increased after trypsin treatment (Laasanen et al., 2002; Nieminen et al., 2002). A brief 
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review of the mechanical changes of the degenerated cartilage measured using 

ultrasound was listed in Table 2.3.   

 

2.4.4 Relationship between mechano-acoustic properties and aging 

It is well known that OA is regarded as an age-related disease with a high prevalence in 

the elderly. Using animal model, it was found that there was no lesion in the articular 

cartilage of the knee for young adult rat, but with the increase of age the lesions became 

more severe (Smale et al., 1995). Previous studies have demonstrated that PG content 

decreases with growth and, in contrast, collagen content increases with maturation 

(Cherin et al., 2001). Because of the component- and structure-dependence of the 

mechanical and acoustic properties aforementioned, age-related changes in the 

composition and morphology of articular cartilage affect the mechanical and acoustic 

parameters (Cherin et al., 1998, 2001). In animal models, it has been found that both 

instantaneous and equilibrium Poisson’s ratio are significantly higher for adult cartilage 

compared with fetal and young cartilages, and there was a stronger swelling pressure in 

the adult cartilage than in the immature cartilage (Wong et al., 2000). Moreover, the 

thinning of the cartilage thickness of the older people might be a result of aging (Adam 

et al., 1998; Cherin et al., 2001). Observing the rat cartilage model, Cherin et al. (1998) 

found that reflection coefficient remained unchanged with aging while backscatter 

coefficient declined as a function of aging.   

 

2.5 Summary of Literature Review 

This chapter has reviewed previous studies covering from the basic component-

structure-function knowledge of articular cartilage to the biphasic and triphasic 
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modeling theories, from the compression, tension and indention properties to acoustic 

parametric extraction, and from the weighting gain method, the optical method to MRI, 

OCT, and ultrasound. Based on the broad background, the swelling behavior of articular 

cartilage, as a special, complex and vital property, has been focused on in this PhD 

study. The negative charges on the PGs are the origin of swelling pressure. The 

interaction between PGs and collagen network and water content plays an important 

role in swelling. Changes in composition and structure will lead to the change in the 

swelling behavior of articular cartilage. In comparison with other methods and 

techniques, high frequency ultrasound has more advantages for monitoring and 

quantifying the swelling behavior of articular cartilage. The transient and 

inhomogeneous intra-tissular swelling-shrinkage and hydration behaviors and the 

progressive enzyme-digestion procedure could be displayed by A-mode, M-mode, and 

B-mode ultrasonic modalities in situ and both swelling and acoustic parameters could 

be obtained for assessing articular cartilage.  
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CHAPTER 3  METHODS 

 

This chapter systematically introduces the methodology of this study including 

specimen preparation, the set-up of the ultrasound swelling measurement system 

(USMS), experimental protocols, and data processing and analysis. The main 

experiments (Fig. 3.1) are listed as follows.   

1. Feasibility studies on the validation and repeatability of the USMS; 

2. Dimension-dependence of the swelling behavior using nominal 50 MHz focused 

ultrasound transducer with a beam diameter of 0.1 mm; 

3. Progressive degeneration of the OA-like articular cartilage induced by trypsin 

digestion; 

4. Osmosis-induced swelling and hydration of the normal and degenerated articular 

cartilage measured using the manually controlled 3D USMS; 

5. Extraction of acoustic parameters of articular cartilage; 

6. Prediction of mechanical properties using the bi-layered triphasic model based on 

the ultrasound-measured experimental data; 

7. The shrinkage-swelling behavior monitored using the motor-controlled 3D USMS. 
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Fig. 3.1 Block diagram of the contents of this study. 

 

3.1 Specimen Preparation  

Fresh mature bovine patellae without obvious lesions were obtained within 6 hours of 

slaughter and stored at -20°C until further specimen preparation. The intact patella was 

excised into four parts (Fig 3.2) using a band saw machine. The four quadrants were 

anatomically named according to the medial or lateral side of the patella, i.e. MU 

(Medial Upper), ML (Medial Lower), LU (Lateral Upper), and LL (Lateral Lower). The 

extra bone tissues were cut off to make the surface of articular cartilage and the bottom 

of the bone approximately parallel. During specimen preparation, careful attention was 
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paid to keep the surface of articular cartilage undamaged and moist with the 

physiological saline solution. 
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Cartilage 
f = 6.35mm 
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Cartilage-bone specimen 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Schematic of specimen preparation. One patella is excised into four parts: MU 

(Medial Upper), ML (Medial Lower), LU (Lateral Upper), and LL (Lateral Lower). A 

cartilage-bone sample with a diameter of 6.35 mm and a cartilage layer of ~1.5 mm is 

prepared from the MU side. 

 

 

Cartilage-bone plugs with cartilage thickness ranging from 0.8 to 2.7 mm were cored 

out of the flat area of the MU slab (n = 95) using a metal punch with a diameter of 6.35 

mm (Fig. 3.2) (Patil et al., 2004; Wang and Zheng, 2006; Zheng et al., 2001, 2002). 10 

plugs were used for the validity test; 9 for the repeatability test; 20 for the shrinkage-

swelling of normal specimens; 10 for the dimension-dependence test; 10 for the 
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progressive degeneration monitoring; 6 for the pilot study on trypsin digestion; and 30 

for monitoring the shrinkage-swelling before and after trypsin digestions. Specimens 

were wrapped in wet gauze soaked with physiological saline, and stored at -20°C until 

testing. The tested specimen was removed from the -20°C condition to the 3°C 

condition at night before the test day. In the test day, the specimen was removed from 

the refrigerator, put into the physiological saline solution, and thawed for one hour at 

room temperature (21 ± 1ºC) to approach equilibrium (Setton et al., 1998; Wang and 

Zheng, 2006; Zheng et al., 2004a).  

 

It was reported in previous studies that cryopreservation storage and thawing of 

cartilage specimens would not affect the mechanical and acoustic properties of articular 

cartilage (Agemura et al., 1990; Dhillon et al., 2001; D’Astous and Foster, 1986; Kim et 

al., 1995; Kiefer et al., 1989; Kwan et al., 1992).  

 

3.2 Ultrasound Swelling Measurement System (USMS) 

In this study, two non-contact 3D ultrasound systems were established. One was a 

manually controlled 3D USMS, which was designed to monitor the swelling behavior of 

articular cartilage at one observation site using M-mode ultrasound image. The other 

was a motor-controlled 3D USMS, which could monitor cartilage swelling along the 

cross-section of the specimen using UBM B-mode images.  

 

3.2.1 Manually controlled 3D USMS 

As shown in Fig. 3.3, the manually controlled 3D USMS mainly includes an ultrasound 

transducer, an ultrasound pulser/receiver, a 3D translating platform with specimen 

container, and a computer with an 8-bit analog/digital (A/D) converter and custom-
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designed software. It was used to monitor the deformation of cartilage specimen under 

osmotic loading at one observation site in a non-contact and non-destructive way.  

 

An ultrasound pulser/receiver (Model 5601A, Panametrics, Waltham, MA, USA) was 

used to drive a nominal 50 MHz focused broadband polymer (PVDF) ultrasound 

transducer with a focal length of 12.7 mm, a –6 dB focal zone diameter of 0.1 mm and a 

focal zone depth of 0.95 mm (Panametrics, Waltham, MA, USA). The axial and lateral 

resolutions of the focused ultrasound beam were approximately 100 μm and 50 μm, 

respectively. The central frequency of this transducer was 35 MHz, and its –6 dB 

bandwidth ranged from 24 to 46 MHz. Ultrasound waves radiated via the saline solution 

and propagated through the tissue. A-mode ultrasound radiofrequency (RF) signals 

reflected or scattered within articular cartilage were received and amplified by the 

ultrasound pulser/receiver. The bandwidth of the receiver was set to 5 to 75 MHz. The 

maximum gain of the pulser/receiver was used in this study to acquire the sufficient 

amplitude of the ultrasound echoes. The attenuation (unit in dB) of the pulser/receiver 

was set at zero to obtain the saturated RF signals or at a certain dB value to achieve the 

unsaturated RF signals with maximum amplitude. The received ultrasound signals were 

digitized by an 8-bit A/D converter card with a sampling rate of 500 MHz (Model 

CompuScope 82GPCI, Gage, Canada) installed in the computer. The A/D converter was 

triggered by the trigger signal out of the pulser/receiver. The resolution for the flight-

time measurement was 2 ns. Assuming an average ultrasound speed in articular 

cartilage of 1675 m/s (Patil et al., 2004), the corresponding displacement resolution in 

the tissue could approach to approximately 1.7 μm. 
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Fig. 3.3 Experimental set-up of the manually controlled 3D USMS. (a) Overall set-up 

including A: computer with A/D card and signal processing software; B: computer 

monitor displaying the software interface; C: 3D translating platform; D: ultrasound 

pulser/receiver; E: thermo-hygrometer; F: probe thermometer; G: container filled with 

saline solution; and H: ultrasound transducer. (b) An enlarged view for the essential 

components. Specimen is installed on the bottom of the container and immerged in the 

saline solution. (c) A-mode ultrasound echoes were collected from ultrasound 

transducer. 

 
 
In fact, articular cartilage can be divided into 4 zones:  the superficial zone, the middle 

zone, the deep zone and the calcified zone (Mankin et al., 2000). The first three zones 

 57



Chapter 3                                                                                                                Methods 

compose the uncalcified cartilage (Mankin et al., 2000; Mow et al., 2005). The tidemark 

can be considered as the interface between the deep zone and the calcified zone 

(Mankin et al., 2000; Mow et al., 2005). The calcified zone is much stiffer in 

comparison with other zones. In one of the thickness measurement techniques called 

“needle punching”, the reaction force will have a sudden change when the needle tip 

reach the tidemark (Jurvelin et al., 1995). Therefore, the ultrasound reflection from the 

uncalcified-calcified cartilage interface would be very strong because of the large 

impedance mismatch. In comparison with the optical measurement, it was confirmed 

that the second ultrasonic reflection used in the thickness measurement was from the 

tidemark (Jurvelin et al., 1995; Modest et al., 1989). Although it is expected that there is 

another echo comes from the interface between the calcified zone and the subcondral 

bone, it is overlapped with the echo from the uncalcified-calcified cartilage interface. 

This makes it technically difficult to measure the deformation of the calcified region. 

Moreover, since the calcified zone is much stiffer than the cartilage, its deformation 

during the swelling process (involving approximately 1% deformation, Eisenberg and 

Grodzinsky, 1985; Narmoneva et al., 2002; Wang and Zheng, 2006) would be 

negligible. Therefore, the current study focused on the uncalcified cartilage. To simplify 

the description, the “uncalcified-calcified cartilage interface” was presented as the 

“cartilage-bone interface” in this thesis. As shown in Fig. 3.3c, the two large echoes 

along the echo train (the ultrasound scattering signals through the matrix) were reflected 

from the saline-cartilage interface and the cartilage-bone interface, respectively. 

 

 A-mode signals were continuously recorded at a sampling rate of approximately one 

frame per 0.6 second. The ultrasound RF signals were displayed on the monitor in real-
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time and automatically saved into the hard disk for offline data analysis. Meanwhile, the 

M-mode image constructed by A-mode signals (Fig. 3.4) demonstrated the shifts of the 

ultrasound echoes from the cartilage tissues at different depths during the shrinkage and 

swelling processes. The brightness or colour in the M-mode image represents the 

amplitude of the ultrasound RF signals. 
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Fig. 3.4 M-mode image and A-mode signals of cartilage swelling were displayed in 

real-time using the custom-designed program. M-mode image shows the transient 

depth-dependent deformation of the cartilage specimen at the observed site.   

 

During the test, the cartilage-bone plug was fixed on the bottom of the container, 

surrounded by rubber gel (Blu-Tack, Australia), and submerged in the saline solution. 

The outer ring of the surface of the cartilage disc with a width of approximately 0.6 mm 
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was gently covered by the rubber gel. Therefore, the diffusion of ions and water was not 

allowed from the sides of the specimen and the free swelling in the central portion of the 

specimen could be treated as an in-situ condition. A 3D translating platform with 

micrometers (Model R301MMX/2201MMXY, Ball Slide Positioning Stages, Deltron 

Precision Inc.) was designed to align the focused ultrasound beam into the cartilage 

specimen. One low-profile micrometer was attached to the ultrasound transducer in the 

z direction to vertically move the ultrasound beam and the other two were fixed in the x 

and y directions respectively to horizontally translate the specimen. Using this device, 

the ultrasound transducer could be moved to the position over the central portion of the 

cartilage specimen with the focal zone of ultrasound beam located inside the cartilage 

layer to obtain the maximum echo amplitude. The temperature of the bathing solution 

was monitored using a digital thermometer with a stainless steel probe (CheckTemp 1, 

EUROTRONIK, German). The room temperature and humidity were detected using a 

digital thermo-hygrometer (Model #411, OMEGA Engineering Inc., Stamford, CT, 

USA). 

 

A custom-designed program developed in our previous study for the ultrasound 

measurement of motion and elasticity (UMME) of the tissue (Zheng et al., 2001, 2004a) 

was used for data collection, signal processing and display. The program allowed the 

user to select a portion of ultrasound signals by setting tracking windows. A cross-

correlation algorithm (introduced in section 3.8.2) was used to track the shift of the 

selected ultrasound echoes so as to calculate the corresponding time of flight, which 

could be used to obtain the deformation of articular cartilage according to the sound 

speed in the saline or in the cartilage. 
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3.2.2 Motor-controlled 3D USMS 

The motor-controlled 3D USMS allowed the ultrasound transducer scanning along the 

diameter direction to investigate the inner section of cartilage specimen during swelling 

and shrinkage processes in a non-contact and non-destructive way (Fig. 3.5). The same 

computer, A/D card and ultrasound pulser/receiver were used in this motor-controlled 

3D USMS. The 3D translating device (Parker Hannifin Corporation, Irvine, CA, USA) 

consisted of a compumotor controller, stepper-motor, and a 3D translating frame. A 

smaller sized focal ultrasound transducer with a central frequency of 42 MHz, the –6 dB 

bandwidth ranging from 26 to 58 MHz, and a focal length of 12 mm was fixed at the 

end of the mechanical arm. The movement of the arm was controlled by the 

compumotor controller. The position of the transducer was adjusted along the z 

direction to maximize the ultrasound signals reflected from the specimen. The motion 

parameters of the mechanical arm were set using the custom-designed program. And 

then the transducer could automatically translate along the diameter of the specimen in 

the x direction or the y direction to obtain UBM B-mode images. The vertical and 

horizontal precisions of the 3D translating device were up to 1 μm. Fig. 3.5b shows the 

elements of the experimental set-up. The control signals were sent from the computer to 

the motor-controller. The RF ultrasound signals reflected from the cross-section of 

articular cartilage were received and amplified by the pulser/receiver and digitalized by 

the A/D converter. The digitalized signals and images were recorded for further offline 

analysis. 
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Fig. 3.5 Experimental set-up of the motor-controlled 3D USMS. (a) Overall set-up. A: 

computer with A/D card and signal processing software; B: motor controller; C: 3D 

scanning frame; D: ultrasound pulser/receiver; E: platform to support container; F: 

container filled with saline solution; and G: ultrasound transducer. (b) Block graph of 

the motor-controlled 3D USMS.  

 

Ultrasound biomicroscopic image reconstructed by A-mode signals (Fig. 3.6) 

demonstrates the ultrasound echoes from one section of the cartilage tissues at different 

depths during the shrinkage and swelling processes. M-mode image shows the transient 

depth-dependent deformation of the cartilage specimen at one observation site with 

measurement time. One frame of UBM image shows the B-mode image of depth-
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dependent sectional deformation of the cartilage specimen. The brightness or colour in 

the UBM image represents the amplitude of the ultrasound RF signals. 
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Fig. 3.6 UBM image (upper right), M-mode image (upper left) and A-mode RF signals 

(lower) of cartilage shrinkage were displayed in real-time using the custom-designed 

program. The grey levels of the UBM image linearly represent the amplitude of the RF 

signals. 

 

A custom-designed program similar to that mentioned in the last section was used for 

1D and 2D data collection, signal processing and display. A region of interest (ROI) 

could be outlined by a rectangle in the first frame of the UBM image series to analyze 

the distribution of the movement of the interstitial tissue at different depths using 

automatic segmentation and 2D tracking method (Zheng et al., 2004b). 
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3.3 Feasibility Studies of Ultrasound Swelling Measurement 

Previous studies have widely applied ultrasound combined with indentation (Suh et al., 

2001; Toyras et al., 1999) and compression (Fortin et al., 2003; Zheng et al., 2001, 2002) 

to explore the mechanical and acoustic properties of articular cartilage. The preliminary 

ultrasound-monitored results of cartilage swelling were achieved in our previous study 

(Zheng et al., 2004a). In this study, ultrasound as a non-contact novel method was used 

to quantitatively and systematically measure the transient swelling behavior and 

progressive degeneration of articular cartilage. Therefore, validation test and 

repeatability test were performed to evaluate the feasibility of the ultrasound swelling 

measurement.  

 

3.3.1 Validation test 

Ten cartilage-bone specimens were prepared. After thawed, the tested specimen was 

mounted on the bottom of the container and submerged in physiological saline. The 

ultrasound transducer of the manually controlled 3D USMS was first moved up and 

down in the z axial direction using the micrometer to locate the focal point at the surface 

of the cartilage specimen by monitoring the amplitude change of the ultrasound signals. 

This position of the ultrasound transducer was treated as the reference position. The 

ultrasound transducer was moved vertically from -250 μm to 250 μm at a step of 50 μm. 

The ultrasound signals were recorded during the movement procedure (Fig. 3.7).  

 

The time shift (T) of the echo from the cartilage surface was measured using cross-

correlation algorithm. The sound speed in saline was then calculated at each step and 

the results obtained for the ten specimens were averaged. The mean value of the sound 
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speed was represented as cs. The surface displacement (d) of the cartilage was given by 

Eq. 3-1.  

                    
2
Tcd s=                                                                                    (3-1)  

Following the validation test in the physiological saline solution, the specimen was 

submerged in the hypertonic saline solution (2 M NaCl solution). When the equilibrium 

was approached, the above procedure was repeated.  

0 1 2 3 4 5 0 1 2 3 4 5

Fig. 3.7 Ultrasound signals were recorded while the ultrasound transducer was moved at 

a step of 50 μm. “0” represents the reference position of the transducer. Numbers from 1 

to 5 indicate 5 steps of transducer movement. RF signals numerically correspond to the 

positions indicated by the white solid lines in M-mode image. 

 

A similar procedure was adopted for validating the motor-controlled 3D USMS. The 

specimen was submerged in 0.15 M and 2 M saline solutions, respectively. The 

ultrasound transducer was first moved up and down in the vertical direction by 

controlling the motor to locate the same reference point as mentioned above. Then, the 

ultrasound transducer was moved vertically from 0 μm to 10 μm at a step of 2 μm.  The 

displacement of the surface echoes was calculated using Eq. 3-1.  
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3.3.2 Repeatability test for shrinkage-swelling measurement 

Three specimens were used to test the repeatability of this non-contact ultrasound 

measurement for the shrinkage and swelling strains of articular cartilage. The specimen 

was first allowed to reach an equilibrium state in physiological saline. The 

concentration of the bathing solution was then increased to 2 M (to test shrinkage). 

After one hour, the concentration was decreased back to 0.15 M (to test swelling). The 

details of the shrinkage-swelling procedures will be described in section 3.4.2. The 

process was repeated for three times for each sample under the same controlled 

environment. The whole shrinkage-swelling process was monitored using the manually 

controlled 3D USMS. The repeatability of the measurement was assessed by calculating 

the mean percentage values of coefficient of variation (CV%) (Gluer et al., 1995) and 

the intraclass correlation coefficient (ICC) for the measurement of the peak shrinkage 

and swelling strains. The average relative root mean square difference (rRMSD) was 

also calculated for the transient strains of the full-thickness cartilage layer and the 

transient time shifts of the cartilage-bone interface. 

 

The peak shrinkage or swelling strain ( ε ) of the full-thickness cartilage layer was 

defined as  

                   
h
d

=ε                                                                                                 (3-2)   

where d, the displacement of the cartilage layer, is given by Eq. 3-1. h is the thickness 

of the cartilage layer and given by 
2
Tch AC= , where cAC is the sound speed in the 
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cartilage tissue (refer to section 3.8.3) and T denotes the corresponding flight time of the 

ultrasound echoes throughout the cartilage matrix during shrinkage or swelling phase. 

 

3.3.3 Repeatability test for dimension-dependence of swelling behavior 

Six plugs were divided into two groups: cylindrical (or large) specimens (n = 3) and 

slim (or small) specimens (n = 3). The slim specimens with a width of 2 mm were 

obtained by cutting the two sides of the cartilage layer using a surgical scalpel (Fig. 

3.8b). Before the test, the specimen was marked in two orthogonal directions using a 

permanent marker pen. It was then installed onto the container bottom and fixed with 

rubber gel, on which two dents were correspondingly marked using a blade to match the 

marks on the specimen (Fig. 3.8a). Then the specimen was submerged in the 

physiological saline solution to approach equilibrium. The entire monitoring procedure 

included the shrinkage and swelling phases mentioned in section 3.4.2, which were also 

induced by changing the concentration of the bathing solution from 0.15 M to 2 M and 

then back to 0.15 M. In order to test the repeatability of reinstalling the specimen, each 

specimen was taken out, carefully reinstalled back with the reference of the marks and 

monitored during the shrinkage and swelling phases. The procedure was repeated for 

three times. To study the changes of the shrinkage and swelling behavior if the 

measurement site was moved slightly, each specimen was also tested at three 

observation sites within a range of –0.5 mm to 0.5 mm, i.e. the distance between the two 

sites on the left and right and the central position was 0.5 mm (Fig. 3.8b). The three 

points were selected by manually adjusting the micrometers on the 3D translating 

platform. The shrinkage and swelling procedure at each site was repeated following the 

same experimental protocols as mentioned above. 
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Fig. 3.8 (a) An enlarged schematic of the ultrasound monitoring part. Specimen was 

installed on the bottom of the container as shown in Fig. 3.3. The width of ultrasound 

beam in the focal zone is 0.1 mm. Two triangles represent the locations of marks on the 

specimen and rubber gel, respectively. (b) Platform view of two types of specimens: 

cartilage-bone cylinder with a diameter of 6.35 mm (left) and cartilage slice with a 

width of 2 mm attached to the bone (right). Two marks (black short bars) in the 

horizontal and vertical directions were made to match those on the surrounding rubber 

gel in (a). Three black spots in the central region represent the different observation 

sites with an interval distance of 0.5 mm. 
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3.4 Ultrasonic Characterization of Transient and Inhomogeneous Swelling 

Behavior of Normal Articular Cartilage 

Using the USMS to investigate the swelling behavior of normal bovine articular 

cartilage, we performed the dimension-dependence test, the dynamic shrinkage-swelling 

behavior test and the 2D scanning dynamic shrinkage-swelling behavior test.  

 

3.4.1 Study on dimension-dependence of swelling behavior 

Ten specimens were prepared to study the dimension-dependence of swelling behavior 

of articular cartilage. The tested specimen was marked, mounted on the bottom of the 

container, and tested in the shrinkage and swelling phases as described in section 3.3.3.  

 

After one round of the shrinkage-swelling test, the full-thickness cartilage specimen was 

removed from the bottom of the container and cut the cartilage tissue using a surgical 

scalpel from two sides symmetrically (Fig. 3.9). The original cylindrical cartilage-bone 

specimen was now a slim cartilage-bone specimen with a width of 4 mm. Then the 

specimen with reduced dimension was reinstalled back to the container. Careful 

attention was paid to well match the marks on the cartilage and bone with the marks on 

the rubber gel, so that the specimen could be measured at the approximately same 

observation point. After the second round of the shrinkage-swelling test was finished, 

the specimen was taken out and its width was further reduced to approximately 3 mm. 

This specimen with further reduced dimension underwent a new round of test. This 

procedure was repeated until the full-thickness cartilage layer (2mmμ4mm, Fig. 3.9) 

was separated from the bone by the scalpel. The cartilage specimen without bone was 

also monitored for the shrinkage and swelling phases. The same testing protocol was 

applied to all the specimens with different dimensions (Fig. 3.9). 
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f=2mm 

l=4m
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l=4m
m

 

f=6.35mm f=4mm f=3mm f=2mm f=2mm  

Fig. 3.9 Planform view of the specimens for the dimension-dependence of cartilage 

swelling measured using ultrasound. Two marks (black short bars) in the horizontal and 

vertical directions were made to match those on the surrounding rubber gel as shown in 

Fig. 3.8a. To decrease the dimension of the specimen, the cartilage tissue was cut from 

two sides using a surgical scalpel. The dimension-decreased cartilage specimens had 

with a width of 4 mm, 3mm, and 2mm, respectively, and were further reduced to 

2mmμ4mm (widthμlength). Finally, the rectangle specimen was separated from the 

bone. Black spot in the central region represents the observation site. 

 

 

Three parameters were extracted from the transient swelling and shrinkage behavior. 

They were the peak strain ( maxε ) and the equilibrium strain ( equε ) of the full-thickness 

cartilage layer and the slope of the linear region of the logarithm of the normalized time 

shift of the cartilage-bone interface (Tepic et al., 1983). The swelling or shrinkage strain 

of the full-thickness cartilage layer was calculated using Eq. 3-1 and Eq. 3-2. The slope 

was used to describe the diffusion speed of ions and water between the cartilage tissue 

and the bathing saline. The logarithm of the normalized time shift of the cartilage-bone 

interface (y(n))  is defined as 

                    )/))(log(()( maxmax xnxxny −=                                                     (3-3) 
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where x(n) is the time shift of the cartilage-bone interface measured using cross-

correlation algorithm, and xmax presents the maximum value of x(n). Then, the slope (b) 

can be acquired from the linear fitting of the linearly descending part of y(n).       

 

3.4.2 Shrinkage-swelling test  

Twenty specimens were prepared to quantify the transient and inhomogeneous 

shrinkage-swelling behavior of articular cartilage. When the thawed specimen was 

mounted in the container and reached equilibrium in the physiological saline solution, 

the bathing saline solution was changed according to the protocol described in Fig. 3.10. 

The physiological saline solution was rapidly removed using an injection syringe and 

the container was filled with the 2 M saline. The whole procedure of changing the saline 

was completed within 30 seconds. Under this condition, the ion concentration inside the 

cartilage matrix was lower than that of the external bathing solution. This imbalance 

resulted in a Donnan osmotic loading on the cartilage tissue. With the diffusion of the 

ions and water, the interstitial swelling pressure generated by the negative charges on 

the PGs decreased. The dynamic contraction of the cartilage layer at different depths 

could be observed in the ultrasound signals. The cartilage sample was allowed to 

equilibrate for approximately one hour. After the new equilibrium was reached, the 

bathing saline was quickly changed back to 0.15 M NaCl within 30 seconds. Under this 

condition, the ionic concentration inside the cartilage tissue was higher in comparison 

with the concentration of the bathing solution. Consequently, the Donnan osmotic 

pressure with an opposite direction against that during the shrinkage phase caused 

cartilage swelling. The interstitial swelling pressure generated by the negative charges 

on the PGs increased. The swelling process was monitored for another hour.  
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Fig. 3.10 Schematic of the whole procedure of shrinkage and swelling test. A syringe 

was used to change the bathing solution within 30 seconds. 

 

A-mode signals were sampled in a rate of approximately one frame per 0.6 second 

during the shrinkage and swelling phases. M-mode image was reconstructed by A-mode 

signals in real-time. Fig. 3.11 shows the recorded initial and equilibrium A-mode echoes 

and M-mode image, showing that the full-thickness cartilage tissue swells with the 

measurement time.  

 

Bone 

Surface 
at equilibrium at start 

 

 

 

 

 

 

 

                               (a)                                           (b)                                 (c) 

Fig. 3.11 (a) M-mode ultrasound image of swelling; (b-c) A-mode RF signals sampled 

at the start and equilibrium moments correspond to the positions indicated by the white 

solid lines in (a), respectively.  
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In addition to the peak shrinkage and swelling strain (ε ) of cartilage layer calculated 

using Eq. 3-1 and Eq. 3-2, the time to reach the peak value, named as duration, was 

extracted from the transient swelling and shrinkage behavior. 

 

3.4.3 UBM imaging of swelling behavior  

Following the similar protocol described in section 3.4.2, the thawed cartilage-bone 

plug was mounted in the container, which was installed on the platform of the motor-

controlled 3D USMS. The specimen was equilibrated in physiological saline. As shown 

in Fig. 3.12a, the central section with a length of approximately 5 mm along the 

diameter direction was selected to be observed. Controlled by the computer and the 

motor, the transducer could automatically scan from one side (set as the starting point) 

to the other side (the end point) and then return to the starting point with a higher speed 

to complete one scanning cycle. The period of one scanning round trip was determined 

by the speed of transducer translating, step interval, cycle interval and the speed of 

transducer returning. In this study, it took approximately 48 seconds to collect one 

frame of UBM imaging. The same protocol of the shrinkage and swelling test described 

in section 3.4.2 was adopted. The deformation of the intra-cartilage section under the 

osmotic loading was scanned. Fig. 3.12b shows a frame of UBM image with an image 

depth of approximately 3 mm and 164 A-mode lines. The number of the sampling lines 

in the UBM image was determined by the step length.  
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                                     (a)                                               (b) 

Fig. 3.12 (a) An enlarged schematic of the ultrasound scanning part. The specimen was 

mounted on the bottom of the container as shown in Fig. 3.5. The ultrasound transducer 

was moved along the diameter direction at a speed of v set by the software. (b) A frame 

of UBM image.  

 

 

3.5 Swelling Behavior of Osteoarthritis-Like Articular Cartilage 

In this study, enzyme digestion was used to experimentally induce OA. In comparison 

with other experimental simulation methods such as surgical method, chemical injection 

and immobilization, enzyme digestion was relatively easily controlled and less time-

consuming (refer to section 2.1.2.2).  

 

3.5.1 Pilot study of degeneration model 

Six cylindrical cartilage-bone specimens were divided into three groups, Group A, 

Group B and Group C. Each group has two specimens. Groups A and B were immersed 

in trypsin solution (0.25%, GiBco, Canada) for one hour and two hours, respectively, at 

room temperature (21 ± 1°C). After digestion, the trypsin-treated specimens were 

washed by physiological saline. Group C served as the control. Half portion of the 
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surface of the two normal specimens was removed using a surgical scalpel. The digested 

samples along with the normal specimens were processed (refer to section 3.5.4) for the 

histological evaluation.  

 

3.5.2 Progressive degeneration of articular cartilage 

Ten specimens were prepared for the 3-hour trypsin digestion, which was monitored 

using the manually controlled 3D USMS. The specimen was mounted on the bottom of 

the container and allowed reaching equilibrium in the physiological saline solution. 

Then, the solution was replaced with 0.25% trypsin solution using an injection syringe. 

According to our preliminary study (Zheng et al., 2004a), the digestion front (echoes 

from the interface of the digested and undigested tissues) could be monitored. Because 

the echoes of the digestion front were weak, M-mode image view was set at grey 

display and a very low saturated brightness level in order to observe the front in real-

time.  

 

An interpolation algorithm was used to track the inclined trace formed by the digestion 

front echoes in the M-mode image. Marks were manually applied along the trace and 

the software would automatically form the trace line using the linear interpolation. For 

each specimen, the trace movement was measured for six times and the averaged curve 

was used to calculate the transient penetration speed of trypsin (the digestion speed). 

 

3.5.3 Swelling behavior of degenerated articular cartilage 

Thirty cartilage-bone plugs were prepared (Fig. 3.2) and divided into three groups, 

Group 10min, Group 20min, and Group 30min. The tested specimen was separated into 
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two parts (Fig. 3.13). The smaller part (one third of the original dimension) was 

reserved as the control. The shrinkage-swelling and hydration behaviors of the remained 

2/3 portion were tested before and after enzyme digestion.  

 

After thawed in physiological saline, the 2/3 portion sample was tested using the 

manually controlled 3D USMS. The experiment protocol was as follows. 

 

 

 

 

 

 

 

 

Cartilage  

Bone  Control specimen 

Tested specimen 
Cartilage-bone plug 

Fig. 3.13 Cartilage-bone plug was cut into two parts. The 1/3 portion was used as the 

control; the 2/3 portion was measured during the procedures of the shrinkage-swelling, 

dehydration-hydration tests before and after enzyme digestion.  

 

A. Normal shrinkage-swelling test 

The shrinkage and swelling behaviors of all the specimens were examined according to 

the same protocol as described in section 3.4.2. In addition, at equilibrium of the 

shrinkage and swelling phases, the saturated and unsaturated echoes were collected for 

the acoustic parametric analysis, which will be described in section 3.6. In order to 

obtain the saturated signals, the gain of the ultrasound pulser/receiver was set at 

maximum and no attenuation (unit: dB) was set. It was found that the echoes from 

cartilage surface and/or from cartilage-bone interface were saturated while those from 

the cartilage matrix were unsaturated but with a maximum amplitude. The unsaturated 
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signals were collected via setting attenuation (unit: dB) by adjusting the knob on the 

pulser/receiver. The level of attenuation was dependent on the conditions of individual 

specimens.  

 

B. Normal dehydration-hydration test 

After normal shrinkage-swelling test, the physiological saline solution was removed and 

the specimen surface was exposed to air (humidity = 58±5%, temperature = 21 ± 1°C) 

and dried using paper tissue. After 45-minute dehydration, the container was refilled 

with physiological saline. The transient hydration behavior was monitored for 30 

minutes. The transient hydration strain of the full-thickness cartilage and the slope of 

the linear region of the logarithm of normalized hydration strain were calculated using 

Eq. 3-1, 3-2 and 3-3. 

 

C. Enzyme digestion 

Following the dehydration-hydration test, the physiological saline solution was replaced 

with 0.25% trypsin solution. The specimens of Group 10min, Group 20min and Group 

30min were immerged in the enzyme solution for 10 minutes, 20 minutes and 30 

minutes, respectively. After the digestion, the enzyme solution was rapidly removed out 

of the container and the physiological saline solution was refilled in. The residual 

enzyme digestion lasted for 3 hours and was followed by the post-digestion shrinkage-

swelling test.  
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D. Post-digestion shrinkage-swelling test 

After degenerated by trypsin, the PG-degraded specimen remained in the container and 

the bathing solution was quickly changed with the 2 M NaCl solution. Then, step A was 

repeated, that is, for the degenerated cartilage tissue, the shrinkage and swelling 

processes and echo collection were performed according to the aforementioned protocol.   

 

E. Post-digestion dehydration-hydration test 

Finally, step B, the dehydration-hydration test was repeated.  

 

3.5.4 Histological evaluation 

After the whole ultrasonic monitoring was completed, both the control (1/3 portion) and 

the enzyme-digested (2/3 portion) specimens were separated into two halves, 

respectively. One half was used for histological evaluation; the other was used to 

measure the layered distribution of the water volume fraction (refer to section 3.7.2).  

 

The safranin O staining contra-stained with fast green and the conventional light 

microscopy imaging were performed. The specimens for histological evaluation were 

first preserved and fixed in 10% formalin buffered to pH 7.0 for more than 4 hours at 

room temperature. Then, the specimens were decalcified in 10% EDTA solution using 

ultrasound fast decalcificater (Guo et al., 2005) for approximately two days, and the 

EDTA solution was renewed approximately every 24 hours. The periods of 

decalcification and EDTA renewal were dependent on the dimension of the individual 

specimen till the attached bone tissue could be easily cut with a scalpel. The decalcified 

specimens were infiltrated in Hypercenter Xp tissue processor (Shandon, London, UK) 
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and embedded into paraffin using Thermolyne Histo-Center II (Shiraimatsu Co. Ltd., 

Osaka, Japan). Paraffin sections, 4 mm thick, were cut perpendicularly to the cartilage 

surface using rotary microtome (Leica RM-2135, UK). 

 

The obtained 4 mm thick paraffin sections were immersed in xylene for approximately 

15 minutes to clear the wax. Then, the sections were taken into water through a 

descending series of ethanol (100%, 95%, and 70%). After deparaffinization, the 

sections were stained with safranin O (SiGMA, CAT NO. F7258, USA) and contra-

stained with fast green (SiGMA, CAT NO. S-2255, USA) (Leung et al., 1999). The 

sections were taken into xylene through an increasing series of ethanol (70%, 95%, 

100%, and 100%). After mounting with DPX (BMS Lab supplies, The Hong Kong 

Polytechnic university), the sections were observed using light microscope imaging 

system (model FN-S2N, Nikon, Japan). The PG content corresponded to the area 

fraction of the safranin O-stained zone in the histological image (Leung et al., 1999).  

 

3.6 Extractions of Acoustic Parameters 

It has been well known that the ultrasound RF signals result from the interaction 

between ultrasound waves and tissue structures. Therefore, extraction of the acoustic 

information (e.g. attenuation, reflection and backscatter coefficient) is an effective 

method to assess the tissue characteristics. In this study, spectral analysis and extraction 

of the acoustic parameters were explored via custom-designed MATLAB (V6.5, The 

MathWorks Inc., USA) programs.  
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First of all, a series of the unsaturated signals reflected from a steel plate in 

physiological and hypertonic saline solutions were collected as reference signals to 

compensate the system-dependent effects (Forster et al., 1990; Fournier et al., 2003). 

The spectra of these reference signals were used as reference spectra accordingly.  

 

The saturated and unsaturated signals of the tested specimen were recorded as described 

in section 3.5.3. Using a Hamming window, the central part of the saturated signals and 

the unsaturated signals from the cartilage surface and the cartilage-bone interface was 

selected as a region of interest (ROI). The calibrated power spectrum could be written 

as: 

 ( )zfS
zfS

zfS
R

T
cal ,

),(
),( =                                                                   (3-4) 

where z  is the axial distance of the window centre along the depth direction, ( )zfS ,  is 

the power spectrum at z . The subscript “ cal ” stands for the calibrated power spectrum, 

“ ” for “Tissue”, “ ” for “Reference”.  T R

 

Integrated attenuation (IA), attenuation slope (b), and integrated backscatter coefficient 

(IBS) of the cartilage matrix were calculated based on the spectral analysis of the 

saturated signals (Forster et al., 1990). Integrated reflection coefficient (IRC) of the 

cartilage surface and apparent integrated backscatter coefficient (AIB) of the cartilage-

bone interface were calculated based on the spectral analysis of the unsaturated signals 

(Saied and Laugier, 2004). A substitution method (Fink and Cardoso, 1984; Lizzi et al., 

1983) and multi-narrowband algorithm (Huisman and Thijssen, 1996; Kuc and 
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Schwartz, 1979; Roberjot et al., 1996) were used. Moreover, centroid frequency ( ) 

and signal amplitude of the echoes reflected from the cartilage surface were calculated. 

 is defined as the frequency weighted by amplitudes divided by the sum of the 

amplitudes, or Eq. 3-5: 

cf

cf

                   ∑
∑=

i

ii
c a

af
f                                                                                   (3-5) 

where  and  present the iif ia th frequency component and its amplitude, respectively. 

Other aforementioned parameters were introduced in the following subsections.  

 

3.6.1 Attenuation slope (b) and integrated attenuation (IA) 

Fig. 3.14 shows the saturated RF signals. The central part of the signals was selected 

using an ROI window, excluding the saturated signals. Along the depth direction, the 

selected central part of the saturated signals was divided into narrow bands with a width 

of 52 points (approximately 0.09 mm) and a 50% overlap. Each gated signal by 

Hamming window was zero-padded to 512 points and FFT was performed to obtain the 

power spectrum. The power spectra of the tissue at different depths were the averages 

from the 40 frames; they were divided by the corresponding reference spectra.  
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Fig. 3.14 One frame of saturated A-mode RF signals. The echoes from the saline-

cartilage interface and the cartilage-bone interface (white arrows) were saturated with 

the maximum gain used. The unsaturated echoes from the cartilage matrix (black arrows) 

were selected using ROI window (vertical black bars). Along the depth direction, the 

signals were divided into narrow bands with a width of 52 points and a 50% overlap. 

 

Assuming that the cartilage was ultrasonically homogeneous, the calibrated power 

spectrum could be written as:  

                  ( ) ( ) 20/2210),( zf
cal fBzfS ⋅−⋅= α                                                  (3-6) 

where  is the backscatter transfer function, ( )fB ( )fα  is the frequency-dependent 

attenuation in unit of dB/mm and  is the whole propagation distance. The 

relationship between the calibrated spectrum and the propagation distance could be 

observed more clearly after the logarithm conversion of Eq. 3-6. 

z2

  ( ) ( ) zffBzfScal 2log10),(log10 1010 ⋅−= α                          (3-7) 
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Attenuation coefficient ( )fα  was calculated by a regression of the power spectra with 

respect to the corresponding penetration depth of the cartilage layer. The scope of 

frequency components was determined based on the central frequency of the transducer. 

In this study, the central frequency of the transducer was 35 MHz, and the scope of the 

–6 dB bandwidth ranged from 24 MHz to 46 MHz. A linear frequency dependence of 

attenuation could be assumed in the cartilage tissue (Forster et al., 1990). It could be 

expressed as: 

 ( ) 0αβα +⋅= ff                                                                              (3-8) 

where β  is the attenuation slope in unit of dB/mm/MHz, also named as broadband 

ultrasonic attenuation (BUA) (Langton et al., 1984; Truscott and Strelitzki, 1998). 

Integrated attenuation (IA, unit: dB/mm) over the frequency bandwidth which 

characterizes the attenuation coefficient of the tissue was defined here as: 

 ( )∫−
=

2

112

1IA
f

f
dff

ff
α                                                          (3-9) 

where  and MHz 241 =f MHz 462 =f according to the –6 dB bandwidth of the 

transducer. 

 

3.6.2 Integrated backscatter (IBS)  

Backscatter coefficient is a quantitative index of the level of acoustic energy 

backscattered from the cartilage internal structure. In this study, the systemically 

calibrated spectra were logarithmically transformed to obtain the backscatter 

spectra  of the cartilage matrix. Integrated backscatter (IBS, unit: dB) was defined 

as follows: 

( )fB
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 ( )dffB
ff

f

f∫−
= 2

112

1IBS                                                                (3-10) 

where  and MHz 241 =f MHz 462 =f  are the lower and upper limits of the frequency 

range used, respectively. It should be noted that this backscatter was only related to the 

middle part of the tissue excluding the top superficial zone and the calcified cartilage 

zone.  

 

3.6.3 Integrated reflection coefficient (IRC) and apparent integrated backscatter 

(AIB) 

While ultrasound waves travel through the saline solution and reach at the saline-

cartilage interface, a part of the incident sound will be reflected and the left part 

transmits through the cartilage superficial zone. Therefore, the reflection coefficient was 

related to the properties of the surface zone (Adler et al., 1992; Cherin et al., 1998; 

Jaffre et al., 2003; Nieminen et al., 2002; Toyras et al., 1999, 2002). IRC is a useful 

index for evaluating the early or slight pathological changes in the cartilage tissue. In 

this study, the ultrasound beam was perpendicular to the cartilage surface to avoid the 

measurement errors induced by the oblique incidence. Moreover, during the experiment, 

the ultrasound transducer was constantly adjusted to the position over the central 

portion of the specimen with the focal zone of ultrasound beam located inside the 

cartilage layer to obtain the maximum echo amplitude.  

 

The backscatter coefficient also has been used in the investigation of changes in 

subchondral bone induced by the chemical injection (Jaffre et al., 2003). In this study, 

this parameter was defined as apparent integrated backscatter (AIB).  
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Fig. 3.15 shows the unsaturated ultrasound signals. The echoes from the saline-cartilage 

and cartilage-bone interfaces were selected using two ROI windows. Hamming 

windows with a width of 50 points and 100 points were used to gate the signals for the 

two groups of echoes, respectively. Similarly, the systemically calibrated spectra were 

logarithmically transformed to obtain the reflection spectra ( )fR  of the cartilage surface 

and the backscatter spectra ( )fB . AIB was calculated using Eq. 3-10, and IRC was 

obtained by replacing  in Eq. 3-10 with( )fB ( )fR . 

 

 
Fig. 3.15 One frame of unsaturated A-mode RF signals. The echoes from the saline-

cartilage interface (window 1) and from the cartilage-bone interface (window 2) were 

selected using two ROI windows. 

 

 

3.7 Bi-layered Triphasic Model of Swelling Behavior 

3.7.1 Triphasic theory 

In this study, the cartilage-bone specimen was represented as the cylindrical triphasic 

material rigidly attached to the bone layer. At the observation site of the central region 

with a diameter of approximately 0.1 mm, it was assumed that only axial deformations 

happened due to the osmotic loading. According to the triphasic theory (Lai et al., 1991) 
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and the extended layered model (Narmoneva et al., 2001), the total stress in the 

isotropic porous-permeable mixture of the fluid, solid and ion phases in cartilage,σ , 

was written as follows,  

                          (3-11)  EIEtrpI ss
ws μλσσσσσ 2)( ++−=+++= −+

where the indices w, s, +, - denote quantities associated with water, solid, cation and 

anion, respectively; E is the infinitesimal strain tensor induced by decreasing the 

concentration of the bathing saline from 2 M (the hypertonic reference configuration) to 

0.15 M; p  is the fluid pressure; sλ and sμ  are Lame coefficients of the solid matrix. 

According to Eq. 3-11, the total stress in cartilage at equilibrium under free-swelling 

conditions consists of two components, the interstitial fluid pressure (p) and the elastic 

stress dependent on the material properties of the solid matrix. The relationship between 

aggregate modulus (HA) and the material parameters can be described as ssAH μλ 2+= . 

 

It was assumed in the model that the contribution of the entropic effects to cartilage 

swelling pressure was zero and there was no externally applied hydrostatic pressure 

(Narmoneva et al., 2001). Therefore, the fluid pressure (p) approximately equalled to 

the Donnan osmotic pressure p, i.e., all swelling effects arising from the electrostatic 

interaction between negatively charged PGs and ions. A linear constitutive expression 

for p can be obtained from the boundary conditions for equivalent chemical potential of 

water and NaCl ions across the free surface: 

[ ]( ))])2()[(/()()(2)2()( 2/12*2
00

2
0

*2/12*2
0 cccEtrcccRT FwFF +⋅−−+≈ φπ  

(3-12) 
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where R is gas constant, T is absolute temperature and   is the NaCl concentration; 

Fixed charge density ( ) and water volume fraction ( ) values of articular cartilage 

can be measured after equilibration in 2 M NaCl. The essential concept of the 

theoretical modeling is a principle of balance of forces, i.e., the sum of all forces 

inside cartilage is zero at equilibrium, including the osmotic pressure, the applied 

pressure and the tensile stresses in the collagen network. 

*c

Fc0
w
0φ

 

3.7.2 Inhomogeneous bi-layered model of cartilage swelling 

Narmoneva et al. (2001) modeled articular cartilage to be a bi-layered structure in terms 

of aggregate modulus, , where  in the upper layer (near the cartilage surface) Ha 2Ha

linearly increased with depth to  constant in the lower layer (Fig. 3.16a). Based on 1Ha

our earlier observation that the modulus in the deep layer also increased with depth 

(Zheng et al., 2002), we proposed an improved bi-layered model with four parameters 

(Wang et al., 2006). In this model (Fig. 3.16b), we used three  values to describe Ha

the bi-layered structure. In the deep region (Layer1), which was attached to the 

subchondral bone, the aggregate modulus varied linearly from  near the cartilage-1Ha

bone interface to the value  at the Layer1-Layer2 interface. In the upper layer 2Ha

(Layer2), the aggregate modulus was also proposed to vary linearly from  to  2Ha 3Ha

at the articular surface. The depth of different cartilage layers from the cartilage-bone 

interface to the surface is normalized. The parameter  is defined as the normalized 1h

depth of Layer 1. Therefore, these four parameters , , and are determined 1Ha 2Ha 3Ha 1h

by the magnitude and distribution of the axial swelling-induced strain E  together with 

the other parameters including , , and .  Fc0
W
0φ sv
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                                                          (b) 
Fig. 3.16 Bi-layered triphasic model of articular cartilage. (a) Narmoneva’s model 

(2001). (b) Schematic diagram of the inhomogeneous model with four parameters (Ha1, 

Ha2, Ha3, h1). 

 
 

In this study, the remained half samples of the control and degenerated specimens from 

histological assay were used to calculate the reference values of . The full-thickness 

cartilage layer was separated from the bone and serially sectioned into 5-7 layers with a 

thickness of approximately 200 mm using microtome. The slices were soaked in 2 M 

saline solution for one hour and the wet weight (WW

W
0φ

0) of each slice was measured. 

Then, each slice was equilibrated in 0.15 M saline for one hour, and then dried at 37ºC 
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in an incubator for 12 hours. The dry weight (DW) of each slice was measured. The 

reference W
0φ  was calculated as (Gu et al., 1996; Narmoneva et al., 1999),  

)/()( 20

0w DWWW −
=                                               (3-13) 0

sMDWDWWW ρρ
φ

+−

where r is the density. The subscript 2M and s repres  the 

ince the dimethyl-methylene blue (DMMB) dye-binding assay could not be performed 

 constant of 0.25 was used for the model (Mow et al., 2005). Using the distribution 

ent the 2 M NaCl solution and

cartilage solid matrix, respectively. rs equals to 1.323 g/ml (Gu et al., 1996). 

 

S

in our lab, an indirect method using image processing was designed to obtain the values 

of Fc0  based on the literature values. The average normalized distribution of hue of hue-

saturation-value color map was calculated based on the histological images. Let each 

value maxxax ii = , where xmax is the maximum hue value, a is coefficient, and the 

subscr nts the number of layer and equals to 1 to 9. Then, the integral area (A) 

of the hue distribution curve was a function of x, i.e. A=f(x).  Using the literature values 

of Fc0  as the reference (Narmoneva et al., 2001; Wang et al., 2002; Fig. 3.17), the 

reference integral area was calculated as A

ipt i represe

0. Assuming that A=A0, the relationship 

between the reference Fc0  and the hue values was expressed. Consequently, the 

calibrated  Fc0  values were obtained.  

 

A  sv

of the axial component of the ultrasound-measured swelling-induced strain E  and the 

assigned Fc0 , W
0φ and sv , the four parameters 1Ha , 2Ha , 3Ha and 1h  were predi ted. The 

least squa  error (LSE) between the pred alues and those measured 

c

re icted strain v
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experimentally was used as the curve fitting criterion. For comparison purpose, we also 

calculated the parameters using the bi-layered model proposed by Narmoneva et al. 

(2001) as well as a homogeneous model (Lai et al., 1991; Setton et al., 1996). 
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Fig. 3.17 Depth-dependent distribution of reference FCD of (a) the normal cartilage 

.8 Data Processing 

ng 

g circuit) and software (averaging of signals during data 

Fc0

(Wang et al., 2002) and of (b) the degenerated cartilage (Narmoneva et al., 2001; Wang 

et al., 2002). 

 

 

3

3.8.1 Low pass filteri

Using hardware (filterin

acquisition) methods, the efforts of reducing noises from different sources were carried 

out. However, the noise problem was still unavoidable in signal collection. According to 

the spectrum of the ultrasound signals from the cartilage tissue, a Butterworth low pass 

filter with a cutoff frequency of 50 MHz and a filter order of 10 was designed. The 

effective result of low-pass filtering was clearly shown in Fig. 3.18 by comparing with 

the spectra of A-mode ultrasound signals before filtering.  
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             (a) 

 

 

 

 

 

 

 

 

 

 

 

 

                                          

Spectrum of filtered signal

Spectrum of unfiltered signal 

                                                           (b) 

Fig. 3.18 (a) A-mode ultrasound signals before and after low-pass filtering. (b) Spectra 

of the filtered and unfiltered ultrasound signals.  

 

3.8.2 Cross-correlation algorithm  

To calculate the displacement of the interested echo signals at different depths during 

the experiments, a cross-correlation echo tracking method (Zheng et al., 2001) was 

applied. The cross-correlation technique is generally used for the study of the similarity 
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between two signals. The normalized correlation coefficient of two series of discrete 

values  

{ })1(),......,1(),0( −= NxxxX  and 

{ })1(),......,1(),0( −= NyyyY  

can be written as  

                     

∑ ∑

∑
−

=

−

=

−

=

−−

−−
=

1

0

1

0

22

1

0

])([])([
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j

N

k

N

i

YkyXjx

YiyXix
R                                              (3-14) 

where X is the mean of X, and Y is the mean of Y. If X and Y are exactly the same, 

then 1=R , and, if they have no similarity, then 0=R . 1−=R  indicates that the two 

signals are exactly inverted in the amplitude. The cross-correlation method provides the 

time shift value of the selected echoes. Then the displacement is equal to the product of 

the sound speed and the time shift value (Eq. 3-1). This method has been used for the 

ultrasound elastography of soft tissues (Ophir et al., 1991; Zheng et al., 2004b) and 

tracking the movements of the selected tissue portions at different depths within the 

cartilage layer under mechanical force (Zheng et al., 2001, 2002, 2005) or osmotic 

pressure (Wang and Zheng, 2006; Zheng et al., 2004a). 

 

3.8.3 Constant ultrasound speed  

In our previous study (Zheng et al., 2006b), the ultrasound speeds in the 0.15 M and 2 

M saline solutions and the speeds in the cartilage tissue submerged in the 0.15 M and 2 

M saline solutions were 1530 ± 5 m/s and 1646 ± 3 m/s, and 1675 ± 51 m/s and 1781 ± 

48 m/s, respectively, measured using a non-contact ultrasound approach (Patil et al., 

2004) (Fig. 3.19). The effect of the inhomogeneity of the ultrasound speed in articular 
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cartilage on the final parametric measurements will be discussed in chapter 5. 

According to the study of Nieminen et al. (2002), 1668 m/s was the ultrasound speed in 

the degenerated cartilage tissue in physiological saline (99.6% of the speed in the 

normal tissue). 
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Fig. 3.19 Ultrasound speed in articular cartilage (AC_Speed) and saline solutions 

(Sal_Speed) with different concentrations. The error bars represent standard deviations 

(n = 19) (Zheng et al., 2006b).  

 

 

3.8.4 Compensation for temperature change 

It was noted that the temperature in the container varied slightly during the change of 

saline solution (Zheng et al., 2004a). In this study, the fluctuation of saline temperature 

was monitored using a fine copper wire, which was attached under the transducer, 

approximately 1.5 mm from the surface of the cartilage specimen (Fig. 3.20a). The wire 

blocked a small portion of the ultrasound beam and a calibration echo was generated 

(Fig. 3.20b). If the sound speed in the saline solution changes due to the temperature 

fluctuation, the amount of the shift of echoes from the fine wire would be used to 

compensate the shifts of the echoes from the tissue using ‘autoshiftwave’ algorithm in 
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the custom-designed program. After this auto-compensation, the slight temperature 

change in the saline solution would not affect the final measurement results (Fig. 3.20c). 

 

3.8.5 Compensation for period of solution change 

As described earlier, the saline solution was changed from one concentration to another 

in approximately 30 seconds. During this period, no ultrasound signal was recorded, as 

there was no coupling medium between the ultrasound transducer and the cartilage 

specimen. According to our previous study (Wang and Zheng, 2006), the cartilage 

tissue deformed rapidly during the initial period after changing the concentration of the 

bathing saline. Therefore, the swelling or shrinkage happened during this 30 seconds 

should be compensated. Although we were not able to obtain the exact transient data for 

this period, the overall displacement of the cartilage surface happened during this period 

could be calculated as, 

                    
22
1

'
1 T

c
T

cd ss −′=Δ                                                    (3-15) 

where Dd is the displacement of the cartilage surface;  and sc sc′  are the sound speeds in 

the saline before and after the concentration was changed;  and  are the flight times 

of ultrasound from the transducer to the cartilage surface before and after changing the 

saline solution.  

1T 1T ′
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                                                                        (c) 

Fig. 3.20 (a) An enlarged schematic of the ultrasound monitoring part including a wire 

attached under the transducer. (b) A-mode ultrasound signals reflected from the wire, 

the cartilage surface and the cartilage-bone interface at the start moment of swelling 

process (left) and M-mode ultrasound image of swelling process (right). Numbers 1-3 

represent the ROI windows for tracking the shift of the selected echoes. (c) The values 

of time shift of the wire-reflected echoes before and after auto-compensation.  
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3.8.6 Compensation for depth-dependent displacement in modeling 

The depth-dependent displacements of the tissue layers could be calculated from the 

time shifts of the corresponding echoes at different depths. However, such displacement 

calculation was associated with the ultrasound speed in the tissue. If the ultrasound 

speed in the cartilage keeps constant, the measured displacements are the absolute 

displacements. However, as the salt gradually moved out of the cartilage tissue during 

the swelling process, the ultrasound speed in the tissue would change accordingly. It 

was observed that the echoes from the cartilage-bone interface moved during the 

swelling process though the cartilage layer was attached to the bone tissue. Therefore, 

the real tissue displacements no longer equalled to the displacements observed in the 

experiment using a constant ultrasound speed. To measure the proximally real swelling 

strain at equilibrium, the measured displacement should be corrected according to the 

change of the ultrasound speed in articular cartilage.  

 

Using the custom-designed software, the shifts of the tissues at different depths were 

measured. Based on the time shift value (∆T) of the cartilage-bone interface at 

equilibrium, the displacement compensation was conducted. As shown in Fig. 3.21, the 

corrected value of the time shift at depth x is derived as 

              T
T
t

TT x
xx Δ−=′                                                                      (3-16) 

where  is the corrected time shift; TxT ′ x is the original time shift measured before 

compensation; tx denotes the flight time from the surface to the depth x at time 0 (the 

moment just after the change of the solution); T is the flight time from the cartilage 

surface to the cartilage-bone at time 0. After the calibrated values of the time shift were 

 96



Chapter 3                                                                                                                Methods 

achieved, the strains of sub-layers at different depths could be calculated. The strain ε of 

the arbitrary layer (from depth x1 to depth x2) was calculated by Eq. 3-17. 

                
12

12

xx

xx

tt
TT

−

′−′
=ε                                                                              (3-17) 

where and are the corrected time shifts of the echoes from the tissue at depths x
1xT ′

2xT ′ 1 

and x2, respectively.  and are the original flight times of ultrasound at time 0 from 

the cartilage surface to tissues at depths x

1xt
2xt

1 and x2, respectively. It should be noted that 

the proposed correction was particularly suitable for the equilibrated state of the 

swelling test, as the salt change in the cartilage tissue was uniformly distributed 

throughout the depth. During the transient process, there must be a gradient of the salt 

concentration in the cartilage in the depth direction and more sophisticated correction 

algorithm should be applied. In this study, only the strains at the equilibrated state were 

used for the subsequent modelling calculation. 
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Fig. 3.21 Sketch of the compensation for the time shifts measured at different depths 

using the time shift (DT) of the cartilage-bone interface to correct the error caused by 

the change of the sound speed in the cartilage tissue.  
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3.9 Data Analysis 

In this study, the results were presented in the form of mean ≤ SD. Paired t-test was 

used to test the significance of the difference between the parameters in the shrinkage 

and swelling phases. One-Way ANOVA was used to test the significance of the 

differences among the parameters of specimens with different dimensions and among 

the normal and the degenerated specimens trypsin-treated with different digestion 

periods. The correlations between different parameters, such as the swelling and 

shrinkage strains, water contents and FCD, and the acoustic parameters, were conducted 

for all the normal and degenerated samples. The statistical analysis software SPSS 

(V11.5, SPSS Inc., Chicago, USA) was used for data analysis. 
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CHAPTER 4  RESULTS 

 

4.1 Feasibility of Ultrasound Measurement 

4.1.1 Validation of ultrasound measurement 

Fig. 4.1 shows the results of the validation experiments for the manually controlled 3D 

USMS. The data of the changes of the distance between the cartilage surface and the 

ultrasound transducer measured using the USMS and those read from the micrometer 

agreed very well when the specimens were emerged in 0.15 M saline (slope = 1.0026, 

R2 =1, p < 0.001, Fig. 4.1a) and 2 M saline (slope = 1.0023, R2 = 0.9999, p < 0.001, Fig. 

4.1b), respectively. If the data measured by the micrometer were treated as the real 

values, the root mean square (RMS) error for the ultrasound measurement was 0.7 μm 

in 0.15 M saline and 1.2 μm 2 M saline, corresponding to 0.07% and 0.12% strain 

inaccuracy for a cartilage specimen with a thickness of 1 mm, respectively. 

 

Fig. 4.2 shows the results of the validation experiments for the motor-controlled 3D 

USMS. The data measured using the USMS and those read from the 3D scanning 

compumotor agreed very well when the specimens were emerged in 0.15 M saline 

(slope = 1.0001, R2 = 0.9941, p < 0.001, Fig. 4.2a) and 2 M saline (slope = 0.8646, R2 = 

0.9849, p < 0.001, Fig. 4.2b), respectively. If the data controlled by the motor were 

treated as the real values, the RMS errors for the ultrasound measurement were 1.0 μm 

in 0.15 M saline and 0.2 μm and 2 M saline, corresponding to 0.1% and 0.02% strain 

inaccuracy for a cartilage specimen with a thickness of 1 mm, respectively. 
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(b) 

Fig. 4.1 Linear correlation between the displacements of the echoes measured using the 

manually controlled 3D USMS and the reference values obtained by micrometer. 

Specimen was submerged in 0.15 M saline (a) and 2 M saline (b), respectively. 
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Fig. 4.2 Linear correlation between the displacements of the echoes measured using the 

motor-controlled 3D USMS and the reference values obtained by 3D scanning 

compumotor. Specimen was submerged in 0.15 M saline (a) and 2 M saline (b), 

respectively. 

 
 

4.1.2 Repeatability of shrinkage-swelling test 

Table 4.1 summarizes the results of the repeatability test. The mean percentage values 

of CV for the measurement of the peak strains of shrinkage and swelling were less than 
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10%. The mean rRMSD of the transient shrinkage strains was 9.8%, and the swelling 

strains 6.9%. As for the time shift of the cartilage-bone interface, the mean rRMSD was 

4.1% and 4.4% respectively during the shrinkage and swelling processes. The high 

correlation (ICC > 0.98) of the maximum strains among the three repeated tests 

demonstrated that the present ultrasonic measurement had a good repeatability. 

 

Table 4.1 Results of the repeatability experiment including the mean CV% and ICC of 

the peak shrinkage and swelling strains as well as the mean rRMSD of the transient 

shrinkage and swelling strains and the time shift of the cartilage-bone interface. 

Measurement items Parameters Shrinkage Swelling 
CV% Peak strain 9.6% 7.7% 

ICC Peak strain 0.98 0.99 

Transient difference at 
cartilage surface 

 

9.8% 6.9% rRMSD (%) 

Transient difference at 
cartilage-bone interface 

4.1% 4.4% 

 

 

4.1.3 Repeatability of dimension-dependence test 

Table 4.2 lists the results of the repeatability parameters including the mean CV%, ICC, 

and the mean rRMSD for both large and small specimens. In the case of the large 

specimens with a diameter of 6.35 mm, the CV% values of the peak strains of shrinkage 

and swelling were less than 10% among the results of the three different sites and three 

times of reinstallation. For the slim specimens with a width of 2 mm, the CV% values 

of the peak strains of shrinkage and swelling strain measured at the three sites greatly 

increased to 18.5% and 16.3%, respectively, higher than those values of the remounting 

measurements (less than 10%). The ICC values of the two repeatability tests for the 

peak strains of the cylindrical and slim specimens were both greater than 0.8. 
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For the cylindrical specimens, the mean rRMSDs of the transient shrinkage and 

swelling strains were less than 7% among the measurements of reinstallation and three 

different observation sites. In the case of the slim specimens, similar to the CV% results, 

the mean rRMSDs among the results obtained from different observation sites were also 

greater than 10% (shrinkage 12.0%; swelling 10.6%).  

 

Table 4.2 Results of the repeatability experiment including the mean CV%, ICC, and 

the mean rRMSD for both large and small specimens. 

 Large specimen (6.35 mm in diameter) Small specimen (2 mm in width)
Shrinkage Swelling Shrinkage Swelling Measurement 

items sites times sites times sites times sites times

CV% 4.3 3.8 8.2 9.4 18.5 6.9 16.3 3.5 

ICC -- 0.89 -- 0.89 -- 0.90 -- 0.99

rRMSD (%) 3.6 3.1 5.1 6.3 12.0 6.6 10.6 5.2 

 

 

4.2 Ultrasonic Characterization of Swelling Behavior 

4.2.1 Transient and equilibrium swelling strain  

During the shrinkage and swelling processes, the cartilage surface tended to deform 

rapidly and then moved upwards or downwards gradually close to the equilibrium state 

in approximately one hour after changing the concentration of the saline solution. This 

interesting phenomenon observed in the current study demonstrated that the cartilage 

specimen might experience a “relaxation” state after reaching its maximum shrinkage or 

swelling amplitude (Fig. 4.3), i.e., the surface moved back towards the original state. 

The absolute peak value of the shrinkage strain (0.010 ± 0.005) was significantly larger 

than that of the swelling strain (0.003 ± 0.003) (p < 0.001, paired t-test). It was observed 
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that it took the tested specimens only several minutes to reach the peak shrinkage or 

swelling amplitude. The shrinkage duration (402 ± 605 s) was insignificantly larger (p = 

0.156, paired t-test) than the swelling duration (234 ± 485 s). At equilibrium, the 

shrinkage strains reduced to -0.005 ± 0.005 while the swelling strains was close to zero. 

 

During the diffusion of ions and water between the cartilage tissue and the bathing 

saline, the compositional and mechanical alteration may lead to a change in the 

ultrasound speed. This change was represented by the shift of the ultrasound echo from 

the cartilage-bone interface shown in the M-mode images (Fig. 3.11a). Our study 

demonstrated that the sound speed in articular cartilage gradually increased when the 

concentration of the bathing solution was increased from 0.15 M to 2 M. It increased by 

5.0% ± 1.5% after one hour. When the concentration of the saline solution was changed 

back to 0.15 M, the sound speed gradually decreased by up to 5.4% ± 1.2%. It was 

found that the percentage change of the sound speed in articular cartilage during the 

shrinkage and the swelling processes both exponentially depended on the measurement 

time (R2 = 0.9920, R2 = 0.9965, respectively) (Fig. 4.4). 
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Fig. 4.3 The shrinkage strain (grey line) and the swelling strain (black line) versus the 

measurement time. The error bars represent standard deviations (n = 50).  
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Fig. 4.4 Ultrasound speed in articular cartilage increased during the shrinkage process, 

but decreased during the swelling process. Experimental data (dashed lines and circle 

marks) can be well fitted by exponential functions (solid lines). The error bars represent 

standard deviations (n = 50). 
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4.2.2 Dimension-dependence of swelling behavior 

In pair-wise comparison of the peak strains of cartilage samples with different 

dimensions, the statistical analysis of LSD Post Hoc Tests of One-Way ANOVA 

showed that there were significant differences (p < 0.05) in the peak shrinkage strains 

between the small samples (f = 2 mm) and the larger samples (f = 6.35 mm and f = 4 

mm) (Fig. 4.5). However, no significant differences (p > 0.05) among the peak swelling 

strains were found for all the cartilage-bone specimens with various sizes (Fig. 4.5). 

Moreover, it was found that there were significant differences (p < 0.05) in the 

equilibrium swelling strain between the small samples (f = 2 mm) and the larger 

samples (f = 6.35 mm and f = 4 mm) and significant differences (p < 0.05) in the 

equilibrium shrinkage strain between the cylindrical samples (f = 6.35 mm) and the 

smaller samples (f = 4, 3, and 2 mm) (Fig. 4.6).  

 

Fig. 4.7 shows the absolute values of the slope k  calculated from the linear region of 

the logarithm of the normalized time shift of the cartilage-bone interface (or the bottom 

surface for the cartilage samples without bone). From the statistical results of LSD Post 

Hoc Tests of One-Way ANOVA, the slope values for the cylindrical samples (f = 6.35 

mm) and the larger slim specimens (f = 4 and 3 mm) were significantly (p < 0.05) 

smaller than those of the small specimens (f = 2mm).  

 

In addition, in comparison the rectangle (2mmμ4mm) cartilage specimens under in-situ 

condition (cartilage tissue attached to the bone) with those under ex-situ condition 

(cartilage tissue without the bone), the statistical results showed that there were 

significant differences (p < 0.05) in the three parameters: the peak strain of shrinkage 
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and swelling, the equilibrium strain of shrinkage and swelling, and the slope k  (Fig. 

4.5-4.7). 
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Fig. 4.5 The peak shrinkage and swelling strains of cartilage samples with different 

dimensions. The error bars represent standard deviations (n = 10). ‘6.35mm’ represents 

the cylindrical specimens with a diameter of 6.35 mm; ‘4mm’, ‘3mm’, and ‘2mm’ 

represent the slim cartilage specimens with a width of 4 mm, 3 mm, and 2 mm, 

respectively. ‘2mmμ4mm’ represents the rectangular cartilage layer with a width of 2 

mm and a length of 4 mm attached to the bone. ‘no-bone’ represents the ‘2mmμ4mm’ 

rectangular cartilage layers separated from the bone. * Significant difference (p < 0.05 

by LSD Post Hoc Tests of One-Way ANOVA) in comparison with the samples with a 

width of 2 mm. ** Significant difference (p < 0.05 by One-Way ANOVA) between the 

rectangular cartilage specimens attached to the bone and those without the bone tissue. 
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Fig. 4.6 The equilibrium shrinkage and swelling strains of cartilage samples with 

different dimensions. The error bars represent standard deviations (n = 10). The 

representations of ‘6.35mm’, ‘4mm’, ‘3mm’, ‘2mm’, ‘2mmμ4mm’ and ‘no-bone’ are 

same as in Fig. 4.5. * and ** represent the same significant difference as in Fig. 4.5.  
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Fig. 4.7 The absolute values of the slope calculated from the linearly descending part of 

the logarithm of the normalized time shift of the cartilage-bone interface or the bottom 

surface for the cartilage samples without bone. The error bars represent standard 

deviations (n = 10). The representations of ‘6.35mm’, ‘4mm’, ‘3mm’, ‘2mm’, 

‘2mmμ4mm’, and ‘no-bone’ are same as in Fig. 4.5. * and ** represent the same 

significant difference as in Fig. 4.5. 
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4.2.3 Depth-dependence of swelling behavior 

In this study, the averaged values of the osmosis-induced swelling strains at the deep 

(30% of the total thickness), middle (55%), and surface (15%) zones were measured 

using ultrasound (Fig. 4.8). The non-uniformity of the swelling strains at different zones 

indicated the depth-dependence of the swelling strain. It was noted that the deep zone 

had compressive strains (-0.008 ± 0.013) while the tensile strains were observed in the 

middle and superficial zones (0.009 ± 0.010 and 0.002 ± 0.012, respectively). 
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Fig. 4.8 Nonuniform swelling-induced strains at the deep, middle and surface zones. 

The error bars represent standard deviations (n = 44). 

 

 

Fig. 4.9 shows the result of a typical 2D scanning during the shrinkage process induced 

by the change of saline concentration from 0.15 M to 2 M. To analyze the distribution 

of the movement of the interstitial tissue at different depths, an ROI was outlined by the 

dashed rectangle in the B-mode image shown in Fig. 4.9a. The ROI area was divided 

into 15 μ 40 segments. The tissue displacement images during the different periods 

were formed using the automatic segmentation and 2D cross-correlation tracking 
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method (Zheng et al., 2004b). Fig. 4.9b-d shows the changes in the displacement 

distribution of the tissue at different moments. They indicated that the movement of the 

tissue was large during the beginning phase of the swelling and shrinkage processes. As 

time going, the movements of tissues inside cartilage tended to be zero and approach 

equilibrium. 

 

 

Scanning direction 

D
epth 

Surface

Bone 

Fig. 4.9 (a) An UBM image of the cartilage cross-section during the shrinkage phase. 

The images of displacement distribution of articular cartilage extracted from the ROI 

indicated by the dashed rectangle in (a) were obtained between two moments of 2.5 min 

and 4.2 min (b), 5.8 min and 7.5 min (c), and 10.8 min and 12.5 min (d), respectively. 

The grey levels in (b-d) represent the displacement values. 

 

4.2.4 Results of pilot study of enzyme digestion 

The results of our pilot study showed that the PG content was more quickly digested by 

0.25% trypsin solution at room temperature than we had expected. For Group A, one-
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hour digestion depleted approximately 90% of the PG content while the PG content of 

the specimens in Group B was totally digested by two-hour digestion (Fig. 4.10). Based 

on this result and in view of the different PG contents and thicknesses of the cartilage 

specimens, 3-hour digestion was selected to monitor the enzyme penetration during the 

progressive degeneration procedure, and 10-minute, 20-minute and 30-minute 

digestions were chosen to obtain the degenerated cartilage with different digested 

degrees.  

 

        

surface surface surface 

                   (a)                                           (b)                                         (c) 
Fig. 4.10 Histological images of cartilage sections stained with safranin O and fast 

green. Red color (dark in grey image) indicates the PG content. ▲ represents the 

cartilage-bone interface. (a) Normal cartilage. (b) A sample digested for 1 hour. White 

arrows indicate the interface of the undigested and digested tissues. (c) A sample 

digested for 2 hours.  

 

Fig. 4.11 shows the effect of ultrasonic decalcification on the PG content of articular 

cartilage. The left part of the histological image shows the full-thickness cartilage tissue 
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with the original surface while the right side shows the tissue without the surface layer. 

The observation that the cut section was still stained with red color (dark in grey image) 

demonstrated that tissue processing including ultrasonic decalcification led to little loss 

of the PG content. This result guaranteed that ultrasonic decalcification would not affect 

the histological assessment.  

 
Surface Without surface layer 

Right partLeft part 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Histological image of cartilage section stained with safranin O and fast green. 

The left part is the full-thickness tissue. The right part is the tissue without the surface 

zone.  

 

 

4.2.5 Progressive degeneration of articular cartilage 

Progressive trypsin digestion 

Fig. 4.12 shows the ultrasound signals collected from a typical specimen during the 

process of trypsin digestion, which lasted for 3 hours. Inclined traces as shown in Fig. 

4.12 were clearly observed in the M-mode ultrasound images collected from all the 

specimens. As the trypsin penetrated into the cartilage tissue and broke down the 
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aggregating PGs, additional echoes were generated from the interface of the digested 

and undigested cartilage tissues (Fig. 4.12). The small echoes along the echo trains were 

the ultrasound scattering signals from the matrix, which appeared to be stable during the 

progressive PG-depleted digestion. In other words, the trypsin digestion might only 

have little effect on the scatters in the cartilage matrix.  
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Fig. 4.12 A typical M-mode ultrasound image display shows the progressive 

degeneration of articular cartilage induced by trypsin enzyme. A clear darker trace is 

observed. The white dots in M-mode image represent the marks manually applied and 

used for the interpolation of the inclined digestion trace. To avoid overlapping the trace, 

fewer marks than required were indicated in the figure. The RF ultrasound echoes (a-c) 

were collected at the time points indicated by the solid lines (a-c) in M-mode image. 

The trypsin penetration front and the corresponding additional echoes generated from 

the interface of the digested tissue and the undigested tissue are indicated with the black 

arrows in M-mode image and the circles in A-mode RF signal, respectively. 
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The transient speed of movement of the digestion front echo was calculated during the 

three hours and the averaged profile is shown in Fig. 4.13a. Fig. 4.13b shows the 

digestion speed as a function of the tissue depth. It can be clearly demonstrated that the 

digestion speed slowed down as the increase of the depth. It was found that the 

digestion speed (0.62 ± 0.16 mm/s) (mean ± SD) at the beginning of digestion was faster 

than the speed (0.04 ± 0.02 mm/s) in the deeper region of the cartilage tissue 

(approximately 70% of the full thickness), suggesting that the enzyme may penetrate 

from the surface into the deeper region of the tissue with a changing speed. 

 

Residual trypsin digestion 

After the short-time enzyme digestion, the residual digestion was monitored when the 

digested sample was immerged in the 0.15 M saline. It was found that the enzyme 

continuously penetrated through the tissue. The digestion front moved at a speed of 0.31 

± 0.23 mm/s, 0.19 ± 0.08 mm/s, 0.20 ± 0.05 mm/s just after the 10-minute, 20-minute, 

and 30-minute digestion, respectively (Fig. 4.14a). The digestion speed slowed down to 

0.00 ± 0.01 mm/s, 0.01 ± 0.01 mm/s, 0.02 ± 0.00 mm/s in the deeper region of the 

cartilage tissue (approximately 60% of the full thickness) at the end of the 3-hour 

residual digestion (Fig. 4.14b). The results demonstrated that the residual digestion 

could still remain for a long time. 

 114



Chapter 4                                                                                                                  Results 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 0.5 1 1.5 2 2.5 3

Digestion time (hr)

A
ve

ra
ge

d 
di

ge
st

io
n 

sp
ee

d
(u

m
/s

)

 (a) 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 0.2 0.4 0.6 0.8 1

Normalized depth

A
ve

ra
ge

d 
di

ge
st

io
n 

sp
ee

d
(u

m
/s

)

Surface   Bone

 (b) 

Fig. 4.13 (a) The profile of the averaged digestion speed as a function of digestion time. 

(b) The profile of the averaged digestion speed as a function of depth. The error bars 

represent standard deviations (n = 10). 
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Fig. 4.14  The profiles of the averaged residual digestion speed as a function of time (a) 

and as a function of depth (b) when the trypsin-digested specimens were in 0.15 M 

saline solution after 10-minute (-Ñ-), 20-minute (-D-) and 30-minute (-μ-) digestions. 

 

 

4.2.6 Comparison of swelling behavior between normal and degenerated articular 

cartilage 

Fig. 4.15 shows the M-mode ultrasound images collected during different processes. 

During the shrinkage, swelling and hydration phases, the deformations of the cartilage 
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at different depths, especially the superficial layer were clearly and dynamically 

indicated in the ultrasound images.  
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Fig. 4.15 The M-mode ultrasound images collected from a consistent site of one 

specimen during different monitoring processes: (a) Equilibrium in 0.15 M saline; (b) 

Shrinkage process after 0.15 M saline was replaced with 2M saline; (c) Swelling 

process after 2 M saline was replaced with 0.15 M saline; (d) Hydration process in 0.15 

M saline after 45-minute dehydration. (e) Histological image of normal cartilage section 

stained with safranin O and fast green.   

 

 

The digestion process was clearly shown by the echoes generated at the interface 

between the digested and undigested tissues (Fig. 4.16). The front echoes shifted with 

time and depth as an inclined streak during the trypsin digestion and residual digestion 

phases. The inclined trace was not clear in trypsin digestion due to the high amplitude 

of the echoes from the cartilage surface. However, it came to be obvious when the 

middle part of the tissue was digested during the residual digestion in physiological 
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saline, shrinkage, swelling, and hydration phases. It was demonstrated that the residual 

digestion came to an proximate end with a quite slow digestion speed (approximately 

0.01 mm/s) after the specimen was soaked in physiological saline for  3 hours (Fig. 4.14).  
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Fig. 4.16 The M-mode ultrasound images collected from the same site as in Fig. 4.15 

during trypsin digestion and other post-digestion monitoring processes: (a) Trypsin 

digestion after 0.15 M saline was replaced with 0.25% trypsin solution; (b) Residual 

digestion after trypsin solution was replaced with 0.15 M saline; (c) Shrinkage process; 

(d) Swelling process; (e) Hydration process. (f) Histological image of the degenerated 

cartilage section. The area stained with red color (dark in grey image) indicates the PG 

content reduced in comparison with Fig. 4.15e. Black arrows show the digestion trace in 

(b-e) and the interface of the digested and undigested cartilages in (f). The white dots in 

(b) represent the marks manually applied and used for the interpolation of the inclined 

digestion trace as shown in Fig. 4. 12.   

 

 

After digested with trypsin, the degenerated specimens showed weak shrinkage, 

swelling and hydration behaviors (Fig. 4.16c-e) in comparison with the normal 
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specimen without digestion (Fig. 4.15b-d). The results of the parametric measurements 

will be reported in the following subsections. The final digestion depth in the ultrasound 

M-mode image was matched with that in the stained histological image (Fig. 4.15e-f). A 

good correlation in the digestion proportion measured using ultrasound and the 

histological method was obtained (section 4.2.7, Fig. 4.25).  

 

4.2.6.1 Shrinkage and swelling behavior 

Fig. 4.17 demonstrates the comparisons of the transient shrinkage and swelling strains 

between the normal and degenerated full-thickness cartilage tissues. Overshoot 

relaxation phenomena during the shrinkage and swelling phases were observed for both 

normal and degenerated articular cartilage. However, the amplitude of the overshoot 

decreased after the digestion, especially for the shrinkage behavior of articular cartilage.  

 

Fig. 4.18 shows the comparisons of the peak shrinkage and swelling strains between the 

normal and degenerated cartilage samples. The absolute values of the peak shrinkage 

strain significantly (p < 0.05, One-Way ANOVA) decreased 45.4%, 42.1% and 50.6% 

after 10-minute, 20-minute and 30-minute trypsin digestions, respectively (Fig. 4.18a). 

However, there was no significant difference between the swelling strains of the normal 

and degenerated samples. It was calculated that the overall mean value of the peak 

swelling strain also decreased approximately 14% after trypsin digestion (Fig. 4.18b). 

The statistical results of One-Way ANOVA showed that the overall mean shrinkage 

duration for the degenerated samples decreased insignificantly (p > 0.05) while their 

overall mean swelling duration increased significantly (p < 0.05) (Fig. 4.19). There 

were large standard deviations in the duration measurement for both the normal and 

degenerated cartilage tissues. 
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Fig. 4.17 The comparisons of the transient shrinkage (a) and swelling (b) strains 

between the normal and degenerated cartilage tissues. The light grey and black solid 

curves represent the mean transient strains measured before and after trypsin digestion, 

respectively.  
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Fig. 4.18 The comparisons of the peak shrinkage (a) and swelling (b) strains between 

the normal and degenerated cartilage tissues. The error bars represent standard 

deviations (n = 10, overall 30 samples). * Significant difference (p < 0.05 by One-Way 

ANOVA) between the normal and degenerated samples.  
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Fig. 4.19 The comparisons of the shrinkage (a) and swelling (b) duration between the 

normal and degenerated cartilage tissues. The error bars represent standard deviations (n 

= 10, overall 30 samples). * Significant difference (p < 0.05 by One-Way ANOVA) 

between the normal and degenerated samples. 

 

 

After the depletion of the PG content, the percentage change of the sound speed in 

cartilage during both the shrinkage and swelling processes remained to exponentially 

depend on the measurement time (Fig. 4.20). The changes can be described by an 

exponential formula ( ). There was no significant difference among the 

coefficients of A, B, and C for the samples with different digestion periods. A similar 

CxBeAy +=
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overall speed change was found between the degenerated cartilage and the normal 

cartilage for both the shrinkage and swelling processes (5.2 ± 1.5 % and -5.1 ± 1.1 % 

for normal samples; 5.1 ± 0.8 % and -4.9 ± 1.2 % for degenerated samples, respectively, 

Table 4.3). Among the three groups, there was no significant difference (p > 0.05, LSD 

Post Hoc Tests of One-Way ANOVA).  
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Fig. 4.20 The comparison of the percentage change of ultrasound speed in articular 

cartilage between the normal and degenerated samples. The error bars represent 

standard deviations (n = 10). 

 

Table 4.3 The percentage change (mean ± SD) of ultrasound speed in articular cartilage 

at equilibrium during shrinkage and swelling processes before and after trypsin 

digestion. 

Shrinkage Swelling Measurement 
items Normal Trypsin-treated Normal Trypsin-treated

Group 10min 
(n = 10) 

5.3 ± 2.4 5.2 ± 0.8 -5.8 ± 1.0 -5.5 ± 1.3 

Group 20min  
(n = 10) 

5.1 ± 1.0 5.1 ± 0.7 -4.9 ± 1.2 -4.8 ± 1.2 

Group 30min 
(n = 10) 

5.1 ± 0.9 5.0 ± 0.8 -4.6 ± 0.8 -4.5 ± 0.9 

Overall  
(n = 30) 

5.2 ± 1.5 5.1 ± 0.8 -5.1 ± 1.1 -4.9 ± 1.2 

 123



Chapter 4                                                                                                                  Results 

 

4.2.6.2 Depth-dependence of swelling behavior  

Fig. 4.21 shows the depth-dependent swelling strains of the normal and trypsin-treated 

articular cartilage samples at equilibrium. It was found that in comparison with the 

overall (n = 44) mean swelling strains of the normal tissues at different depths, the 

overall (n = 30) mean swelling strain at the superficial layer of the degenerated tissues 

increased, the strain at the middle layer decreased, and the strain at the deep layer 

changed little. The swelling strain at the superficial layer of the 30-minute digested 

samples significantly increased and the swelling strain at the middle layer of the 10-

minute digested samples significantly (p < 0.05 by LSD Post Hoc Tests of One-Way 

ANOVA) decreased. However, there was no significant difference (p = 0.568) in the 

strains at the deep layer between the normal and the digested cartilage samples.  
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Fig. 4.21 The equilibrium swelling strains at the deep, middle and surface layers of the 

degenerated cartilage samples in comparison with the overall mean swelling strains of 

normal samples. * Significant difference (p < 0.05 by LSD Post Hoc Tests of One-Way 

ANOVA) in comparison with the normal samples.  
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4.2.6.3 Hydration 

A more obvious swelling behavior (hydration) was observed when the specimen was re-

soaked in physiological saline after dehydrated in the air for 45 minutes. For the normal 

specimens, the overall value of equilibrium hydration strains (0.037 ± 0.009, n = 30) 

was significantly (p < 0.001, One-Way ANOVA) larger than the absolute values of the 

overall peak strain of swelling (0.004 ± 0.002) and shrinkage (0.009 ± 0.003) induced 

by osmotic loading.  

 

No overshoot-relaxation phenomenon was observed during hydration. Fig. 4.22 shows 

the transient hydration strains of the normal and the 10-minute digested articular 

cartilage during the 30-minute hydration phase. The averaged equilibrium hydration 

strains decreased significantly (p < 0.01, One-Way ANOVA) from 0.038±0.013 to 

0.016±0.012 after 10-minute trypsin digestion (Fig. 4.23). A similar significant 

decrease in the equilibrium hydration strain was obtained for Group 20min (from 

0.046±0.019 to 0.026±0.015, p < 0.02) and Group 30min (from 0.026±0.013 to 

0.013±0.007, p < 0.01). However, it was found that the different digestion periods did 

not cause significant changes (p > 0.05, LSD Post Hoc Tests of One-Way ANOVA) in 

the hydration strains between the normal and degenerated tissues among the three 

groups. Therefore, the different digestion periods of 10, 20, and 30 minutes selected in 

this study did not cause a significant difference in the decrease of the hydration strain.  
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Fig. 4.22 The transient hydration strains of the normal and 10-minute digested cartilage 

specimens. The error bars represent standard deviations (n = 10). 
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Fig. 4.23 The comparison of equilibrium hydration strain between the normal specimens 

and their 10-minute, 20-minute and 30-minute trypsin-digested tissues. The error bars 

represent standard deviations (n = 10). * Significant decrease (p < 0.05 by One-Way 

ANOVA) in comparison with the normal cartilage.  
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4.2.7 Correlation of results obtained by ultrasonic measurement and histological 

analysis 

Digestion proportion 

The digestion proportions induced by 10-minute, 20-minute and 30-minute trypsin 

digestions were measured using the manually controlled 3D USMS and histology (Fig. 

4.24). It was clearly shown that the depth of trypsin penetration increased with the 

increase of the digestion time. After the 30-minute digestion, averagely 31.4% were 

digested, which was significantly higher than those after the 10-minute and 20-minute 

digestions (22.3% and 24.7%, respectively) (p < 0.05 by LSD Post Hoc Tests of One-

Way ANOVA). However, after the 3-hour residual digestion in 0.15 M saline and 

shrinkage-swelling and hydration phases, the final digestion proportions were not 

significantly different among the three groups (p > 0.6, LSD Post Hoc Tests of One-

Way ANOVA). It was found that the ultrasound-measured results were similar to those 

measured using histological method (Fig. 4.24), and a good correlation was obtained 

between these two methods (slope = 0.9896, R2 = 0.7993, Fig. 4.25). Fig. 4.26 indicates 

the similar digestion proportion showed in M-mode ultrasound images of hydration 

phase and histological images after the processes of trypsin digestion, residual digestion, 

shrinkage, swelling and hydration for the specimens from one patella.  
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Fig. 4.24 The digestion proportions of the three groups were measured at the end of 

trypsin digestion and hydration phases measured by ultrasound, respectively, in 

comparison with the final digestion proportions measured by histology. The error bars 

represent standard deviations (n = 10). * Significant increase (p < 0.05 by LSD Post 

Hoc Tests of One-Way ANOVA) in comparison with the 10-minute and 20-minute 

digestions.  
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Fig. 4.25 A significant correlation of the digestion proportions measured using 

ultrasound and histological methods (n = 30).  
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       (a)                   (b)                        (c)                    (d)                     (e)               (f)                           

Fig. 4.26 M-mode ultrasound images (a, c, e) of hydration process and histological 

images (b, d, f) of specimens from one patella. (a-b): the 10-minute digested specimen; 

(c-d): the 20-minute digested specimen; and (e-f): the 30-minute digested specimen. The 

dashed line in M-mode ultrasound images represents the location of the digestion depth. 

The solid arrowheads indicate cartilage surface and the line arrowheads indicate 

cartilage-bone interface.  

 

 

Thickness  

Meanwhile, the thickness of the cartilage layer was measured using ultrasound, 

histology and digital caliper, respectively. The results that the thickness measured by 

ultrasound was well correlated with that measured by histology and caliper (p < 0.001, 

Fig. 4.27), respectively, demonstrated that it is feasible to use ultrasound to measure the 

thickness of articular cartilage with the assumed ultrasound speed. In addition, no 

obvious change was found in the thickness of the cartilage layer before and after trypsin 

digestion.  
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Fig. 4.27 The thickness of the cartilage layer measured using ultrasound well correlates 

with that measured using the histological method (a) and digital caliper (b), respectively.  

 

 

4.3 Parametric Prediction Based on Bi-layered Triphasic Modeling 

4.3.1 Measurement of water fraction of articular cartilage  

It was found that there was no significant difference (p > 0.5, One-Way ANOVA) in the 

distribution of water content between the degenerated cartilage tissues with 10-minute 

and 20-minute digestions and their normal tissues, respectively (Fig. 4.28a-b). However, 
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the water content of the cartilage tissue digested 30 minutes decreased significantly (p < 

0.01, One-Way ANOVA), especially for the 50% upper cartilage layer (Fig. 4.28c). 

 

4.3.2 Measurement of FCD of articular cartilage 

Based on the reference FCD distribution of the normal and degenerated cartilage tissues 

(Fig. 3.17), the real FCD distributions of the normal and the 10-minute, 20-minute, and 

30-minute digested specimens in this study were calculated using our indirect method.  

The FCD significantly decreased at the trypsin-digested cartilage layer (p < 0.001, One-

Way ANOVA) in comparison with that of the normal tissue for all the three groups (Fig. 

4.29). The values of FCD at the deep layer, however, were close to the normal value due 

to the non-full-thickness digestion used in this study.  
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Fig. 4.28 The depth-dependent distribution of water fraction of articular cartilage before 

and after the 10-minute (a), 20-minute (b) and 30-minute (c) trypsin digestions. The 

error bars represent standard deviations (n = 10).  
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Fig. 4.29 The depth-dependent distribution of FCD and histological images of articular 

cartilage before and after the 10-minute (a-c), 20-minute (d-f), and 30-minute (g-i) 

trypsin digestions. (b, e, h): histological images of normal cartilage; (c, f, i): histological 

images of degenerated cartilage. The error bars represent standard deviations (n = 10).  
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4.3.3 Theoretical prediction of cartilage swelling 

The newly-developed bi-layered triphasic model was used to describe the nonuniform 

swelling-induced strains of both normal and trypsin-digested articular cartilage (Fig. 

4.30). It was observed that the interface of Layer1 and Layer2 moved towards the bone 

and thus the distribution pattern of the strains was changed depth-dependently after the 

PGs were depleted. For all the specimens, the mean values of the 4 parameters predicted 

using three different models were listed in Table 4.4. The region near the bone, for the 

normal specimens, had a significantly higher modulus (Ha1 = 18.5 ≤ 15.5 MPa) in 

comparison with the middle zone and the surface layer (Ha2 = 7.6 ≤ 11.6 MPa and Ha3 

= 3.6 ≤ 3.3 MPa, respectively) (p < 0.001, LSD Post Hoc Tests of One-Way ANOVA). 

The predicted normalized thickness of the deep layer (Layer1) was 0.67 ≤ 0.22, 

which indicates the separating location of the two layers (Fig 3.16). With the increase of 

the digestion time from 10 minutes to 30 minutes, the mean Ha and h1 values of the 

three groups of the degenerated cartilage samples decreased gradually and 

insignificantly (p > 0.2, LSD Post Hoc Tests of One-Way ANOVA). For the 30-minute 

trypsin-digested specimens, the averaged values were Ha1 = 11.1 ≤ 10.1 MPa, Ha2 = 

6.7 ≤ 16.9 MPa, Ha3 = 1.9 ≤ 2.8 MPa, h1 = 0.55 ≤ 0.24. Fig. 4.31 shows the Ha 

distribution of the normal samples and the changes of the parameters after the 30-

minute digestion. However, no significant changes were found among the parameters 

predicted between the normal and the digested samples (p > 0.1, LSD Post Hoc Tests of 

One-Way ANOVA) probably due to the large variance. Similar results were obtained 

using the 3-parameter model (Table 4.4). The overall aggregate modulus of the normal 

samples obtained using the homogeneous model was significantly higher than those of 

1h
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the degenerated specimens (p < 0.05, One-Way ANOVA). It was also found that the 

aggregate modulus of the degenerated specimens exponentially decreased with the 

increase of digestion time in comparison with the normal specimens (R2 = 0.968, p < 

0.05).  
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Fig. 4.30 The nonuniform distribution of the swelling-induced strains before (a) and 

after (b) 10-minute trypsin digestion for a typical cartilage specimen. The solid line 

represents the theoretical prediction of the strain distribution obtained using the new bi-

layered triphasic model. 
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Table 4.4 The predicted parameters (mean ≤ SD) of the new bi-layered model (4 

parameters) in comparison with the results of the 3-parameter bi-layered model and the 

homogeneous model. 

Parameters 4-parameter layered 
model 

3-parameter layered 
model 

Homogenous 
model 

Normal (n = 44) 
Ha1 18.5 ≤ 15.5* Ha1 9.3 ≤ 12.6 Ha 7.1 ≤ 6.1**

Ha2 7.6 ≤ 11.6 Ha2 3.5 ≤ 3.7   
Aggregate 
modulus 
(MPa) 

Ha3 3.6 ≤ 3.3     
Thickness of 
Layer1 (mm)

h1 0.67 ≤ 0.22 h1 0.56 ≤ 0.29   

After 10-minute trypsin digestion (n = 10) 
Ha1 17.9 ≤ 11.8 Ha1 15.3 ≤ 18.5 Ha 4.0 ≤ 1.9 
Ha2 12.9 ≤ 14.2 Ha2 3.4 ≤ 4.0   

Aggregate 
modulus 
(MPa) 

Ha3 2.9 ≤ 3.2     
Thickness of 
Layer1 (mm)

h1 0.69 ≤ 0.19 h1 0.54 ≤ 0.25   

After 20-minute trypsin digestion (n = 10) 
Ha1 13.6 ≤ 10.4 Ha1 7.9 ≤ 10.6 Ha 3.3 ≤ 2.1 
Ha2 9.3 ≤ 12.2 Ha2 2.9 ≤ 3.6   

Aggregate 
modulus 
(MPa) 

Ha3 2.2 ≤ 2.9     
Thickness of 
Layer1 (mm)

h1 0.57 ≤ 0.31 h1 0.58 ≤ 0.32   

After 30-minute trypsin digestion (n = 10) 
Ha1 11.1 ≤ 10.1 Ha1 5.4 ≤ 11.8 Ha 2.2 ≤ 0.6 
Ha2 6.7 ≤ 16.9 Ha2 1.5 ≤ 2.5   

Aggregate 
modulus 
(MPa) 

Ha3 1.9 ≤ 2.8     
Thickness of 
Layer1 (mm)

h1 0.55 ≤ 0.24 h1 0.45 ≤ 0.24   

*
 
 Significant difference (p < 0.001 by LSD Post Hoc Tests of One-Way ANOVA) 

** Significant difference (p < 0.05 by One-Way ANOVA) 
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Fig. 4.31 The parameters Ha1, Ha2, Ha3, h1 (mean ± SD) of the 30-minute trypsin-

digested samples (n = 10) estimated by the new bi-layered triphasic model in 

comparison with the normal specimens (n =  44). 

 

 

According to the calculation of LSE, the predicted strain values using the three models 

were evaluated. It was obvious that the new model used in this study could achieve 

better curve fitting for the strains, as the percentage LSE value for the new model (0.23 

≤ 0.10) was significantly (p < 0.05, LSD Post Hoc Tests of One-Way ANOVA) smaller 

than that for Narmoneva’s model (0.30 ≤ 0.16) and the homogeneous model (0.31 ≤ 

0.15). 

 

4.4 Comparison of Acoustic Properties between Normal and Degenerated 

Articular Cartilage 

Amplitude of the reflection echo 

The attenuation dB value of the cartilage samples was set using the ultrasound 

pulser/receiver to guarantee the peak of the signals nicely unsaturated during the 

experiments. In comparison with the normal specimens, the amplitude of the ultrasonic 

 137



Chapter 4                                                                                                                  Results 

echoes of the trypsin-digested cartilage decreased with the increase of the digestion time 

(Group 10min: 18.7±7.5 dB; Group 20min: 15.3±3.6 dB; Group 30min: 13.3±4.9 dB, 

Fig. 4.32). The dB value of the digested specimens insignificantly (p > 0.2, One-Way 

ANOVA) decreased 1.5, 1.7 and 2.8 dB from that of their normal specimens, 

respectively. Meanwhile, the maximum amplitude of the echoes reflected from the 

cartilage surface was measured in Table 4.5. The peak value of the amplitude of the 

digested specimens slightly and insignificantly decreased 0.003~0.006 dB with the time 

of trypsin digestion for the three groups. 
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Fig. 4.32 The attenuation dB values of the 10-minute, 20-minute, and 30-minute 

digested specimens in comparison with their normal cartilage specimens before trypsin 

digestion. The error bars represent standard deviations (n = 10).  
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Table 4.5 Centroid frequency and maximum amplitude of the echoes from the cartilage 

surface before and after trypsin digestion.  

Centroid frequency (MHz) Max amplitude (dB)  

normal digested D 

 

normal digested D 

Group 10min  32.39 

±3.43 

34.07 

±4.92 

1.68 0.033 

±0.021 

0.030 

±0.021 

-0.003 

Group 20min  31.82 

±3.14 

31.92 

±3.52 

0.10 0.021 

±0.018 

0.018 

±0.007 

-0.003 

Group 30min  29.78 

±2.69 

30.38 

±2.08*

0.60 0.023 

±0.014 

0.017 

±0.002 

-0.006 

*
 Significant difference (p < 0.05 by LSD Post Hoc Tests of One-Way ANOVA) from 

the value of Group 10min. 
 

 

Centroid frequency 

The centroid frequency of the echoes from the cartilage surface averagely increased 

1.68 MHz, 0.10 MHz, and 0.60 MHz after the 10-minute, 20-minute, and 30-minute 

trypsin digestion, respectively (Table 4.5). The increase of the centroid frequency 

indicates that the low-frequency content of the echoes reduced and high-frequency 

content increased due to the trypsin digestion. A significant difference (p < 0.05, LSD 

Post Hoc Tests of One-Way ANOVA) in the centroid frequency was found between 

Group 30min (30.38 ± 2.08 MHz) and Group 10min (34.07 ± 4.92 MHz) samples after 

digestion.  

 

Reflection coefficient 

The integrated reflection coefficient (IRC) of the cartilage surface decreased 

approximately 1~4 dB for all the three groups (Table 4.6). However, no significant 

difference was found between the mean values of the normal and the digested samples 
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(p > 0.05, One-Way ANOVA), except the comparison between the 10-minute and 30-

minute digested groups (p < 0.05, LSD Post Hoc Tests of One-Way ANOVA).   

 

Backscatter coefficient 

In this study, the integrated backscatter coefficients including AIB of the cartilage-bone 

connection zone and IBS of the middle cartilage tissue were calculated. The AIB values 

decreased approximately 2~3 dB after the trypsin digestions for all the three groups 

(Table 4.6). Also, no significant decrease (p > 0.05, LSD Post Hoc Tests of One-Way 

ANOVA) in AIB was found between the digested groups and the normal samples 

before digestion. Similarly, the IBS values of the middle matrix of the degenerated 

cartilage tissue insignificantly differ from those obtained before digestion (p > 0.05, 

LSD Post Hoc Tests of One-Way ANOVA, Table 4.7).  

 

Table 4.6 Reflection coefficient of the cartilage surface and the integrated backscatter 

coefficient of the cartilage-bone interface before and after trypsin digestion. 

IRC (dB) AIB (dB)  

normal digested D 

 

normal digested D 

Group 10min  -31.70 

±8.47 

-35.36 

±11.82 

-3.66 -49.10 

±7.10 

-51.13 

±7.74 

-2.03 

Group 20min  -30.42 

±10.08 

-31.02 

±10.31 

-0.60 -52.63 

±5.53 

-55.35 

±5.06 

-2.72 

Group 30min  -22.29 

±11.86 

-23.89 

±12.11*

-1.60 -52.00 

±6.15 

-54.49 

±6.87 

-2.49 

* Significant difference (p < 0.05 by LSD Post Hoc Tests of One-Way ANOVA) from 
the value of Group 10min. 
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Attenuation 

The integrated attenuation (IA) coefficient increased approximately 4 dB/mm after the 

20-minute and 30-minute trypsin digestion, which was larger than that of the 10-minute 

digested samples (0.16 dB/mm) (Table 4.7). The increases were not statistically 

significant (p > 0.05, One-Way ANOVA) from those of the corresponding normal 

samples before digestion.  

 

IA coefficient changes as a function of frequency were showed in Fig. 4.33. An obvious 

increase in the value of the IA curve of the 30-minute digested samples was indicated, 

which is located outside the IA range (mean ± SD) of the normal specimens. However, 

the difference was not significant (p > 0.05, LSD Post Hoc Tests of One-Way ANOVA). 

In addition, it was found that the IA slope of the digested cartilage insignificantly 

decreased approximately 0.1~0.3 dB/mm/MHz in comparison with the normal cartilage 

(p > 0.05, LSD Post Hoc Tests of One-Way ANOVA, Table 4.8).  

 

Table 4.7 Attenuation coefficient and the integrated backscatter coefficient of the 

middle cartilage tissue before and after trypsin digestion. 

IBS (dB) IA (dB/mm)  

normal digested D 

 

normal digested D 

Group 10min  -70.62 

±4.30 

-71.84 

±3.39 

-1.22 15.40 

±14.27 

15.56 

±8.15 

0.16 

Group 20min  -75.43 

±4.30 

-74.06 

±2.42 

1.37 20.42 

±8.26 

25.29 

±12.23 

4.87 

Group 30min  -72.34 

±5.57 

-70.98 

±5.26 

1.36 22.09 

±15.48 

26.39 

±17.17 

4.30 
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In summary, the results indicated that the tendency of the change in the acoustic 

parameters was similar for all the three groups. The changes of the samples digested for 

30 minute were more obvious than those of the samples digested for 10 and 20 minutes. 

However, not all the parameters changed with a statistical significance after trypsin 

digestion. It was found that parameters such as the amplitude, centroid frequency of the 

echoes from the cartilage surface, and IRC were more sensitive to the change in the PG 

content of the cartilage tissue induced by trypsin digestion. 
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Fig. 4.33 The profiles of the averaged integrated attenuation coefficient as a function of 

frequency. The degenerated samples from Group 10min, Group 20min, and Group 

30min were compared with all the normal samples. The error bars represent standard 

deviations (n = 30). 

 

Table 4.8 IA slope of the middle cartilage tissue before and after trypsin digestion. 

IA slope b (dB/mm/MHz)  

normal digested D 

Group 10min  0.39 ± 0.30 0.16 ± 0.25 -0.23 

Group 20min  0.25 ± 0.32 0.15 ±0.24 -0.10 

Group 30min  0.33 ± 0.60 0.21 ± 0.55 -0.12 
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4.5 Analysis and Correlation of Swelling, Acoustic and Biochemical Parameters  

Correlations between swelling and shrinkage parameters 

Besides the swelling behavior of articular cartilage, the shrinkage behavior was also 

investigated in this study. It was found that a linear correlation existed between two 

phases (Fig. 4.34). For the normal specimens, the peak swelling strain correlated with 

the peak shrinkage strain (R = -0.45, p < 0.05), while such a correlation did not exist 

between the shrinkage duration and the swelling duration. Although with a decrease in 

the mean amplitude of the peak strains (Fig. 4.18), a similar correlation (R = -0.51, p < 

0.01) was obtained for the trypsin-digested cartilage samples.  
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Fig. 4.34 Correlations between the peak shrinkage strain and the peak swelling strain for 

the normal (a) and degenerated (b) specimens.  
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Correlations between swelling and acoustic parameters  

Fig. 4.35 shows a relatively good correlation between the peak swelling strain and IA 

slope (b) for both the normal and degenerated specimens. However, no significant 

correlation was found between swelling strains and other acoustic parameters.  
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Fig. 4.35 Correlations between the peak swelling strain and IA slope b  for the normal 

(a) and degenerated (b) samples. 

 

 

Correlations between acoustic and biochemical parameters 

 The IRC of the cartilage surface was significantly related to the water fraction of the 

normal cartilage tissue (Fig. 4.36a). After the PG content was depleted, this linear 

correlationship became insignificantly (Fig. 4.36b). Meanwhile, it was found that the 

IBS of the cartilage matrix was significantly negatively correlated with the FCD 

(representing the PG content) of the normal cartilage tissue (Fig. 4.36c). No such 

correlation was found after the samples were digested (Fig. 4.36d).  
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Fig. 4.36 Correlations between IRC and water fraction for the normal (a) and 

degenerated (b) samples. And correlations between IBS and FCD for the normal (c) and 

degenerated (d) samples. 

 

Correlations between aggregate moduli and other parameters 

The result of this study indicated that the overall aggregate modulus Ha of the full-

thickness degenerated matrix obtained using the homogeneous triphasic model 

negatively correlated with IRC (R = -0.525, p < 0.05, Fig. 4.37b). No significant 

correlation was found between Ha and other acoustic parameters, or between Ha and 

the biochemical parameters, including water fraction and FCD. Moreover, the 
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correlations between the aggregate moduli (Ha1, Ha2 and Ha3) obtained using the new 

bi-layered triphasic model and the acoustic and biochemical parameters were also 

calculated. However, no significant correlations were found.  
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Fig. 4.37 Correlations between the aggregate modulus predicted by the homogeneous 

triphasic model and IRC for the normal (a) and degenerated (b) samples. 
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CHAPTER 5  DISCUSSION 

 

5.1 Ultrasound Swelling Measurement System 

5.1.1 Validation and repeatability of USMS 

The results of the validity test showed that for both the 0.15 M and 2 M saline solutions 

the simulated subtle displacements of the cartilage surface measured by the  manually 

controlled and motor-controlled 3D USMS were linearly correlated with the reference 

values read by the micrometer (R2  > 0.99) and by the 3D scanning motor (R2 > 0.98), 

respectively. It was demonstrated that the uncertainty of the strain measurement 

(approximately 0.7 mm) caused by the experimental system could be acceptable in 

comparison with the swelling strain of articular cartilage (approximately 0.3%) tested in 

this study.  The high reliability score (ICC > 0.98) demonstrated that the ultrasound 

measurement system had a good reliability according to a general guideline (Shoukri 

and Edge, 1996). The CV% values of the measured peak strains and the averaged 

rRMSD of the transient data were both less than 10%, indicating that the repeatability of 

the measurements was acceptable using the current measurement systems (Laasanen et 

al., 2002). 

 

Similarly, either for the large (6.35 mm in diameter) or small (2 mm in width) 

specimens, the high reliability score of ICC of the peak strains ( > 0.8) also 

demonstrated that the ultrasonic measurements of the shrinkage and swelling behavior 

of articular cartilage had a good reliability according to the general guideline of 

assessment (Shoukri and Edge, 1996) for both mounting-remounting and measuring at 

different sites. However, the CV% values of the measured peak strains and the averaged 
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rRMSD values of the transient data among the three tested sites were all greater than 

10% for the small specimens. In contrast, the two parameters were much smaller in the 

case of mounting-remounting for both the large or small specimens. The results 

indicated that the variation caused by mounting-remounting was within an acceptable 

range for both the small and large specimens tested in this study. However, the site 

dependence (0.5 mm apart) of the measurement needs to be considered for the 

specimens with a width of 2 mm. Therefore, the results of this repeatability test 

suggested that the specimen dimension should not be too small. One possible reason for 

the stronger site-dependence in the small specimens may be the obvious edge effect, as 

the exchange of water and ions across the sides of the small specimens could 

significantly affect the swelling-shrinkage behavior. The other potential reasons are 

elaborated in next section. 

 

5.1.2 Effect of specimen dimension on swelling measurement 

In view of nano-structure, the collagen fibrils are made of the staggered arrays of the 

triple helixes and the PG aggregates are bounded together to form macromolecular 

complexes that are immobilized with the collagen network (Mow et al., 2005). The 

negative charges on the PGs generate the swelling pressure balanced by the limitation of 

the fibril network (Mankin et al., 2000; Mow et al., 2005). Cutting the cartilage tissue to 

reduce dimension at macro-scale tends to destroy the original nano-structure of the 

proximity of the cutting section. It was found that the cartilage tissue on the edge 

protruded slightly during our specimen preparation. This phenomenon might be caused 

by the loss of the constraining force of the damaged collagen network. The excised 

strips in such a ‘destructive’ way may not provide the same material properties of 
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articular cartilage as those in its natural intact state. Therefore, the boundary condition is 

one possible reason for the significant changes in the transient osmosis-induced 

swelling behavior of the cartilage samples with different dimensions. The other possible 

reason might be the increased diffusion of ions and water with the reduced sample 

dimension. It has been well accepted that articular cartilage is widely regarded as a 

triphasic material (Mow et al., 2005). Based on the ideal osmotic pressure law, the 

Donnan osmotic pressure p is related with the difference of ion concentrations between 

the interstitium and the external bathing solution. It is demonstrated that the dynamic 

cartilage swelling depends on the transient alterations in the ion concentration and the 

fixed charge density in the interstitium (Lai et al., 1991; Maroudas, 1976a), which are 

affected by the diffusion of ions and water during the shrinkage and swelling phases. 

Furthermore, our results demonstrated that the ion exchange after changing the 

concentration of the bathing solution was correlated with the specimen dimension. 

Therefore, the study on the transient cartilage swelling must consider the size of the 

cartilage sample. Smaller specimens might have a stronger dimension-dependence of 

cartilage swelling in consideration of the edge effect. Relatively large specimens 

remaining an in-situ condition with little edge effect might less depend on the 

dimension. If specimens are prepared with enough large dimension, the ultrasonic 

approach (the ultrasound beam width of 0.1 mm) may well secure the in-situ conditions 

of the cartilage samples with a large size (f > 3 mm) and can be used to investigate the 

dynamic responses of the intact cartilage layer to electrochemical or mechanical 

stimulations. 
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 Ultrasound technique has been regarded as a potential approach for the study on the 

swelling behavior of articular cartilage. High frequency ultrasound with a high 

resolution has been applied to monitor a relatively small specimen (Fortin et al., 2003; 

Wang and Zheng, 2005). The results of our experiments suggested that the width of the 

specimen should not be too small in comparison with the focal zone diameter of the 

ultrasound beam when ultrasound is used to detect the swelling behavior of articular 

cartilage. It is believed that the geometry of the specimen should be taken into account 

when studying the biomechanical properties of articular cartilage as well as other 

materials. 

 

5.1.3 In-situ measurement  

Since the cartilage samples were attached to the bone, the obtained results reflected 

the swelling behavior and the material properties of articular cartilage in situ 

(Narmoneva et al., 1999). In order to demonstrate the differences between cartilage 

specimens with and without the bone tissue, the swelling behavior of the full-

thickness cartilage layer without bone was monitored as well. The statistical results 

of the pair-wise comparison showed that the absolute peak shrinkage and swelling 

strains of the cartilage samples without bone were significantly larger than those of 

the cartilage-bone specimens. It was consistent with the results of Mow and 

Schoonbeck’s study (1984). Setton et al. (1998) reported that the cartilage layer 

without the support or limitation of the bone behaved in curling and swelling. Their 

findings indirectly provided evidences for the difference between cartilage specimens 

in in-situ and ex-situ conditions. 
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Without applying any external mechanical stress, we studied the responses of articular 

cartilage to the change of the ion concentration of the bathing solution. The osmosis-

induced shrinkage and swelling behaviors observed at the central portion (f = 0.1mm) 

of the cartilage plugs (f = 6.35mm) could closely approximate the in situ behavior of 

the intact tissue without edge effect. In comparison with other methods such as wet-

weighting, mechanical (indention, tension, compression), and optical methods, the 

ultrasonic method provides a non-contact and non-destructive way to observe the 

swelling behavior inside the cartilage without removing the cartilage layer from the 

bone or cutting the cartilage into slices. Therefore, it is potential to become a more 

acceptable method to measure the in-situ material properties of articular cartilage. 

 

5.1.4 Correlation between ultrasonic evaluation and histological analysis 

The histological assessment has been applied as a criterion in the studies on the 

degeneration of articular cartilage (Adams et al., 2006; Hattori et al., 2004; Kuroki et al., 

2004; Laasanen et al., 2006; Laurent et al., 2006; Qin et al., 2002; Saied et al., 1997). In 

this study, trypsin digestion was used to break down the PGs without inducing a 

macroscopic damage on the cartilage surface. The histological assessment was 

performed not only for the measurement of FCD but also for assessing the PG depletion 

in comparison with the ultrasonic evaluation. The result that the digestion proportion 

and the thickness of the cartilage layer measured by the USMS highly correlated with 

the histological analysis indicated the validity of the ultrasonic measurement of the 

cartilage thickness and the progressive degeneration of the tissue.  
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5.2 Ultrasonic Characterization of Swelling Behavior of Articular Cartilage 

5.2.1 ‘Overshoot-relaxation’ transient swelling behavior 

This study demonstrated that the shrinkage and swelling behavior of articular cartilage 

experienced an ‘overshoot-relaxation’, similar to the “salt-induced stress relaxation” 

behavior of articular cartilage earlier observed using a confined configuration 

(Eisenberg and Grodzinsky, 1987). However, the transient stress in this earlier study 

showed a monotonic decrease after the saline concentration was increased. One possible 

reason for this overshoot-relaxation may be the interactions between the PGs and the 

collagen fibres in the cartilage surface zone. According to the conventional theories, the 

Donnan osmotic pressure plays a dominant role in the free swelling behavior of 

cartilage (Lai et al., 1991; Maroudas et al., 1986; Narmoneva et al., 2001). With the 

decreased saline concentration, swelling stress in articular cartilage increased and the 

sample was allowed to swell. However, it was soon balanced with the constraining force 

of the stretched collagen network, particularly the reinforced collagen fibrils in the 

cartilage superficial zone. The cartilage sample had a tendency to be compressed back 

to its initial state. In contrast, swelling stress in articular cartilage decreased when the 

saline concentration was increased. The total pressure squeezed on the cartilage and 

allowed the cartilage to shrink. Also balanced by the tensile force of collagen fibres and 

their interaction within the PG-collagen matrix, the cartilage surface moved backwards 

after the strain reached the peak. Another possible reason for the phenomenon may be 

due to the ion redistribution. During the shrinkage process, the cartilage tissue at certain 

depths might absorb more ions than required for balancing the fixed charges at that 
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region. This may cause a temporary overshoot of the shrinkage followed by a relaxation 

phase as the ions are redistributed. Similar explanation could be applied to the 

overshoot phenomenon of the swelling. Other possible explanations for this overshoot 

phenomenon could include the depth-dependent distribution of fixed charge density 

(Narmoneva et al., 2001) and the interaction between ions and collagen matrix 

(Eisenberg and Grodzinsky, 1987). Triphasic theory (Lai et al., 1991) provides a model 

to explain the electrochemomechanics of cartilage at equilibrium or non-equilibrium 

states. By applying the triphasic model, further investigations on the transient free-

swelling behavior of cartilage are necessary to better understand the causes of this 

phenomenon. 

 

The mean peak shrinkage strain (1%) and the mean peak swelling strain (0.3%) of 

bovine cartilage obtained in this study were much smaller than the 3% swelling strain 

reported by Mow and Schoonbeck using the water-weight-gain method (Mow and 

Schoonbeck, 1984), but appeared to agree with Eisenberg and Grodzinsky’s result, 

which was less than 1% measured by a uniaxial confined compression method 

(Eisenberg and Grodzinsky, 1985). Narmoneva et al. (2002) found that the mean 

swelling strain of the canine cartilage strips was approximately 1%. The inconsistency 

of the swelling strains reported in the literature as well as in this study could be due to 

individual variations of the specimen location, joint, species, age, degeneration status, 

specimen configuration, and measurement technique. This study also provided evidence 

that the cartilage disc detached from the subchondral bone tended to swell more in 

comparison with in-situ intact condition (Mow and Schoonbeck, 1984).  
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This study investigated not only the swelling strain but also the shrinkage strain (or de-

swelling strain). We found that the swelling behavior of cartilage correlated with its 

shrinkage behavior. However, there was a significant change between the transient 

responses during these two processes in the strain amplitude, i.e., they are not reversible. 

This phenomenon might be caused by the anisotropic mechanical properties and ion 

diffusion rates of articular cartilage. Further explanation to this finding requires more 

theoretical and experimental studies.  

 

5.2.2 Depth-dependence of swelling strain 

From the M-mode images (Fig. 3.11), it is clearly shown that the ultrasound signals at 

different depths shift differently. Our results for bovine articular cartilage showed that 

the swelling-induced strain was depth-dependent (Fig. 4.8). This was similar to the 

results of the canine and human cadaver cartilage (Narmoneva et al., 1999, 2001). It has 

been known that most of the PGs are located in the middle zone of articular cartilage 

and the fixed negative charges on the PGs play a primary role in swelling (Maroudas, 

1976a; Mow et al., 2005). Therefore, the swollen middle layer may cause a compressive 

stress on the deep zone. In addition, the in-situ configuration that the deep zone was 

attached to the bone might give a rigid support to place the cartilage matrix in a state of 

compression. It is also known that collagen fibre organization in cartilage is highly 

nonuniform and anisotropic. Fibres are oriented tangential to the surface at the 

superficial zone to confine the swelling stress (Eisenberg and Grodzinsky, 1985; Lai et 

al., 1991; Maroudas et al., 1986). This may explain why the tensile strain of the surface 

layer is lower than that of the middle zone. Further studies are definitely needed to 
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better understand the reasons for the compressive strains in the deep zone while the full-

thickness cartilage experienced an overall tensile strain during the free swelling test.  

 

This study not only provided the transient swelling strains, but also successfully used 

dynamic 2D images of cartilage to image the displacement distribution of the tissues. 

Using 2D tracking method (Zheng et al., 2004b), the tissue displacement images during 

the different periods of the swelling and shrinkage processes could be obtained 

automatically after an ROI in the B-mode ultrasound image was selected (Fig. 4.9b-d). 

From the changes in the brightness of the images, the deformations inside of the tissue 

were detected. It was found that the movements of tissues inside articular cartilage were 

intensive gradually reducing as time going, and finally equilibrium was approached.  

 

It was noted that under the external compression loading, the superficial layer of the 

sample incurred most of the deformation applied on the specimen while the strains in 

the middle zone were relatively much smaller using ultrasound compression system 

(Zheng et al., 2002) and optical microscopic methods (Guilak et al., 1995; Schinagl et 

al., 1996, 1997). In comparison with the mean equilibrium compressive strains, the 

osmosis-induced swelling strains at cartilage sub-layers were found to distribute in a 

different way as shown in Fig. 4.8. Therefore, further studies on the non-uniform 

deformations induced by the osmotic loading are necessary.  

 

In our modeling, the predicted swelling strain also indicated a corresponding 

heterogeneity along the depth (Fig. 4.30), with the upper middle zone having a higher 

strain. However, the current model could not predict the compressive strains. Thus, the 
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theoretically predicted strain data approached to zero in the deep layer. In this study, 

the theoretically predicted strain data of the bi-layered cartilage tissue were calculated 

based on the experimentally measured strain data acquired using ultrasound in the 

free-swelling test by replacing the hypertonic saline (2 M NaCl) with the 

physiological saline (0.15 M NaCl). These strain data and the reference values of  

and  were used to estimate the material properties of articular cartilage based on 

a triphasic eletromechanochemical theory (Lai et al., 1991). The prediction of the 

swelling-induced strain fields in the cylindrical cartilage layer was performed as a 

function of the material properties of the solid matrix (aggregate modulus Ha and 

Poisson's ratio ν

Fc0

W
0φ

s) and the reference  and  (Setton et al., 1996). Since the 

swelling prediction was a weak function of Poisson's ratio ν

Fc0
W
0φ

s (Athanasiou et al., 1991; 

Narmoneva et al., 1999), a constant value for νs was assumed throughout the depth 

direction in this study. The results showed that our model could better fit the 

measured strain distribution for the bovine articular cartilage. 

 

5.2.3 Progressive degeneration of articular cartilage 

High frequency ultrasound technology provides a unique tool for real time monitoring 

of the progressive degeneration process. Our earlier study has addressed the possibility 

of using ultrasound to monitor the progressive depletion of PGs of articular cartilage 

induced by trypsin digestion (Zheng et al., 2004a). A similar study has been reported 

using ~30 MHz ultrasound to measure the dynamic acoustic parameters with a time 

interval of 5 minutes (Nieminen et al., 2002). However, no further parametric 

quantification was obtained. In this study, the RF signals were recorded at a sampling 

rate of one frame per 0.6 second. Therefore, the transient trypsin penetration front was 
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more clearly observed in the ultrasound M-mode image and its transient penetration 

speed was calculated. Our results demonstrated that this ultrasonic approach could 

effectively track the alteration in the structure of the PG macromolecular induced by 

trypsin enzyme, simulating the natural degeneration of articular cartilage. The good 

correlation of the digestion proportion measured using USMS with that of the 

histological assessment was consistent with previous studies (Nieminen et al., 2002; Qin 

et al., 2002; Zheng et al., 2001).  

 

Our study successfully tracked the progressive degeneration of articular cartilage in situ. 

It was found that the enzyme solution with the trypsin concentration of 0.25% 

penetrated into the tissue and digested the PGs at an average speed of 0.62 mm/s. After 

approximately three-hour digestion, the digestion speed decreased to a very low level. 

One possible reason might be the activity decrease of trypsin enzyme as time going 

since the digested PGs might lead to an alteration in the condition inside the cartilage 

tissue, such as pH, resulting in the difficulty of the trypsin molecules to reach the deep 

zones. Consequently, the non-constant concentration of trypsin during the digestion 

should be considered. The inhomogeneous distribution of the PG content may be 

another possible reason for this phenomenon. It took enzymes less time to digest the 

PGs in the superficial zone where the content is low and enzymes are easy to reach. 

Correspondingly, more PGs in the middle and deep zones need more time to be broken 

down. The individual variance in PG content among different samples may explain why 

there was a relatively large variance during digestion process among individual 

specimens.  
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The digestion process is complex, so further studies are required. The method of turning 

the cartilage layer upside down tends to be useful to confirm the effects of the possible 

factors in the future studies. This ultrasound method provides a feasible approach to 

observe the dynamic digestion process inside the tissue.  

 

The observation and quantification of the residual trypsin digestion indicated that the 

residual enzymes inside the tissue digested PGs at lower speed but still remained a 

relatively strong activity. It was found that after the 30-minute trypsin digestion, the 

enzyme penetrated into approximately 1/3 of the full thickness of the cartilage layer, 

which was significantly (p < 0.05, One-Way ANOVA) larger than the penetration depth 

after the 10-minute and 20-minute digestions. However, after the specimens rested for 3 

hours in physiological saline for residual digestion, the digested proportions measured 

by both USMS and histology were insignificantly different among the three groups (p > 

0.05, LSD Post Hoc Tests of One-Way ANOVA). The results suggested that the 

residual digestion must be carefully considered in the enzyme digestion of articular 

cartilage. To stop the residual digestion, enzyme inhibitors could be used (Nieminen et 

al., 2002; Qin et al., 2002). Therefore, future studies may investigate the property 

changes of the degenerated cartilage tissue with a certain digestion depth with the use of 

enzyme inhibitors.  

 

5.2.4 Swelling behavior of the OA-like articular cartilage 

This study systematically investigated the osmosis-induced shrinkage-swelling and 

hydration behavior of the degenerated cartilage using ultrasound. Firstly, it was found 

that the magnitude of the transient strains of the full-thickness cartilage layer decreased 
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after the trypsin digestion, i.e. the absolute values of the peak strain of both shrinkage 

and swelling decreased after trypsin digestion (Fig. 4.17-18). Narmoneva et al. (2001) 

reported that the swelling strain of the mild degenerated cartilage changed less in 

comparison with that of the normal tissue. However, other previous studies reported that 

the increase in cartilage volumetric swelling (or water gain) would be regarded as one of 

the early signs of OA (Maroudas et al., 1986; Torzilli et al., 1990). The damage and loss 

of collagen fibres might result in the stronger swelling behavior (Narmoneva et al., 

2001). The difference between these previous studies and this study might be related to 

the PG depletion and the minor extent of the damaged collagen network. It is known 

that trypsin not only digests the PGs but also affects the collagen fibrils. However, 

Harris et al. reported that trypsin only cleaved a minor amount of collagen (Harris et al., 

1972). In this study, the collagen network in the surface zone was directly submerged in 

the enzyme solution, so it was easily affected. However, the short-time trypsin digestion 

applied in this study tended to induce no significant change in the collagen network of 

the trypsin-digested cartilage using polarized light microscopy, consistent with previous 

study (Nieminen et al, 2002). Moreover, the results of water volume fraction 

measurement indicated that there was no significant difference between the normal and 

the degenerated cartilage for Group 10min and Group 20min but showed a significant 

decrease for Group 30min. The loss of PGs resulting in a decrease of swelling pressure 

might cause a loss of water, and meanwhile, the collagen network limited the gain in 

water (Mankin et al., 2000). In addition, previous studies reported that the enzyme-

induced PG depletion did not significantly affected the cartilage density (Gu et al., 1999) 

and only resulted in a minor change in cartilage structure and composition (Lyyra et al., 

1999). Besides the inclined trace of the additional echoes from the interface of the 
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digested and undigested cartilage tissue, the echoes from the cartilage matrix shifted 

slightly, indicating that the progressive PG-depleted digestion did not obviously affect 

the ultrasound scattering signals from the tissue. Thus it could be suggested that the 

depletion of PGs in this study did not change the structure of the tissue. Therefore, the 

trypsin-digested OA-like articular cartilage specimens obtained from the normal 

cartilage without visual surface lesions showed a different swelling behavior from the 

spontaneous OA or collagen-damaged articular cartilage. It is expected that 

chondroinase ABC will be used to only digest the PGs and collagenase to digest 

collagen fibrils. The further results must demonstrate the roles of the PGs and collagens 

in the various properties of articular cartilage and provide an insight explanation for the 

results obtained in this study. 

 

Secondly, it was found that the current result of the depth-dependence of the swelling-

induced strains for the degenerated samples was consistent with the result of a previous 

study that the swelling strain of the superficial zone for the damaged cartilage increased 

(Narmoneva et al., 2001). The least content of the PGs and the minor alterations of the 

collagen network at the surface zone as discussed above may explain this finding. With 

the loss of PGs, the swelling strain at the middle zone reduced while the swelling strain 

at the surface zone increased. The strain at the deep zone changed insignificantly 

probably because the deep zone was not digested by trypsin, which was confirmed by 

both the histological and ultrasound measurements.  

 

Thirdly, the hydration induced by the process of dehydration and re-immersion showed 

more obvious osmotic swelling behavior of articular cartilage compared with the 
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swelling induced by changing the concentration of the bathing saline solution. 

According to a previous study that an 1-hour exposure to air did not change the water 

content of intervertebral disc (Pflaster et al., 1997), the 45-minute exposure to air 

(humidity = 58±5%; temperature 21 ± 1°C) was applied in this study. Because this 

relatively short dehydration and the large drag forces preventing the interstitial water to 

flow from the deep zone upwards to the surface (Mankin et al., 2000; Mow et al., 2005), 

an alteration was induced only at the superficial layer and the condition of the deeper 

zones kept unchanged. These are the possible reason for explaining the difference in 

behavior of concentration-induced swelling and dehydration-induced hydration. After 

water evaporation, the loss of fluid content resulted in the top zone of the PG-collagen 

solid matrix more densely (Mankin et al., 2000; Mow et al., 2005) and thus generated an 

osmotic pressure gradient between the cartilage superficial zone and the bathing 

solution causing cartilage swelling. After trypsin digestion, the broken-down PGs might 

cause changes in material properties of the matrix and consequently result in a decrease 

of the osmotic pressure induced by dehydration and re-immersion in comparison with 

their normal counterparts. An earlier study using ultrasound to probe the hydration 

process of the partially dehydrated normal cartilage reported that the interaction 

between collagen network and PGs affected this hydration behavior of articular 

cartilage (Tepic et al., 1983). 

 

However, the spontaneous OA was a more complex process related to a multi-

composition change of the cartilage while the experimentally enzyme-treated OA-like 

cartilage could only lose a single composition. Thus further studies are required to 
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investigate the swelling behavior of the spontaneous OA articular cartilage using our 

ultrasound method. 

 

5.3 Bi-layered Triphasic Modeling 

5.3.1 Prediction of aggregate moduli 

In the earliest model of articular cartilage, the tissue was modeled as linearly elastic, 

isotropic and homogeneous material. In that single-phased model, a uniform Young’s 

modulus ( E ) was determined by the ratio of axial stress and strain. With the increasing 

knowledge of articular cartilage, an inhomogeneous triphasic model with non-uniform 

modulus was developed to study the swelling behavior (Narmoneva et al., 2001), based 

on the triphasic theory (Lai et al., 1991). In that study, two aggregate moduli Ha were 

used to describe articular cartilage, assuming that Ha changed linearly with the 

depth in the layer near the cartilage surface and Ha was a constant in the deep 

region. In the current study, the inhomogeneous model was extended by including 

an additional aggregate modulus Ha. We assumed that Ha in the deep region would 

also vary with the depth as shown in Fig. 3.16. Our results (Table 4.4) were in 

general consistent with the modulus values of the patellar articular cartilages of 

human cadavers (the average modulus of the deeper layer equaled to 12.4 ± 9.3 MPa; 

the superficial region 1.7 ± 2.3 MPa; the normalized thickness of the deeper zone was 

0.6 ± 0.1) (Narmoneva et al., 2001), and this demonstrated the reliability of our new 

method. According to our results, using a single Ha to describe the deep region 

appeared to be not accurate enough for the specimen that we tested, as there was a 

significant difference (p < 0.05) between the aggregate moduli in the surface and 
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middle regions (Ha3 and Ha2) and the aggregate modulus in the region towards the 

bone (Ha1). 

 

The results of this study indicated that the aggregate moduli of the cartilage tissue at 

different depths from the deep region to the surface decreased insignificantly after 

trypsin digestion (Table 4.4, Fig. 4.31) using both the 3-parameter model proposed 

by Narmoneva (Narmoneva et al., 2001) and our new 4-parameter model. The 

insignificance might result from the minor change in the density (Gu et al., 1999) and 

in collagen network (Nieminen et al., 2002) after trypsin digestions. The stiffness of 

the cartilage matrix highly depends on the collagen fibres and the PGs, which are the 

major components to form the matrix. Narmoneva et al. (2001) found that the 

breakdown of collagen fibrils could induce a decrease of the modulus. In this study, the 

results showed that the trypsin-induced PG depletion without the damage of collagen 

fibrils could cause an insignificant change in the stiffness of the matrix. Further 

experiments using collagenase to digest collagen fibrils are required to demonstrate the 

significant reduction of the aggregate moduli in the degenerated cartilage. It should also 

be noted that there were very large individual variations of the parameters even for the 

normal specimens. More specimens may be required.  

 

Moreover, our bi-layered 4-paramerter triphasic model measured the minor changes in 

the cartilage matrix structure caused by the PG depletion by calculating the normalized 

thickness of the deep layer (h1). The value of 1-h1 represented the thickness of the 

degenerated region (Narmoneva et al., 2001). In this study, the value of h1 gradually 

decreased from 0.69 ± 0.19 to 0.55 ± 0.24 with the digestion time from 10 to 30 
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minutes. However, it was found that these modeling results were larger than the 

measurements of the undigested portion using histology (0.25 ± 0.18 for Group 10min, 

0.36 ± 0.18 for Group 20min, 0.27 ± 0.18 for Group 30min) and ultrasound (0.24 ± 

0.15, 0.30 ± 0.15, and 0.30 ± 0.13 for the three groups, respectively). This difference 

tended to provide evidence that h1 was related to the trypsin-induced PG depletion but 

not equal to the real value of the thickness of the undigested region. The possible 

reasons may be the insensitivity of the model to the changed material properties of the 

matrix (refer to the following section) and the insignificantly changed swelling strain 

data used for theoretical parametric extraction.  

 

The comparison among the predicted results of the three models showed that the 

parametric prediction of articular cartilage using the new 4-parameter model had the 

lowest errors. The homogeneous model might not be able to well predict the 

alteration in the swelling-induced strains and the aggregate modului of articular 

cartilage at different depths, especially for the degraded cartilage (Narmoneva et al., 

2001). However, it was demonstrated that the overall aggregate modulus obtained 

using the homogeneous triphasic model was significantly affected by the trypsin 

digestion, indicating the reduction of overall stiffness of cartilage after digestion. 

Further studies are necessary to improve the model for obtaining better parametric 

prediction of articular cartilage.  

 

5.3.2 Effect of  and  distribution Fc0
W
0φ

For the triphasic model, the reference water volume fraction and fixed charge 

density  are important compositional indices of the model, which affect the 

W
0φ

Fc0
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swelling strain fields and the prediction of of cartilage (Lai et al., 1991; 

Narmoneva et al., 2001). To test the effects of the distributions of  and  on the 

estimation of the parameters including , , and , we compared the results 

of  predicted using the reported values of  and  of bovine cartilage (Shapiro et 

al., 2001; Wang et al., 2002) with the Ha  values obtained using the other two extreme 

distributions of  and , i.e., a constant value throughout the depth (Fig. 5.1c-d) and 

a reverse distribution (Fig. 5.1e-f) contrary to the literature one (Fig. 5.1a-b). A similar 

approach for parametric studies has been reported for studying depth dependent strains 

induced by compressive loading (Wang et al., 2001). 

Ha

W
0φ

Fc0

1Ha 2Ha 3Ha 1h

Ha Fc0
W
0φ

Fc0
W
0φ

 

By comparing the results obtained using the three types of  and distributions, we 

found that the estimated parameters were relatively insensitive to the assigned 

distributions. That is to say, there was insignificant interaction (p > 0.05, Two-Way 

Repeated ANOVA) between the distributions of  and  and the 

estimated , , and , with the exception that Ha

W
0φ

Fc0

Fc0
W
0φ

1Ha 2Ha 3Ha 1h 2 was significantly affected 

by the  distribution (p < 0.05), but not  (p > 0.05).  Although it was found that the 

 distribution affected the prediction of mechanical properties of articular cartilage, 

its effects on the estimation of Ha

W
0φ

Fc0

W
0φ

2 might be smaller in real situation, as the  

distribution in the normal cartilage may not be so extreme as used for comparison in this 

study from specimen to specimen.  

W
0φ

 

Previous studies had demonstrated the inhomogeneous distributions of the fixed 

negative charges (Flahiff et al., 2002; Narmoneva et al., 1999, 2001, 2002; Wang et al., 
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2002) and the water volume fraction (Narmoneva et al., 1999, 2001, 2002; Shapiro et 

al., 2001) in articular cartilage. Consequently, the distribution of the swelling-

induced strains (Narmoneva et al., 1999, 2001, 2002; Wang et al., 2002) is different at 

different depths as well as for tissues with different moduli (Chen et al., 2001; 

Wang et al., 2002). Therefore, it will be very useful if the  and distributions can 

be measured for each specimen in our studies, particularly for the study on the 

degenerated cartilage, where the  and distributions can vary significantly from 

case to case. 

W
0φ

Fc0

W
0φ

Fc0
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ig. 5.1 Depth-dependent distribution of (a) fixed charge density F Fc0

volume fraction W
0φ  of bovine cartilage reported in the literature (Shapiro et al., 2001; 

Wang et al., 2002). Two other types of distributions of Fc0  and W
0φ  were also assumed 

in this study: constant distributions of Fc0  and W
0φ  in (c-d) and varying distributions of 

Fc0  and W
0φ  in (e-f) reverse to those in (a tively. 
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5.4 Acoustic Assessment of Articular Cartilage 

 to characterize the alteration in the 

he backscatter coefficients, IBS of the middle cartilage matrix and AIB of the 

In this study, high frequency ultrasound was used

acoustic properties of the PG-degenerated articular cartilage. It was first found that the 

amplitude of the echoes from the articular surface appeared to be correlated with the 

digestion time. The amplitude of the echoes for the specimens digested for 30 minutes 

decreased greatly in comparison with the specimens of Group 10min, i.e. digested for 

10 minutes. It might suggest that the longer the trypsin digestion lasted, the more effect 

of trypsin on the tissue. Since the cartilage surface was set perpendicular to the beam, 

the reflection was dependent on the properties of the surface such as the impedance and 

the roughness (Adler et al., 1992, Cherin et al., 1998). The finding that IRC of all the 

PG-degenerated specimens showed different levels of insignificant decrease suggested 

that the PG depletion could induce a minor change in the properties of the articular 

surface without macroscopic damage. Similarly, a slight change in the reflection 

coefficient was obtained in previous studies (Laasanen et al., 2002; Pellaumail et al., 

2002; Toyras et al., 1999). It has been well known that the PG content is lower but the 

collagen content is highest in the surface layer (Mow et al., 2005; Shapiro et al., 2001; 

Wang et al., 2002). Therefore, the alteration in collagen fibrils for the collagenase-

digested samples resulted in a significant decrease in the reflection of the surface 

(Cherin et al., 2001; Jaffre et al., 2003; Nieminen et al., 2002; Saarakkala et al., 2004).  

 

T

cartilage-bone interface were evaluated in this study. The values of IBS changed 

insignificantly between the normal and the trypsin-digested specimens for all the three 

groups. The result consisted with that of the control and OA-like cartilage of the mature 
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rat (Jaffre et al., 2003). It was suggested that the incomplete trypsin-digestion (i.e. 

approximately 70% of PGs was removed.) induced in this study tended to be 

insufficient to generate a significant change in the major structure of the cartilage matrix. 

With respect to AIB, the decrease of approximately 2-3 dB was caused by the PG 

depletion. AIB could be affected by not only the regularization of the cartilage-bone 

interface but also the thickness and attenuation of the full-thickness cartilage layer 

(Jaffre et al., 2003). In this study, the trypsin enzymes in general did not reach the 

deepest region of the cartilage layer. Therefore, the slight change of the cartilage-bone 

interface may explain why the values of AIB decreased insignificantly for the three 

groups. Our findings may provide evidence for a previous conclusion that the PG 

content plays a minor role in the backscatter (Pellaumail et al., 2002). 

   

The evaluation of attenuation and attenuation slope was performed using a multi-

narrowband algorithm (Huisman and Thijssen, 1996; Kuc and Schwartz, 1979; Roberjot 

et al., 1996), FFT (512 points) and a substitution method (Fink and Cardoso, 1984; 

Lizzi et al., 1983). The mean values of IA for the normal cartilage ranged from 11.5 to 

15.8 dB/mm at 24 to 46 MHz, which suggested the frequency-dependence of 

attenuation (Agenura et al., 1990; Joiner et al., 2001; Nieminen et al., 2002; Senzig et 

al., 1992). An insignificant increase of IA of the trypsin-digested samples was found in 

this study, probably due to the extra interface of the digested-undigested tissue induced 

by the uncompleted PG-depletion, which was similar to the result of Toyras’ study 

(1999). However, a significant increase of attenuation was found in other studies (Joiner 

et al., 2001; Nieminen et al., 2002). With investigation on the spontaneous OA cartilage, 

an inconsistent result of IA was recently reported (Nieminen et al., 2004). The 
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difference may be caused by the involvement of collagen damage, which decreases the 

attenuation coefficient (Nieminen et al., 2002). Moreover, this study also found that the 

PG depletion resulted in the insignificant decrease of the attenuation slope, which 

agreed with Nieminen’s study (2004).  

 

5.5 Correlation between Swelling, Acoustic and Biochemical Parameters 

e solution 

a better understanding of the relationship between these two phases.  

Previous studies usually used the condition of articular cartilage in 2 M salin

as the reference configuration and did not regard it as a tested phase. In the current 

study, not only the swelling behavior but also the shrinkage behavior was investigated. 

The result of the correlation between the peak swelling and shrinkage strains 

demonstrated that articular cartilage tended to swell with larger amplitude if it shrank 

more strongly (Fig. 4.34). However, it was also found that there was a significant 

change between the transient responses during the shrinkage and swelling processes in 

the strain amplitude. This difference may be caused by the special ‘overshoot-

relaxation’ phenomenon. The surface layer of articular cartilage may significantly limit 

cartilage swelling (Setton et al., 1998), but it may have slight limitation on shrinkage 

behavior due to the osmotic pressure generated by the hypertonic bathing solution and 

applied on articular cartilage in an opposite direction in comparison with that in the 

swelling process. In addition, there are two experimental factors, the equilibrating time 

after the bathing saline solution is changed and the time of changing solution. It was 

appeared that cartilage specimens from different patella required different during the 

free swelling. Complicated by these two experimental factors, we were not able to make 

a solid conclusion on such properties in this study. Further studies are required to obtain 
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One advantage of using ultrasound to investigate the swelling behavior of articular 

artilage is that both the swelling and acoustic parameters can be obtained 

 of the echoes from the 

artilage surface significantly correlated with the water fraction of the normal cartilage 

c

simultaneously. Fig. 4.35 shows a relatively good correlation between the peak swelling 

strains and IA slope (b) for both the normal and degenerated specimens. With the 

decrease of the peak swelling strain, the value of b decreased. That is to say, the 

sensitivity of IA to frequency reduced. However, no significant correlation was found 

between swelling strains and other acoustic parameters, or between the aggregate 

moduli predicted using the new triphasic model and the acoustic parameters. It was 

found that only the overall aggregate modulus obtained using the homogeneous model 

correlated with IRC for the degraded specimens. Recent studies used ultrasound and 

indention to obtain significantly linear correlation between the dynamic modulus and 

ultrasound reflection (Saarakkala et al., 2003) and between the aggregate modulus and 

the maximum magnitude of the echoes (Hattori et al., 2005a).  

 

Similar to Saarakkala’s result (Saarakkala et al., 2003), the IRC

c

tissue. Meanwhile, it was found that the IBS of the cartilage matrix was significantly 

negatively correlated with the FCD of the normal cartilage tissue. No such a significant 

correlation was obtained with the degenerated samples. Previous studies found that the 

uronic acid concentration correlated with both ultrasound reflection coefficient 

(Saarakkala et al., 2003) and integrated attenuation (Nieminen et al., 2004). However, 

this study did not obtain a significant correlation between acoustic parameters (IRC and 

IA) and FCD, which was measured using an indirect method based on the reference data. 
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In addition, Laasanen et al. also found that the PG content was not related with the 

reflection coefficient (Laasanen et al., 2003a). Therefore, further research is required to 

explain the controversial findings.  

 

Although this study demonstrated that the modeling-predicted aggregate moduli 

ecreased with the PG depletion, no correlation between the aggregate moduli and the 

stu

.6.1 Limitations of experimental set-up 

nge the saline solution in the 

dium between the ultrasound transducer and 

d

PG content was obtained. However, a previous study reported that the PG content 

linearly correlated with both Young’s modulus and dynamic modulus (Laasanen et al., 

2003a). Since the depth-dependent distributions of Fc0  for the cartilage specimens 

were measured based on the literature data due to the limitation of our experimental 

facilities, the technique of histological assay in this dy has to be improved, or 

techniques for directly measuring PG content should be used in the future studies.  

 

5.6 Limitations of Ultrasound Swelling Measurement 

5

In this study, it took approximately 30 seconds to cha

container. Since there was no coupling me

the cartilage specimen, no ultrasound signal was recorded during this period. It was 

observed that the cartilage deformed rapidly during the initial period after changing the 

concentration of saline (Wang and Zheng, 2006). Therefore, this period of solution 

change should play an important role in the measurement of the transient swelling or 

shrinkage strains. Although compensation for the time used for the change of the saline 

solution was carried out in this study (refer to section 3.8.5), it is still necessary to 
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improve the experiment setup for recording the entire swelling and shrinkage progresses 

in future studies.  

 

With regard to the motor-controlled 3D USMS, one of its advantages is to obtain the 

.6.2 Limitations of the modeling 

as that we had not directly measured the depth-

mi

UBM image of the internal section of the cartilage tissue when the transducer is 

scanning the specimen along the diameter direction. However, it took approximately 48 

seconds to collect one frame of UBM image in this study. The interval between two 

sequent UBM images depends on several factors including the number of the sampling 

data, the velocity of the transducer movement and the duration of data acquisition. This 

relatively long interval would cause some dynamic information missed. In the future 

study, we may use a high-resolution UBM with higher scanning speed. Anyway, 

ultrasonic scanning in this study is feasible to investigate the two-dimensional 

anisotropic, heterogeneous map of the swelling strains of articular cartilage. 

Therefore, it may have potentials to obtain the 2D predicted distribution of the 

material properties from free swelling tests in further studies. 

 

5

One main drawback of this study w

dependent distributions of Fc0  for the cartilage specimens. The FCD of articular 

cartilage is known to be deter ned by the amount of PGs or GAGs. Previous studies 

used the DMMB dye-binding assay to determine the cartilage GAGs and FCD 

(Narmoneva et al., 1999; Wang et al., 2002). Due to the limitation of our experimental 

facilities, an indirect method using image processing was designed to obtain the values 

of FCD based on the literature DMMB-measured values. In this study, an average 
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normalized hue-saturation-value distribution curve as a function of depth was calculated 

based on the safranin O-fast green stained histological images. The relationship between 

the reference Fc0  (Narmoneva et al., 2001; Wang et al., 2002) and the hue values was 

expressed. Consequently, the calibrated Fc0  values were obtained. In addition, it should 

be noted that only the colour intensity b  not true optical density might increase the 

uncertainty of the quantitative estimate of FCD. Although the PG depletion could be 

quantified using safranin O-fast green staining (Kiviranta et al., 1987; Leung et al., 1999; 

Rosenberg, 1971), the effect of contra-staining with fast green on the optical 

measurement of GAGs should be investigated in future study.  

 

ut

The water fr s ( ) at different depths were measured using a traditional method 

nother drawback was that only the equilibrium state was in consideration. Most of 

action W
0φ

of weighting. The full-thickness cartilage layer was separated from the bone and serially 

sectioned into several thin slices. The accurate measurement of W
0φ  from the thin slices 

is demanding. Thus a special attention should be paid during the measurement. To 

investigate the effect of  W
0φ  and Fc0 , the sensitivity of the model to the distributions of 

these two parameters was udied ing the assumed extreme configurations in section 

5.3.2. The results indicated that the model was generally insensitive to the assigned 

distributions, with only an effect on 2Ha .  

 

 st  us

A

the recent studies for cartilage swelling focused on the equilibrated state due to the 

computing simplification or the difficulty in detecting the dynamic process. The 

triphasic theory can be applied to the transient swelling process (Lai et al., 1991). 
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More efforts are needed to take advantage of the ability of the ultrasound technique 

to measure the transient displacements of the tissues at different depths.  

 

5.6.3 Effect of ultrasound speed 

 applied in the research of articular cartilage for 

 this study, the mean sound speeds in the tissue and in the saline solutions were used 

Ultrasound techniques have been

decades. The ultrasonic signals provide the inside information of the tissue with high 

resolution. However, the change of ultrasound speed with environmental factors or 

specimen compositions and structures (Agemura et al., 1990; Cherin et al., 1998; Joiner 

et al., 2001) has been a controversial issue since ultrasound was used in the quantitative 

assessment. The reliability of ultrasound measurement was still questioned by some 

researchers because of the wide variation of ultrasound speed in articular cartilage 

(Jurvelin et al., 1995; Yao and Seedhom, 1999). The variations of ultrasound speed 

under various conditions, such as at different observation sites, under different 

temperatures, in the external solutions with different concentrations and in various 

degenerated cartilage tissues, were investigated (Patil et al., 2004; Zheng et al., 2006b).  

 

In

with a reference of our previous study (Zheng et al., 2006b). The sound speeds in the 

saline solutions were relatively stable (1530 ± 5 m/s in 0.15 M NaCl; 1646 ± 3 m/s in 2 

M NaCl) since the temperature of the experimental environment was controlled. 

Moreover, in order to eliminate the effect of the temperature fluctuation, the software 

provided an automatic compensation method. The characteristic mean values of 

ultrasound speed in the full-thickness cartilage while immerged in 0.15 M and 2 M 

saline were 1675 ± 51 m/s and 1781 ± 48 m/s, respectively, which agreed with the 
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earlier mean values of 1622 to 1765 m/s for bovine or human cartilage (Agenura et al., 

1990; Joiner et al., 2001; Kolmonen et al., 1995; Myers et al., 1995; Nieminen et al., 

2002; Suh et al., 2001; Toyras et al., 1999; Youn et al., 1999). It has been found that the 

sound speed in the PG-depleted cartilage only decreased 0.4% to 1.5% (Nieminen et al., 

2002; Toyras et al., 1999) though a greater decrease (4.6%) was found in the OA 

cartilage (Myers et al., 1995). The ultrasound speed in the cartilage tissue might be 

insensitive to degeneration of the tissue (Nieminen et al., 2002). In this study, the 

ultrasound-measured thickness was well validated using the digital caliper and 

histological method (slope ≈1, R2 > 0.9). The results demonstrated that the change of 

ultrasound speed in the degraded tissue was minor and the literature values were 

acceptable. It might suggest that the depletion of PGs induced by trypsin digestion did 

not significantly change the structure of the matrix, which is framed by collagen fibres. 

This agreed with the previous studies (Gu et al., 1999; Lyyra et al., 1999; Nieminen et 

al., 2002).  

 

However, the ultrasound speed in articular cartilage is not a constant. First, it was found 

that the change of the mean ultrasound speed in articular cartilage could be 

approximately represented by an exponential function of the measurement time during 

the swelling or shrinkage phase. Secondly, the variation of the speed at different depths 

depends on the inhomogeneity, heterogeneity, or anisotropy of articular cartilage. 

According to our previous study on the depth-dependence and anisotropy of the 

ultrasound speed in articular cartilage (Patil et al., 2004), there was an approximately 

10% increase of the speed from the superficial layer to the deep layer. If the changes of 

the sound speed at different tissue depths caused by the change of saline concentration 
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have the same ratio, the depth-dependent ultrasound speed would not affect the 

calculation of the strains at different depths. However, considering the depth-dependent 

distribution of FCD, it is reasonable for us to assume that the absorption and release of 

salt ions during shrinkage (0.15 to 2 M) and swelling process (2 to 0.15 M) respectively 

would be depth-dependent as well. Since the change of ultrasound speed in articular 

cartilage under different saline solutions is mainly due to the change of the salt ion 

concentration in the cartilage tissue, it is reasonable to expect that the changing factor of 

the ultrasound speed would be depth-wise. The depth-dependent strain data obtained by 

the optical method using the three-parameter bi-layered model (Narmoneva et al., 2001) 

were matched with those obtained by our ultrasound method using the same model. 

Although the compensation for this depth-dependence at equilibrium was carried out in 

this study, future studies are required to quantitatively investigate this depth-wise 

changing of ultrasound speed in articular cartilage during the dynamic shrinkage and 

swelling processes. 
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CHAPTER 6  CONCLUSIONS AND FUTURE RESEARCH 

 

6.1 Conclusions 

The complex compositions, structures and functions of articular cartilage determine the 

material, mechanical and acoustic properties of articular cartilage. In this study, the 

osmosis-induced swelling behavior and progressive degeneration of the cartilage tissue 

were investigated using nominal 50 MHz focused ultrasound. According to the 

systematic and parametric comparisons of the electrochemomechanical, acoustic and 

histological properties of articular cartilage before and after trypsin digestion, the 

findings of this study are summarized as follows. 

 

1. Potentials of USMS 

It was demonstrated that the USMS developed in this study was reliable and the results 

were reproducible for the quantitative analysis of the free swelling behavior of articular 

cartilage under an osmotic loading. This ultrasonic technique can well secure the in-situ 

condition of the tissue and thus has potentials for the investigations on the dynamic and 

depth-dependent responses of the tissue to the electrochemical or mechanical 

stimulations.  

 

2. Dimension-dependence of cartilage swelling 

The results of our experiments suggested that the width of the specimen should not be 

too small in comparison with the focal zone diameter of the ultrasound beam when 

ultrasound is used to detect the swelling behavior of articular cartilage. To the best of 

our knowledge, there has been no research on the dimension-dependence of the 
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cartilage swelling. Thus, the results achieved in this study can provide a reference for 

the specimen preparation in further studies using ultrasound or other methods, such as 

OCT and laser.   

 

3. Depth-dependence of cartilage swelling 

In this study, the transient swelling behavior of the full-thickness cartilage at one 

observation site was recorded in M-mode image and the sectional deformation was 

mapped in ultrasonic elasticmicroscopic image using the manually controlled and 

motor-controlled 3D USMS, respectively, in a non-destructive way. The results 

demonstrated the nonuniformity of the swelling-induced alterations inside the cartilage 

tissue, which is related with the layered structure and heterogeneous distribution of the 

compositions.  

 

4. Progressive degeneration of articular cartilage 

The inclined trace of the additional echoes from the interface of the digested and 

undigested tissues was clearly observed in M-mode image. The nonlinear speed of 

trypsin penetration through the cartilage tissue as a function of time or depth was 

obtained using an interpolation algorithm.  

 

5. Swelling behavior of normal and degenerated cartilage  

The transient “overshoot-relaxation” swelling and creep hydration were observed during 

the shrinkage-swelling phase and hydration phase, respectively. The former was 

induced by changing the concentration of the bathing solution while the later was by 

dehydration. For the normal specimens, the absolute peak strains of shrinkage and 
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swelling were 0.010 ± 0.005 and 0.003 ± 0.003, respectively, and the hydration strain 

was 0.037±0.009. After the trypsin digestion for 10 to 30 minutes, the amplitudes of 

these behaviors of the degenerated specimens were decreased significantly in the peak 

shrinkage strain and the hydration strain but insignificantly in the peak swelling strain. 

In addition, no significant difference in the percentage change of the ultrasound speed 

during shrinkage and swelling phases was found. The results demonstrated that the PG 

depletion affected the amplitude of the swelling behaviors remarkably but had less 

effect on ultrasound speed in articular cartilage.  

 

6. Correlation between ultrasonic evaluation and histological analysis  

The good correlation (slope ≈1, R2 > 0.5) between ultrasonic evaluation and 

histological analysis in digestion proportion and cartilage thickness demonstrated that 

the USMS can be a valid tool for the degeneration assessment and parametric 

measurement.  

 

7. Parametric prediction using triphasic modeling 

Using the newly-developed bi-layered triphasic model, the aggregate moduli of the 

normal cartilage from the region near the bone to the surface were 18.5 ≤ 15.5 MPa, 7.6 

≤ 11.6 MPa and 3.6 ≤ 3.3 MPa, respectively. The predicted normalized thickness of the 

deeper layer was 0.67 ≤ 0.22. With the increase of the digestion time from 10 

minutes to 30 minutes, the mean Ha values of the three groups of the degenerated 

cartilage samples decreased gradually and insignificantly. For the 30-minute trypsin-

digested specimens, the averaged values were Ha1 = 11.1 ≤ 10.1 MPa, Ha2 = 6.7 ≤ 

16.9 MPa, Ha3 = 1.9 ≤ 2.8 MPa, h1 = 0.55≤0.24, correspondingly. The results showed 

1h
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that the degenerated tissue became softer with a decreased stiffness and the thickness of 

the deeper layer reduced. The results demonstrated that this model achieved a better 

prediction in comparison with the earlier models.  

  

8. Acoustic analysis of normal and degenerated cartilage  

The acoustic parameters of both the degenerated and the normal cartilage specimens 

including the surface, the matrix body, and the cartilage-bone interface were evaluated. 

It was found that the PG depletion resulted in insignificant changes in the acoustic 

parameters of the degenerated cartilage, including a decrease of approximately 1~3 dB 

in dB value, an increase of less than 2 MHz in centroid frequency, a decrease of 

approximately 1~4 dB in IRC, a decrease of less than 0.3 dB/mm/MHz in IA slope, a 

decrease of approximately 2 dB in AIB, etc. Further experiments are expected to make a 

solid conclusion on the relationship between the alterations of acoustic parameters and 

the digestion times. 

 

9. Correlation between swelling, acoustic and biochemical parameters 

This study observed that there were correlations between swelling, acoustic and 

biochemical parameters. The peak swelling strains positively correlated with the peak 

shrinkage strains and IA slope (b) for both the normal and degenerated specimens. The 

IRC of the cartilage surface and the IBS of the cartilage matrix significantly correlated 

with the water fraction and FCD of the normal cartilage tissue, respectively. Only the 

overall aggregate modulus correlated with IRC for the degraded specimens. 
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6.2 Directions of Future Research 

Based on the findings of the present study, a number of further studies can be carried 

out to improve the USMS and to extend its applications as follows: 

1. The PG-collagen matrix is framed by collagen fibres. It has been reported that 

the collagens at the surface layer play an important role in the balance of the 

swelling pressure. Therefore, the role of collagen fibrils in the swelling behavior 

of articular cartilage is worthy to be studied. Experimentally, the collagenase 

enzyme may be used to induce the damage of the fibrils. In comparison with the 

present results, it is believed that the roles of the different compositions in 

cartilage swelling will be better understood.  

 

2. The site-dependence of swelling should be studied in the future by collecting 

depth-dependent strain profile at multiple locations (e.g. cartilage specimens 

prepared from femur and tibia) may be performed to study. The relationship 

between swelling and anatomical sites may help explain the role of swelling in 

the mechanical functions of articular cartilage at different sites. 

 

3. Further efforts should be focused on the investigation on the swelling behavior 

of articular cartilage using the motor-controlled 3D USMS. One advantage is 

that a series of the sequent UBM images with high resolution can perfectly 

describe a two-dimensional anisotropic, heterogeneous map of the swelling 

strains of the internal tissue. The other advantage is that ultrasonic scanning can 

be performed along the directions parallel or perpendicular to the split-line 

to test the effect of orientation on the swelling behavior. However, the 
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limitation of the low image sampling rate as discussed earlier will lead to the 

loss of the rapidly changing information during the “overshoot-relaxation” 

swelling behavior. The USMS should be further improved in future studies by 

taking this problem in consideration.  

 

4. Similar to most of the recent studies on cartilage swelling, this study focused 

on the equilibrated state in order to simplify the computing.  The ultrasound 

technique introduced in this study can measure the transient displacements 

of the tissues at different depths. Therefore, the combination of the 

ultrasound with the triphasic theory may provide a potential way for the 

study of the dynamic swelling behavior of articular cartilage. However, the 

dynamic change of ultrasound speed in the tissue with time and depth should 

be taken into account. It is not an easy task.  

 

5. Further experiments on human cartilage specimens should be performed in situ 

to demonstrate the potentials of the USMS in the clinical diagnosis of the earlier 

signs of cartilage degeneration. Ultimately, it is expected that the USMS 

combined with arthroscope will be used in the in-vivo assessment of the swelling 

behavior of articular cartilage. 

 

6. This ultrasound approach can be applied for the dynamic evaluation of the 

electromechanochemical behavior of other biological or bioengineered tissues, 

biomaterials and nonbiomaterials, such as intervertebral disc, cartilage-like 

explant, and thermo-responsive polymers.  
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