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Abstract 
 

Articular cartilage (artC) is a biphasic biological soft tissue that covers the end of 

articulating bones within synovial joints. It plays an important role for joint lubrication 

and load transmission, and mainly consists of an organic composite matrix filled with 

liquids. The change of artC thickness, measured by various devices such as X-ray has 

been widely used as an indicator for its degeneration status. Recently, ultrasound (US) 

has been widely used to investigate the change of thickness and acoustic and mechanical 

properties of the degenerated artC.  

The sound speed in artC is an essential parameter for the ultrasonic measurement, 

and its change is also an indicator of artC degeneration. Conventional methods of 

calculating the sound speed require the measurement of the artC thickness in addition to 

the detection of the flight time of sound. Therefore, different approaches including needle 

punching technique, optical measurements, magnetic resonance imaging (MRI), X-ray, 

etc., have to be used for the measurement of artC thickness, which increases the 

complexity of the assessment. The sound speed of artC can be affected by the variations 

of surrounding environment and its structure during in-vitro measurement. Environmental 

factors include the temperature and the concentration of saline surrounding the artC 

specimen, while the artC structural factors include its inhomogeneous structure, anatomic 

location, degeneration level and compression level. To better understand the variation of 

the sound speed in artC under various conditions is important to the US assessment of 

artC.  

In the present study we first developed a non-contact US approach to measure the 

sound speed and the thickness of artC simultaneously using US (50MHz) alone. After 
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validation using different materials, this approach was then used to investigate the 

variations of the sound speed in artC at different tissue depths (n = 18 x 3) and locations 

(n = 10 x 25), treated with different enzymes (n = 20 x 5), and under different 

temperature (n = 20) and saline concentrations (n = 19). ArtC specimens from bovine 

patellar models were used in these in-vitro studies. The strain-dependence (n = 20) of the 

sound speed in artC was studied using a custom-designed US compression device, which 

allowed simultaneous measurement of the applied force, artC deformation, and US signal 

reflected from the artC surface.  

  Results showed that the sound speeds of artC at superficial, middle and deep 

regions were 1518±17 (mean±SD), 1532±26 and 1554±42 m/s with the US beam parallel 

to the artC surface, and 1562±23, 1623±33 and 1703±50 m/s with the US beam 

perpendicular to the artC surface, respectively. The differences among the different 

depths and between the two measurement directions were both significant (p < 0.001). 

The sound speed in artC ranged from 1681±50 m/s to 1816±54 m/s with the saline 

concentrations varied from 0M to 2.5M, while the sound speed in saline changed from 

1521±03 to 1674±03 m/s. The sound speed in artC changed from 1430±39 to 1667±68 

m/s when the temperature varied from 15°C to 40°C. In case of the digested specimens 

the sound speed in artC significantly (p < 0.001) decreased from 1653±40 m/s to 

1577±32, 1564±33 and 1575±38 m/s in specimens digested by chondrotinase, 

collagenase and trypsin, respectively. It was noted that the sound speed in artC varied 

from 1507 – 1830 m/s at the 25 locations tested on the patella. Significant (p < 0.01) site 

dependence of the sound speed in artC was demonstrated between the inner region and 

the surrounding region of the patellae.  It was also revealed that the sound speed in artC 
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increased from 1581±36 m/s at 0% compression to 1671±56 m/s at 20% compression. 

The sound speed in artC almost linearly increased at a rate of 11 m/s per 1°C increase in 

temperature. The overall mean of the sound speed in full-thickness artC was (1648±75 

m/s, ranged from 1438 - 1984, 327 specimens and 87 patellae) 

  The present study introduced a non-contact approach to measure the sound speed 

in artC in-vitro. The results revealed that the sound speed in artC varied significantly with 

the variations in artC structure, environmental and pathological conditions. It is 

concluded that these variations play important roles in defining the accuracy and 

reliability of the ultrasonic measurements of artC and should be well considered during 

the experimental designs. Though the results were obtained in-vitro using bovine patellar 

models, they should also have reference values for the ultrasonic assessment of human 

artC in-vitro or in-vivo. 

   

Key Words:  ultrasound, sound speed, high-frequency US, articular cartilage, 

osteoarthritis, cartilage degeneration. 
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1.  Introduction 

1.1 Articular Cartilage (ArtC) 

1.1.1 Brief Overview of ArtC 

 ArtC is a highly specialized, avascular and aneular translucent tissue that covers 

the ends of articulating bones within synovial joints. It is a special fibrous connective 

tissue that has limited potential for repair. It mainly consists of an organic composite 

matrix filled with liquids. Functionally, artC has to perform its obligatory physiological 

functions without suffering any damage over the lifespan of a living being. ArtC has a 

important mechanical task to transmit load across joints and it provides almost 

frictionless surfaces to allow unhampered locomotions (Kempson 1980; Mow et al 1991).  

 

1.1.2 Structure of ArtC 

Structurally, artC can be considered as a proteoglycan (PG) gel reinforced by a 

network of fine collagen fibrils and swollen with a multi-ionic electrolytic aqueous 

solution (Mow et al 1991; Mankin et al 1994). The biomechanical properties of artC are 

mostly determined by the interactions among the three organic composite matrix namely 

collagen, PG and chondrocytes (Toyras et al 2003). Its material composition is a mixture 

of cells imbedded in an extra cellular matrix, permeated by the network of collagen 

fibers. Due to the spatial variation of the water content, the PG concentration and the 

orientation of the collagen fibrils, the mechanical properties of the artC are different at 

different depths as shown in Fig 1 (Mow et al 1991; Mankin et al 1994). Therefore, artC 

is referred as structurally inhomogeneous and exhibits anisotropic mechanical properties. 
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     Superficial tangential (10-20%)

   Deep (30%) 

  Middle (40-60%) 

Zones 

Subchondral bone 
Tide Mark 

Collagen fibers 

Chondrocytes 

Calcified ArtC 

Figure 1. Schematic representation of  the layered stucture of artC (Mow et al 1991). 

 
Table 1. Composition of artC (Mow et al 1991). 
 
Phase   Superficial 

(Tangential) 
Middle 

(Transitional) 
Deep 

(Radial) 
Collagen fiber 
orientation 

Parallel to artC 
surface 

Random Perpendicular to 
artC surface 

Solid 
  

 
Chondrocyte 
structure 
orientation 

Elongated, 
parallel to artC 

surface 

Circular Elongated, 
perpendicular to 

artC surface 
 
PG content Lowest In-between Highest 
 
Water content Highest  In-between Lowest  Fluid 

 

The three zones shown in Fig 1 are widely understood to be distinct from each 

other based on the orientation of the different components of artC. Fig 1 and Table 1 

illustrates the artC components and their orientation in different layers. ArtC consists 

mainly of a solid phase (chondrocytes that occupy about 1% of the tissue wet weight and 

the extra cellular matrix (ECM) i.e. the collagen network and the PG that account for 20-

30% of weight) and a liquid phase (the interstitial water that comprises 60-80% of the  

wet weight) (Mow et al 1991). Collagen fibers, mainly of type II collagen, form a highly 

organized and isotropic three dimensional fibrous network in artC. The collagen is one of 

the major constituent in artC accounting for the largest portion of organic material in the 
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tissue, 15-22% of the tissue wet weight (Mow et al 1991). The orientation of collagen 

fiber is different in the three zones of artC. The collagen fibers are arranged parallel, 

random, and perpendicular to the surface of artC in the superficial, middle, and deep 

layer, respectively. They are anchored to the artC-bone interface. PG is another major 

macromolecular constituent of artC in addition to the collagen and accounts for 4-7% of 

the tissue wet weight. PG consists of a core protein bonded with glycosaminoglycan 

(GAG) chains. PG monomers combine to form aggregates. They are produced by 

chondrocytes and secreted into the matrix. Together with collagen network, PG accounts 

for the complex physiochemical interactions in artC (Grodzinsky 1983). The functions of 

collagen (Armstrong and Mow 1982) and PG (Harkness RD 1968; Kempson et al 1973) 

are to establish the tensile property and the compressive stiffness of artC, respectively. 

Chondrocytes are specialized cells that manufacture and maintain the ECM. The cells 

occupy 1-10% of the tissue volume, yet relatively few chondrocytes are capable of 

producing the fibril-reinforced gel structure of the collagen and the PG. The space 

surrounding the macromolecules and chondrocytes is filled with water and multiple ions. 

A small amount of water is contained in chondrocytes. About 30% of water is in the 

intrafibrillar space within collagen fibrils, while the remainder exists in the solution form 

by water and PG (Mow et al 1991). The water content of the tissue is governed by (1) the 

concentration of PG and the resulting swelling pressure, (2) the organization of collagen 

network and (3) the strength and stiffness of the collagen network that resist PG swelling 

(Maroudas 1976). Thus, the tropic structure and composition of ECM results in an 

inhomogeneous distribution of water. The water content is highest in the superficial 

tissue and decreases towards the deep tissue (Muir 1995). 
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1.1.3 Degeneration of ArtC  

 Osteoarthritis (OA) is very common joint disorder affecting millions of elderly 

individuals all over the world. The general understanding of the process of OA is a source 

of inflamed synovium that stimulates the degeneration of artC (Fukui et al 2001). OA can 

result in pain, swelling and progressive loss of motion (Buckwalter and Mankin 1997). In 

advanced OA, artC gets completely damaged and the bones of the femur, the tibia, and 

the patella come in direct contact. This is generally accompanied by significant pain 

leading to a decrease in motion, muscle weakness and difficulty in walking. The common 

symptoms of artC degeneration are tissue softening (Lane et al 1979), fibrillation of the 

superficial layer, changes in the organization of artC components and disruption of the 

organization of collagen fibers (Weiss and Mirow 1972; McDevitt 1973). The 

measurement of mechanical properties of artC is important for investigating the reasons 

behind the degeneration and the approaches for its diagnosis. 

  

1.2 Assesment of ArtC 

1.2.1 Conventional Approaches for ArtC Assessment 

In recent years, a number of different approaches have been introduced to 

improve the assessment of artC in-vivo as well as in-vitro. These methods include 

magnetic resonance imaging (MRI) (Burstein et al 2000; Nieminen et al 2000; McGibbon 

2003), X-Ray (Adam et al 1998), calibrated microscope (Myers et al 1995; Jurvelin et al 

1995), micrometer installed with microscope (Modest et al 1989), needle penetration 

technique (Swann and Seedhom 1989; Jurvelin et al 1995; Yao and Seedhom 1999; 

Toyras et al 1999), Stereophotogammetry (Athesian et al 1992), CT arthrography 
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(Buckland-Wright et al 1995), optical coherence tomography (Herrmann et al 1999), 

mechanical indentation (Armstrong and Mow 1982; Lyyra et al 1995; Duda et al 2000), 

electromechanical evaluation (Sachs and Grodzinsky 1995; Garon et al 2002), as well 

vibroarthrography, i.e. analysis of sound generated during the motion of the joint 

(Tavathia et al 1992; Zhang et al 1994; Shen et al 1995). 

X-ray is routinely used to confirm the diagnosis of OA disease by measuring the 

gap between bones, but unable to directly visualize the artC tissue. In addition, because 

of their low resolution, current clinical noninvasive imaging modalities such as X-Ray, 

CT arthorgraphy and MRI are able to detect only the late stages of the artC degradation. 

Another nondestructive and noninvasive approach is the vibroarthrography. The sound 

generated by the stimulation with a finger tap over the mid-patella or the swinging 

movement of the leg was collected around the knee joint and analyzed using different 

signal processing approaches. This convenient and noninvasive approach shows great 

potential in the assessment of artC degeneration, but it is difficult to provide localized 

assessment. Arthroscopy is another approach that can be used to assess artC in-vivo with 

its telescope inserted into the joint through a small hole in the skin and other soft tissue 

(Fu et al 1998). Due to the limitation of the conventional optical imaging, arthroscopy 

can only assess the surface condition of artC, such as fibrillation, which again is a later 

indication of OA. The Optical techniques such as stereomicroscope can also be used to 

measure the thickness of artC, but only for in-vitro assessment for isolated artC 

specimens. Recent development of optical coherence tomography provides a tool for the 

assessment of artC not only on the surface but also along cross-sectional area. Together 

with arthroscopy, it has good potential for the diagnosis of OA, but researchers showed 
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that it cannot detect the artC-bone interface clearly, thus difficulty for the precise 

measurement of artC thickness (Jurvelin et al 1995). In the case of the needle punching 

technique, artC is penetrated perpendicularly to the surface by a sharp needle which is 

normally fixed to a material testing machine. The measured force and displacement 

signals allow the detection of artC thickness.  Due to its destructive nature, it can only be 

used for in-vitro assessment. In addition, since the artC-bone interface is irregular, the 

thickness of artC may not be measured very accurately even in the in-vitro situation. 

Since softening is one of the early signs of OA, measurement of the mechanical 

properties of artC becomes an important approach for the assessment of artC. It has 

already been demonstrated that an indentation probe together with the arthorscope can be 

used for the assessment of artC in-vivo (Lyyra et al 1995). However, the indentation 

probe alone cannot provide the thickness of artC, which may affect the stiffness 

measurement. It will be further elaborated in the following section. Due to its 

nondestructive nature and penetration capability, US techniques have recently widely 

investigated for the assessment of artC, which will be introduced in detail later on. 

 

1.2.2 Mechanical Characteristics of ArtC 

 During the joint movement, artC is subject to repetitive loading and unloading. 

Therefore, artC’s mechanical properties play an important role in defining its life span. 

Stress-relaxation is a typical phenomenon of the viscoelastic behavior of artC. In the 

stress-relaxation test, a deformation is applied on artC instantaneously or during a short 

time then maintained as a constant. The deformation results, initially, in a stress rise 

followed by a period of fall in stress until equilibrium is reached. During the stress-
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relaxation phase, the water gradually moves out of the artC. At the equilibrium state, no 

fluid flow or pressure gradient subsist, and the load is therefore controlled completely by 

the solid matrix. After the load is removed, the artC gradually reaches its original 

dimensions at the rate that is dependent on the artC properties. There are three commonly 

used methods for the mechanical measurement of artC including indentation test, 

unconfined compression, and confined compression (Mow et al 1991). All of them can be 

associated with the stress-relaxation test to measure the viscoelastic mechanical 

properties of artC. 

 For the unconfined and confined compression, the artC sample has to be isolated 

from the joint and used for the in-vitro testing. ArtC has to be further removed from its 

subchondral bone in the unconfined compression. In the confined compression, the artC 

sample is inserted into a confined chamber and the artC surface is compressed with a 

porous compressor. During the confined compression, the water content of artC may flow 

freely only via the porous compressor. In the unconfined compression, the artC sample is 

compressed between two smooth impermeable platens (metallic or glass) and the fluid 

flow is allowed only in the lateral direction.  In the indentation test, artC is compressed 

with a plane-ended (or spherical-ended) indenter and it can be applied for in-situ 

assessment of artC as the test can be conducted on the articulating surface of the joint. 

The indenter may be permeable or impermeable. Among the three tests, only the 

indentation test can be used for the in-vivo assessment of artC.  

 For an elastic material that is compressed in an unconfined condition, Young’s 

modulus ( E ) is determined as the ratio of stress (σ ε) and strain ( ): 

ε
σ

=E           (1) 

 7



This equation is commonly known as a generalization of the Hooke’s Law. Based on the 

assumption of material isotropy, the aggregate modulus ( ) is related to aH E and 

Poisson’s ratio ( v ) (Mow et al 1991; Jurvelin et al 1995): 

( )
( )( ) E

vv
vHa ×
−+

−
=

211
1        (2) 

 Hayes et al (1972) proposed an indentation model for the assessment of artC.  

Considering artC as an elastic material with a fixed rigid underlying surface, the Young’s 

modulus  is determined by eqn (3): E

( )
( ) w

F
hava

vE ×
−

=
,2

1 2

κ
        (3) 

where is the applied force, v  is the Poisson’ ratio of artC,  is the radius of the 

indenter,  is the deformation, and

aF

( )hav,κw  is the theoretical correction factor for the 

finite artC thickness, . The applied deformation is assumed to be infinitesimal and the 

contact between the indenter and the artC is assumed to be frictionless. Table 2 gives 

typical values of equilibrium Young’s modulus, the equilibrium aggregate modulus, and 

the equilibrium Poisson’s ratio of the human and bovine artC. Table 3 shows the various 

measurements conducted to measure the mechanical properties of artC. The measurement 

includes unconfined compression and indentation test. The information of the 

measurement type, nature of experiment, maximum strain, ramping rate, steps of 

compression are included. It has been widely reported that the Young’s modulus of artC 

depends on its measurement direction, tissue depth, anatomical site, and degeneration 

status.  This is further elaborated in the section of the sound speed variations. 

h

 

 

 8



Table 2. Typical values of the material parameters of the human and bovine artC in 

compression as determined by the unconfined, confined compression or indentation test. 

Measurement site aH    

(MPa) 
v  E    

(MPa) Reference 

Human artC 

Patellar groove  0.5 – 0.9 0.6 0 – 0.16 Jurvelin et al 2003
Patella 0.9   Appleyard et al 2001
Medial condyle  0.6  0.07 Athanasiou et al 1997
 
Bovine artC 
Patellar groove  0.5  0.25 Athanasiou et al 1997
Patella  0.6 0.5 – 0.8 0.10 – 0.36 Korhonen et al 2002
Medial condyle  0.3 – 0.9 0.3 – 0.6 0.21 – 0.43 Korhonen et al 2002

(E: Equilibrium Young’s modulus, Ha:  equilibrium aggregate modulus, and : Poisson’s ratio). v

 

 

Table 3. A summary of the recent measurements of the equilibrium Young’s modulus of 

artC reported in the literature. The information of the measurement type, nature of 

experiment, maximum strain, ramping rate, steps of compression are included. 

Authors 
(Year) 

Measurement Nature of 
experiment 

Maximum 
strain 

Ramping 
rate 

YM (MPa) 

 
Jurvelin et 
al (1997) 

Unconfined 
Compression 

Stress 
Relaxation 

20% 1 µms-1 0.754±0.198 
10 steps     

(4% / step) 
Toyras et 
al (1999) 

Indentation 
Test 

 

Stress 
Relaxation 

(450 s) 

20% 1 µms-1 1.039±0.333 
10 steps 

(40µm/step) 

Lyyra et  
al (1999) 

Indentation 
Test 

 

Stress 
Relaxation 

(780 s) 

20% 2 mms-1 0..094 – 1.6 
10 steps 

(4% / step) 

Koehonen 
et al 

(2002) 

Unconfined 
Compression 

Stress 
Relaxation 
(<100 Pa / 

min) 

20% 1 µms-1 0.56±0.19 
4 steps   

(5% / step) 

Toyras et 
al (2003) 

Indentation 
Test 

 

Stress 
Relaxation 

(2400 s) 

10% 2 mms-1 0.29±0.30 
3 steps (1% 
strain /step) 
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1.2.3 Ultrasound Measurement of ArtC 

 US has been widely used for the measurement of thickness, and acoustic, and 

mechanical properties of artC (Rushfeldt et al 1981; Modest et al 1989; Agemura et al 

1990; Jurvelin et al 1995; Myers et al 1995; Yao and Seedhom 1999; Toyras et al 1999, 

2003; Joiner et al 2001; Suh et al 2001). In the following sections, literatures were 

reviewed for the US measurement of the thickness, sound speed, and stiffness of artC. 

 

1.2.3.1 Measurement of Thickness and Sound Speed  

 Rushfeldt et al (1981) used A-mode US (20 MHz) for the measurement of 

thickness of artC. Later, many studies used similar US techniques to measure artC 

thickness, with an underlying assumption in all measurements that the second reflection 

used in thickness calculations was from the artC-bone interface. Indirect measurement of 

artC was conducted by Modest et al (1989) using two techniques namely: the optical and 

the ultrasonic technique. The measurements established that the second reflection was 

from the artC-bone interface and validated the ultrasonic technique as a method of 

mapping the thickness distribution of artC in synovial joints in-situ. Later, Jurvelin et al 

(1995) conducted thickness measurements of artC using needle punching, ultrasonic, and 

optical technique to evaluate the suitability of these measurement techniques for 

thickness measurement. Myers et al (1995) used high frequency US (25MHz) to measure 

sound speed in artC wherein the thickness of artC was measured using optical technique. 

They concluded that high frequency ultrasonic images obtained in-vitro provided highly 

accurate and reproducible measurements of the thickness of artC. However, Yao and 

Seedhom (1999) suggested that a constant sound speed for measuring artC thickness may 
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introduce serious limitations. The measurements were conducted based on extensive 

locations including ankle and hip joints. Their measurement methods included needle 

punching technique and US.  

The tissue thickness is a crucial parameter for the measurements of biomechanical 

properties of artC using indenation test as shown in eqn (3). The change of artC thickness 

is also an indicator to its degeneration. The thickness of artC was conventionally 

measured using the calibrated microscopes (Myers et al 1995; Jurvelin et al 1995), the 

micrometer installed with microscopes (Modest et al 1989), and the needling technique 

(Swann and Seedhom 1989; Jurvelin et al 1996; Yao and Seedhom 1999; Toyras et al 

1999). Most of the above techniques can only be used in-vitro. The artC thickness can 

also be measured using other techniques such as X-ray (Adam et al 1998). Recently, US 

techniques have been widely used for the measurement of artC thickness. There has been 

growing evidence that US can potentially provide a non-destructive approach for the in-

vivo, in-situ and in-vitro measurements of the artC thickness (Rushfeldt et al 1981; 

Macirowski et al 1994; Chen and Sah 2000; Toyras et al 2001; Youn and Suh 2001; 

Nieminen et al 2002; Laasanen et al 2002; Zheng et al 2004). Most of these approaches 

involved the measurement of the sound speed and thickness of artC. However, 

measurement of artC with US alone is notoriously difficult. Measurement of the sound 

speed needs the knowledge of the tissue thickness and vice versa. Therefore, earlier US 

studies on artC were performed by either assuming constant sound speeds reported in the 

literature (Jurvelin et al 1995) or measuring thickness by needling technique (Mow et al 

1989; Jurvelin et al 1995; Swan and Seedhom. 1999; Toyras et al 1999; Nieminen et al 

2002).  The techniques used with US for the measurement of the sound speed and 
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thickness are summarized in Table 4. The approaches that include different techniques to 

measure the sound speed and thickness separately may affect the accuracy of the 

measurements. Potential errors may also occur with the difference in the needle and 

transducer orientations and the uneven artC-bone interface (Mann et al 2001). Yao and 

Seedhom (1999) measured the sound speed of human artC, the thickness of which was 

measured using a needling technique. Their study demonstrated that the sound speed of 

human artC varied widely and hence concluded that US measurement of artC thickness 

using a constant sound speed was not reliable.  

 The sound speed in artC is an important parameter for the measurement of artC 

thickness using US (Rushfeldt et al 1981; Modest et al 1989; Adam et al 1998; Toyras et 

al 1999). Constant sound speeds were frequently used in these studies based on the values 

reported in the literature. However, many studies have demonstrated that the change of 

the sound speed can be used as an indicator of artC degeneration (Myers et al 1984 and 

1995; Agemura et al 1990; Wilson et al 1993; Toyras et al 1999; Suh et al 2001; Joiner et 

al 2001). Yao and Seedhom (1999) reported a very large variation of sound speed in 

human artC. In their study, the thickness was measured using the needle punching 

technique. The accuracy of the sound speed measurement might be affected by the 

mismatch of the precise measurement locations or directions, with the needle punching 

and the US method. Suh et al (2001) measured the sound speed and thickness of artC 

tissues simultaneously in-situ by applying an indentation on the artC surface. Using this 

technique, the sound speed of artC could be measured without the knowledge of the artC 

thickness. Since the stiffness of artC tissues significantly depends on the depth (Guilak et 

al 1995; Schinagl et al 1996; Zheng et al 2001, 2002; Wang et al 2002), artC is 
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compressed non-uniformly during indentation. Thus the knowledge about the dependence 

of the sound speed in artC is critical to this new approach.   

 

Table 4. A summary of the sound speed of full-thickness artC reported in the literature. 

The information of the specimen type, US frequency, and testing temperature were 

included. In addition, the methods used for thickness measurement were also described. 

Authors 
(Year) 

ArtC US 
Frequency 

Testing 
Tempera-
ture 

Thickness 
Measure-
ment 

Sound 
speed  Specimen 

Modest et al 
(1989) 

Human femoral 
head 

7.5 MHz Room 
temperature 

Microscope 
and needle 
insertion 

1760 m/s 

10 MHz Room 
temperature 
(22.5°C) 

Jurvelin et al 
(1995) 

Canine and 
bovine femoral 
and tibial 
condyles 

Microscope 
and needle 
insertion 

1760 m/s 
(verified) 

Agemura et 
al (1990) 

Bovine patella 100 MHz Room 
temperature 

Optical 
method 

1617 ~ 1720 
m/s 

Myers et al 
(1995) 

Human femoral 
condyle 

25 MHz Room 
temperature 

Microscope 1658±185 
m/s 

Yao and 
Seedhom 
(1999) 

Human hip and 
ankle joint 

20 MHz Room 
temperature 

Needle 
insertion 

1892±183 
m/s 

Toyras et al 
(1999) 

Bovine patella 22 MHz Needle 
insertion 

1654±82 m/s 37°C 

Joiner et al 
(2001) 

Bovine femoral 
condyle 

30 MHz Saline sound 
speed with 
specimen in 
contact with 
the bottom 

1666±16 m/s 37°C 
 

Human femoral 
condyle 

1664±7 m/s 

Suh et al 
(2001) 

Bovine patellar 
and femoral 
condyle 

10 MHz Room 
temperature 

Microscope 1735±35 m/s 

10.3 MHz Room 
temperature 
(20°C) 

Toyras et al 
(2003) 

Bovine femoral 
condyle, 
patella,  patello 
femoral groove 
and talus joint 

Microscope 1627 m/s 
(1532 ~ 1754 
m/s) 

 

 

 The sound speed may vary in artC due to its heterogeneous structure throughout 

its depth. Agemura et al (1990) studied the propagation of US through various sections of 
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artC at difference depths with only few specimens. They demonstrated the depth 

dependence of the sound speed in artC. They also demonstrated that the sound speed in 

artC was related to the orientation of collagen fibrils. In the osteoarthritic artC, specific 

changes were observed in the echo pattern of the superficial tissue attributable to the 

depth of fibrillation beneath the artC surface. Toyras et al (1999) characterized artC using 

high frequency US. In their study, different components of artC were selectively digested 

by enzymes to characterize the relationships among the structural, mechanical and 

acoustical properties of artC. It was reported that the sound speed of full-thickness artC 

significantly correlated with the equilibrium Young’s modulus, the water content and the 

other AC composition.  Table 4 illustrates a summary of the sound speed of full-thickness 

artC reported in the literature. The information of the specimen type, US frequency, and 

testing temperature are included. In addition, a few indirect methods used for thickness 

measurement were also described. 

In summary, sound speed in artC has been reported either as constant values 

referred from literature or measured with the thickness obtained using another approach 

indirectly. An ultrasonic technique which can measure the sound speed as well as the 

thickness of artC simultaneously could be considered ideal for the measurement of artC. 

 

1.2.3.2 Measurement of Stiffness 

 In addition to the measurement of the artC thickness, US have also contributed to 

the measurement of the artC stiffness together with compression or indentation tests 

(Jurvelin et al 2000; Kawchuk et al 2000; Toyras et al 2001; Youn and Suh 2001; Mann 

et al 1999; 2001; Zheng et al 2002). Measurement of mechanical properties of artC is 
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important for investigating the reasons behind its degeneration and diagnosis. Several 

indentation devices have been developed for the evaluation of artC in-vitro (Berkenblit et 

al 1994; Appleyard et al 2001) and arthorscopically in-vivo (Lyrra et al 1995). These 

instruments are based on mechanical indentation without the knowledge of artC 

thickness. According to the indentation model in eqn (3), the indentation measurement of 

Young’s modulus depends on the artC thickness and the unknown thickness may induce 

uncertainty in the results. Recently, an US indentation technique, which combines US 

measurement and the indentation test, was introduced (Zheng and Mak 1996; Suh et al 

2001; Laasanen et al 2002). Laasanen et al (2002) integrated US with the indentation 

instrument developed earlier by Lyrra et al (1999) to measure the mechanical and the 

acoustical measurements of artC. The instrument was found to be sensitive to the artC 

thickness and feasible for the detection of structural and mechanical changes in early OA.  

The results revealed a minor decrease in the sound speed of artC between degraded and 

healthy artC and they suggested that a constant sound speed in artC was acceptable for 

diagnosis of artC. However, Suh et al (2001) measured the sound speed and thickness of 

artC simultaneously and demonstrated the dependence of the sound speed on tissue 

degradation. Their measurement method is discussed in detail in the following section. 

The US indentation allows the simultaneous measurement of the thickness of artC by US 

and the stiffness by indentation.  

 

1.2.3.3 Simultaneous Measurement of Sound Speed and Thickness  

Suh et al (2001) developed a technique by which the sound speed and the 

thickness of artC were measured simultaneously using an indentation test (Fig 2). Hence 
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it is not necessary to use another device to measure the thickness of artC. Using this 

technique, a preload was first applied to the surface of artC with the US transducer acting 

as an indenter. After the preloading was fully equilibrated, the echo time 1t  of the US 

signal was measured. The transducer was then perpendicularly indented into the artC by a 

predetermined distance, d  using a micrometer head. After the indentation force was fully 

equilibrated, the echo time  was again measured (Fig 2). 2t

 

 

 

US transducer

ArtC layer 

Bone layer 

Load cell

d

 

Figure 2. Indentation of artC layer to measure sound speed in artC (Suh et al 2001) 

 

The sound speed  was then calculated from the two echo times using eqn (4): ACc

21

2
tt

d
cAC −

=          (4) 

The artC thickness h, was obtained using the measured sound speed  and the initial 

US echo time using eqn (5): 

ACc

2
1tch AC=          (5) 

They reported an averaged sound speed of 1735±35 m/s for the artC of bovine 

patella and the femoral condyle using 10 MHz US transducer. It was noted that the force 

applied by the transducer on the specimen and its perpendicularity are critical to the 

accuracy of the measurement. The sound speed measured using this approach mainly 
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represent the value of the indented portion rather than that of the entire tissue layer. 

Therefore, the depth dependence of sound speed in artC might affect the measurement. 

Joiner et al (2001) introduced a method to measure the sound speed in artC using 

a non-contact pulse-echo method (Fig 3). A substitution ultrasonic approach (30MHz) 

was used to calculate the sound speed. The artC sample was placed on the bottom of a 

container which was filled with saline solution. A resinite membrane was used to hold the 

specimen and avoid any movement inside the container. By measuring the US echoes 

with and without the specimen the sound speed of artC can be calculated. The calculation 

of the sound speed in artC with this method is explained as follows.  

T   to T1 3  represent the flight times of the round trips of US from the transducer to 

the upper surface of the artC slice (T ), the lower surface of artC slice (T1 2) (contacting 

with the container bottom), and the container bottom without the sample (T3). The sound 

speed in saline was calculated using eqn (6): 

 

          

 

 

 

                                                                       

T1 T3

Figure 3.  Schematic representation of sound speed measurement by Joiner et al (2001). 
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where,  is the sound speed in saline. In Joiner’s study the sound speed measurement in 

saline solution was not explained. However, this measurement can be conducted in 

several ways; for instance, the sound speed in saline solution can be measured by placing 

the resinite membrane at a known distance  from the container bottom and collecting 

US echoes from the resinite membrane and the container bottom. The sound speed in 

saline can be calculated as the ratio of the distance  and the time difference , which 

is obtained from the US echoes reflected from the resinite membrane and the container 

bottom.  Further, keeping the distance between the transducer and the specimen constant, 

 equals , and the sound speed in artC can be calculated as,  

Sc

Sd

Sd ST

ST 13 TT −

SAC c
TT
TTc ×

−
−

=
12

13         (7) 

where,  and  are the time taken by the US echoes with and without the 

specimen for a distance same as the artC thickness;  is the sound speed in artC.  

12 TT − 13 TT −

ACc

They used this method to study the effects of degeneration on the sound speed in 

artC. The measured sound speeds in the artC of the femoral condyle were 1666+16 m/s 

for the bovine and 1664±7 m/s for the elderly human. With this non-contact method the 

sound speed the thickness of artC can be measured simultaneously. However the 

specimen might not be totally in contact with the bottom of the container due to the rough 

and uneven surface of artC. 

In Joiner’s study they used a plastic membrane to cover the artC specimen so as to 

make it in a better contact with the container. However it would be very difficult for artC 

specimen, as curling is a very common phenomenon after it is removed from the 

subchondral bone. A large enough compression provided by the membrane may be able 
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to make a total contact between the artC specimen and the container, but this may affect 

the artC thickness as well as its sound speed, which will be described in the next section.  

If the US measurement is conducted at the region where the artC does not make 

total contact with the container, then the measured region contains a portion of saline. 

Because the sound speed of saline is generally smaller than that in the artC tissues, the 

effect of including a portion of the saline might reduce the measured sound speed of artC 

slices. Even though Joiner et al (2001) did not use it, this non-contact method can provide 

the measurement for the thickness of artC using the measured sound speed and US flight 

time in artC (Hsu and Hughes 1992). The thickness measurement may also be affected by 

the potential gap between the artC specimen and the container bottom. To void this 

drawback an improved non-contact approach was developed in this study for the 

measurement of the sound speed in artC in-vitro. 

 

1.3      Variations of Sound Speed in ArtC 

1.3.1 Depth and Direction Dependences 

 Due to the structural and compositional differences in different layers of artC, the 

mechanical properties of artC vary with its depths and along different directions (Guilak 

et al 1995; Schinagl et al 1997; Zheng et al 2001; Wang et al 2002). The tensile 

properties of artC are conventionally determined for slices that are cut from the different 

layers (zones) of artC. The sliced samples are stretched in the lateral direction in the 

tension test (Kempson et al 1973, 1980; Roth et al 1980; Akizuki et al 1986). In human 

femoral condyle artC, the typical reported equilibrium tensile modulus of the human artC 

ranged from 1- 40 MPa modulus (Akizuki et al 1986; Elliot et al 2002). It has been 
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reported that the compressive modulus of bovine humeral artC is up to 10 times lower 

than the tensile modulus in the direction perpendicular to the artC surface (Korhonen et al 

2001). The high tensile stiffness of the artC is attributed to the tendency of the collagen 

fibrils to resist tension only (Kempson et al 1991). 

Despite the wide use of US in the assessment of artC, US propagation in artC, 

such as its depth-dependency and anisotropy, has not been well understood. Due to the 

spatial variation of the water content, the PG concentration and the orientation of the 

collagen fibrils, the mechanical properties of the artC are different at different depths (Fig 

1; Mow et al 1991; Mankin et al 1994). Therefore, artC is referred as structurally 

inhomogeneous and exhibits anisotropic mechanical properties. Wu and Herzog (2001) 

reported that the orientations of the collagen fibres and chondrocytes were responsible for 

the anisotropic mechanical property of artC. Some studies reported the anisotropy of artC 

in compression (Jurvelin et al 1996; Koehler et al 2001; Wang et al 2003). Toyras et al 

(2003) reported that the sound speed of the full-thickness artC significantly depended on 

the equilibrium Young’s modulus, water content and other artC composition.  

Agemura et al (1990) measured sections of bovine artC prepared both parallel and 

perpendicular to the artC surface using a scanning laser acoustic microscope with an US 

frequency of 100 MHz. Their preliminary study with two specimens demonstrated that 

the sound speed of artC tissue measured with the US beam parallel to the artC surface 

depended on its depth. They reported that the differences in sound speed among different 

regions of artC to its dissimilar fibril organization. In the superficial, middle and deep 

region, the collagen fibers are parallel, random, and perpendicularly oriented to the 

surface of the artC, respectively (Mow et al 1991; Mankin et al 1994). They concluded 
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with a limited number of specimens that the US appeared to propagate faster across the 

long axis of collagen fibrils than along them. Measuring the depth-dependent and 

anisotropic properties of artC is important not only for the investigation of artC structure 

but also for finding the reason behind its degeneration as well as for the tissue 

engineering of artC (Risbud and Sittinger 2002). The depth and direction dependences of 

the sound speed in artC have not been well understood yet.  

 

1.3.2 Site Dependence 

 A number of studies have been conducted to investigate the site-dependent 

acoustic and mechanical properties of artC (Lyyra et al 1999; Jurvelin et al 2000; 

Korhonen et al 2002a, 2002b; Laasanen et al 2003a, 2003b; Toyras et al 2003). Yao and 

Seedhom (1999) measured the sound speed in artC at different sites on the ankle and hip 

joints of human in-vitro. The thickness of artC was measured using a needling technique. 

Their results demonstrated that the sound speed varied widely (1419–2428 m/s; mean: 

1892 m/s; SD 183 m/s) and therefore a large error was induced in the measurement of the 

artC thickness. They suggested that the measurement of the artC thickness with a 

constant sound speed was not reliable. Their measurements were performed at extensive 

locations ranging from ankle to knee joints.  Even though their study may have 

procedural variation due to the use of the needling technique for the thickness 

measurement (Mann 2001), the possible site-dependent variation of the sound speed in 

artC may affect the accuracy of the measurement of the thickness and stiffness of artC 

using the ultrasonic indentation technique (Zheng et al 1996; Laasanen et al 2002). 

Recently, US indentation was used to quantify the site-dependent variation in the 
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mechano-acoustic properties of bovine knee artC (Laasanen et al 2003). The 

measurement was conducted on the femoral medial condyle, the lateral facet of the 

patella-femoral groove and the medial tibial plateau. They demonstrated significant site-

dependent variations of the dynamic modulus (measured before stress relaxation) and the 

US reflection coefficient. Similar site-dependent variation of the dynamic modulus was 

obtained earlier with the canine artC using unconfined compression and indentation test 

(Arokoski et al 1999; Korhonen et al 2003). 

 In addition to the mechanical and acoustic properties of artC, the thickness of artC 

also depends on the anatomical site (Lengsfeld 1993; Heegard et al 1995). However, 

uniform distribution of artC thickness throughout the artC surface was assumed in some 

earlier computer modeling of joint biomechanics (Blankevoort et al 1991; Nambu et al 

1999). Adam et al (1998) measured artC thickness using A-mode US (12.5 MHz) at 36 

different locations on the human patella. They reported that the mean patellar artC 

thickness was 2 mm. Their results revealed that the maximum thickness of artC was in 

the middle and lateral patellar facet. In the same year, Adam’s group investigated the 

normal distribution of artC thickness in the major joints of the lower limb in elderly 

individuals.   

 Despite these earlier studies, the knowledge of the site dependences of the 

thickness and sound speed of artC is still lacking to date. In this study, the thickness of 

artC at different locations of the bovine patella were measured in-situ on the patellar 

surface and ex-situ on the excised artC specimen by using a contact and non-contact US 

approaches, respectively. The distribution of the sound speed was also obtained using the 

non-contact approach. 
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1.3.3 Saline Concentration Dependence 

Many researchers have used normal saline solution during experiments to provide 

a physiological condition to artC as well as propagating medium for US. It has also been 

reported previously that the change in the bathing saline concentration causes the 

swelling of artC (Setton et al 1998). They used five saline solutions with different 

concentrations ranging from 0.015M to 2M. The artC was studied in free-swelling 

experiment in which ionic variation due to the concentration change in the saline solution 

was used to modulate the concentration of counter-ions and hence interstitial swelling 

pressure in the artC matrix.  It was suggested that swelling effect was a potential 

mechanism for the existence of residual stresses (interlocked stresses) and strains in 

cartilaginous tissue (Fry and Robertson 1967). It was also reported that the residual 

stresses and strains played an important role in the biomechanical function of artC tissues 

as well as their physiological responses which were directly related to the artC structure 

(Fung 1968). The swelling properties of artC were studied under mechanical tension 

(Grodzinsky et al 1981; Guilak et al 1995) and compression (Eisenberg and Grodzinsky 

1987) and electromechanically (Berkenblit et al 1994). An ultrasonic technique was 

recently developed to monitor the transient and inhomogeneous swelling behaviour of 

artC by changing the concentration of the bathing saline solution (Zheng et al 2004). 

Their result demonstrated that the artC shrinked and recovered when the saline 

concentration was changed from 0.15 M to 2 M and back to 0.15 M, respectively. The 

maximum deformation of the artC was observed during the first few minutes. It has been 

reported earlier that the sound speed in saline increased with the increase of the 

concentration (Marks 1959). It was also noted that the sound speed in artC changed as the 

 23



change of bathing saline concentration. However, to the best of our knowledge, there is 

little information in the literature about the variation of the sound speed in artC induced 

by the change of the bathing saline concentration of artC.  

 

1.3.4 Degeneration Dependence 

It has been widely reported that changes in the original structure and composition 

of artC can cause swelling, which forms one symptom of OA. During OA, the collagen 

network and PG matrix degrade and the water content in artC increases (Mow et al 1984; 

Buckwalter and Mankin 1997). The diagnosis of artC degradation can be performed 

using MRI (Burstein et al 2000), US evaluation (Disler et al 2000), mechanical 

indentation (Appleyard et al 2001), etc. Several studies were carried out to investigate the 

interrelationship between the sound speed, composition, degenerative state and structure 

of artC (Agemura et al 1990; Myers et al 1995; Toyras et al 1999; Joiner et al 2001; Suh 

et al 2001; Nieminen et al 2002). Agemura et al (1990) suggested that the orientation of 

the collagen fibrils might affect the sound speed whereas the content of PG had minor 

effect on the sound speed. Myers et al (1995) found that the sound speed decreased 

during artC degeneration. Similar results were obtained by Joiner et al (2001) and they 

reported that the sound speed decreased after degrading artC with interleukin -1α or 

papain. A significant decrease of sound speed in artC was also observed by Toyras et al 

(1999) and Nieminen et al (2002) after it was digested by various enzymes. It has been 

demonstrated in the literature that the changes in the structure and the composition of 

artC can cause changes in the propagation of US. However, different groups of artC 

specimen were normally used to investigate the digestion effect of different kinds of 
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enzymes in the previous studies. Due to the site and other variations of acoustic 

properties of artC, it is difficult to make a solid conclusion about the difference of the 

sound speed change induced by the different enzyme digestion. In addition, in the 

previous studies, the control group of the artC specimen was normally not stored under 

the same condition as that of the digestion group during the process of digestion. 

Therefore, it is not very clear yet whether the change of the environmental condition such 

as temperature for a certain period may induce the variation of the sounds speed in artC. 

In the current study, 5 pieces of artC specimen were collected from the same artC-bone 

plug. Three of them were treated with different enzymes, while the other two pieces were 

used as controls. During the digestion process, the first control was stored at -20°C and 

the second control was stored under the same condition with that of the digestion ones.  

 

1.3.5 Temperature Dependence 

It was noted that most of the sound speed of artC reported in the literature was 

measured at either room temperature or 37°C. In many studies, the degree of room 

temperature has not been reported. The variation in temperature might also cause a 

change in the sound speed in artC particularly for in-vitro measurements. Significant 

change in sound speed was demonstrated in the measurement of cadaveric foot tissues 

with the temperature ranging from 15 to 40°C (Pocock et al 2000). Similar correlation 

between the sound speed and the temperature was observed in the calcaneus bone in-situ 

(Njeh et al 2002). As more ultrasonic studies on artC in-vitro have been conducted under 

room temperature, it is very necessary to document the relationship between the sound 

speed in artC and the environmental temperature, which can vary significantly from 
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laboratory to laboratory. To the best of our knowledge, no study had been reported on the 

investigation of the effect of the temperature on the sound speed of artC and thickness. 

 

1.3.6 Strain Dependence  

 Routine physical motion of human body involves joint knee flexion. During the 

daily activities, artC is stressed by the force applied by various parts of joints including 

patellar artC on femoral and tibial artC. This loading and unloading may cause structural 

deformation of artC. Cooper et al (1994) reported that high repetitive loading is a major 

risk factor for OA. Adam et al (1998) reported that when artC was subjected to sustained 

or repetitive loading, the loss of the equilibrium thickness and the water content increased 

with the increase of applied stress. Recently, a number of studies have been reported on 

the combination of the US measurement and the mechanical testing including 

compression and indentation for assessment of artC. 

 Zheng et al (2001) developed an US-compression system (50 MHz) to investigate 

the layered biomechanical properties of artC. They reported that the compression moduli 

of digested and undigested artC were significantly different. Using a focused US 

transducer and a specially designed compression device, the depth-dependent equilibrium 

compressive material properties of artC were reported (Zheng et al 2002a). This 

technique was later improved for the investigation of the transient measurement and the 

2D mapping of the mechanical properties of artC (Zheng et al 2004b, 2004c). Fortin et al 

(2000) used 50 MHz US to measure the transient lateral displacements of artC at different 

depths under an axial compression with two flat plates. The dimensions of the specimen 

were in the order of 1 mm. It was demonstrated that the transient depth-dependent 
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Poisson’s ratio could be measured using this method. In these US-compressions as well 

as the US-indentation methods (Zheng et al 1996; Suh et al 2001; Laasanen et al 2002) 

described in the earlier section, the potential change of the sound speed under different 

stress or deformation conditions have not been well considered. It has been widely 

reported that artC could become stiffer as the increase of the applied stress (Bursac et al 

1999; Fortin et al 2000; Legare et al 2002). The knowledge of such structural and 

functional alteration due to the change of the applied load on artC is important for the 

assessment of artC and the development of theoretical models. Many studies have shown 

that the strain change induced by the mechanical loading (axial or lateral compression or 

impact loading) influences the normal function of artC, as its structure may change such 

as the breakdown of collagen (Repo and Finlay 1977; Broom 1986; Jeffery et al 1995; 

Borelli et al 1997; Kerin et al 1998; Quinn et al 1998; Chen et al 1999; Torzilli et al 

1999). This change may affect the mechanical and acoustical properties of artC including 

the sound speed (Chen et al 1999). While few studies have been reported on the 

relationship between the sound speed in artC and its applied stress, the correlation 

between the stiffness of artC and its sound speed has been investigated by several groups 

(Suh et al 2001; Toyras et al 2003). The strain dependence of the sound speed in artC is 

important for the further development and application of US-compression and US-

indentation for the assessment of artC, as the stress induced change of the sound speed 

could directly affect the measurement of mechano-acoustical properties of artC. In this 

study, a US-compression device was developed, which was capable to measure the sound 

speed, stress, and strain in artC simultaneously. The relationship between the sound speed 

and stress, strain, and modulus were studied. A summary of several recent studies 
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conducted to measure the Young’s modulus of artC has been illustrated in Table 4.  

 

1.3.7 Summary 

 During the last decade, US assessment of artC has been widely investigated. It not 

only provides a direct measurement for the artC thickness, sound speed and other 

acoustical properties but also assists the measurement of artC mechanical properties 

through techniques of US-compression and US-indentation. As reviewed above, these 

techniques require a better understanding of the sound speed in artC for its depth-

dependence, site-dependence, degeneration-dependence, saline concentration-

dependence, temperature-dependence, and strain-dependence. Accordingly, the present 

study was designed to systematically investigate the variations of the sound speed in artC 

to environmental, morphological, pathological, structural, and locational variations. 

 

1.4 Objectives of the Study 

 The overall aim of the study was to conduct a systematic investigation of the 

sound speed in artC in-vitro under various conditions using bovine patellar models. The 

specific objectives can be summarized as follows:  

 To develop a non-contact US method for the simultaneous measurement of the 

sound speed and thickness of artC. 

 To develop a US-compression device for the simultaneous measurement of the 

sound speed, thickness, and the Young’s modulus of artC.  

 To investigate the depth-dependence and anisotropy of the sound speed in artC. 
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 To investigate the change of the sound speed in artC induced by the digestion of 

collagenase, chondrotinase, and trypsin, which selectively degrade the collagen and 

PG in artC using groups of well matched specimens. 

 To investigate the site dependence of the sound speed in artC by measuring at 25 

different locations on the bovine patella. 

 To investigate the change of the sound speed and thickness of artC induced by the 

change of the bathing saline concentration from 0 M to 2.5 M. 

 To investigate the change of sound speed induced by the change of the surrounding 

temperature from 15°C to 40°C. 

 To investigate the strain dependence of the sound speed in artC by changing the 

strain from 0 – 20% and to correlate the sound speed with the mechanical properties 

of artC.  

Fig 4 shows the overall diagram of the contents of this thesis. It also represents how the 

above objectives were achieved.  
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2. Materials and Methods 

2.1 Specimen Preparation 

 

 

 

 

 

 

 

 
MU 

LL 

LU 

ArtC layer 
M L 

distal

proximal 

lateralmedial

ArtC-bone plug 
Φ3, Φ6.4, Φ9 mm

Bone layer

Figure 5. Schematic representation of the initial phase of the preparation for the 

osteochondral cylinders. The specimens would be further prepared for each measurement 

(Fig  6). 

 

Bovine knee patellae without obvious lesions were obtained from a local 

slaughter shop within 6 hrs of decease and stored at -20°C until further specimen 

preparation. It has been reported that cryopreservation (Kiefer et al 1989), freezing, and 

thawing (D’Astous and Foster 1986; Agemura et al 1990; Kim et al 1995) of artC 

specimens would not affect its mechanical and acoustic properties such as the sound 

speed, attenuation, and backscatter. Specimen preparation in this phase consists of 

excising the patella into 4 quadrants using a bend saw machine (Fig 5). The four parts 

were named according to the medial or lateral side of the patella. As shown in Fig 5, the 

four quadrants were named as MU (Medial Upper), ML (Medial Lower), LU (Lateral 

Upper), and LL (Lateral Lower). During excising, it was made sure that the patellae were 

kept moist with the saline solution. For each measurement listed in Fig 4 and Table 5, one 
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quadrant was used to extract artC-bone plugs for further specimen preparation (Refer to 

Fig 5). The dimension of the plugs was 6.4 mm in diameter with approximately 3 mm 

thick bone layer for all experiments except the site dependence experiments (3 mm 

diameter) and enzyme-digestion experiments (9 mm diameter). Table 5 summarized the 

number of patellae used in each measurement, the diameter of the artC-bone plug, the 

location of the specimen, as well as the measurement modes, which were described in 

details in the following sections. Fig 6 illustrates the specimen preparation in phase II 

according to the different studies. The details were described in following sections. 

 

2.1.1 Specimens for Depth and Direction Dependences 

The artC-bone plug obtained for the depth-dependent study from the MU 

quadrant was further prepared to get three different categories of artC slices using a thin 

surgical blade in the 2nd phase of the specimen preparation as shown in Fig 6. One 

specimen from each patella (n = 18) was tested in this study. The surgical blade was used 

manually to obtain a small portion of artC with a width of approximately 2 mm for the 

full-thickness measurement (n = 18). A lateral vertical slice with a width of 

approximately 1 mm was then prepared (n = 10), and the artC surface was marked as an 

indicator for this block. The remaining portion of the artC was cut into three horizontal 

slices (n = 18 x 3) parallel to the artC surface, each of approximately equal thickness. 

These three groups of specimens were then used for the US measurement within 15 

minutes after the preparation.  
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Figure 6.  Schematic of the specimen preparation for the different measurements carried 

out in this study. 
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It was a concern whether the sound speed of artC would change as a function of 

time due to the swelling effects after it was detached from its subchondral bone. 

Additional 5 artC-bone plugs were prepared for investigating the swelling effects of artC 

after the specimens were detached from the bone. The artC disks were first thawed in 

normal saline for at least 2 hrs before further preparation. For each artC-bone plug, a full-

thickness portion was first removed from one side; then a full-thickness slice was 

prepared from the remained portion and was installed onto the specimen platform 

immediately after detaching. The whole procedure was completed within 1 min. After the 

test of this specimen, another full-thickness artC specimen was prepared from the same 

artC disk. The procedure was the same as that for the first full-thickness slice, but 

obtaining the artC slice from the opposite direction of the disk so as to avoid the potential 

effects caused by the previous cut.  

 

2.1.2 Specimens for Strain, Temperature, and Saline Concentration 

Dependences 

For the studies of stress, concentration, and temperature dependences, full-

thickness specimens were obtained from the artC-bone plugs of the MU, LU and LL 

quadrants of the patella, (n = 20, 19, 20), respectively (Fig 5 and Fig 6). The artC was 

detached from the bone to get a full-thickness circular artC disk. The disk thus obtained 

was used for strain dependence study. The artC disks were selected such that the surface 

of the artC remained plat and parallel to the bottom throughout the whole disk. For the 

temperature and saline concentration dependence studies, the disks were cut into two 

hemispheres and one hemisphere was used for US measurement. 
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2.1.3 Specimens for Enzyme Digestion Study 

Three different enzymes were used in this study to remove different components 

in artC for the enzyme digestion measurement. Collagenase solution (30Uml-1, Type VII, 

Lot No. 60K8618, C-0773, Sigma, USA) was used for the degradation of the collagen 

network (Shingleton et al 1996). Chondrotinase ABC (0.1 U ml-1, Lot No. 122K4036, C-

2905, Sigma, USA) was used for the digestion of the PG (Yamagata et al 1968). Trypsin 

solution (Lot No. 102K2379, T4549, Sigma) was used for the digestion of PG with minor 

simultaneous degradation of the collagen network (Harris et al 1972).  

The 9-mm plugs were obtained from the ML quadrant of the patella (n = 20). As 

shown in Fig 5, the full thickness disk was detached from the bone. The disk was further 

cut into five full thickness vertical portions. Three slices would be digested with different 

enzymes. Each slice was measured with US before and after the enzyme digestion. The 

remained two slices were used as control, which were described in details in the 

procedure section. 

 

2.1.4 Specimens for Site Dependence 

Bovine patellae (n = 10) of similar size and shape were selected for this study. A 

transparent plastic sheet with a dimension of 100 × 100 mm2 was firstly placed on the 

patella with a marked scale on its boundaries (Fig 7). The scale at the left and bottom of 

the plastic sheet was used as a reference for marking the sites to be punched on the 

patellae. The plastic sheet consisted of 25 holes arranged in rows and columns. The 

alignment of the plastic sheet on the patella was assured according to the four points 

marked diagonally on the surface of each patella in MU, ML, LU, and LL quadrants, 
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approximately at equal distance from the boundary of artC. These four points were used 

as reference points on each patella for marking the location of specimens. The specimen 

locations were then marked with a marker (N50, Pentel pen marker, Pentel Co. Ltd. 

Japan). The same sheet was used for all the 10 patellae used in this study.  

Each patella was measured at the marked points in-situ using a contact US 

method, which was described in the procedure section. After this in-situ measurement, a 

custom made mechanical device was used to secure the patella in order to avoid the 

movement while punching. ArtC-bone plugs with a diameter of 3 mm were punched out 

from the marked portions on the patella. These artC-bone plugs were thawed in saline 

solution after the punching. Then the full-thickness artC disks were sliced from the bone 

layer and used for the non-contact US measurement (Fig 7).  
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Figure 7.  A schematic of the specimen preparation for site dependence study.  
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2.2 Experimental Setups 

2.2.1 Setup for Non-contact Measurement of ArtC Sound Speed 

Fig 8 shows schematic representation of the experimental setup for the non-

contact measurement of artC. This setup was used to study the dependences of sound 

speed on depth, site, enzyme digestion, temperature, and saline concentration. A focused 

US transducer (Panametrics Inc., Waltham, MA, USA) with a nominal frequency of 50 

MHz and a focal length of 12.8 mm was fixed on a vertical translating device (Model 

R301MMX, Ball Slide Positioning Stages, Deltron Precision Inc.). The US transducer 

could be translated vertically in one dimension. The artC slices were placed on three pairs 

of plates with equal thickness and with a gap between them on the bottom of the 

container, which was filled with saline solution. 

 

Moving arm for vertical 
motion of US 
transducer 

 

 

 
A/D US 

 ConverterPulser/receiver
 

US transducer Computer  
(Display) 

US beam  

Container filled with saline  

Plates holding ArtC  

 

Micrometer screw device for  

2D motion of specimen 
 

Figure 8. Schematic representation of the experimental setup (Kuo et al 1990; Hsu and 

Hughes 1992). 
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During the measurement, the focal zone of the US transducer was located 

approximately in the middle of the specimen by moving the transducer vertically. The 

specimen was translated in two dimensions using two orthogonal translating devices 

(Model 2201MMXY, Ball Slide Positioning Stages, Deltron Precision Inc.) with 0.01 

mm precision and US-measurement was performed at different sites.  

 The US system used in this study has been introduced previously (Zheng et al 

2001, 2002). An US pulser/receiver (Model 5601A, Panametrics, Waltham, MA, USA) 

was used to drive the US transducer and to amplify the received US echoes. The received 

US signals were digitized by an A/D converter card (CompuScope 8500PCI, Gage, 

Canada) with a sampling rate of 500 MHz installed in a PC. The signals were displayed 

on the monitor in real time and saved into the hard disk for offline signal analysis (Zheng 

and Mak 1996; Zheng et al 2002). The setting of pulser/receiver including transmitting 

energy, receiving gain, attenuation and damping were selected according to pilot 

experiments and maintained constant for all the measurements. This experimental setup 

was used for all experiments except strain-dependent study. 

 The experimental setup was slightly modified from its original version for 

temperature-dependent study. A plastic coil was curled along the inner wall of the 

container. The coil entirely covered the side walls of the container so that uniform heat 

distribution was assured surrounding the specimen. One end of the coil was connected to 

a hot water source. The hot water passing through the coil was set and assumed to be at a 

constant rate. It was used to increase the temperature of the saline solution inside the 

container gradually from 15°C to 40°C. 
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2.2.2 Setup for Strain-dependent Study 

 The strain dependence study involved the contact between the artC specimen and 

the transducer, as a compression on the specimen was required. Therefore, the 

instrumentation was different from the one used in other studies. The specimens used in 

this study were different from other studies, where slices or semicircular specimens were 

used. This study involved the full thickness circular disk of artC. The instrument used in 

this study was modified from its original form of US-compression configuration, where a 

focused 50 MHz transducer was used (Zheng et al 2002). Fig 9 shows a schematic 

diagram of the US-compression system used in this study. 
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Figure 9. The US-compression system for the study of the strain dependence of the 

sound speed in artC. 

 

During the experiment, the container was filled with saline solution. The 

specimen platform (transmitting transducer) as well as the compressor (receiving 
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transducer) were located in the middle of the container. The specimen was located 

between the transmitting and the receiving transducers (unfocused, 5 MHz, Panamaetrics 

Inc, Waltham, MA, USA). The diameter of transducers was 8.9 mm, and the diameter of 

the specimen was 6.4 mm. It was assured that the US-compression system was rigid 

enough during the compression test so that the deformation was only applied on the artC 

specimen. The movement of the compressor was manually driven with a micrometer 

adjustor installed on the top of the testing device as shown in Fig 9. The compressor was 

connected in series to a 25 N load cell (model ELFS-T3E-5L from Entran, NJ, USA). The 

amplified load signal was digitized by an A/D card (NI-DAQ 6024E, National 

Instruments, USA) installed in the PC. The broadband US pulser/receiver (model 5601A, 

Panametrics Inc., Waltham, MA, USA) was used to drive the US transducer and to 

amplify the received US echoes. The US reflection signals were digitized by another A/D 

converter card at a sampling rate of 500 MHz (Model CompuScope 8500PCI from Gage, 

Canada) installed in the PC. In addition, a Linear variable displacement transducer 

(LVDT, DFg 5 (guided), Solartron, RS components Inc., Hong Kong) was used to 

measure the axial displacement of the compressor. The LVDT signal was also digitized 

by the A/D card (NI-DAQ 6024E, National Instruments, USA). A custom made computer 

program was used to collect the load signals, LVDT signals and ultrasonic signals 

digitized by the A/D converter cards. To improve the ultrasonic signal condition for the 

cross-correlation algorithm applied later for the signal analysis, the US echo trains were 

averaged for 30 times to enhance the signal-to-noise ratio. Similarly, the load and LVDT 

data were averaged for 100 times. Normal saline solution was used for minimizing the 

friction between the artC sample and the transducer surfaces during the measurement.  
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2.3 Sound Speed Calculation 

2.3.1 Calculation of Non-contact Measurement 

US reflections were collected by the custom made program in real time and 

analyzed offline. Fig 10a shows one typical US echo trains collected from the artC 

specimen using the non-contact configuration. The three radio frequency (RF) echo 

signals were reflected from the upper and lower surface of the artC specimen and the 

surface of the container bottom, respectively. The corresponding envelope signals were 

obtained using Hilbert Transform and are shown in Fig 10b. 

In the beginning of this study on the depth dependence sound speed, both the RF 

and envelope signals were used for the signal processing to calculate the sound speed and 

thickness of the artC specimen. It was noted that similar accuracy was achieved using 

both types of signals. However, the phase change of the echoes sometime was very 

obvious and the echo tracking based on RF signals were not very reliable under such 

situation, particularly when the artC specimen was digested by the enzymes. Therefore, 

the envelope signals were finally selected for the further signal processing to calculate the 

sound speed and the thickness. A similar approach was applied for the contact 

measurements in the strain dependence and site dependence studies. As shown in Fig 

10b, three pairs of tracking windows were used to track the signals reflected from the 

interfaces of the specimen and the container. Each tracking cursor could be moved 

individually with a time resolution of 2 ns as defined by the sampling rate (500 MHz) of 

the A/D converter. In the present study, a cross-correlation algorithm was used to match 

the echoes reflected form the different interfaces so as to calculate the corresponding 

flight time. 
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Figure 10. (a) Typical RF US echoes from interfaces. (b) Typical envelope signal 

converted from the RF signals. It was observed that the phases of the US echoes from 

various interfaces of artC changed considerably such as in the enzyme digestion study. 

The RF wave was converted to envelope signal to obtain better correlation. A cross-

correlation technique was used to track the echoes. The echoes indicated by ‘c’ represents 

the reference signal and echoes indicated by ‘a’ and ‘b’ were located by the cross-

correlation tracking. The echoes to be matched were overlapped with the reference echo 

in ‘a’ and ‘b’. 

 

The reference echo was normally selected as the echo reflected from the upper 

surface of the artC specimen. Two corresponding full cycles of RF signals were marked 

by the tracking windows on the echoes reflected from the two interfaces of the artC 

slices, respectively. This echo matching processing was repeated for each measurement 

 43



point on the artC specimen. The sound speed and the thickness of the artC specimen were 

calculated at each measurement point using the method described as follows and the 

results were averaged. Fig 11 shows a schematic representation for the US paths and 

flight times involved in the calculation of the sound speed in artC. , , and  

represent the flight times of the round trips of US from the transducer to the upper surface 

of the artC specimen,  the lower surface of artC specimen, and the bottom of the 

container through the specimen. 

1T 2T 3T

4T  represents the round trip from the bottom of the 

container without the presence of the specimen. The sound speed in the saline solution 

was measured by moving the transducer vertically down for two steps of 0.5 mm and 

then back to the original position in another two steps.  represents the position of the 

transducer after it was moved from its original position. The difference between the flight 

times obtained at the four positions was used to calculate the sound speed in the saline 

solution (eqn 8).  
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The sound speed in the saline, calculated after each step of transducer movement was 

averaged. The sound speed in artC was calculated as follows (refer to Fig 11):  
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Figure 11. Schematic representation for the elements involved in the calculation of the 

sound speed in artC and saline. dAC is the thickness of artC slice, which is equal to the 

distance between b and c, i.e dbc (The subscripts and are used interchangeably for 

understanding the equations better); T

bc AC

 to T1 5 are the flight times of the round trips of US 

from the transducer to different interfaces. T4 is measured after a vertical movement of 

the transducer and used to calculate the sound speed in the saline solution. 
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where   and represent the distance between the transducer and the specimen 

upper surface, the specimen thickness, and the distance between the specimen lower 

surface and the surface of the container base, respectively. By substituting eqn 9 and 10 

into eqn 12 and 13, we get: 

,abd ,bcd cdd
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By substituting eqn 14 into eqn 15, we get: 
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where  is the sound speed in artC and dACc  is the thickness of the artC slice. AC

 

2.3.2 Calculation of Strain-dependent Sound Speed in ArtC 

 A schematic representation of the US echoes passing through the specimen is 

shown in Fig 12. The sound speed in the artC was determined after the two platens were 

in contact with the specimen (indicated by the force measured by the load sensor) using 

the pulse-echo technique. The time-of-flight was determined as the travel time of the 

maximum amplitude of the US pulse back and forth through the artC specimen, while the 

artC thickness was determined as the distance between the surface of the two transducers. 

The distance was accurately measured using the calibrated LVDT fixed on the moving 

micrometer. The cross-correlation algorithm was used to match the two echoes obtained 

at each compression level so as to obtain the time-of-flight of US in artC specimen. The 

first echo was selected as the reference using a tracking window and the position of the 

second echo was automatically searched according to this reference (Fig 12b).  
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Figure 12. (a) Schematic representation of the US propagation through the artC 

specimen. (b) Typical US echoes received by the US receiving transducer. The cross-

correlation algorithm was used to match the two echoes obtained at each compression 

level. The echo indicated by ‘a’ represents the reference signal and the echo indicated by 

‘b’ was located by the cross-correlation tracking. The echo to be matched was overlapped 

with the reference echo.  

Fig 12b shows the echoes obtained under compression levels of 0% and 20%.  

2T  and 4T  represents the round trip between the transmitting and the receiving, i.e. the 

round trip inside the artC specimen under two different compression levels, respectively.  
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The artC specimen was compressed upto 20% of its original thickness at steps of 2.5%. 

Therefore, the sound speed in artC under these two compression levels can be calculated 

by eqn 18 and 19, respectively.  

2

0
0

2
T
dc =          (18) 

4

20
20

2
T
dc =          (19) 

where  and  is the uncompressed and compressed (20%) thickness of artC, 

respectively. The artC thickness at 0% compression was measured as the distance 

between the surfaces of the two transducers when they were just touching artC. It was 

noted that the quality of US echo remained almost the same under different compression 

levels and a good correlation was obtained among echoes. 

0d 20d

 

2.4 Measurement Procedure 

2.4.1 Validation of the Non-contact Measurement 

The non-contact US technique introduced in this study has been previously used 

to measure the sound speed and thickness of hard materials like plastic and steel (Kuo et 

al 1990; Hsu and Hughes 1992). To further validate the accuracy of the measurement, 

different materials including steel, rubber, silicone phantoms, glass, and plastic were 

tested in the present study to determine the sound speed and the thickness of the samples. 

These materials were all with flat surfaces. The sound speed of the samples was also 

measured with a direct contact US method, i.e. using a flat unfocused transducer to 

contact the sample materials. The sound speeds obtained from the two measurements 

were compared. The thicknesses of the samples were measured by a Vernier caliper (0.01 
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mm resolution, Mitutoyo corporation, Japan). The thickness measured by the two 

approaches was also compared.  

 

2.4.2 Procedure for Depth and Direction Dependence Study 

The artC specimens were placed on the plates inside the container filled with 

saline solution. The vertical and full-thickness slices were first placed on the plates in the 

container. The superficial layer of the full-thickness slice and one of the vertical cutting 

surfaces of the vertical slice was arranged to face the US beam. The specimen was fixed 

on the supporting plate using a fine rubber band across the two edges. The US beam was 

first located approximately 2 mm away from the edge of the first artC specimen and the 

US signal reflected from the bottom of the container was collected. Then the US 

transducer was moved horizontally towards the specimen in 0.25 mm intervals and a total 

of eight sites on the container bottom were measured. The US beam was then moved to 

pass through the vertical slice specimen and the US signals were recorded at intervals of 

0.05 mm. The US signals collected included echoes from the upper and lower surfaces of 

the specimen, and the bottom of the container (Fig 8 and Fig 10). As shown in Fig 8 (the 

dots on the specimen represent the measurement sites), the US beam was scanned along 

the vertical cutting interface of the artC specimen and the measurement were made on a 

number of sites located from the superficial layer to the deep layer. The position of each 

measurement site was recorded from the micrometer screw gauge. After the US beam 

passed the specimen region, US signals were collected from the gap between the vertical 

slice and the full-thickness slice at intervals of 0.25 mm. Similarly, US signals from the 

full-thickness slice were collected at a distance of 0.05 mm. beyond the full-thickness 
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specimen, US signals were recorded again at eight sites on the bottom of the container 

with 0.25 mm intervals. Three scans were performed across each specimen at a distance 

of 0.5 mm (Fig 6). The horizontal artC slices with the cutting parallel to the artC surface 

were measured in a similar way. Three slices from a single specimen were placed on the 

three pairs of plates. The US beam was scanned along the container bottom at equal 

intervals of 0.25 mm and along the specimens at equal intervals of 0.05 mm. An example 

of the US reflections from the upper and lower surfaces of the specimen and the surface 

of the container base is shown in Fig 10. The experiments were conducted at room 

temperature (21°C±1). 

The mean value for the full-thickness and horizontal slices was obtained by 

averaging the data from the US scanning.  This averaged value was used for the further 

data analysis of the superficial, middle and deep slices. For the vertical slice, the sound 

speeds measured at different sites along a scanning line were equally separated into three 

groups representing the superficial, middle and deep regions. The sound speeds of the 

measurement sites of each region were averaged, and the result was further averaged with 

those obtained along the other two scanning lines. 

Baseline Drift Amendment. In the course of scanning it was noticed that the 

distance between the US transducer and the container bottom was not uniform. Despite of 

many careful adjustments, it was still difficult to ensure the uniformity. The baseline of 

the container was corrected by using US echoes reflected directly from the bottom of the 

container on the measurement sites and beyond the artC specimens. A pair of tracking 

cursors was used to track the shift of the echoes reflected from the bottom of the 

container directly or passing through the artC specimen. Since the horizontal positions of 
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the measurement sites were recorded with the micrometer screw gauge, a linear 

regression between the position and the flight time shift was made for the measurement 

sites without the presence of artC specimen. The regression line represented the slope of 

the container bottom and was used to correct the flight time of the echoes reflected from 

the bottom of the container for the measurement sites on the artC specimen. This 

procedure was also applied for the other studies using this device. 

 Measurement of swelling effects. The two full-thickness slices prepared from each 

of the 5 patellae were immediately installed onto the specimen platform and monitored 

for 1 h with US beam parallel and perpendicular to the artC surface, respectively. The 

monitoring site was located approximately at the middle of the surface facing the US 

beam. The transient thickness and the sound speed of artC specimen were calculated 

using the method introduced in the section 2.3.1, where  in eqn 16 was measured after 

the specimen was removed from the platform.   

4T

 

2.4.3 Procedure for Saline Concentration Dependence Study 

 Full-thickness specimens with a semicircular shape were used for the 

measurement of the sound in artC under different saline concentrations. The specimens 

were first placed on the supporting plates and thawed in 0.15 M saline for 30 min. Then 

distilled water (0 M) was used to replace the 0.15 M saline in the container and the 

specimen was thawed for another 30 min. During the process, the saline was removed 

from the container quickly with the help of a syringe. Proper precaution was taken to 

make sure that the specimen did not move while the saline was removed. The US beam 

was first located approximately 2 mm away from the edge of the first artC specimen and 
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the sound speed in saline was measured using the method introduced in the last section. 

After that, scanning was performed at different locations on and between the specimens 

at an interval of 0.05 mm. The detailed scanning procedure has been explained in the last 

section. After the measurement, the distilled water was removed and the 0.0075 M saline 

solution was then poured gently into the container and the specimens were allowed to 

thaw for 30 min. Subsequently, US measurements were carried out.  

Similar procedure was carried out for the remaining saline concentrations 

including 0.082, 0.15, 0.3, 0.75, 1.25, 2, and 2.5 M. Specimens were allowed to thaw in 

all saline solution for 30 min before the measurement. The selection of the concentrations 

of the saline solution and the thawing period was decided based on pilot studies on a 

number of specimens. It was noted that thawing for 30 min was well enough for the 

specimens to reach equilibrium after the change of saline concentration. The experiments 

were conducted at room temperature (22°C±1). 

 

2.4.4 Procedure for Degeneration Dependence Study 

The artC layer was first excised from the bone layer and was further cut into 5 

full-thickness specimens as mentioned earlier (Fig 6). All the 5 slices were first measured 

in normal saline solution using non-contact US scanning method described earlier. After 

the measurement was completed, the first specimen was stored in a refrigerator at -20°C 

and used as the first control specimen. The remained 4 pieces of the artC specimen were 

placed in one row of a multi-well array (24 Well Plate, Arraycote, NUNC, Roskilde, 

Denmark).  The second slice was immersed in PBS solution, as the second control 

specimen followed by the third, fourth and fifth in collagenase, chondrotinase and trypsin 
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solutions for digestion, respectively. The multi-well array plate was kept in an incubator 

(Incucell-V111, Nunc, Denmark), at 37°C for 24 h. The reason behind placing the second 

slice in PBS solution at 37°C was to find out whether there was any effect, of storing the 

specimen under 37°C for a certain period, on the acoustical properties in artC. Hence, the 

effects of storage and enzyme digestion can be separated. After the digestion, the 

specimens were scanned again after thawing in the normal saline solution for 1 h. The 

detailed measurement procedure was similar to that explained in section 2.4.2. 

 

2.4.5 Procedure for Temperature Dependence Study 

The specimen was thawed for 30 min in the normal saline solution at room 

temperature before the experiment commenced. A bottle of the normal saline solution 

was reserved in a refrigerator to allow its temperature to drop below 15°C. The saline 

solution in the container used for thawing the specimen was replaced by the reserved 

saline solution. A flow of hot water was passed through the coil at a constant rate to 

increase the temperature of saline in the container from 15°C to 40°C. US echoes were 

collected and saved by the custom made program at a rate of 2 frames per second. The 

frame number and temperature was recorded manually at an interval of 20 frames that 

approximately equaled to 10 s. After the temperature reached 40°C in approximately 90 

min, the US monitoring was stopped and the specimen was removed. While removing the 

specimen from the container, precaution was taken that the settings of the experimental 

setup were not disturbed. After that, the saline solution in the container was replaced with 

the normal saline solution with a temperature of 15°C to collect the US echo from the 

bottom of the container without the specimen ( ) (Fig 11). Then the above heating 4T
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process was repeated and the saline solution inside the container was allowed to reach up 

to 40°C. The US echoes from the container bottom was continuously monitored and 

recorded at a rate of 2 frames per second. After the measurement, the heating was 

stopped and saline finally reached the room temperature. The transducer was then moved 

vertically for 0.5 mm at 4 steps and the US echoes were collected at each step so as to 

calculate the sound speed in saline at the room temperature, which was recorded.  Based 

on the shift of the US echo from the container bottom as the change of the temperature 

and the measured sound speed in saline at one temperature, i.e. the room temperature, the 

sounds speed at all the measured temperature could be calculated.  

 

2.4.6 Procedure for Site Dependence Study 

Before punching the artC patella at the marked sites, it was measured using an 

unfocused flat US transducer (10.5 MHz, Φ 3 mm, XMS-310, Panametris Inc., Waltham, 

USA) at each selected points. A traditional pulse echo method was used to measure the 

artC thickness in-situ.  A gentle force was applied to make sure a contact between the 

transducer and the artC surface. During the measurements, the patella was immersed in 

physiological saline solution. Three measurements were taken at each location of the 

patella. The time-of-flight of US obtained in the three measurements was averaged to 

calculate the artC thickness using the sound speed, later measured with the non-contact 

method. The patella was then punched to obtain the artC-bone plugs at the selected 

points. The detached artC specimen was then measured using the non-contact method 

described earlier. After the sound speed in each artC specimen was measured, it was 
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applied to calculate the in-situ thickness at the corresponding site using the time-of-flight 

measured with the contact method earlier.  

 

2.4.7 Procedure for Strain Dependence Study 

The circular artC disk with a diameter of 6.4 mm was first thawed for 30 min in 

the normal saline solution (Fig 6 and Fig 9). The two US transducers acting as the 

compressor and the specimen platform were initially brought in contact with each other 

and the reading on the LVDT obtained at this position was recorded as a reference for the 

measurement of the artC thickness. The specimen was then placed on the transmitting 

transducer and the compressor was moved vertically down to make an initial contact with 

the specimen. The reading of the load cell indicated the initial contact of the compressor 

with the specimen. It was observed that the excised specimens were slightly curled. 

Therefore the compressor was further driven by 0.05 mm for each specimen, so that the 

surfaces of the two US transducers could make a full contact with the specimen surface. 

It was observed that the stress at this state was normally below 0.001 N at 15 min after 

the displacement was applied. It was assumed that this was 0% compression state. The 

friction between the artC surface and the two compressors was assumed negligible as the 

setup was immersed in physiological saline solution. Before further compression the 

specimen was allowed to rest in the normal saline for 30 min. Then stepwise stress-

relaxation measurements (step 2.5% of artC thickness) were carried out up to a total 

strain of 20%. A relatively shorter relaxation time of 15 min was allowed between the 

steps, in comparison with traditional mechanical measurement of artC for equilibrium 

parameters, though shorter relaxation time has been used in some earlier studies (refer to 
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Table 3). Short relaxation time could save the overall experiment time, as 8 steps were 

used in the compression test for the 20 specimens. Additional 5 specimens were tested 

with a single compression step of 2.5%, but with a relaxation time of 60 min, to test 

whether the sound changed significantly during the stress-relaxation period. US signals 

were collected continuously at a rate of one frame per two seconds during the 

compression and stress-relaxation phases. We noted that the signal to noise ratio of the 

LVDT signal was relatively low due to the small deformation applied during each 

compression. Therefore, data averaging (30 point moving average) was used to enhance 

the LVDT readings and the related results.  The instantaneous Young’s modulus and 

sound speed were calculated at the moment with the maximum stress after each ramp 

compression. The Young’s modulus and the sound speed after 15 min stress-relaxation 

were also calculated for compression. In the case of the additional 5 specimens tested 

with 60 min stress-relaxation, the sound speed was calculated for each 5 min.  

 

2.5 Data Analysis 

The statistical tests used for analyzing the results of the various studies are 

summarized as follows: 

The Interclass correlation tool (SPSS v11.0.0, SPSS Inc.) was used to test the 

reproducibility of the non-contact method used in this study. Two-factor ANOVA (SPSS 

v11.0.0, SPSS Inc., Chicago, IL) was used for analyzing the significant differences in the 

following comparisons: 

• Among the sound speeds measured at different depths and between the sound speeds 

measured along the two orthogonal directions; 
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•  Among the sound speeds measured for specimens before and after digestion using 

trypsin, collagenase, and chondrotinase. Similarly, among the 2 control specimens 

stored at different temperatures; 

One factor ANOVA (Microsoft Excel 2002, Microsoft Corporation, USA) was used for 

analyzing the statistical significance of differences in the sound speeds under following 

situations: 

• Among the 25 different sites on patellae and among the 4 quadrants;  

• Among different saline concentrations; 

• Among different temperatures; 

• Among different strains applied on artC; 

Correlation analysis was performed for following pairs of data: 

• Sound speed measured by the contact method and the non-contact method; 

• Thickness measured by the caliper and the non-contact US method; 

• Sound speed in artC and its depths; 

• Sound speed in artC and different saline concentrations; 

• Percentage change of artC thickness and different saline concentrations; 

• Sound speed in artC and saline solution, with different temperatures; 

• Thickness of artC measured with contact US method in-situ and non-contact US 

method ex-situ at 25 sites of each patella; 

• Applied strain on artC and its Young’s modulus after stress-relaxation for 15 min; 

• Applied strain on artC and its sound speed; 

• Applied strain and induced stress on artC; 
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• The stress and strain relation at the instantaneous and last 3 min of stress-relaxation 

phase; 

• The change of the sound speed in artC and its Young’s modulus; 
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3. Results 

3.1 Validation Results 

  The sound speeds of the various materials measured by the non-contact technique 

correlated highly with the results obtained by the contact technique (Fig 13a, p < 0.001, 

R2 = 1, n = 6). The thickness measured by the same technique also correlated well with 

the reference thickness obtained by the vernier caliper (Fig 13b, p < 0.001, R2 = 1 and 

0.9924, n = 12). The error bars in both figures represent the standard deviations of the 

results of three measurements for each sample. The validation results demonstrated that 

the non-contact US technique was very reliable for the measurement of the sound speed 

and thickness measurement. 
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Figure 13. (a) The sound speed measurement using US non-contact technique correlated 

highly with the reference contact method. 
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Figure 13. (b) The thickness measured using non-contact US technique also correlated 

significantly with that measured using a vernier caliper. The error bars in the figures 

represent the SD.  

 
 

3.2 Depth Dependence Results 

Reproducibility. To test the reproducibility of the technique, the sound speeds 

measured along the three scan lines (0.5 mm apart) for each slice were compared using 

Interclass correlation. The mean of the percentage SD for the three measurements of each 

slice was also calculated as an indicator for reproducibility. The reproducibility test 

showed that the sound speed measured along the three different scanning lines for each 

slice agreed well with a mean percentage SD of 2.2%. The Interclass Correlation 

coefficient for a 95% confidence level was r = 0.9721 (p < 0.001), which showed a very 

high reproducibility. 
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Sound Speed. The sound speeds of artC tissues at the superficial, middle, and deep 

regions were 1518±17 m/s (mean±SD), 1532±26 m/s, and 1554±42 m/s with the US 

beam parallel to the artC surface (n = 18), and 1562±23 m/s, 1623±33 m/s, and 1703±50 

m/s with the beam perpendicular to the artC surface (n = 10) (Fig 14). The sound speeds 

of artC tissue significantly increased from the superficial to middle and deep regions for 

both measurement directions (p < 0.001, Two-factor with replication ANOVA). The 

sound speeds of artC measured in the two orthogonal directions were significantly 

different (p < 0.001, Two-factor with replication ANOVA). There was a quadratic 

relationship (r2 = 0.9982) between the sound speed and the tissue depth for the 

measurements of the vertical slices (Fig. 15). The error bars in Fig. 15 represent the SD 

among the results of the 10 specimens.  
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Figure 14. Depth-dependent sound speeds in artC tissue. The error bar represents the 

standard deviation. The vertical slice was measured with the US beam parallel to the artC 

surface, while the horizontal and full-thickness slices were measured with the beam 

perpendicular to the artC surface.  
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The variation among the specimens as shown in Fig. 15 was similar to that in Fig. 

14, although the scale was changed in Fig. 15 to better represent the quadratic 

relationship. The sound speed increased from 1518 m/s to 1559 m/s (2.7% increase) 

when the measurement region moved from the most superficial to the deepest zone of the 

artC layer. The sound speed of the full-thickness artC layer (n = 18) was 1636±25 m/s 

(ranging from 1598 m/s to 1721 m/s).  

y = 0.0047x2 - 0.0511x + 1516.8
R2 = 0.9982
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Figure 15. The sound speed measured in the vertical slice throughout the full thickness 

of artC. The presented data were the average of the ten specimens and the error bars 

indicated the standard deviations. It was demonstrated that the sound speed significantly 

depended on the depth of artC. 
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Figure 16. The changes of (a) normalized artC thickness and (b) normalized sound speed 

as a function of time after the specimen was detached from the bone. Ten full-thickness 

slice specimens were prepared from 5 disk specimens, which were cored from 5 different 

bovine patellae. The 2 slices from each disk specimens were tested in two different 

orthogonal directions, respectively. No distinguished difference was noted between the 

results measured in the two directions. Hence the results shown in the figure were the 

combined data of all the 10 slices from the 5 patellae. 

 63



Table 6. The mean normalized sound speed and thickness of artC slice specimens 

measured at different time after they were detached from their subchondral bones and 

installed on the specimen platform (corresponding to Fig 16). 

Time (min) Normalized Speed Normalized Thickness 
 Mean SD Mean SD 

1 1.005 0.007 1.012 0.012 

15 1.012 0.025 1.036 0.043 

30 1.013 0.032 1.038 0.049 

45 1.014 0.036 1.041 0.053 

60 1.014 0.040 1.038 0.058 

 

Thickness. The mean thickness (mean±SD) of the superficial, middle, and deep 

horizontal slices (n = 18 × 3) were 0.64±0.18 mm, 0.50±0.18 mm, and 0.59±0.18 mm, 

respectively. The mean thickness for the full-thickness layers (n = 18) was 1.64±0.30 

mm, which was slightly smaller than the sum of the three slices (1.73±0.31 mm). The 

increase (5.5%) of the summed thickness of the slices was possibly due to the artC 

swelling after slicing. This swelling issue will be further discussed in the following 

section.  

Swelling Effects. It was demonstrated that there was an increasing trend for the 

artC thickness for both measurement directions for the five specimens after they were 

detached from the subchondral bone (Fig 16a). No difference was noted between the 

results measured in the two directions. Hence, the results shown in Fig 16a were the 

combined data of all the 10 slices from the five specimens. This change of the artC 

thickness was believed to be caused by the swelling effect of artC due to its excision from 

the subchondral bone. Most of the increase in thickness was observed within the first 5 

min. At time points 1, 15, 30 and 60 min, the mean increases of the thickness are 
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summarized in Table 6. The artC thickness changed by 3.6% after 15 min. It appeared 

that the measurement performed at 15 min was just slightly different from that performed 

at 60 min (changed by 0.2%). Large variations among specimens were observed. 

Considering the results of individual specimens, most of them showed different degrees 

of increase, but a few of them showed a slight decrease as time went on.  

The sound speed results showed a similar, but smaller, increasing trend in 

comparison with that of artC thickness (Fig 16b). No distinguished difference was 

observed for the changes of the sound speed between the results obtained in two different 

directions. Most of the changes also happened within the first 5 min. At time points 1, 15, 

30 and 60 min, the mean increases of the sound speed are summarized in Table 6. The 

sound speed changed by 1.2% after 15 min. It appeared that the measurement made at 15 

min were just slightly different from that made at 60 min (changed by 0.2%). Considering 

the results of individual specimens, the majority of them showed different degrees of 

increase, but some of them showed decrease as time went on. 

 

3.3 Saline Concentration Dependence Results 

  Sound Speed. The measured sound speed in the artC specimens (n = 19) and the 

saline solutions (19 groups) with different concentrations are shown in Table 7. 

Significant differences in sound speed were observed in the saline as well as the artC 

specimens with the change of the saline concentration (Single-factor ANOVA, p <0.001).  
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Table 7. The sound speed (mean±SD) in the artC and saline measured under various 

concentrations of saline. Significant differences (Single-factor ANOVA, p<0.001) were 

observed among the sound speed in artC measured under different saline concentration. 

Similar results were demonstrated for the sound speed in saline. 

 Concentration (Moles) 

 
 

  

0 

 

0.0075

 

0.082

 

0.15 

 

0.3 

 

0.75 

 

1.25 

 

2 

 

2.5 

 

Sound speed 
in artC(m/s) 

 

Mean 

SD 

 

1681

50 

 

1673 

47 

 

1678 

44 

 

1675

51 

 

1675 

51 

 

1707 

50 

 

1734

46 

 

1781

48 

 

1816

54 

 

Sound speed 
in saline (m/s) 

 

Mean 

SD 

 

1521

3 

 

1522 

3 

 

1529 

3 

 

1532

5 

 

1532 

3 

 

1571 

4 

 

1601

4 

 

1646

3 

 

1674

3 

 
 

A linear increasing relationship was observed for the sound speed in the saline (r2 

= 0.99) as well as in the artC specimens (r2 = 0.98) with the increase of the concentration 

(Fig 17). When the saline concentration was changed from 0M to 2.5M, the sound speed 

changed from 1681±50 m/s to 1816±54 m/s, and 1521±03 m/s to 1674±05 m/s in the artC 

and in the saline solution, respectively. The measured sound speeds of 1532±05 m/s in 

the normal saline solution (0.15M) and 1675±51 m/s in the artC specimens were similar 

to those previously reported (Refer to Table 3 for various studies conducted in the past 

for the investigation of the sound speed in artC). It was observed that there was a 7.4% 

and 9.1% increase in the sound speed of artC and saline solution, respectively, when the 

concentration of saline solution was changed from 0M to 2.5M. The error bars in Fig 17 

represent the SD among the results of the 19 artC specimens and the 19 groups of saline 

solutions (the saline solution of each concentration was obtained from the same batch). 

The variation of the sound speed in artC was higher than that of the saline. This maybe 
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due to the fact that the specimens were obtained from different patellae whereas the 

saline solution remained same (Fig 17).  
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Figure 17. The sound speed in artC and saline solution increased with the increase of 

saline concentration. A linear relationship were observed and high correlations were 

obtained for both the sound speed results (r = 0.9, p < 0.001). 

 

Thickness. The thickness of the artC specimens decreased almost linearly with the 

increase of the saline concentration (Fig 18). It was noted that there was a sudden change 

(1.1%) from 0M to 0.0075M. From the concentration of 0.082M to 2.5M, there was 

linear decrease for the artC thickness. However, no significant difference was 

demonstrated. In addition, the variation among the specimen was very large. Such a large 

individual variation has also been described for the artC thickness change during the 

swelling process after the specimen was detached from the bone and submerged in the 

normal saline solution.  
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Figure 18. The thickness of artC decreased with the increase of the saline concentration. 

The thickness decrease was minor and not significant. 

 

3.4 Temperature Dependence Results 

   Fig 19 shows the relation between the sound speed and the temperature and Table 

8 presents the sound speeds in the saline and artC at the minimum and maximum 

temperature values. An increasing trend of sound speed was observed for artC with the 

increase of the temperature of the saline solution from 15°C to 40°C. Similar results were 

observed for the sound speed in the saline solution. A high correlation coefficient was 

obtained for artC (r2 = 0.99) and saline (r2 = 0.98) sound speed when linear regressions 

were used. The sound speed obtained in artC was 1430±39 m/s at 15°C and 1667±68 m/s 

at 40°C. There was a 9% difference in the sound speed measured at 21°C (the room 

temperature used in our study) and 37°C (for in-vivo study). The sound speed in the 

saline was 1360±38 m/s and 1606±64 m/s at 15°C and 40°C, respectively. The 
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percentage change of the sound speed in artC (14.2%) and saline (15.5%) was similar 

when the temperature was changed from 15°C to 40°C. The rates of the sound speed 

change in artC and saline were approximately 11 m/s per 1°C.  
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Figure 19.  Sound speed of artC and saline solution increased with increase in 

temperature. A linear response was observed and high correlation was obtained for both 

sound speed results (r = 0.9).  

 

Table 8.  The sound speed in artC and saline solution at 15°C and 40°C 

 Maximum (40°C) 
Mean

Minimum (15°C) 
+Mean SD +SD 

1430±39 1667±68 Sound speed in artC  (m/s) 
1360±38 1606±64 Sound speed in saline (m/s) 
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3.5 Enzyme Digestion Results 

  It was noted that both sound speed and thickness of the 5 slices before any 

treatment matched very well (Tables 9 and 10, Fig 20a and 20b). The maximum 

variations of the sound speed and the thickness of artC were 5% and 11%, respectively. 

The results indicated that there was no bias between the control groups and the treatment 

groups of the specimens. It was found that the sound speed and the thickness of artC 

remained nearly constant for the first group of control specimens before and after storage 

at -20°C for approximately 24 hrs. The second control group showed results before and 

after the storage in PBS solution under 37°C for 24 hrs. Although the sound speed in artC 

tended to increase after storing at 37°C but no significant difference was demonstrated. 

However, the sound speed as well as the thickness in artC significantly decreased after 

the digestion with any of the three enzymes (p < 0.0001, Two-factor with replication, 

ANOVA). No significant difference was observed among the results of the three 

specimens treated by chondrotinase, collagenase, and trypsin. 

  After the enzyme digestion, the maximum decrease in the sound speed was 

observed in the specimen digested by collagenase and the minimum decrease was 

observed in the specimen digested by chondrotinase. The percentage decrease of the 

sound speed in artC after enzyme degradation was 4.46±1.74%, 5.39±2.31%, and 

4.76±2.04% in the chondrotinase, collagenase, and trypsin solutions, respectively. This 

decrease did not correspond to the percentage decrease in the thickness of artC. The 

percentage decrease in the thickness of artC after enzyme degradation was 10.8±4.5%, 

11.5±5.1%, and 11.3±5.0% in the chondrotinase, collagenase, and trypsin solutions, 

respectively.  
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Table 9.  The sound speed of artC before and after storing at -20°C or 37°C (A and B) or 

digestion with chondrotinase, collagenase, or trypsin for 24 hrs (C, D, and E). The mean 

and SD was calculated from 20 specimens. 

                                Sound speed of artC (m/s) 
Specimen Group Before       After 
  Mean SD Mean SD 

1651 40 1648 42 A Control (20°C) 
1651 42 1662 43 B PBS (37°C) 

 
                               Enzyme Digested 

C Chondrotinase (37°C) 1652 40 1577 32 
1654 42 1564 33 D Collagenase (37°C) 
1654 40 1575 38 E Trypsin (37°C) 

 

 

Table 10.  The thickness of artC before and after storing at -20°C or 37°C (A and B) or 

digestion with chondrotinase, collagenase, or trypsin for 24 hrs (C, D, and E). The mean 

and SD was calculated from 20 specimens. 

                                      Thickness of artC (mm) 
Specimen Group            Before       After 
  Mean SD Mean SD 

1.52 0.27 1.51 0.26 A Control (20°C) 
1.52 0.27 1.54 0.27 B PBS (37°C) 

                              Enzyme Digested 
1.54 0.28 1.37 0.27 C Chondrotinase (37°C) 
1.53 0.27 1.36 0.27 D Collagenase (37°C) 
1.53 0.27 1.36 0.25 E Trypsin (37°C) 

 

 71



A
B

C D E

(a) 
  

A B

DC E

(b) 
 

Figure 20.  (a) The sound speed of artC and (b) the thickness of artC before and after 

storage or digestion. (A) represents the results of the 1st control specimen before and after 

storage at -20°C for 24 hrs. Similarly (B), (C), (D), and (E) represent the specimens 

before and kept in the incubator at 37°C in PBS, chondrotinase, collagenase, and trypsin 

solution before and after digestion, respectively.  
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3.6 Site Dependence Results 

  Sound Speed. No statistical significant difference in the sound speed was observed 

among the 25 locations on the patella surface (p > 0.05, Single-factor ANOVA). Hence 

the sound speed values were divided into 4 quadrants, namely ML, MU, LL and LU (Fig 

21a), and were averaged to get overall values for each quadrant. However, no significant 

difference was demonstrated among these four sound speed values. The overall mean 

value of the sound speed in artC at the 25 points of the patella was 1626±86 m/s (range: 

1507 – 1830 m/s). It agreed with the sound speed measured in the previous studies. The 

highest sound speed (1834±74 m/s) was obtained at the medial upper (MU) quadrant and 

the lowest value (1507±74 m/s) at the medial lower (ML) quadrant. Percentage 

coefficient of variance (% CV) of the sound speed measured at the 25 points was 5.2% 

(0% describing a homogeneous distribution and a higher % CV indicating a 

inhomogeneous pattern). To produce a topographical distribution of the pattern of the 

sound speed and thickness of artC, a computer program was developed (Matlab, The 

Mathworks Inc, USA). Linear Interpolation was used for the measured data points to 

construct maps of the sound speed and the thickness with intervals of 0.2 mm throughout 

the patella surface. Figs 22a and 22b shows the topographical distribution of the sound 

speed on the patella. The grey level indicates the value of the sound speed. It appears that 

the sound speeds in artC at the surrounding regions were distinctively smaller than those 

at the central region. After re-grouping the data according to the two regions indicated by 

the circle in Fig 22, it was found that the sound speeds in artC at the central region 

(1633±21 m/s) was significantly (p < 0.01) larger that those at the surrounding regions 

(1621±22 m/s).  
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Figure 21. (a) The speed of sound in artC at the four quadrants after grouping from the 

25 measurements points of the patella. (b) Topographical variation of the thickness of the 

patellar artC.  
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Figure 22. The topographical distribution pattern of the sound speed in the patellar artC. 

(a) 2D representation with the grey level indicating the values of sound speed; (b) 

contour representation of the artC sound speed distribution. 
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Figure 23. The topographical distribution of the thickness of the patellar artC. (a) 2D 

representation with the grey level indicating the thickness value, and (b) 3D contour 

representation of the artC thickness distribution. 
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Figure 24.  The artC thickness obtained using the contact measurement in-situ correlated 

significantly (p < 0.001, n = 204) with the thickness obtained using the non-contact ex-

situ. 

 

Thickness. The thickness of artC at each of the 25 locations on the patella measured by 

the contact method in-situ and the non-contact method ex-situ is shown in Fig 21b. The 

sound speed measured using the non-contact method was used for the calculation of the 

thickness of the corresponding location for the contact measurement. The overall mean 

thickness of the patellar artC obtained using the in-situ contact measurement was 

1.45±0.33 mm (range: 0.55 – 2.59 mm) and that obtained using the non-contact 

measurement was 1.34±0.34 mm (range: 0.47 – 2.31 mm). A significant correlation (r2 = 

0.5, p < 0.001, n = 204) was observed between the artC thickness obtained using the two 

US measurements (Fig 24). However, significant (p < 0.01, Single-factor ANOVA) 

difference were noted between the results obtained by the two US measurements. Overall 
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speaking, the thickness measured by the contact method in-situ was 14% larger than that 

measured by non-contact method ex-situ. The maximum mean thickness of 10 patellae 

measured using either method was located on the ML quadrant (1.37±0.40), which had 

the lowest sound speed. The other three quadrants had similar thickness (range: 

1.30±0.39 – 1.31±0.35 mm). However, no significant difference was obtained in the 

thickness among the 25 locations and also among the 4 quadrants. Both measurement 

techniques revealed a relatively similar topography for the artC thickness of the patellae. 

A 3D contour was also plotted to observe the surface variation of artC throughout the 

patella surface (Fig 23b). It appears that the diagonal line shown in Figure 23 can 

separate the patella into two regions with the artC thickness distinctively different. After 

re-grouping the data in such a way a significant difference (p < 0.01) of the artC 

thickness was demonstrated between the upper region (1.27±0.11 mm) and the lower 

region (1.31±0.41 mm) of the patellae.  

 

3.7 Strain Dependence Results 

 A typical stress-relaxation response after a step-wise compression (2.5% strain of 

8 steps) is shown in Fig 25a. It was observed that the stress-relaxation period of 15 min 

appeared not enough for the force to achieve an equilibrium state, particularly for the 

cases with the overall strain larger than 10%. Fig 25b shows a typical stress-relaxation 

response when the artC specimen was allowed to undergo a relaxation time of 

approximately 60 min after a single ramp compression of 20%. The result showed that 

the force value was almost constant after 60 min relaxation with a force change rate of 

0.0004±0.0001 N/s. 
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Figure 25. (a) Typical behavior of artC in step-wise stress-relaxation experiment as a 

function of time in the unconfined compression and the corresponding displacement data 

by the LVDT sensor (b) The type response stress-relaxation of a single step compression 

when the artC specimen was allowed to relax for 60 min. 
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Sound Speed. It was noted that the sound speed at the moment with the maximum 

force after each compression was not significantly (p > 0.05) different from that measured 

after 15 min stress-relaxation. Therefore, the average of the sound speed measured at the 

instantaneous phase and after 15 min stress-relaxation was used for the subsequent 

analysis. In addition, the test on the 5 additional artC specimens with 60 min stress-

relaxation did not demonstrate a significant difference (p > 0.05) between the sound 

speeds measured after 15 min and 60 min relaxation, though a slight increase of the sound 

speed was observed with increase stress-relaxation time. The values of sound speed, and 

Young’s modulus measured at various compression levels are summarized in Table 11. 

The sound speed in artC changed by 7.8% (from 1581±36 m/s to 1671±56 m/s) when the 

compression was changed from 0% to 20%. The sound speed in artC significantly 

increased as the increase of the applied strain (r2 = 0.98, p < 0.001). A quadratic 

relationship between the sound speed in artC and the percentage compression was 

demonstrated (r2 = 0.98) (Fig 26).   
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Table 11. Averaged values (n = 20) of the sound speed, the instantaneous Young’s 

modulus and the modulus obtained after 15 min stress-relaxation for the 8 compression 

levels ranged from 2.5 to 20%. 

% artC compression (n = 20)   
  0 2.5 5 7.5 10 12.5 15 17.5 20 

  Sound 
speed 1581

36 
1585 
43 

1593 
46 

1605 
42 

1616 
44 

1626 
44 

1641 
47 

1659 
49 

1671 
56 

Mean 
SD (m/s)    

Instantan--
eous 
Modulus 

 
0.21 0.39 0.62 0.90 1.11 1.60 2.42 2.86 Mean  0.28 0.53 0.86 1.05 1.10 1.50 1.92 2.64 SD 

 (MPa)      
Modulus 
after 15min 
of 
relaxation(
MPa) 

  
0.05 0.13 0.19 0.28 0.37 0.54 0.70 0.87 Mean  0.06 0.08 0.16 0.21 0.29 0.37 0.51 0.81 SD 

  
 

 
 

Figure 26.  The relationship between the applied compression on artC and the percentage 

changes of the sound speed, the instantaneous moduli, and the moduli obtained after 15 

min stress-relaxation. A quadratic function was used to fit each set of data. Large 

variation among individual specimens was observed. To make the figure easier to read, 

the error bar had not been included, the reader can refer to Table 11 for the SD for each 

data set. 
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Mechanical Properties. Fig 27 shows the overall stress-strain relationship of artC 

averaged from the 20 specimens. It was noted that the quadratic functions could very well 

fit the stress-strain relationship of the data collected instantly after the compression (r2 = 

0.99) as well as after the 15 min stress-relaxation (r2 = 0.99). The instantaneous Young’s 

modulus changed from 0.21±0.28 MPa to 2.86±2.64 MPa when the applied strain 

changed from 2.5% to 20%. Similarly, the Young’s modulus measured after 15 min 

stress-relaxation changed from 0.058±0.064 MPa to 0.87±0.81 MPa. Even though large 

individual variation was observed, high correlation were obtained between the applied 

strain and the instantaneous modulus (r2 = 0.99) as well as the modulus obtained after 15 

min stress-relaxation (r2 = 0.99) (Fig 26). Quadratic functions could well represent their 

nonlinear relationship as shown in Fig 26. The changing rate of the instantaneous 

modulus was much larger than that of the modulus after 15 min stress-relaxation. It was 

found that there was a very good linear relationship between the instantaneous Young’s 

modulus and the modulus measured after 15 min stress-relaxation (r2 = 0.99, p < 0.001) 

(Fig 28).  
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Figure 27.  The relationship between the strain and the mean instantaneous stress as well 

as stress after 15 min stress-relaxation. The error bars represent the SD of the stress at 

each strain level among the 20 specimens.  

 
Figure 28.  The relationship between the instantaneous modulus of artC and the modulus 

obtained after 15 min stress relaxation. The error bars represent the SD of the results of 

the 20 specimens.  
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Correlation between sound speed and modulus. It was found that the modulus as 

well as the sound speed both increased nonlinearly with the increase of the strain applied 

on artC. Fig 29 represents the correlation between the change of the sound speed and the 

instantaneous Young’s modulus and the modulus measured after 15 min stress-relaxation. 

Good linear relationships were observed between the change of the sound speed and the 

different moduli of artC (r2 = 0.97). Even though the instantaneous modulus and the 

modulus obtained after 15 min stress-relaxation were dramatically different (Table 11, 

Fig 26), sound speeds did not show any significant difference. It implied that the water 

redistribution during the stress-relaxation phase might not significantly alter the sound 

speed in artC. The issue was further discussed in the discussion section.  

 

Figure 29.  The relationship between the change of the sound speed in artC and the 

instantaneous Young’s modulus and the modulus measured after 15 min stress-relaxation. 

The error bars represent the SD among the 20 specimens. 
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4. Discussion 

The present study aimed to conduct systematic investigation on the sound speed 

in artC under various conditions. It is observed from the values reported in the literature 

that the US measurement of artC is usually performed under the assumption of constant 

sound speeds. However there are evidences that the US properties of artC are different at 

different depths because of the spatial variation of the water content, the PG 

concentration and the orientation of the collagen fibril. The changes in the sound speed 

due to the variation in inhomogeneous structure of artC, pathological state, environmental 

variation during experiments and anatomical location may affect the accuracy in the 

ultrasonic measurements of artC. This study provided an investigation of the sound speed 

in artC by varying the tissue depth, measurement direction, anatomical site, type of 

degeneration, the testing temperature, and applied stress. Almost all the factors affecting 

the sound speed of artC during in-vitro measurements have been considered and 

experiments have been conducted accordingly. Before beginning the discussion on the 

various experimental results, a brief discussion is provided on three issues that were 

common for all the experiments. 

ArtC Swelling. It has been reported earlier that when artC is detached from bone, 

it tends to curl and swell. Hence, it is obvious that the swelling effects on the sound speed 

must be taken into account when the detached specimens are used. We demonstrated that 

most of the changes of the sound speed happened within first 5 min after the artC 

specimen was detached from the subchondral bone. The sound speed changed by 1.2% at 

15 min after artC was detached from bone, and changed very slightly after that (up to 60 

min as measured in this study). In this study all artC specimens were tested at least 15 
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min after detaching from the subchondral bone. Despite of the fact that our results of the 

sound speed in artC measured under various conditions might be affected by the swelling 

effects due to detachment from the bone, they should still have reference values in the 

context that majority of the sound speed measurement reported in the past were based on 

detached specimens. In addition, it appears that measuring in-situ depth- orientation- or 

other dependences of sound speed in artC is still difficult using available technology. 

More systematic studies on swelling effects should be followed and the results may 

benefit the research area on ultrasonic and biomechanical measurements where detached 

specimens are normally used.  

RF versus envelope signal. A-mode US signal were used in the experiments 

performed in this study. It was noted that the waveforms of the US echoes distorted for 

different degrees after it propagated through the artC specimens. This distortion was 

caused by the artC’s frequency-dependent attenuation (Joiner et al 2001) and possible 

nonlinear acoustic properties (Zheng et al 1999). A cross-correlation algorithm was used 

to measure the time-of-flight of the US signal in artC by matching the RF signal of the 

echoes reflected from different interfaces. The distortion of the echoes could potentially 

affect the cross-correlation matching (Ragozzino 1981). Wherever necessary the RF 

signal was transformed to an envelope signal using Hilbert transform to achieve a good 

correlation among various echoes. High correlations (r2 = 0.9) between the echoes could 

be achieved for most of the specimens in this study. It was verified that the results 

obtained using the RF signal and corresponding envelope signal matched very well 

(within 0.1%) for the cases with small phase distortion. When the waveforms 
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significantly distorted, the echoes to be matched would be first manually located and the 

cross-correlation approach was then used to optimize the matching. 

Sound speed of full-thickness artC. Six different experiments were conducted in 

this study. The sound speed measurement was the main focus in all the experiments 

under various conditions. The sound speed in artC at room temperature and at 

physiological saline condition measured in different experiments showed no significant 

difference (p > 0.05). The overall mean of the sound speed in full-thickness artC 

measured in all the experiments was (1648±75 m/s, 327 specimens of 87 different 

patellae). The sound speeds obtained from various experiments is summarized in Table 

12 and discussed in the following sections. 
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4.1 Measurement Techniques 

 In most of the previous investigations on US propagation in artC, the sound 

speeds were either assumed to be constant or measured with the artC thickness measured 

by another approach. Many studies have demonstrated that the sound speed in artC varied 

under various conditions. Therefore, using a constant sound speed is not proper under 

many situations. In this study, a non-contact US method was successfully used for the 

simultaneous measurement of the sound speed and the thickness of artC specimens in-

vitro. This non-contact US technique was successfully used in the past to measure the 

sound speed and thickness of hard materials such as steel and plastic (Kuo et al 1990; 

Hsu and Hughes 1992). Our measurements demonstrated that this non-contact technique 

could be reliably used for the measurement of artC in-vitro (ICC = 0.97).  

In using this non-contact technique the orientation of the specimen with respect to 

the focused US beam is critical to ensure accurate thickness measurement. If the 

specimen is not aligned perpendicular to the US beam, errors may occur in the thickness 

measurement. The device used in this study consisted of three pairs of parallel plates to 

hold the specimen at its two ends while the measurements were conducted at the middle 

portion of the specimen. These holdings plates and the fixation rubber bands helped to 

maintain a perpendicular alignment between the US beam and the specimens. In addition, 

the amplitude of the US echoes obtained from the artC surface was used as an indicator 

for the perpendicular condition, i.e. highest amplitude indicating the best perpendicular 

alignment.  
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4.2 Sound Speed Variations 

Depth and Dire`ction Dependences. 

It was demonstrated that the sound speed in artC significantly depended on the 

tissue depth. The sound speed measured with the US beam parallel and perpendicular to 

the artC surface both increased from the superficial to the deep layer. The sound speed 

measured with the beam perpendicular to the artC surface (overall mean for different 

depths 1629±71 m/s) (mean±SD) was significantly larger than that measured with the 

beam parallel to the artC surface (1535±18 m/s). Similar results have been reported 

previously but with only two specimens (Agemura et al 1990). The increasing trends of 

sound speed in both directions might be related to depth-dependent mechanical properties 

and structural components of artC. Similarly, the anisotropic behavior of the sound speed 

in artC might be due to the anisotropic mechanical properties and micro-structures of 

artC (Kempson et al 1980; Mow et al 1991; Mankin et al 1994). The sound speed of the 

full-thickness artC was (1636+25 m/s) within the similar range of the averaged sound 

speed of the three horizontal slices (1629+71 m/s). The sound speed (1636±25 m/s) 

measured in the present study with the 50 MHz US beam perpendicular to the artC 

surface and under room temperature was within the similar range as reported in most of 

the previous studies for bovine and human artC’s. The sound speeds of full-thickness 

artC reported in the previous studies have been summarized in Table 4.  

The theoretical relationship between the longitudinal sound speed and mechanical 

parameters is shown in eqn (20).  

ρ/)3/4( GKc +=          (20)  
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where c is the longitudinal sound speed, K is the bulk modulus, G is the shear modulus, 

and ρ is the density of the material (Stanley 1968). Equation (21) and eqn (22) give the 

relationship between the bulk modulus K, shear modulus G, Young’s modulus E, and 

Poisson’s ratio ν of an isotropic material. 

)21(3 v
EK
−

=            (21) 

)1(2 v
EG
+

=            (22) 

It has been reported that the Young’s modulus of artC tissue increased from superficial 

layer to the deep layer (Guilak et al 1995; Schinagl et al 1996; Zheng et al 2002; Wang et 

al 2002; Laasanen et al 2003a). The increasing trend of the sound speed of artC at depths 

from the artC surface to the bone appeared to agree with increasing trend of equilibrium 

Young’s modulus. Recently, Laasanen et al (2003a) reported that the middle region of the 

bovine knee artC had much larger Poisson’s ratio (up to 0.4) in compression with that in 

the superficial and deep regions (low to 0.1). Wang et al (2003) showed that the 

equilibrium compressive moduli of artC were significantly different when measured in 

different directions. Their results showed that the modulus of the superficial region 

measured with the compressing direction perpendicular to the artC surface was 

significantly smaller than that measured with the compression in other two orthogonal 

directions. However, the artC tissue of the deep region showed a reversed feature. Due to 

the complexity of mechanical properties of artC, it appears that the correlation between 

the anisotropy and depth-dependence of the equilibrium compressive modulus of artC 

and its longitudinal sound speed was not so straightforward. In addition to Young’s 

modulus and Poisson’s ratio the contents of the fluid phase and the shear modulus of artC 
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are not constant from the superficial region to the deep region (Athanasiou et al 1991). 

Even though there are few studies (Joseph et al 1999) reported on the density of artC, it is 

reasonable to predict that artC density is also depth-dependent considering the depth-

dependent water contents and other components. Therefore, it appears difficult to have a 

simple relationship between the depth-dependent Young’s modulus and the sound speed.  

Another difficulty is that material properties obtained in conventional mechanical 

tests could not be directly used for eqn (20). According to the artC density (1050 kg/m3) 

reported by Joseph et al (1999), the instantaneous Young’s modulus for bovine patellar 

artC (8.5 MPa, Laasanen et al 2003, measured with 2 mm/s compression rate for 10% 

deformation), and the instantaneous Poisson’s ratio of 0.4 for bovine patellar artC (Fortin 

et al 2003, measured with a 2 s ramp compression), the sound speed calculated using eqn 

(20) is only 132 m/s. This value was much smaller than that measured in the present and 

all the previous studies. The main reason is that artC is a viscoelastic (biphasic 

poroelastic) material so it is difficult to measure its real instantaneous modulus and 

Poisson’s ratio, which is involved in the acoustic wave propagation as well as in eqn (20). 

The compression rate for measuring the instantaneous modulus and Poisson’s ratio as 

reported is much smaller as compared with that in the ultrasonic wave. In other words, 

the real instantaneous modulus of artC should be much larger than those reported in the 

literature. 

Toyras et al (2003) reported that the sound speed of full-thickness artC 

significantly depends on the equilibrium Young’s modulus, water content and other artC 

composition. Agemura et al (1990) reported that the differences in sound speed among 

different regions of artC to its dissimilar fibril organization. In the superficial, middle and 
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deep region, the collagen fibers are parallel, random and perpendicularly oriented to the 

surface of the artC, respectively (Mow et al 1991; Mankin et al 1994). Agemura et al 

(1990) concluded with a limited number of specimens that the US appeared to propagate 

faster across the long axis of collagen fibrils than along them. In the present study the 

measured sound speed significantly increased from the superficial region to the deep 

region. A study with fine slice preparation is necessary to further clarify the correlation 

between the collagen fibril orientation and the sound speed in artC.  

 

Strain Dependence 

 In this study, the sound speed and Young’s modulus of artC were measured using 

a custom-made US compression device. Experimental measurement demonstrated non 

linear behavior of the sound speed and Young’s modulus of artC in the direction 

perpendicular to artC surface. Significant change of the sound speed in artC was observed 

with the increase of the strain. The instantaneous modulus and the modulus measured 

after 15 min of each stress-relaxation also significantly depended on the applied strain. 

The sound speed increased nonlinearly with the increase of the strain. Similar results 

were observed for the instantaneous modulus as well as for the modulus measured after 

15 min stress-relaxation. At the low compression levels, the artC disk appeared to be 

softer. As the compression level increased, artC became much stiffer. Similar results have 

been widely reported in the literature (Toyras et al 2003). According to Fig 26, a 

quadratic function can better represent the relationship between the sound speed and the 

Young’s modulus, except the data point of 20% strain. The relationship agreed with eqn 

20. 
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As described earlier, this relationship can become more complicated by many 

other factors such as the density of artC. In this study, we observed that the sound speed 

did not change significantly throughout the 15 min stress-relaxation phase for each 

compression level. It is obvious that most of the fluid content in artC flowed out of the 

tissue with the increased compression. This experiment indicates that the sound speed 

might be mostly governed by the solid matrix of artC. To further confirm these findings, 

a long stress-relaxation period of 60 min was applied on 5 additional artC specimens. The 

results revealed that the sound speed in artC remained nearly constant from 15 min to 60 

min during the stress-relaxation.  

It was demonstrated in this study that the sound speed increased by 7.8% when 

the applied strain was changed from 0% to 20%. If a constant sound speed was used in 

the US indentation (Zheng and Mak 1996; Toyras et al 2003), the potential errors caused 

by this assumption on the artC thickness and indentation measurement would be in the 

same percentage range. Toyras et al (2003) reported that use of constant sound speed in 

artC for the measurement of artC modulus could generate an error of approximately 1-7% 

on the thickness of artC and dynamic modulus measurement. Considering the strain-

dependent sound speed demonstrated in artC, the potential error should be larger. It is 

therefore suggested that the strain dependence of the sound speed should be taken into 

account in the future in the experimental studies as well as theoretical modeling of artC, 

such as US indentation, US compression, and mechano-acoustic assessment.  

The sound speed in the full-thickness artC measured under 0% compression in 

this experiment was 1581±36 m/s. It was significantly smaller than those measured in 

other experiments in the present study. It implied that some systematic error might exist 
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in the measurement of the initial sound speed (0% compression) using the US 

compression system. In the US compression method, two flat unfocused US transducers 

with a frequency of 5 MHz were used for the contact measurement. This configuration 

was different than that used in other experiments, where a 50MHz focused US transducer 

was used for non-contact measurement. Further studies are required to find out what 

causes the difference in the measurement of the sound speed between the two systems. 

The main focus in using this US compression method was to demonstrate the strain-

dependence of the sound speed in artC. Therefore, the percentage change of the sound 

speed was used to avoid the influence of this potential systematic error.  

 

Temperature and Saline Concentration Dependence 

 Weissler and Grosso (1951) performed experiments in laboratory for the 

measurement of the sound speed in sea water. They demonstrated large differences 

between the sound speeds obtained in the different salt solutions and at variable 

temperatures. Similar findings were demonstrated by Marks (1959). In the present study, 

the temperature and saline concentration dependences of the sound speed in artC were 

studied. Significant (p < 0.001) changes in the sound speed were demonstrated when the 

temperature was varied from 15°C to 40°C or the concentration of saline solution was 

varied from 0M to 2.5M. Weissler and Grosso (1951) reported similar results. Their value 

of sound speed in the normal saline (range: 1516-1522 m/s) at 30°C agreed with the value 

obtained at the same temperature in our study of temperature dependence (1530 m/s). 

While varying the temperature at fix saline concentration of 0.15M, the sound speed in 
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artC changed approximately 11 m/s per 1°C change in temperature, indicating that the 

room temperature can dramatically affect the results of US measurement of artC. 

It has been reported that artC swells when it is kept in hypotonic saline solution 

and shrinks when kept in hypertonic saline solution. This phenomenon occurs since PG’s 

are associated with negative charges and tend to attract mobile cations such as sodium 

and calcium, to maintain electro-neutrality within the interstitial fluid. Therefore, the total 

ion concentration inside the tissue is usually greater than the ion concentration of the 

external bathing solution. The imbalance of ions creates a substantial pressure known as 

Donnan osmotic pressure. Therefore, artC is in swollen state in its normal form. In the 

present study the concentration of saline solution surrounding the artC specimen was 

increased stepwise. It is understood that artC shrunk with the increasing concentration of 

saline solution and the water is drawn out of artC because of osmosis. Therefore, the artC 

tends to be denser and the time taken by US to travel in the tissue decreases so that the 

sound speed in artC increases. Our results agreed with this phenomenon.  

Temperature-dependent and saline-concentration-dependent studies were of 

different nature as the former was performed under a dynamic basis and the later under 

equilibrium conditions. This might be one of the reasons for the difference between the 

sound speeds obtained at 0.15M saline concentration in the temperature-dependent 

experiment at 21°C temperature and at the same temperature in the saline concentration-

dependent experiment. Further studies need to be followed to use step-wise temperature 

variation, i.e. allow the saline and the artC specimen reach equilibrium before adjusting 

the temperature, so as to clarify the reasons for the difference of sound speed measured in 

these two experiments.  
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We observed that the sound speed at lower concentrations was highly fluctuating 

and nonlinear in the saline concentration dependence study. As the concentration 

increased, the relationship became linear (especially after 0.15M). It was observed that 

the sound speed in artC in both the temperature and saline dependence studies was 

mainly controlled by the sound speed in saline. It might indicate that the effect of 

temperature on the sound speed was more on the water content in artC (which contributes 

to approximately 70% of artC volume) than on the solid matrix of artC. It is know that 

the interstitial water is distributed non-uniformly throughout the depth of articular 

cartilage. Due to the inflow and outflow of the water content of the artC due to change in 

concentration of saline the biomechanical properties of artC changes i.e. the more the 

water inside the tissue the less stiff the artC allowing more deformation of the tissue and 

vice versa. The sound speed dependence of artC on the water content agreed with the 

conclusion made by Toyras et al (2003) in which the specimens were allowed to naturally 

digest. It was concluded that the water content per se is one of the strong contender to 

determine the sound speed. Previously, our group conducted experiments to investigate 

the swelling properties of artC with changes in the saline solution concentration (Zheng 

et al 2004). Further research is being conducted in our laboratory to find out the dynamic 

diffusion of saline and various enzymes in artC in order to investigate its swelling 

properties. These results would provide additional support to the findings of this study.  

The thickness of artC decreased with the increase in the concentration of saline 

solution. This result agrees well with the previous studies (Mow and Schoonbeck 1984, 

Myers et al 1984, Lai et al 1991). Tissue shrinkage in higher concentrations and mild 

expansion in lower concentrations was observed by Parsons and Black (1979). Our 
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results showed no significant decrease in the thickness of artC when the concentration of 

the bathing solution was increased, though a decreasing trend was observed. The tissue 

gained the maximum expansion at 0 M concentration and shrank to the minimum at 2.5 

M concentration. 

  

Enzyme Digestion 

 The enzymatic degradation using three enzymes caused specific alterations and 

induced structural changes in artC. Based on the enzyme-dependent study with 20 

specimens, it was observed that a significant decrease in the artC sound speed occurred 

for all the three enzyme digestions. Out of the 5 slices from a single plug, one slice was 

used as a 1st control slice, another one was kept in the PBS solution at 37°C as a 2nd 

control and remainders were digested with the respective enzymes at 37°C. The reason 

behind keeping one specimen immersed in PBS solution was to find whether there was 

any change in the sound speed in artC after storing it for 24 hrs at 37°C and immersed in 

PBS. The changes of the sound speed in artC induced by the digestion of specific 

components of artC were also studied. No significant difference of the sound speed as 

well as thickness was observed in the two control slices A and B (Table 9). It was also 

observed that the thickness of artC remained similar in both A and B cases before and 

after measurements. These results were consistent with those reported by Toyras et al 

(1999). In their study, the 0 hrs control specimen was used for mechanical measurements 

immediately after specimen preparation. Another specimen was measured after 44 hrs 

incubation at 37°C. They found no significant decrease in the thickness of the artC 

specimen. However in the present study, the thickness of the digested specimen 
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significantly decreased. The percentage decreases were 10.8%, 11.4%, and 11.2% for 

chondrotinase, collagenase, and trypsin digestion, respectively. There was no significant 

difference in the changes of the sound speed among the specimens digested with different 

enzymes.  

It was demonstrated that the sound speed of artC changed significantly in the 

specimens digested with three enzymes. This agreed with previous studies (Toyras et al 

1999; Joiner et al 2001; Laasanen et al 2002; Nieminen et al 2002). The sound speed 

obtained for the control as well as the digested specimens agreed well with the above 

mentioned studies. It was reported that the sound speed in the degenerated artC decreased 

but poorly reflected the artC composition (Myers et al 1995). This finding was confirmed 

in the present study as the significant decrease in the sound speed of degenerated artC did 

not reflect any significant difference of the sound speed among the specimens treated 

with the three enzymes. In our results, collagenase digestion caused the maximum 

decrease (5.3%) of the sound speed. This agreed with the findings of Toyras et al (1999) 

that the sound speed mainly depends upon collagen fibers within the solid matrix of artC 

(Agemura et al 1990). The decrease of the sound speed in the specimens after digestion 

with chondrotinase and trypsin were (4.4%) and (4.7%), respectively.  

 

Site dependence 

The site-dependent experiments of the sound speed showed significant differences 

between the middle and outer (peripheral) region over the patellar artC. In addition, large 

variations were observed among different sites. Similar large variation of the sound speed 

was obtained at different anatomical locations for human artC (Yao and Seedhom 1999), 
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though their results might be partially affected by the uncertainty of the thickness 

measurement due to the use of needle punching technique. On the other hand, many 

earlier studies have shown significant site-dependent variation in the dynamic modulus of 

bovine artC (Laasanen et al 2002b) and canine artC (Arokoski et al 1999; Korhonen et al 

2002) using unconfined and compression indentation test. The averaged sound speed of 

artC obtained in this study was consistent with the results of the earlier studies. In the 

present study, thickness was measured using the non-contact method together with the 

sound speed, ex-situ and also using contact probe in-situ. In the calculation of thickness 

measurement, the result of in-situ contact method was 14% larger than that measured 

using non-contact method ex-situ. Several studies have reported the mean values of artC 

thickness in various aspects of the knee joint using various in-vivo and in-vitro studies 

(Buckland-Wright et al 1995; Adam et al 1998). The value of thickness obtained in their 

studies (2.6±0.36 mm, Range: 1.7 – 3.1 mm) was found higher than that obtained in our 

study using contact approach (1.45±0.33 mm, Range: 0.5 – 2.5 mm). This might be due 

to the difference of pathological state of artC or specimens obtained from different 

locations. Swelling of artC after excision from the bone layer can also be one of the 

reasons behind this difference in thickness. Another main reason might be that the artC 

layer had not been totally cut from the subchondral bone. Further studies are required to 

confirm what caused the significant difference. The sound speed mapping of the patella 

obtained in our study from the US measurements showed significantly different values 

between the middle region of the patella and the surrounding region as indicated in Fig 

22. Different results were obtained in the results of thickness measurement using US, in 
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which the thickness in the LU region was significantly low than the other parts of the 

patella where a relatively uniform distribution of artC thickness was obtained.  
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5. Conclusions and Future Research Directions 

  It was concluded that the non-contact US method introduced in the present study 

was reliable and reproducible for the measurement of sound speed in artC in-vitro. The 

swelling effect needs to be considered when the results obtained from in-situ and ex-situ 

experiments are compared. It was also demonstrated that the measurement of sound 

speed in artC could be affected by various structural and environmental parameters with 

the details summarized as follows. 

• The depth dependence result showed that the sound speed of artC changed 

significantly (p < 0.001) with the depth and the measurement directions. The sound speed 

at superficial, middle, and deep regions were 1518±17 (mean±SD), 1532±26, and 

1554±42 m/s with the US beam parallel to the artC surface and 1562±23, 1623±33, and 

1703±50 m/s with the US beam perpendicular to the artC surface, respectively. The 

sound speed of the full-thickness artC layer (n = 18) was 1636±25 m/s. 

• The sound speed in artC changed from 1681±50 m/s to 1816±54 m/s and 

1521±03 m/s to 1674±03 m/s in artC and saline, respectively. The sound speed in artC 

changed significantly (p < 0.001) when the saline concentrations varied from 0 to 2.5 M. 

The sound speed of the full-thickness artC layer (n = 19) at 0.15 M was 1675±51 m/s. 

• The sound speed in artC significantly (p < 0.001) changed from 1430±39 to 

1667±68 when the temperature varied from 15°C to 40°C. The rate of change of the 

sound speed was 11 m/s per 1°C in the 0.15 M saline solution.  

• The sound speed in artC significantly (p < 0.001) decreased after treated by 

chondrotinase, collagenase, and trypsin, from 1653±40 m/s to 1577±32, 1564±33 and 

1575±38, respectively. The percentage decrease of the sound speed in artC after enzyme 
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degradation was 4%, 5%, and 4% in the chondrotinase, collagenase, and trypsin enzymes, 

respectively. The sound speed of the full-thickness artC layer (n = 20) was 1653±40 m/s. 

• The sound speed in artC varied from 1507 – 1830 m/s at the 25 locations on the 

patella. Significant (p < 0.01) site dependence of the sound speed in artC was 

demonstrated between the middle and the peripheral region of patellar artC. The average 

full-thickness sound speed in artC layer (n = 20) was 1626±86 m/s. 

•  The sound speed in artC significantly (p < 0.001) increased from 1581±36 m/s at 

0% strain to 1671±56 m/s at 20% strain applied on artC. The full-thickness sound speed 

in artC layer at 0% compression was (n = 20) 1581±36 m/s. 

• The sound speed in full-thickness artC obtained in most of the experiments 

matched and agreed with previous studies, except in the case of site dependence. The 

sound speed obtained in the strain dependence study was significantly smaller than that 

obtained in other dependence studies. As discussed earlier, the potential reason might be 

the system error existed among different measurement approaches (non-contact v/s 

contact, focused v/s unfocused US beam, high frequency v/s low frequency US).  

• In summary, the sound speed in artC was systematically measured under various 

conditions in the present study. The results suggested that the environmental temperature, 

bathing saline concentration, specimen location, applied strain, tissue depth and 

degeneration status should be taken into account in the investigation of the sound speed 

in artC or when the sound speed is used for the calculation of other parameters. 

•  The sudden change in the artC thickness at lower saline concentrations needs to 

be further studied using several saline concentrations within the range of 0M to 0.0082M. 

In the present study, the saline concentration and temperature were considered separately 

 102



and experiments were performed with one parameter fixed. However, based on the 

significance difference obtained in the sound speed, it is suggested that experiments 

should be conducted by considering both parameters simultaneously. The proposed study 

will not only help to reveal the relationship between the artC acoustic properties and the 

changes in temperature and concentration of saline but also to explore the effect of 

temperature on the artC swelling. The study can be further extended to the swelling of 

artC after the treatment of various enzymes.  

• The results of the present study demonstrated that the sound speed as well as 

thickness of artC significantly decreased after digestion of enzymes. Therefore, it would 

be interesting to study whether this finding maintained under different concentration of 

saline. Although our results of site dependence study are consistent with those reported in 

earlier studies, it would be too early to conclude that less variation of the sound speed 

occurred in a confined area (patella). A high standard deviation was observed inter- and 

intra-locations suggesting the site dependence topic is still open for research. Due to time 

constraints, this study used only 10 bovine patellae for the experiments. It is suggested 

that more patellae should be used in the future studies.  

• The dependences of the sound speed in artC on various parameters have been 

demonstrated in the present study, including measurement direction, depth, site, strain 

applied, saline concentration, degeneration, and temperature. In the present study, the 

effects of these parameters were investigated separately. It would be interesting to 

perform experiments by varying two or more of the above parameters simultaneously. 

Such experiments may provide information on the interdependence of these parameters 

while measuring the sound speed in artC.  

 103



• The present study mainly focused on the change of the sound speed with the 

variation of these parameters. The effects of the variations of these parameters on other 

acoustical properties, such as attenuation and backscatter, should be further investigated 

for the US characterization of artC.  

• The swelling effects of artC due to the separation from the subchondral bone need 

to be further studied using more specimens. In addition, the depth-dependent swelling of 

artC is also an important topic for further research, considering the depth dependence 

contains fiber-orientation and mechanical properties. 

• It was noted that the artC specimens swelled quickly after detaching from the 

subchondral bone. Therefore, it is very important to find out an approach to measure the 

sound speed in-situ. The in-situ method introduced by Suh et al (2001) was complicated 

by the depth dependence of the sound speed in artC. Further research can be targeted to 

find out a better solution for this purpose. 
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