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ABSTRACT 

We know that normal articular cartilage deforms under load, but the magnitude of this 

deformation in-vivo is uncertain. The purpose of this study was to develop a method to 

precisely quantify articular cartilage surface deformation in the feline patellofemoral joint 

using a laser scanner. The accuracy and precision (2SD) of the scanner on a flat, inert 

surface were 3.8 )im and 19.5 u\m, respectively. The joint surfaces were mapped before and 

after a static stress-relaxation load of physiological magnitude was applied to the joint. In 

addition, the bone surfaces were scanned. The unloaded and loaded cartilage surfaces, and 

the bone surface were aligned, modelled with the Thin-Plate Splines, and subtracted from 

each other to obtain cartilage deformation and cartilage thickness. Results from the femoral 

groove showed a compression of 103 (xm ± 75 urn (2SD), and an elevation of the cartilage 

surface surrounding the contact area. Cartilage thickness was difficult to interpret because 

of a suspected cartilage translucency. Results for the patella were not reliable because of 

surface alignment difficulties. The laser scanning technique allowed for quantification of 

articular cartilage surface deformations with an estimated accuracy of 30 um. The approach 

developed here may prove useful when attempting to correlate cartilage surface 

deformations to micro-structural deformations, and possible biological responses. 
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CHAPTER 1: INTRODUCTION 

The musculoskeletal system allows us to produce movements for locomotion and daily 

activities. Each movement solicits most, if not all organs included in a joint: bone, 

cartilage, ligament, tendon, and muscle. Each organ has its own histological, morpho

logical, functional, and mechanical properties that allow the joint to function normally for 

millions of cycles covering an entire lifetime. 

In some circumstances, diseases affect joints and limit their functionality. An important 

joint malfunction is an inflammation called arthritis. There are several types of arthritis, but 

the most common form is osteoarthritis (OA). OA was defined by the Canadian Arthritis 

Society (1999) as a chronic condition, in which the cartilage protecting the ends of bones in 

a joint gradually erodes, causing pain and limitations on the normal range of motion. OA 

can affect both small joints such as joints in the hand, as well as large joints, such as the hip 

and knee, where load bearing is important. OA is the most common joint disease causing 

disability world wide (Altman, 1987). The Arthritis Society estimates that one Canadian in 

ten is affected by OA, and that the population affected by arthritis will increase at a rate of 

one million per decade. Statistics Canada reported that in 1996 / 1997, the population of 68 

- 85 year-olds affected by chronic arthritis was approximately 31 % for men and 47 % for 

women (Chen and Millar, 2000). 

The aetiology of OA is not well understood, but biological and mechanical factors 

influencing the onset and progression of OA have been under investigation (e.g. Bullough 

et al., 1973; Palmoski et al., 1980; Videman, 1982; Zimmerman et al., 1988; Radin et al., 

1991). Biological factors include infections and ageing. These factors might cause the 

cartilage mechanical properties to change and lead to degeneration. Mechanical factors 

include changes in cartilage topography, material properties, contact area, cartilage 

thickness, and amount of cartilage deformation. These changes may lead to changes in joint 

contact stresses and subsequent cartilage degeneration. 
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OA has also been associated with knee injuries. Sport injuries which result in changes to 

the alignment of the articular surfaces, such as rupture of ligaments, tearing of menisci, 

injury to the joint capsule, or the articular cartilage have all been correlated with an 

increased risk for the development of OA (Roos, 1998). 

Since OA is increasingly affecting the population, it becomes more important than ever to 

comprehend the mechanics of diseased articular cartilage, and cell behaviour under 

physiological loading conditions. Understanding the normal functioning of articular 

cartilage is a prerequisite to understanding its pathologic processes leading to OA. The 

comprehension of the normal behaviour of articular cartilage involves knowing variables 

such as normal cartilage topography, thickness, contact area, cartilage surface 

deformations, structural and cellular deformations, material properties, stresses, and strains 

within the tissue during in-vivo loading. 

These values are difficult to obtain in-vivo by means of direct measurements. They are 

costly and usually require advanced technology. In-vivo measurements of cartilage surface 

deformation have mainly been performed with magnetic resonance imaging (MRI) (e.g. 

Eckstein et al., 2000). To date, however, MRI does not have sufficient resolution to provide 

accurate results (Kladny et al., 1999). 

Most studies of cartilage surface deformation have been performed on cartilage plugs in

vitto (e.g. Buschmann et al., 1998; Clark et al., submitted). Typically, an indenter was used 

to apply a force on a small portion of articular cartilage. The physiological relevance of 

these studies is questionable since removing cartilage from the bone changes the cartilage 

swelling properties (Setton et al., 1998), and the loading boundary conditions are altered 

(Buschmann et al., 1998) compared to the expected normal in-vivo loading conditions. 

Precise quantitative deformations of cartilage surfaces have seldom been reported for 

physiologically relevant loading conditions (Heberhold et al., 1999). Correlating articular 

surface deformations under a known load to structural and cellular deformations would 
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perhaps contribute to understanding the means by which cartilage is able to bear loads for 

millions of cycles without suffering major damage. Most of the accepted methods for 

measuring the cartilage surface in its deformed state are not sufficiently precise to quantify 

patellofemoral joint deformations in the feline animal model. Laser scanning is currently 

the most precise method suitable for the measurement of biological surfaces (Haut et al., 

1998), although it has never been used to map an articular cartilage surface. 

Therefore, the purpose of this project was to develop a method for determining articular 

cartilage surface deformations from an anatomically appropriate joint configuration with 

physiological loads, in-situ. Specifically, the work had two aims: 

1. Develop a laser scanner that can be used to map the articular surfaces of the feline 

patellofemoral joint, and determine its accuracy and precision on: 

a flat surface, 

a sphere, 

an articular surface. 

2. Validate a method to a) determine cartilage surface deformations in the feline 

patellofemoral joint obtained from approximately physiological loading conditions, 

and, b) determine cartilage thickness. 

This is a step towards quantifying articular surface deformations in order to correlate them 

to cellular and structural cartilage deformations. 
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CHAPTER 2: SELECTED LITERATURE REVIEW 

The present chapter is complementary to the literature review contained in the introductory 

sections of chapters three and four. This selected literature review has a general focus and is 

meant to give a general background to biological and engineering aspects treated in this 

work. Specifically, the anatomy of the knee and its different structures, three-dimensional 

rigid body movement, and joint surface modelling will be discussed. 

THE K N E E 

The knee consists of two joints: the tibiofemoral joint and the patellofemoral joint. This 

complex articulation comprises several anatomical components: bone, synovial membrane 

and fluid, menisci, ligaments, tendons, muscles, and articular cartilage (Figure 1). 

Femur 

Figure 1: Schematic diagram of the human knee joint with the quadriceps tendon 
transected and the patella folded down to expose the retropatellar surface 
(anterior view) (adapted from Hamill and Knutzen, 1995). 
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Bones 

Bones are the hard, calcified part of the connective tissue, which constitute the majority of 

the skeleton of most vertebrates. Bones have two major mechanical functions: 

- to provide support for the body against external forces (e.g. gravity), 

- to act as a lever system to transfer forces (e.g. muscular forces). 

In the patellofemoral joint, the patella glides in the femoral groove and changes the 

direction of the force provided by the quadriceps muscle group. The patella also provides a 

foundation for calcified cartilage and articular cartilage. The shape of the subchondral bone 

surface influences the transmission of force, the contact area, and stresses in the joint. 

Synovial Membrane and Fluid 

The synovial membrane lines portions of the joint cavity and secretes synovial fluid. This 

viscous fluid has two main functions: 

- to lubricate the articulating joint surfaces, 

- to provide nutrients to the cartilage. 

The degree of fluid movement is influenced by the loading conditions between the articular 

surfaces. 

Menisci 

The menisci are crescent-shaped fibrocartilaginous bodies attached to the tibial plateau. 

They have vascular and avascular regions, and they are highly hydrated. Their major 

functions are: 

- to distribute compressive loads, 

- to help stabilise the articulation between the tibia and femur. 

Their function is normally related to the tibiofemoral joint, but the menisci have been 

shown to affect the global function of the knee (Fujikawa et al., 1983). The shape and 

thickness of menisci allow them to absorb shock and distribute pressure, thus helping to 

protect the articular cartilage from too high stresses (Kelly et al., 1990). 
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Ligaments 

Ligaments attach articulating bones to one another across a joint. The main functions of 

ligaments are: 

- to guide joint movement, 

- to maintain joint congruency, 

- to provide passive joint stability, 

- possibly to act as a positional bend or strain sensor for the joint. 

Four major ligaments are found in the knee. The medial and lateral collateral ligaments are 

located outside the joint capsule, while the posterior (PCL) and anterior (ACL) cruciate 

ligaments are found inside the joint. Rupture of a ligament can lead to joint instability. 

Rupture of the A C L has been speculated to lead to osteoarthritis in humans (Gillquist and 

Messner, 1999), dogs (Pond and Nuki, 1973; Fernandes et al., 1998), and cats (Herzog et 

al., 1998a; 1998b). 

Tendons and Muscles 

Tendons are connective tissue organs that function in series with skeletal muscles. Muscle-

tendon units have two main functions: 

- to transfer muscular force across joints to produce limb movement, 

- to actively stabilise the joint. 

The quadriceps femoris is the extensor muscle of the leg and is comprised of four 

individual muscles. They join into one tendon that attaches to the patella, and the patellar 

tendon connects to the tibial tubercle. Muscles and tendons move and stabilise the joint, 

and therefore influence the contact pattern of the patella on the femur. 

Articular Cartilage 

Articular cartilage is a thin layer of fibrous connective tissue on the articular surfaces of 

bones in synovial joints. Articular cartilage has three main functions: 

- to transfer forces between articulating surfaces, 

- to distribute forces in joints (i.e. to minimise stresses by increasing the joint 

contact area through deformation), 
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- to allow relative movement between articular surfaces with minimal friction. 

Macroscopically, normal articular cartilage is shiny, slippery and pearly-blue-white. In the 

cat patellofemoral joint, the average cartilage thickness is approximately 400 (im and 

200 u,m for the patella and the femoral groove, respectively (Clark et al., submitted). In 

comparison, the mean thickness of human patellar and femoral cartilage is approximately 

3.2 mm and 2.2 mm, respectively (Froimson et al., 1990). The coefficient of friction 

between two articular surfaces lubricated by synovial fluid is approximately 0.0025 

(McCutchen, 1962). 

Microscopically, articular cartilage consists of two distinct phases: a fluid phase and a solid 

phase. The fluid phase (65 - 80% of wet weight) is composed of water and electrolytes. 

The solid phase surrounds cells called chondrocytes (approximately 5% of volume) that are 

responsible for the synthesis, maintenance, and gradual turnover of a dense extracellular 

matrix (ECM). The E C M is mainly, but not exclusively, composed of type II collagen 

fibres (15 - 22% of wet weight), and proteoglycans (4 - 7% of wet weight) (Heath and 

Magari, 1996). Proteoglycans are formed with glycosaminoglycans (GAGs) and hyaluronic 

acid (HA). They interact with collagen fibres and bind water (Mow et al., 1992). 

Structurally, normal articular cartilage is composed of four zones: the tangential or 

superficial zone, the intermediate, middle or transitional zone, the basal or deep zone, and 

the calcified zone (Figure 2). These distinctions are based on the shape of chondrocytes and 

the distribution of the type II collagen. The superficial zone is the thinnest zone and 

contains flattened chondrocytes, condensed collagen fibres arranged tangentially to the 

surface, relatively sparse proteoglycan content, and the highest concentration of water. The 

smoothness of the unloaded surface of cartilage is a subject of controversy. On the one 

hand, Dowson (1990) concluded from experiments carried out with acrylic casts (Dowson 

et al., 1968) or a stylus (Sayles et al., 1979) that the surface of articular cartilage showed 

crimped (or wavy) collagen fibres that appeared as a vast array of ridges and dips between 

one and six micrometers deep. Moreover, Mow and colleagues (1992) presented protruding 

chondrocytes and wave-like ripples at the surface of articular cartilage using scanning 
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electron microscopy (SEM). On the other hand, Boyde (1978) stated that results obtained 

with transmission electron microscopy (TEM) should be used as the gold standard and they 

do not show surface roughness. Bloebaum and Wilson (1980) showed that with SEM, 

results can vary greatly and they concluded that surface roughness is an artefact caused by 

the preparation technique. Disruption of the superficial articular cartilage layer is thought to 

significantly alter the load-carrying and energy-dissipating behaviours of the tissue (Setton 

et al., 1993). 

The intermediate layer is the thickest layer, in which the chondrocytes are spherical and the 

collagen fibres are oriented randomly, though a slight preference of 45° has been noted 

(Aspden and Hukins, 1981). The deep zone features large numbers of big collagen bundles 

running perpendicular to the articular surface. Proteoglycan content is highest in the deep 

zone, while water concentration is lowest. The calcified zone marks the transition from soft 

articular cartilage to stiff subchondral bone. It is separated from the deep zone by a 

tidemark of two to five micrometers (Shrive and Frank, 1999). 

SUPERFICIAL 

Figure 2: Collagen fibre and chondrocyte arrangement between the heterogeneous 
zones of articular cartilage (adapted from Mow et al., 1989). 

The complex structure and composition of articular cartilage result in a highly non-linear, 

inhomogeneous, and anisotropic material. The mechanical properties of articular cartilage 

vary with tissue location, depth, species, age, and health (Simon, 1970; Simon, 1971; 

Athanasiou et al., 1991). The tensile properties mainly depend on the collagen fibre 

network: fibre diameter, orientation and density, as well as the type or amount of cross-
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linking (Shrive and Frank, 1999). The superficial zone of articular cartilage is stronger in 

tension where collagen fibre concentration is greatest. The tensile strength of cartilage is 

two to three times greater, on average, in the direction parallel to the collagen fibres than in 

the direction perpendicular to the collagen fibres (Kempson, 1972). 

Compressive properties vary with the zone tested, with hydration, and proteoglycan 

concentration (Kempson et al., 1970; Armstrong and Mow, 1982). When cartilage is 

compressed, the load is thought to be borne mainly by the fluid phase and to some extent, 

by the solid matrix (Wayne and Araj, 2001). During compression, loss of fluid from the 

tissue and fluid redistribution within the tissue are thought to be the dominant mechanisms 

leading to tissue viscoelasticity (Mow et al., 1994). This fluid flow is thought to be 

proportional to pressure gradients in the cartilage, which are governed by the hydraulic 

permeability of the solid matrix and the fixed and unfixed charge density. The areas where 

proteoglycans are most concentrated are believed to be the areas of lowest permeability, 

and therefore, permeability is assumed greatest at the tissue's surface and least in the 

deeper zones (Shrive and Frank, 1999). Cartilage is stiff in the deep zones where 

proteoglycan concentration is greatest. This is because proteoglycans bind to water, which 

supports the majority of the compressive load. Therefore it may be argued that the deep 

zone plays a greater role in resisting compression than the surface layer. According to the 

biphasic theory, once equilibrium is reached, there is no more fluid flow, and the entire 

load is borne by the solid matrix (Mow et al., 1994). 

The average compressive modulus of the matrix and the average hydraulic permeability of 

articular cartilage can be obtained from creep and stress-relaxation tests (Mow et al., 1994) 

(Figure 3). Creep is the increase in strain over time with constant stress. A compressive 

load (F 0) is applied at time to. The deformation of the cartilage surface (u) will increase 

with time, or creep, to an equilibrium value (u„). When the load is removed at time ti, the 

surface displacement will decrease with time and recover to the initial zero value. Stress-

relaxation occurs under constant strain causing an initial stress that diminishes over time. A 

compressive displacement is applied from time to to ti (stress phase). During that phase and 
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mainly when the displacement (u) is maintained constant at u q , a relaxation response occurs 

and the stress decreases until equilibrium is reached. Fluid redistribution and solid matrix 

deformation give rise to the stress-relaxation phenomena. 

Creep test Stress-relaxation test 

T3 t0 t, t0 t, 
time time 

Figure 3: Schematic of the viscoelastic behaviour of articular cartilage in 
compression. Left: creep test; right: stress-relaxation test (adapted from 
Mow et al., 1994). 

Shear properties of cartilage have not yet been measured with respect to depth within the 

tissue. It is understood, however, that the solid matrix takes most of the shear deformation. 

SURFACE ALIGNMENT 

Three-dimensional rigid body alignment is a standard procedure in biomechanics, 

especially for kinematic measurements. Markers can be placed on the rigid body of interest 

and, assuming that the body does not deform during movement, the exact position of the 

rigid body can be calculated from these markers. Studies have shown, however, that 

segments are not perfectly rigid (Reinschmidt et al., 1997), that markers should be placed 

over an area as large as possible, and should be non-collinear (Soderkvist and Wedin, 

1993). The main methods for computing three-dimensional rigid body movement are the 

eigenvalue method (Spoor and Veldpaus, 1980; Veldpaus et al., 1988), and the singular 

value decomposition (SVD) method (Soderkvist and Wedin, 1993). 
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In both cases, for a set of non-collinear markers p¡ in position 1, the marker coordinates in 

position 2 (qj) are given by: 

Equation 1 : qt.= [R]p¡ +d for i = 1, 2, ..., n, where R is the rotation matrix and d 

R and d are unknown and must be determined from experimental coordinates that contain 

errors, and, therefore, the solution will not be exact. R and d can follow a least squares 

minimisation such that: 

The singular value decomposition gives better numerical stability near a singularity, is easy 

to code compared to the eigenvalue method, and can estimate the deviation from the 

assumption of rigidity of the transformation from position 1 to 2. 

A mathematical model uses discrete surface measurements to describe the joint surface 

mathematically. When the cartilage and bone surfaces are described continuously, surface 

normals can be calculated to determine cartilage deformation and cartilage thickness 

anywhere on the surface. Developing a mathematical model of the patellofemoral articular 

surface is a challenging task because the surface does not follow a known mathematical 

surface (cylinder, sphere, plane). 

Hughes and co-workers (1994) determined the surface area of the human acetabulum using 

triangulation. They determined the reconstruction errors with a phantom block consisting of 

several hemispheres of known dimensions and found the minimum error to be 4.2% of the 

actual surface area. This error was caused by the point distribution and the size of the 

triangles. 

is a translation vector, and n is the number of markers. 

where n is the number of 

markers. 

M A T H E M A T I C A L JOINT M O D E L L I N G 
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Scherrer and Hillberry (1979) applied a piecewise bicubic surface patch representation 

(Coons, 1967), with null twist vectors. Each patch was determined from four parametric 

cubic curves and was approximately 3.2 mm wide per side. This method allowed for CI 

continuity (first derivative) across patches, however it did not maintain C2 continuity. 

Errors in the representation of a canine scapula were approximately 200 |Lim. These errors 

could be reduced with a smaller patch size. This approach was used by Huiskes et al. 

(1985), Hefzy and Yang (1993), and Ateshian et al. (1991) to model human knee joint 

articular surfaces. 

Ateshian and colleagues (1992) introduced a bivariate parametric polynomial surface of 

degree n with biquintic curves to represent the human carpometacarpal joint. The surface 

must have a least (n+1)2 points and the surface fitting errors were 66.6 ± 34.2 urn. 

Similarly, Wismans et al. (1980) and van Ruijven et al. (1999) used a polynomial approach. 

The latter group used polynomials of degree four and eight through randomly distributed 

points on several mathematically known surfaces. The root mean squared (RMS) errors 

ranged from 70 ¡j,m to 180 |im. These errors were dependent on the complexity and size of 

the surface, the number and density of the input points, as well as the amount of noise in 

the data. 

Ronsky (1994) developed a technique to model MRI data combining a B-spline 

representation along MRI slices, and a linear interpolation in the direction perpendicular to 

the slices. Although high continuity was achieved along slices, there was no C1 continuity 

in the perpendicular direction. 

Ateshian (1993) proposed a method for semi-uniform grids based on B-spline surface 

patches achieving C2 continuity across the entire surface. The technique utilised Akima's 

method (1978) for extrapolating the existing data set to a complete grid, without affecting 

the original shape of the articular surface. The complete grid was parameterised and bicubic 

splines were fitted to the parameterised data. 
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The Thin Plate Splines (TPS) technique was used to model a joint surface from non-

uniformly distributed data points (Boyd et a l , 1999; Wang et al., 2000). The interpolating 

TPS technique minimises the bending energy E(S) of the thin plate: 

Equation 3: E(S) = Oil 
dx2 

+ 2 
d2S 
dxdy + 

dy2 

\dxdy 

This technique is based on a radial function, which allows the description of the entire 

surface as a single function of two variables (Equation 4). 
n 

z, = S(x, y) = X Ci fi (x, ,y,) + c„+l + cn+2x + cn+}y , 
/=1 

where fi (x, y) = if ln(/- ) , and rf = (x - x,)2 + (y - y¡)2 

Equation 4: General equation of the Thin Plate Spline (TPS) used to 
mathematically represent joint surfaces. It is a radial function of two 
variables S(x,y). 

An additional polynomial precision condition is that if the input points (x¡, y¡, z¡) lie on a 

plane, the S(x,y) should reduce to the equation of a plane and the coefficients c¡ should 

vanish. These two conditions lead to a solution of a (n x 3) x (n x 3) linear system and can 

be solved if the linear matrix can be inverted. Since inverting this large matrix is 

computationally expensive, the number of points is limited to approximately two thousand 

(Boyd et al., 1999). One disadvantage of the method occurs at the input data sites (r¡ = 0). 

At those sites, the first partial derivatives are continuous, but the second derivatives are 

discontinuous. The resampled points must therefore be chosen at different (x,y) coordinates 

than the input points. This technique is advantageous for dealing with incomplete sets of 

data and non-uniformly distributed points. The fitting errors are reduced with increasing 

number of input points and are smaller in polar coordinates than in cartesian coordinates 

because the TPS uses a radial function. In cartesian coordinates, the errors were 4.1 u.m ± 

24 urn (2SD) when 2,000 input points were used. 

file:///dxdy
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The first partial derivatives from the TPS are given in Equation 5 and they can be used to 

determine surface normals. A similar calculation yields to c&/o\. 

Equation 5: — Six, y) = [^ - ^ ... 0 1 0]cr , 
dx dx dx dx dx 

df , 
where c = [a,..., c„], and —± = (x - x¡) ln(/-' ) + (x-xi) 

dx 

The second partial derivatives can be used to find principal curvatures and they are given in 

Equation 6 and 7. A n equation similar to Equation 6 leads to d2Sldy2. 

Equation 6: ~S(x, y) = [̂ 4 ^ - Ct" 0 0 ^ » 
dx dx' dx' dx' 

. 3 2 / 2 ( x - x , ) 2

 w - ì  where —4- = — — ~ - + \n(r¡ ) + 1 
dx' r. 

Equation 7: t ^ - S ( j c , y) = [^- ... ̂  0 0 0]cr 

dxdy dxdj dxd>' oxoy 

where J ^ - = J < ^ Z Z A J 
dxdy r 
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CHAPTER 3: LASER SCANNER 

Osteoarthritis (OA) is a chronic joint disease, in which the cartilage protecting the ends of 

bones gradually erodes, causing pain and limitations on the normal range of motion. It is 

commonly accepted that mechanical loading and subsequent cartilage deformation play an 

important role in the initiation and development of OA (Bullough et al., 1973; Palmoski et 

al., 1980; Videman, 1982; Zimmerman et al., 1988; Radin et al., 1991). We know that 

normal articular cartilage deforms under load (Hunter, 1743; Clark et al., 1999; Eckstein et 

al., 2000), but the magnitude of this deformation in-vivo is currently uncertain. In order to 

quantify cartilage deformation, it is necessary that the topography of the unloaded and 

loaded cartilage surfaces be known. 

There are several measurement techniques currently available for measuring joint surface 

topography. They can be classified into two distinct categories: contact methods and non-

contact methods. 

CONTACT METHODS 

Contact methods include sectioning, 3D probing, and electromagnetic tracking. Sectioning 

was the first reported method used to look at cartilage surface geometry of the knee 

(Zuppinger, 1904) and specifically of the patellofemoral joint (Wiberg, 1941). The 

accuracy of this method has not been reported, but McLeod and colleagues (1977) sliced 

frozen tibial plateaus at 0.635 mm intervals, which may present errors of a similar 

magnitude than the slice thickness. Three-dimensional probing machines have also been 

used to measure the surface geometry of a joint from a silicon rubber mould (Scherrer et al., 

1979) or directly on the specimen (Wismans et al., 1980; Boyd, 1997). Approximately 50 

to 250 points per surface were used in each study. The accuracy of the probing machine 

was approximately 100 urn (Wismans et al., 1980) on a biological specimen and 2 (im on a 

non-biological specimen (Ronsky et al., 1999). Finally, an electromagnetic tracking device 

was used on the tibiofemoral and the glenohumeral human joints (van Ruijven et al., 2000). 

Between 3,000 and 11,000 points were collected per surface in two to 10 minutes. The total 
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error was estimated to be between 80 um and 160 um. Summarising, the number of points 

per surface is usually low; the accuracy of contact methods depends greatly on the 

technique used, and the target surface. 

There are two major limitations to using contact methods on soft tissues: the biological 

surface may deform during the measurement, and the time required for data collection is 

long. Consequently, hydration levels of soft biological tissues may change during data 

collection, thereby introducing errors into the surface reconstruction process. 

NON-CONTACT METHODS 

Non-contact methods are also called optical methods, although they can include other non-

contacting techniques. Methods that allow determination of the joint surface geometry in-

vivo include magnetic resonance imaging (MRI) (e.g. Cohen et al., 1999) and computed 

tomography (CT scan) (e.g. Hughes and Brueton, 1994). MRI has been mostly used to 

determine cartilage thickness rather than surface geometry (Eckstein et al., 1996; Eckstein 

et al., 1998; Heberhold et al., 1999). Limitations of MRI and CT scanning are the cost, 

imaging time (19 minutes for the best-reported resolution), and the limited spatial 

resolution of these techniques (best reported in the human knee 0.25 x 0.25 x 1 mm3) 

(Graichen et al., 2000). 

Other non-contact techniques that have been used to determine joint surface topography 

require opening of the joint prior to measurement. They include Moiré contourography, 

ultrasound, photogrammetry, and laser scanning. 

The Moiré contourograph (van Wijk, 1980) used interference patterns formed by two light 

beams passing through a screen (Moiré fringes). It was mainly used to detect the 

asymmetry of the backs of patients, and has a reported accuracy of 2 mm, although the 

experimental set-up can surely be scaled down. 
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Ultrasound produced by a piezoelectric crystal was used to determine the cartilage surface 

geometry of a human acetabulum with an estimated accuracy of 25 |im (Rushfeldt et al., 

1981). Advantages of this method include that measurements can be made in a 

physiological medium at controlled temperatures. Also, cartilage and bone surface 

topographies can be determined simultaneously. However, the bone surface topography 

measurements rely on the speed of sound through the articular cartilage, which can vary by 

19.3% (2SD) because of the heterogeneity of cartilage (Yao and Seedhom, 1999). 

Close range photogrammetry was brought to the field of biomechanics to measure the 

surface contour of the tibiofemoral joint (Ghosh, 1983). Improvements to this technique 

made stereophotogrammetry a well-established technique to measure joint surface 

geometry (Huiskes et al., 1985; Ateshian et al., 1991; Kwak et al., 1997). In this technique, 

a three-dimensional spatial object (e.g. joint surface) is captured on two two-dimensional 

sensors (e.g. camera film) (Figure 4). With two pictures of the same scene captured using 

two sensors with their perspective centres apart, it is possible to reconstruct the three-

dimensional object. A precision calibration frame with reference markers of known 

dimensions and positions defines an inertial reference frame. A grid is shone on the 

specimen surface and pictures are taken. The reconstruction, which is typically performed 

using different versions of the direct linear transformation (DLT) approach (Abdel-Aziz 

and Karara, 1971) takes into account the lens and film distortions, the camera positions and 

the internal geometry of the cameras (Karara, 1980). 

Stereophotogrammetry (SPG) is fast and, therefore, minimises dehydration of the 

specimen. However, the digitisation process is time consuming. The measurement error of 

this technique was reported to be from 90 u.m (Ateshian et al., 1991) to 25 ¡im (Ateshian et 

al., 1992). Further improvement of the method led to a technique called multistation digital 

photogrammetry (MDPG) (Ronsky et al., 1999). This technique involves several pictures of 

the calibration frame and of the same specimen taken with a unique camera. Measurement 

errors of 25.4 urn in the worst direction and of 31.5 U.m in three dimensions were achieved 

(Ronsky et al., 1999). On feline articular cartilage, the three dimensional errors were 



18 

43.4 ¡xm. The accuracy depends on the target object, the operator's experience, and the 

level of automation of the digitisation process (more automation gave better results). 

High Intensi ty 
Opt ical Spot l ight 

Figure 4: Schematic of sterephotogrametric apparatus (computer, digitiser, and film 
processor not shown). The precision calibration frame defines an inertial 
reference frame, the collimation angle is and the distance between the 
lens plane and film plane is/(adapted from Ateshian et al., 1991). 

Laser scanning has been used to determine the surface contour of human menisci (Haut et 

al., 1998). The laser scanner used by Haut et al. (1998) was based on the design of Bhat and 

Smith (1994). It is the most accurate reported method with an estimated 3D accuracy of 

4.3 ¡xm and a precision (2SD) of 14.4 (im for non-biological surfaces angled up to 

45 degrees relative to the incident laser. On flat, metallic gauge blocks, the reported 

accuracy and precision were 1.5 ¡xm and 10.7 urn, respectively. The accuracy on biological 

tissues can only be estimated because there is no known "true" value. From repeat 

measurements of human menisci, it was found that the laser was precise to approximately 

40 Jim (personal communication with Haut, T.). Laser scanning has three advantages over 

other non-contact methods: it collects three-dimensional coordinates without the need to 

digitise, a large number of points can be collected in a short time, and the collected points 

form a uniform and complete grid. The accuracy of this method depends on the inclination 
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of the target surface relative to the laser beam, the optical properties of the surface, such as 

translucency, the range of measurement of the laser, and the duration of the scan 

(dehydration). 

Figure 5: Three-dimensional, non-contacting coordinate laser digitising system. 
The human knee is mounted in the fixture below the laser and is 
positioned so that the superior articulating surface is facing the laser. The 
motors systematically move the X - Y table to allow the laser to scan over 
the entire surface (Haut et al., 1998). 

The measurement techniques discussed above are not accurate and precise enough for the 

determination of articular cartilage surface deformation caused by physiologic load 

magnitudes in small joints. For surface deformations of approximately 100 ujm in the feline 

patellofemoral joint, these techniques would lead to a minimum uncertainty of 40% of the 

expected deformation. 

The purpose of this study was to develop a non-contact technique that was accurate and 

precise enough to measure articular cartilage deformations in small joints resulting from 

physiologic load magnitudes. Here, I report the accuracy and precision of an improved laser 

scanning technique on a flat surface, a sphere, and an articular surface. 



20 

MATERIALS AND METHODS 

M E A S U R E M E N T S Y S T E M 

In order to determine 3D coordinates from an articular surface, a commercially available 

measurement system was purchased (MicroScan Laser Profilometer, L M I Technologies, 

Southfield, MI, USA) and set-up on a heavy granite table with dampers to minimise 

external vibrations (Figure 6). The system includes an X - Y positioning table and a Z-

displacement sensor (SLS2006/50, LMI Technologies, Southfield, MI, USA). 

Laser Head 
and Sensor 

Granite 
Table 

Specimen 

Analogue Sensor 
Controller 

/ 

rrr..**. m 

Table Controller 

X - Y Table 

Figure 6: Laser scanner used to record the 3D coordinates on a target surface. 

The X - Y positioning table was mounted on an 18-kg granite base with rubber feet, and 

comprises two stages that move perpendicularly to each other. The y-stage is on top of the 

x-stage. Each stage can travel over a range of 50 mm at a maximum speed of 12mm/s. 

Stepper motors drive each stage according to a built-in algorithm that allows for scanning 

the surface in the x- or y-direction; only one stage moves at a time when collecting points. 

When the laser scans across the surface at a specific x- or y-coordinate, a profile is 

generated, and the two stages bring the target object to the starting position of the next 

profile. The stages are moved to acquire regularly spaced sample points in both directions. 
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According to the manufacturer, the lateral and vertical accuracies of the positioning table 

are 5 um and 1.5 |im, respectively. 

The Z-displacement sensor (Figure 7a) includes a class II semi-conductor laser diode that 

emits a red visible, 670 nm wavelength beam. The laser intensity varies across the cross-

section of the beam according to a Gaussian function proportional to e"rA2, where r is the 

distance from the central axis of the beam (Figure 7b). The beam is narrowest at a point 

called the waist, which is located at a stand off distance of 50 mm. The beam then becomes 

wider again because of diffraction. The beam does not have an edge, but by convention, its 

diameter is measured from the points where the light intensity reaches 1/e2 (13.5%) of the 

value at the central axis. Around the waist of the beam, the diameter follows a hyperbolic 

shape from 70 u.m at the waist, to 352 urn at the limits of the 6 mm measurement range. At 

the stand off distance, the triangulation angle (9), i.e. the angle between the emitted laser 

beam and a direct specular reflection (mirror-like reflection) is 36 degrees. 

The beam is scattered off the target (diffuse reflection), some of the light hits the receiver 

optics (lens and filter), and is focussed on a position sensitive detector (or photosensitive 

diode, PSD). Depending on the location of the focussed light, the PSD provides two 

different current outputs, one at each end of the PSD. A change in position of the light on 

the PSD leads to a change in the analogue output currents and their ratio (Ij -h)/(h + h)-

The currents are then transformed into a digital voltage by means of an analogue sensor 

controller (RD-50R(W), Keyence Corp., Woodcliff Lake, NJ, USA). This voltage was 

calibrated using 16 gauge block combinations between 0 and 6000 u.m, and scaled to give a 

distance in micrometers (um) as an output. 

The sensor's response frequency is maximum 2000 Hz. This relatively slow frequency is 

partly due to the sensor's electronics, capable of compensating for differences in detected 

light intensity due to the object's colour and texture, by varying the power to the laser 

diode. The 3D coordinates are stored into an I B M compatible PC. 
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Figure 7: a) Laser sensor used to record the Z coordinate of points on a surface, b) 
Close up on the laser beam within the measurement range. 

EXPERIMENTS 

The manufacturer's specifications state that the laser sensor has a resolution of 1.5 |im, an 

accuracy (or linearity) of 6 u.m over the entire measurement range. No data about the 

precision of the sensor was provided. Three experiments were conducted in order to assess 

the accuracy and precision of this laser scanner. The first experiment was aimed at 

assessing the accuracy and precision on flat ceramic gauge blocks. The second experiment 

was conducted on a ceramic sphere that could potentially be used as a reference marker. 

The third experiment was aimed at determining the repeatability of laser scanning on a 

diarthrodial joint surface. For all experiments, temperature and humidity in the laboratory 

were controlled. 

1. Gauge Blocks 

The accuracy and precision of the entire measurement system was evaluated by comparing 

gauge blocks of known heights with the measurements obtained by the laser at two 

different scanning speeds. The accuracy was obtained from five ceramic (Zr0 2) gauge 
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blocks (Mitutoyo Canada, Montréal, PQ, Canada): 1250, 1260, 1280, 2000 and 3000 urn. 

A l l gauge blocks had a maximum deviation from the nominal value of ± 0.04 urn, which is 

more than one order of magnitude smaller than the laser's resolution (1.5 um). Accuracy 

was defined as the difference between the mean of the digitised surface points and the 

known "true" gauge block heights. Precision was defined as two standard deviations (2SD) 

from the mean of all surface points. Precision therefore represents the variability or 

repeatability of the measurements. 

A 1260 um gauge block was placed on the horizontal surface of the X - Y table, maintained 

in place with modelling clay, and used as a baseline. The laser head height was then 

adjusted to obtain measurements on the baseline near the far end of the measurement range. 

Four gauge blocks were separately positioned on top of the baseline gauge block, and 

scanned. Special care was taken to avoid touching the gauge blocks with bare hands, to 

eliminate the layer of air that could get trapped between gauge blocks, and to remove dust. 

At 1 mm/s, 30 scans composed of one profile aligned with the y-direction and containing 

2,000 points spaced by 5 um were executed for four gauge block heights: baseline (0), 

1250, 1280 and 3000 um. On a different day, the entire set-up was recreated and 15 scans 

at 10 mm/s were executed with the same parameters for five gauge block heights: baseline 

(0), 1250, 1280, 3000 and 5000 um (2000 + 3000 um). 

The data was examined with box plots and quartile-quartile plots to ensure that it was 

normally distributed, and that the gauge blocks were positioned horizontally. The data was 

first analysed without any filtering to assess the quality of the measurements, was filtered 

with cubic splines using a generalised cross-validation (GCV) algorithm, and analysed. 

2. Sphere 

To assess the quality of the laser measurements on a highly curved surface, one ceramic 

sphere was used. These measurements constituted an evaluation for the potential use of 

spherical bone markers. 
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A 1260 firn gauge block was placed on the X - Y table as for the gauge block experiments 

and scanned five times at 10 mm/s. The average of the sample points was defined as the 

baseline from which an estimate of the sphere centre could be determined. One ceramic 

(A102) sphere (Small Parts Inc., Miami Lakes, FL, USA, diameter = 2381.25 firn ± 

0.254 um) was carefully placed on the baseline gauge block and held in place with 

modelling clay. Special attention was taken to make sure that the sphere would directly 

contact the gauge block and that it would be free of dust and clay on the top hemisphere. 

The top hemisphere was scanned 30 times at 10 mm/s with the profiles aligned in the x-

direction and 30 times in the y-direction. Each scan was composed of 24 profiles spaced by 

100 urn and each containing 800 points separated by 5 urn (Figure 8). From the original 

19,200 points, approximately 7,000 points were collected when the laser beam was 

completely on the sphere. Furthermore, because the sphere has an important curvature, the 

centroid of the illuminated area on the sphere was located below the actual surface of the 

sphere (Figure 9). Therefore, a theoretical approach was used to obtain error estimates 

caused by a shift of the centroid of the illuminated area. 

x 

02381.25 firn 
sphere 

100 (im 

2400 ¡im 
(24 x 100) 

4000 firn 

Figure 8: Schematic representation of the parameters used to scan a ceramic sphere 
of 2381.25 urn in diameter. 



25 

Laser beam 

Figure 9: Schematic of a laser beam shining on a sphere. The centroid of the 
illuminated area is shifted below the actual sphere surface because of the 
significant laser beam diameter relative to the sphere diameter. 

Theoretical Approach 

Assume that we have a perfectly cylindrical laser beam of radius r that shines onto a sphere 

of radius R from the z-direction (Figure 10). If we assume that the light beam intensity is 

uniform, that there is a perfectly diffuse reflection at the surface of the sphere and that the 

light intensity is homogeneous over the entire illuminated area, we can take the centroid of 

the illuminated area as the source of light, shining equally in every direction. This will lead 

to the largest offset of the beam centroid, since the reflection intensity should normally be 

greater in areas where the surface is more perpendicular to the laser beam. This theoretical 

approach, therefore, represents a worst case scenario. 

Figure 10: Schematic of a cylindrical laser beam hitting an eighth of a sphere in 
(X, Y) . X, Y and Z form the global coordinate system, while £ and r¡ are 
the coordinates in the laser beam reference. 
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In the general case, the area of any surface described by g(u,v) is given by: 

In particular, a top hemisphere centred at the origin and having a radius R can be 

represented by: 

Equation 9: g(x, y) = xi + yj + •JR2 - x2 - y2k . 

With the variable change: 

Equation 10: x = X + £ and y - Y + r¡ where (X,Y) is the position of the centre line 
of the laser beam on the sphere, and (Ç,JJ) are the coordinates in the 
laser beam reference (Figure 10), 

the hemisphere then becomes: 

Equation 11: f(e= fj + fj + fl 

= (X+Ç)Ï + (Y +î])] + ylR2-(X+Ç)2-(Y+7j)2k, 

The integral can be done in polar coordinates if we set: 

Equation 12: £ - pcosq> and rj = psinç, where 0 < p< R and 0 < ç< 2k. 

The Jacobian of this transformation is p. 

Because of symmetry, we can set 7 = 0, the area becomes a parameter of X only, and the 

problem becomes two-dimensional. Symmetry around the X-axis also allows integration to 

be limited to half the domain (0 < q> < k), and doubled: 

Equation 13: A(X,0) = 2 f \p—¡= dpdcp . 
oo ^R2 -(X2 +2Xpcos<p + p2) 

Finally, the position of the centroid of the illuminated area can be calculated from: 
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Equation 14: Z c = and 

r 

+ pcos<p) 
\xdV 2{j> 

^ /? 2 - ( X 2 + 2XyOcosp + /7) 0 0 
\dV A(p,(p) 

The theoretical error made because of the laser beam radius on a curved surface can be 

calculated as the offset between the sphere surface and the centroid of the illuminated area: 

Equation 15: Ez{p,cp) = ZG-Z and Ex (p,ç>) = XG - X . 

The code was implemented with Matlab (The MathWorks Inc., version 5.3.0.10183 (Rl 1), 

1999, Natick, Mass, USA), and a numerical solution was reached for several r IR ratios. 

The results were then symmetrically reflected for the negative X values and a least squares 

fit of the theoretical 2D data was calculated to fit a circle. The position of the circle centre 

and the radius were then compared to the true values. 

Analysis of Experimental Data 

In parallel to the theoretical results, the experimental data was analysed in two different 

ways. First, using S-Plus 2000 Professional Edition (Release 2, 1999, MathSoft Inc., 

Cambridge, M A , USA), points that did not belong to the sphere or that belonged to visible 

artefacts were removed from the data set. The precision of each point was determined by 

calculating two standard deviations from the mean of the 30 repeat measurements. 

Second, a least squares fit was applied to the experimental data in order to find the centre of 

the sphere. To optimise the accuracy of the sphere's least squares fit, as many points as 

possible had to be used in the analysis, however points in areas that gave greater errors than 

average were not used. To do this for the 30 scans carried out in the x-direction, 13 cut-off 

heights on the sphere were visually selected (Figure 11). For each cut-off height, points that 

laid below the cut-off were disregarded. Each dome portion thus obtained was confined 
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within a lateral distance or selection distance (d) to the vertical axis of the sphere. When 

normalised to the sphere radius (R), the normalised distance (d IR) fell between 29% (17° 

from vertical) and 99% (82° from vertical) of the sphere radius. Each dome portion was 

fitted to the equation of a sphere. In the y-direction, a similar procedure was followed with 

the domes falling between 61% (37°) and 86% (59°) of the sphere radius. The location of 

the sphere centre was compared between cut-off heights, for each direction of scan (x and 

y), with the actual values that could be determined from the experimental set-up (Z and R), 

and with the theoretical results (Z and R). The X and Y values were not controlled in the 

experimental set-up and therefore could not be compared to a known value. 

Figure 11 : Schematic of the point selection method, where d IR is the normalised 
lateral distance to the vertical axis of the sphere and 0 is the angle to the 
vertical axis. 

3. Patella 

The accuracy of the laser scanner on biological tissues cannot be determined because the 

"true" value is not known. From repeatability tests however, the precision of these 

measurements can be assessed. One freshly frozen, normal feline hindlimb was thawed 

overnight and was used to collect repeat measurements of articular surfaces. The patella 

was harvested and cleaned of surrounding soft tissue, leaving the articular cartilage intact. 

Throughout the experiment, the cartilage was kept hydrated with 0.9% saline. Three holes 

of 0.9 mm in diameter were drilled part way on the anterior side of the patella (bony side) 

to fit three miniature self-tapping bone screws (1.17 mm diameter x 4.7 mm, Fine Science 

Tools, Vancouver, BC, Canada). The bony side of the patella including its three protruding 
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screws was then cemented to a metallic support with polymethylmethacrylate (PMMA). 

Once the cement was hard, the metallic support was attached to the scanner's positioning 

table. The exposed posterior side of the patella was scanned in three different states: (1) 

when the cartilage was fresh and intact, (2) after the cartilage had been chemically fixed, 

and (3) after the cartilage had been removed to expose the bone surface. 

The first 25 scanning cycles on fresh cartilage were performed to make sure that a steady 

state of hydration could be reached. These initial scans were followed by 30 additional 

cycles. Each cycle was composed of a scan, a hydration period, and a drying period. Each 

scan was carried out at 1 mm/s and lasted approximately 20 seconds. A scan consisted of 

one profile across the fresh patella comprising 12,000 points spaced by 1 pim. Between 

scans, the patella was hydratçd and maintained moistened for 100 seconds by squirting 

0.9% saline on the cartilage surface with a blunt syringe. Before scanning, the patella was 

dried by absorbing the saline with a tissue held next to the cartilage for 15 seconds. A 

steady state was reached within the first few scanning cycles. Data points outside the 

articular surface were eliminated prior to analysis. 

Following the scans of the fresh articular surface, the patella was immersed in 10% normal 

buffered formalin for 44 hours (Meachim et al., 1977; Nuehring et al., 1991). The entire 

scanning process was then repeated for the fixed cartilage. Finally, the cartilage was 

removed from the retropatellar side by immersing the patella in a solution of 5.25% sodium 

hypochlorite for approximately three hours (Boyde and Jones, 1983; Ateshian et al., 1991). 

The exposed bone surface was left to dry for 30 minutes, and scanned as previously 

described without the hydration procedure. The data was analysed first without filtering or 

smoothing, and then with low-pass filtering at 50 Hz for all three states. 
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RESULTS 

G A U G E BLOCKS 

Box plots and quartile-quartile plots showed that the raw signal obtained from gauge block 

measurements contained random noise and that, therefore, the data was normally 

distributed (Figure 12a,b). Furthermore, the surface of the gauge block was perpendicular 

to the laser beam since the slopes obtained from linear regressions were not different than 

zero in the direction that was scanned. The error caused by an inclination of the gauge 

block was therefore included in the calculations of the accuracy and precision. No 

difference was found when scanning at 1 mm/s and 10 mm/s. For both speeds, the peak-to-

peak random noise was always less than 80 um (Figure 12c). On average, the accuracy and 

precision (2SD) at 1 mm/s were 3.0 um and 18.2 um, respectively, while at 10 mm/s, they 

were 3.8 um and 19.5 um, respectively (Table 1). The precision was slightly better at the 

stand off distance (i.e. 50 mm) than at the edges of the measurement range (i.e. 47 or 

53 mm). When the data was filtered with the G C V algorithm, the accuracy of the 

measurements was slightly improved while the precision was dramatically improved 

(Figure 12d, Table 2). 

Table 1: Accuracy and precision of the laser scanner according to gauge block 
height and scanning speed for raw data and data filtered with a low-pass 
generalised cross validation algorithm. 

Gauge blocks 
(± 0.04 um) 
[um] 

1 mm/s 10 mm/s Gauge blocks 
(± 0.04 um) 
[um] 

Accuracy 
[um] 

Precision (2SD) 
[um] 

Accuracy 
[um] 

Precision (2SD) 
[um] 

0 N/A 19.8 N/A 22.9 
1250 2.2 18.1 3.1 18.8 
1280 2.4 18.0 3.5 18.5 
3000 4.4 16.9 2.9 16.7 
5000 N/A N/A 5.8 20.4 
Average 3.0 18.2 3.8 19.5 
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Figure 12: (a) Box plot of the raw data obtained with the laser scanner from one scan 
of a 1250 um thick ceramic gauge block. The box plot shows symmetry, 
(b) Quartile-quartile plot from the same data. The data is normally 
distributed because it is very close to the straight line shown, (c) Raw data 
collected with the laser scanner on a 1250 \im thick ceramic gauge block, 
(d) Data filtered with a low-pass generalised cross validation algorithm. 

Table 2: Accuracy and precision of the Laser Profilometer at 1 mm/s according to 
gauge block height after the data was filtered. 

Gauge blocks 
[|xm] 

Accuracy 
[um] 

Precision (2SD) 
[um] 

0 N/A 0.5 
1250 1.0 0.4 
1280 1.6 0.4 
3000 4.3 0.4 
Average 2.3 0.4 
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SPHERE 

Theoretically, a perfectly cylindrical laser beam that is shone on a sphere will cause a 

measurement error that depends on the ratio of the beam radius to the sphere radius (r IR). 

In the ideal case, the radius of the beam should be much smaller than that of the sphere, 

and, consequently the measured profile would be close to that of the actual sphere. For 

example, if the radius ratio was r/R= 1/100, the error in the absolute position of the 

measured sphere would practically be zero in X and Z for all measured points, except at the 

very edge of the sphere, when the illuminated area increases dramatically (Figure 13). 

At the stand off distance, the laser has a beam radius of 35 ixm. The results from the 

calculations with r IR = 35/1190.6 ~ 1/34 are shown in Figure 14. 

In the worst case scenario, the beam radius is 176 um, which gives a ratio of r IR « 0.148 = 

1/7. In that case, the measurement errors follow the same trend as for smaller ratios but 

they are greater in magnitude. The errors made in determining the location of the sphere 

centre become greater for increasing r IR ratios, and therefore, the lateral distance (d) 

chosen as the cut-off becomes more important. In the quasi-ideal case of r I R = 0.01, the 

centre and radius of the sphere are well estimated (Figure 15a). However, in the worst case 

scenario (r IR = 0.148), there are a substantial shifts in the estimates of the sphere centre 

and sphere radius, which increase with increasing lateral selection distance (Figure 15b). 

For a dome portion obtained from points selected within a normalised lateral distance of 

d IR = 2/3 of the sphere radius (42° from vertical), the position of the sphere centre would 

be offset by increasing amounts with the r IR ratio. Consequently, the error in the 

coordinates of the sphere centre would increase (Figure 16). 

Experimentally, for scans in the x-direction, the measurement precision of the laser scanner 

on the sphere did not vary greatly with the lateral distance from the sphere centre, up to 

approximately 80% of the sphere radius (Figure 17). The calculated position of the sphere 
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Figure 13: Numerical results from a theoretically perfect cylindrical beam of radius 
r = 11.906 um shining on a sphere of radius R = 1190.6 urn. 

centre did not vary in X and Y with the lateral distance over which points were included for 

the least squares fit calculation. The determination of the sphere centre was associated with 

greater variability X coordinate than in the Y coordinate (Figure 18a,b). This result may be 

caused by the precision of the x- and y-stages; the x-stage is heavier and supports the y-

stage. Therefore, errors caused by the movement of the x-stage may exceed those 

associated with the y-stage. The Z coordinate decreased with increasing lateral distance, but 

it was stable if points were included over more than 61% of the sphere radius (37°) (Figure 

18c). The radius of the calculated sphere increased with increasing lateral distance, but was 

stable over 61% of the sphere radius (Figure 18d). The least squares fit of the sphere was 

best when the lateral distance was between 50% and 80% of the sphere radius (30° - 53°) 

(Figure 18e). 
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Figure 14: Numerical results for a perfect cylindrical beam of radius r = 35 um, 
shining on a sphere of radius R - 1190.6 um. 
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Figure 15: Numerical results for the error in the calculated sphere centre for a small 
radius ratio r IR = 0.01 (a) and large radius ratio r IR -0.148 (b). 
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Figure 16: Error in the X, Z location of the sphere centre and its radius R if all 
measured points from a laser scanner are taken to fit the sphere up to a 
point located at d IR = 2/3 of the sphere radius. 
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Figure 17: Precision of the measurements performed in the x-direction on a ceramic 
sphere (R = 1190.6 (xm) according to point location from the sphere 
centre. 
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Similarly, for scans in the y-direction, the X and Y coordinates of the sphere centre were not 

affected by the lateral selection distance (Figure 19a,b). The Z coordinate of the sphere 

centre, the sphere radius and the least squares fit, were affected by the lateral distance: the 

scans including less than 79% of the sphere radius (52°) had a lower Z value, a greater 

radius, and a better fit than those containing more than 79% (Figure 19b,c,d). The 

variability (n = 30 scans) of the Z coordinate, R, and the fit was decreased for lateral 

distances of 75% and 79% of the sphere radius (48° and 52°) compared to other lateral 

selection distances. 

The scans performed in the x-direction and the y-direction gave significantly different 

(p < 0.001) positions of the sphere centre (Table 3). The scans in the x-direction were 

shifted by 29 (im toward the negative x-direction compared to the scans in the y-direction. 

The scans in the y-direction were shifted by 26 urn in the negative y-direction compared to 

the scans executed in x-direction. The precision values shown in Table 3 account for the 

variability between scans and for the variability caused by the lateral selection distance, 

between 61% and 86% of the sphere radius (i.e. between 37° and 59°). 

Table 3: Comparison of the calculated sphere centre, radius and fit obtained from 
data collected with the laser scanner. Means were taken when the cut-off 
was at approximately 73% of the sphere radius (47° from vertical). The 
precision values include the variability for the point selection from 61% 
to 86% (37° to 59° from vertical) of the sphere radius. Actual X and Y 
coordinates were not available since they could not be controlled in the 
experiment. 

scans in x-direction scans in y-direction actual 
value 

theoretical 
value 

r /R -0 .148 
mean precision 

(2SD) 
mean precision 

(2SD) 

actual 
value 

theoretical 
value 

r /R -0 .148 

X 1840.5 9.7 1869.3 12.7 N/A N/A 

Y 2091.0 3.7 2065.3 4.5 N/A N/A 

Z 1060.1 6.2 1063.8 14.5 1190.6 1200.3 

R 1202.5 5.4 1199.2 12.6 1190.6 1174.5 

fit (2SD) 10.3 1.3 10.8 3.4 N/A N/A 
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Figure 18: Calculated X, Y, Z coordinates of the sphere centre (a,b,c), radius (d) and 
fit (e) obtained from a least squares fit of a ceramic ball scanned in the x-
direction. 
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Figure 19: Calculated X, Y, Z coordinates of the sphere centre (a,b,c), radius (d) and 
fit (e) obtained from a least squares fit of a ceramic ball scanned in the y-
direction. 
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The experimental values differed significantly (p < 0.001) compared to the known value for 

the Z coordinate of the sphere centre (1190.6 pm) and the known sphere radius 

(1190.6 um). The Z value was smaller and the radius was greater than the actual values. 

P A T E L L A 

A typical scan from a trimmed profile taken from fresh retropatellar cartilage is shown in 

Figure 20. By comparing repeat scans, a systematic shift of the data was found for 

approximately 25% of the scans on one side of the fresh patellar cartilage. A film of saline 

that might have remained on the cartilage surface after drying could have caused this shift. 

Therefore, that portion of the data was discarded for the analysis. The raw and filtered 

portions of the data are presented in Figure 21. 
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Figure 20: Profile taken from fresh retropatellar cartilage (not to scale to better show 
profile features). 
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The precision of the laser scanner on fresh cartilage, fixed cartilage, and bone are presented 

in Table 4. They are compared to the precision of the raw and filtered data obtained from 

gauge block tests. 
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Figure 21: Raw data sampled at 1000 Hz, and data filtered with a low pass filter at a 
50 Hz cut-off frequency. The profile shown is from the fresh articular 
cartilage surface of a patella (not to scale to better show filtering effect). 

Table 4: Precision of the laser scanner at 1 mm/s on different materials. 

Material Precision (2SD) [um] Material 

Raw Data Filtered Data 
gauge blocks 18.2 0.4 

unloaded 
cartilage 

with error 42.0 N/A unloaded 
cartilage without error 24.0 18.3 

loaded cartilage 24.6 17.5 

bone 20.5 11.4 
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DISCUSSION 

A laser scanner was improved to map the articular surface of the feline patellofemoral joint 

in order to calculate surface deformation by surface subtraction in the future. Compared to 

other techniques, the accuracy and precision of the system are excellent (Table 5). Laser 

scanning techniques show a better precision than stereophotogrammetry (SPG) and 

multistation digital photogrammetry (MDPG) for all geometries. Ronsky and colleagues 

(1999) published raw data, but it is unknown whether Haut and colleagues (1998) 

published results from raw or filtered data. The specifications for the laser head and sensor 

used by Haut and colleagues (1998) suggests that their results cannot be as accurate as the 

results presented here because the resolution and accuracy of their laser were not as good as 

the corresponding values for our system (Table 6). Moreover, measurements on highly 

curved surfaces made with their system should give greater error than measurements with 

our system because of the greater diameter of their laser beam compared to ours. 

The data obtained from laser scanning gauge blocks contained random noise. Filtering of 

the raw data improved the precision of the measurements below 0.5 |im, which is more than 

one order of magnitude better than corresponding values published in the literature (Table 

5). When scanning specimens, a large number of sample points was collected and filtered 

to remove the variability associated with the random noise. 

The measurement precision of the laser scanner on a highly curved surface did not vary 

greatly with the lateral selection distance from the sphere centre up to approximately 80% 

of the sphere radius. Beyond 80% of the sphere radius, the measurements became more 

variable. Moreover, the fit of the sphere reconstruction, the accuracy of the position of the 

sphere centre, and the radius of the sphere varied with the lateral selection distance. On the 

one hand, if points were selected over a great lateral distance, points towards the end of the 

spherical dome contained a great error leading to an underestimation of the Z coordinate of 

the sphere centre and an overestimation of the sphere radius. On the other hand, if points 

were selected near the vertical axis of the sphere, reconstruction of the sphere tended to 
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overestimate the Z coordinate of the sphere centre and an underestimate the sphere radius. 

The optimum lateral distance for point selection was between 70% and 75% of the sphere 

radius from the sphere centre (45° to 49° from vertical). For greater rlR ratios, this 

distance should be reduced and vice-versa. 

Table 5: Comparison of the three-dimensional accuracy and precision of different 
non-contact measurement techniques on different geometries (MDPG = 
Multistation Digital Photogrammetry; SPG = Stereophotogrammetry). 

Method Study plane sphere / cylinder 
reconstruction 

patellar 
cartilage 

Method Study 

accuracy 
[um] 

precision 
(2SD) [urn] 

precision 
(2SD) [um] 

precision 
(2SD) [um] 

Laser 
scanning 

This 
study 

raw 3.0 18.2 9.8, 12.1, 5.41 24.0 Laser 
scanning 

This 
study filtered 2.3 0.4 N/A 18.3 

Laser 
scanning 

Haut et al., 1998 1.5 10.7 N/A 40 
MDPG Ronsky et al., 

1999 
N/A 6.2 31.5 43.4 

SPG Ateshian et al., 
1991 

N/A 25.0 2 108.8 80.8 SPG 

Ateshian et al., 
1992 

N/A N/A 34.4 3 N/A 

Table 6: Comparison of manufacturer specifications for the laser head used in this 
study with the one used by (Haut et al., 1998). 

This study (Haut et ai., 1998) 

Resolution [pirn] 1.5 8 

Accuracy [pm] 0 . 1 % of full scale 
6 um over 6 mm 

0.25% of full scale 
15 pm over 6 mm 

Beam diameter at stand 
off distance [pm] 

70 500 

1 Least squares fit, position of the sphere centre and sphere radius, respectively. 
2 Published by Ronsky and colleagues (1999). 
3 Precision calculated from 30 target posts. 
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The measurement accuracy on the sphere was not as good as expected. There were errors in 

the sphere centre position of 29 pm and 26 pm in the x- and y-scanning directions, 

respectively (Table 3). We suspect that these errors were intrinsic to the movement of the 

positioning table at the beginning of the scan, even though the manufacturer stated that 

such an error should not occur. Since these errors were systematic (Table 3), the results 

should be analysed separately for the x- and y-directions, or the data should be offset along 

the x and y axes to match the actual sphere centre position. In either case, when performing 

repeat measurements, the systematic errors should cancel out. 

The experimentally determined position of the sphere centre was lower by 129 pm in the z-

direction, and the sphere radius was greater by 12 pm compared to the actual values. This 

could not be explained with the theoretical approach considering the errors introduced by 

the size of the laser beam (Table 3). When subtracting two surfaces, however, the 

systematic errors in the Z coordinate of the ceramic spheres (to be used as bone markers) 

would cancel out i f the surface were subjected to very little rotation between scans of 

different states. I speculate that the systematic error in the Z position of the sphere centre is 

at least partly due to the translucency of the ceramic material. 

Translucency means that the laser beam penetrates the surface and is reflected from a 

distance below the actual surface of interest. An estimate of the penetration depth could be 

obtained from cartilage thickness measurements in comparison with known cartilage 

thickness obtained from the literature or from another experimental method, such as needle 

probing (Swann and Seedhom, 1989). Attempts to reduce penetration of light into the target 

tissue have been made by painting articular surfaces or coating them with powder 

(Sommers et al., 2001). However, in this instance, the thickness and homogeneity of the 

coating layers were not published, and were presumably not known, thereby exchanging 

the problem of translucency with the problem of estimating coating thickness. Moreover, 

the effect of coating on cartilage swelling or shrinkage would need to be assessed. 



44 

When scanning bone or cartilage, the measurement precision did not vary much from that 

obtained using gauge blocks. The small deterioration in precision observed on the cartilage 

surface might have been caused by the optical properties of cartilage, and the changes in 

articular surface topography associated with the hydration levels of the cartilage. When 

scanning the entire retropatellar surface, because of dehydration of the articular cartilage, 

one must make a compromise between the spatial resolution of data collection and the time 

required for completing the test. In 2.5 minutes, dehydration of the feline femoral groove 

will cause approximately 10 pm shrinkage of the articular cartilage surface (Boyd, 1997). 

Within 2.5 minutes, it is possible to scan the entire retropatellar surface (approx. 144 mm2) 

at 10 mm/s with 48 profiles separated by 250 pm, with each profile comprising 2,400 

points separated by 5 pm (i.e. the 144 mm 2 area is represented by 48 x 2,400 = 115,200 

points). 

Future experiments will include entire surface scans of fresh unloaded articular cartilage, 

fixed, loaded articular cartilage, and bone. By surface subtraction, articular cartilage 

deformation can be determined. According to the tests performed here, the precision of the 

cartilage deformation obtained from single measurements should be 25.3 pm, and from 

three repeat measurements, it should improve to 14.6 pm. 

Determination of articular surface pressures in the feline patellofemoral joint revealed that 

during normal walking and trotting, surface pressures reach values between 5 and 15 MPa 

(Hasler and Herzog, 1998). For maximal contraction of the knee extensors, patellofemoral 

joint pressures exceed 30 MPa (Clark et al., 2002). Furthermore, pilot experiments showed 

that a 9 MPa pressure applied to the central load bearing area of the feline patella and 

femoral groove resulted in total compressive strains of the articular cartilage of 44% and 

34%, respectively (Clark et al., submitted). For average feline articular cartilage thicknesses 

(retropatellar surface = 434 pm; femoral groove = 216 pm), the total surface deformation 

for a 9 MPa pressure is approximately 193 pm and 73 pm for patellar and femoral 

cartilage, respectively (Clark et al., submitted). Therefore, it appears that the current laser 
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scanning technique is accurate and precise enough to determine articular cartilage 

deformations in the feline patellofemoral joint associated with loading that occurs during 

normal everyday movements. 

Further improvements of the current technique might be possible by determining x-y-stage 

movements directly, e.g. via interferometry, by using a smaller laser diameter, by using two 

photosensitive detectors to reduce specular reflection artefacts, and by coating the articular 

surfaces with a uniform layer of highly diffuse reflective material to prevent laser 

penetration. 
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CHAPTER 4: CARTILAGE DEFORMATION 

INTRODUCTION 

Osteoarthritis (OA) is a chronic disease causing pain and limiting the normal range of 

motion of a joint. It is characterised by joint pathology such as the growth of osteophytes, 

meniscal damage, and cartilage erosion. It is commonly accepted that abnormal mechanical 

loading and subsequent cartilage deformation play an important role in the initiation and 

development of OA (Bullough et al., 1973; Palmoski et al., 1980; Videman, 1982; 

Zimmerman et al., 1988; Radin et al., 1991). We know that normal articular cartilage 

deforms under load (Hunter, 1743; Clark et al., 1999; Eckstein et al., 2000), but the 

magnitude of this deformation in-vivo is currently uncertain. In order to obtain cartilage 

deformation, the topography of the unloaded and loaded cartilage surface from the same 

joint should be measured. 

There are several measurement techniques currently available for measuring joint surface 

topography, and they have been discussed in the introduction of chapter three. Briefly, they 

include sectioning, 3D probing, electromagnetic tracking, magnetic resonance imaging, 

computed tomography, Moiré contourography, ultrasound, photogrammetry, and laser 

scanning. The accuracy, data acquisition time, and number of sample points utilised vary 

between techniques and between target objects used. Most of these techniques, however, 

have not been used to quantify cartilage deformation. 

MEASUREMENT OF C A R T I L A G E SURFACE DEFORMATION 

Many studies have shown cartilage deformation with in-vitro loading conditions. For 

example, cartilage expiants without subchondral bone have been harvested and tested in 

confined (Buschmann et al., 1998) and unconfined (Fortin et al., 2000) compression. The 

load and strain magnitudes were controlled with a custom-built materials testing machine 

(Buschmann et al., 1995) having an accuracy and precision below 0.05 pm (BioSyntech 
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Canada inc., Laval, QC, Canada). This method was accurate and precise enough for the 

determination of cartilage deformation in small joints. The aim of those studies, however, 

was to determine the cartilage material properties from cartilage deformation. Moreover, 

the physiological relevance of the loading conditions is questionable since removing 

cartilage from the bone changes the cartilage swelling properties (Setton et al., 1998), and 

the loading boundary conditions were altered compared to the expected normal in-vivo 

loading conditions (Buschmann et al., 1998). 

In-situ articular cartilage attached to the bone was also shown to deform when it was loaded 

with an indenter (Athanasiou et al., 1991; Clark et al., submitted). The accuracy of the 

indentation depth was reported as 5 pm (Swann and Seedhom, 1989). Clark and colleagues 

(submitted) used an aqueous fixation technique (Hunziker et al., 1982) to maintain the 

shape of the loaded cartilage surface once the load was removed. Briefly, fixation of the 

specimen was first carried out under load while the specimen was immersed in 2% 

glutaraldehyde mixed in a sodium cacodylate buffer containing 0.7% ruthenium 

hexammine trichloride (RHT). After load removal, fixation was completed with 1% 

osmium tetroxide. The fixation processes depend on molecular diffusion through the 

articular cartilage, which in turn, depends on molecular size, temperature, and the Gibbs-

Donnan pressure (Hunziker et al., 1982). Even if the pressures applied in this study were 

physiologically meaningful, the shape of the indenter would have affected the boundary 

conditions compared to the expected in-vivo loading conditions (Buschmann et al., 1998; 

Warner et al., 2001). 

Other in-situ studies have given qualitative results from physiologically meaningful loading 

conditions. Clark and colleagues (1999) looked at the surface contour of articular cartilage 

from intact, loaded rabbit knees using light microscopy (LM), scanning electron 

microscopy (SEM), and transmission electron microscopy (TEM). The specimens were 

fixed using an aqueous fixation technique (Clark, 1985), and a freeze-substitution technique 

(Nòtzli and Clark, 1997). Quantification of cartilage surface deformations was only 

approximated for the centre of the indentation. The qualitative observations, however, 
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showed that the loaded articular surfaces displayed minor roughness, with small projections 

or depressions never extending more than 0.5 pm above or below the general plane of the 

surface. Moreover, Nòtzli and Clark (1997) did not observe surface humps, pits, ridges, or 

undulations of 1-15 pm as stated in other S E M studies (Dowson et al., 1968; Sayles et al., 

1979; Dowson, 1990). This corroborates the idea that surface roughness observed with 

SEM is an artefact caused by the preparation technique (Bloebaum and Wilson, 1980). 

Using atomic force microscopy (AFM) (Binnig et al., 1986) and T E M , Jurvelin and 

colleagues (1985) also concluded that surface irregularities were S E M artefacts. 

Other in-situ joint loading techniques are currently available, but the studies in which they 

were used were aimed at quantifying cartilage contact area (Greenwald and O'Connor, 

1971; Fukubayashi and Kurosawa, 1980; Yao and Seedhom, 1991; Soslowsky et al., 1992; 

Ronsky et al., 1995; Herzog et al., 1998b; Clark et al., 2002) or pressure distribution 

(Fukubayashi and Kurosawa, 1980; Manouel et al., 1992; Ronsky et al., 1995; Herzog et 

al., 1998b; Clark et al., 2002). Ahmed and colleagues (1983) developed a loading apparatus 

for the human patellofemoral joint in which the static load was applied through cables 

replacing the quadriceps muscles. During loading, pressures between the patella and the 

femoral groove were recorded with a pressure distribution transducer (Ahmed, 1983). 

Herzog and co-workers (1998b) stimulated the femoral nerve to produce muscle 

contraction, which gives a good approximation of in-vivo loading conditions. 

In-vivo quantification of articular cartilage surface deformations has been performed with 

roentgenography and magnetic resonance imaging (MRI). Using a roentgenographic 

technique, Armstrong and colleagues (1979) performed creep tests and measured the 

deformation of the articular cartilage in 28 normal human hip joints at a number of points 

on the surface with an estimated accuracy of 1 to 2% of the cartilage thickness. A similar 

study was conducted with MRI in the human knee (Heberhold et al., 1999). The joint was 

compressed with a pneumatic apparatus to 150% body weight for 214 minutes. The 

resolution of the magnetic resonance imaging system, however, was limited to 

0.31 x 0.31 x 2 mm 3. In other MRI studies, changes in cartilage thickness and volume due 
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to static and dynamic joint loading have been measured (Eckstein et al., 2000). The MRI 

methods can be summarised as successive cartilage thickness measurements, which will be 

discussed in the next section. 

M E A S U R E M E N T OF C A R T I L A G E THICKNESS 

Determination of cartilage deformation is only relevant if the unloaded cartilage thickness 

is known for the joint of interest. Variations in articular cartilage thickness between 

animals, joints, and cartilage conditions can affect the magnitude of the observed 

deformation (Athanasiou et al., 1991). For example, average cartilage thickness in the 

feline patella was reported in the anterior cruciate ligament transected knee (Herzog et al., 

1998b), in the contralateral knee (Herzog et al., 1998b), and in the normal knee (Clark et 

al., submitted) with values of 470 pm, 233 pm, and 434 pm, respectively. Cartilage 

thickness has therefore been a variable of interest in many studies. 

Traditionally, articular cartilage thickness measurements have been performed using 

contact methods. Sectioning techniques have been used in conjunction with measurement 

of the articular surface geometry (McLeod et al., 1977). Vernier callipers have been used to 

measure the thickness of cartilage plugs (Kempson et al., 1971). Needle probing (Hoch et 

al., 1983) is a less destructive method than the previous techniques, and has a reported 

accuracy of ± 12 pm with a precision of 1.2% of total thickness (Swann and Seedhom, 

1989). Jurvelin and colleagues (1995) compared needle probing with ultrasound and 

stereomicroscopy and found that needle probing gave greater cartilage thicknesses than the 

other two methods. 

Non-contact methods to measure articular cartilage thickness have often been combined 

with the measurement of the articular surface geometry. They include ultrasound, 

roentgenography, stereophotogrammetry, multistation digital photogrammetry, and 

magnetic resonance imaging. Thickness measurements from ultrasound have a reported 

accuracy of 75 pm, which is worse than the expected value according to the accuracy of the 

ultrasound system (25 pm) (Rushfeldt et al., 1981). According to Rushfeldt and colleagues 
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(1981), irregularities of the calcified interface and small variations in the velocity of sound 

through cartilage caused this deterioration in accuracy. According to Yao and Seedhom 

(1999), however, the velocity of sound in inhomogeneous articular cartilage varies 

sufficiently to induce variations as large as 33.6% in the thickness measurements. Recently, 

however, Suh and colleagues (2001) calibrated an ultrasound transducer and obtained 

ultrasound speeds in normal and proteoglycan-depleted cartilage with a precision (2SD) of 

3.5% and 4.0%, respectively. When compared to a microscopic technique (Jurvelin et al., 

1995), the thickness values of ultrasound measurements were within 4% when the cartilage 

thickness was between 1.2 mm to 2.2 mm, resulting in a minimum discrepancy of 48 pm. 

Wayne et al. (1998) developed a radiographic method with an accuracy and precision of 

approximately 1% and 11.6% of the cartilage thickness, respectively. The accuracy was 

determined by comparing the results from roentgenography with a microscopic technique 

(Jurvelin et al., 1995). 

Stereophotogrammetry and multistation digital photogrammetry gave uncertainties (2SD) 

in cartilage thickness of 92 pm (Ateshian et al., 1991) and 52 pm (Ronsky et al., 1999), 

respectively. In these two instances, the articular cartilage was dissolved in bleach to 

expose the bone surface. After surface alignment, the bone surface measurements were 

subtracted from the cartilage surface measurements to obtain cartilage thickness. 

M R I has been used extensively to measure cartilage thickness or volume (Eckstein et al., 

1996; Cohen et al., 1999; Heberhold et al., 1999). The estimated accuracy and precision of 

cartilage thickness obtained with MRI were 18.1% (0.41 mm) and 18.9% (0.34 mm) of the 

cartilage thickness, respectively (Kladny et al., 1999). M R I has a reported resolution of 

0.31 x 0.31 x 1.5 mm for an imaging time of three minutes for the human knee (Eckstein et 

al., 1996). For studies conducted on the human knee, imaging times of 19 minutes gave the 

best reported resolution of 0.25 x 0.25 x 1 mm 3 (Graichen et al., 2000). Because the relative 

accuracy and precision of the method would not improve for smaller joints, such as the 

feline patellofemoral joint, the accuracy of this technique only allows for thickness 
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measurements of joints with thick cartilage relative to the joint size. Indeed, Kladny and 

colleagues (1999) concluded that MRI needed to be improved if the assessment of cartilage 

thickness was to be clinically relevant. In contrast, Eckstein and colleagues (1998) 

concluded that MRI could provide accurate data on cartilage thickness in the human knee. 

The measurement techniques discussed above are not accurate and precise enough for the 

determination of articular cartilage surface deformation caused by physiological loading 

magnitudes in small joints. For surface deformations of approximately 100 pm in the feline 

patellofemoral joint, these techniques would lead to a minimum uncertainty of 50% of the 

expected deformation. 

The purpose of this study was to validate a method for quantifying the magnitude of 

articular cartilage deformation in the feline patellofemoral joint resulting from 

approximately physiological loading conditions. This study reports cartilage deformation 

and cartilage thickness obtained from an improved laser technique. 
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MATERIALS AND METHODS 

SPECIMENS 

A l l experimental measurements were performed in adult, outbred male cats (mass > 3.5 kg, 

n = 4), and were approved by the Animal Ethics Review Committee of the University of 

Calgary. The left hindlimb was harvested from each cat within minutes following 

euthanasia with intravenous pentobarbital. Two hindlimbs were used to determine the 

parameters of the fixation protocol, and two hindlimbs were used to measure articular 

surface deformation. 

EXPERIMENTAL OVERVIEW 

To quantify articular surface deformation, the intact and the deformed surface of the 

articular cartilage must be obtained. To ensure that cartilage could be chemically fixed in 

the deformed state and to determine the appropriate fixation time, two feline knees were 

loaded in-situ, fixed, and analysed histologically. 

Once the fixation time was determined, several experimental steps were necessary to 

quantify articular cartilage surface deformation (Figure 22). First, a custonvbuilt joint 

fixture was attached to the hindlimb before dissection. The patella and femur were then 

taken apart and the intact articular surfaces were scanned with a laser scanner. After 

repositioning the bones, the joint was loaded and chemically fixed. The bones were then 

separated and the deformed articular surfaces were scanned. Finally, the cartilage was 

removed from the articular surfaces and the bone surfaces were scanned. The articular 

surfaces from the three experiments (unloaded cartilage, loaded cartilage, bone) were 

aligned using bone markers using the singular value decomposition method, and subtracted 

along surface normals to quantify articular cartilage surface deformation and cartilage 

thickness. 
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Load the joint and fix the articular cartilage 

Scan the fixed and loaded articular cartilage 
surfaces 
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Scan the bone surfaces 

Cartilage 
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Figure 22: Schematic of the protocol used to quantify articular cartilage deformation 
and thickness from laser scanning measurements. 

JOINT FIXTURE 

A specially designed fixture was used to secure the patellofemoral joint in its in-situ 

configuration (Figure 23). 

To position this fixture on an intact limb, a detailed procedure was followed. The soft tissue 

on the anterior side of the patella was removed with a scalpel. Three shallow holes 

(<]) 0.9 mm) were drilled into the patella and three self-tapping bone screws ((j) 1.17 mm x 

4.76 mm, Fine Science Tools, North Vancouver, B C , Canada) were tightened to half of 

their length. The purpose of these screws was to increase the contact area of the anterior 

side of the patella, and to provide protrusions for the polymethylmethacrylate (PMMA) to 

bind and rigidify the patella-cylinder interface. Soft tissues were then removed to expose 
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the femoral bone in four regions away from the articular surface. One hole was drilled on 

the side of each femoral epicondyle and one hole on each side of the femoral shaft. The 

position of the guide was adjusted for the patella to be aligned with the guide's cylindrical 

hole, and for the knee angle to be fixed at approximately 70 degrees from full extension. 

This angle corresponds to peak patellofemoral contact forces and to the middle of the range 

of motion of the cat knee during locomotion (Hasler and Herzog, 1998). Four wood screws 

(M4 x 25 mm) were tightened into the holes so that the femur fixture was secured to the 

femur (Figure 24). The top of the cylinder was filled with liquid P M M A and held upside 

down. The cylinder was quickly inserted into the guide's cylindrical hole and gently 

pressed against the patella. The rotation lock was inserted and the assembly was held 

together for 15 minutes while the cement hardened. After these steps, the patella could be 

removed from the femur and repositioned within 30 pm of its anatomical position. 

Figure 23: Joint fixture designed to (1) maintain the in-situ configuration of the 
bones during and after dissection, and (2) to load the patella directly onto 
the femur. Detailed engineering drawings can be found in Appendix A . 
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Figure 24: Joint fixture secured onto a feline knee. The three screws on the anterior 
side of the patella (a) are aligned with the guide's cylindrical hole and the 
four wood screws (b) attached the femur fixture to the femur. The patella 
needs to be secured onto the cylinder before dissection (scale 1:1). 

Once the cement had hardened, the joint was dissected, the patella was removed from the 

femur, and the articular cartilage surfaces were exposed. Throughout the experiment, 

special care was taken to ensure that the articular cartilage remained moist by spraying it 

with 0.9% saline. A l l ligaments in the knee were cut, the menisci, tibia, muscles and soft 

tissues were removed, leaving the articular cartilage intact. The femur was sawn one 

centimetre distal to the greater trochanter and inserted into a conical assemblage. The 

assemblage consisted of aluminium foil (Reynolds Wrap Heavy Duty, Reynolds Metals 
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Company, Richmond, V A , USA) folded and taped with duct tape in the shape of a cone and 

inserted into a custom-cut plastic funnel (Onward Cluthe, Kitchener, ON, Canada). The 

femur and the assemblage were then inserted into the bone holder filled with P M M A . The 

bone holder (Figure 25a) allowed for four degrees of freedom when adjusting the femur 

position for loading. When scanning the femoral groove, the top part of the bone holder 

(Figure 25b) was fixed to the positioning table of the laser scanner and all elements were 

left untouched. The bone holder maintained one position of the femur throughout the 

experiment. When scanning the femoral groove, the guide was removed from the femur 

fixture to allow the laser head to be positioned 50 mm from the articular surface. 

Figure 25: Femoral bone holder assembly: (a) Whole assembly used for loading 
experiments; it allows for a four degrees of freedom adjustment of the 
femur position, (b) The top elements of the assembly were used when 
scanning the femoral surface; they were not moved and therefore 
maintained the position of the femur. 

Once the joint fixture was in place and the femur was secured in the holder, spherical 

ceramic reference markers were attached to the femur and the patella, exclusively for the 

two experiments aimed at quantifying cartilage deformation (Figure 26). These markers 

consisted of 2381.25 pm ± 0.254 pm ceramic spheres (Small Parts inc., Miami Lakes, FL, 

USA) glued with epoxy (Araldite 2013, Glu Guru, Mount Prospect, IL, USA) onto hex 

head machine screws (()) 1.52 mm x 4.76 mm, HBX-080-3, Small Parts inc., Miami Lakes, 
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FL, USA) prior to testing. To attach these reference markers on the bone, four shallow 

holes were drilled into the femur. Care was taken to attach the markers as far as possible 

from the cartilage surface to minimise artefacts on the contact pattern. The holes were then 

tapped and the reference markers were tightened using a custom-built tool (Figure 27). The 

same procedure was followed for the patella. Here, three markers were fixed to the patella 

in a way that they did not interfere with the markers from the femur, or the femur itself. 

Figure 26: Ceramic reference markers from the patella aimed at aligning the articular 
surface between experiments (unloaded, loaded, bone). The ceramic 
spheres were epoxy-glued onto hex head machine screws prior to testing. 

WEEK-
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Figure 27: Custom-built tool used to screw custom-made reference markers into the 
femur and the patella. 

SURFACE MEASUREMENTS 

In order to determine 3D coordinates from an articular surface, a commercially available 

measurement system described earlier (Chapter three) was used. Briefly, the system 

included a Z-displacement sensor and an X - Y positioning table on which the specimen was 
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attached. The raw data obtained with this system on a flat surface was accurate and precise 

(2SD) to 3.8 pm and 19.5 pm, respectively. On a ceramic sphere, the sphere centre could 

be determined with a precision of 12.1 pm. On cartilage and bone, the precision values of 

the raw data were approximately 24 pm and 21 pm. 

A l l articular surface and reference measurements were performed at 10 mm/s. For each 

bone, the ceramic spherical markers were scanned four times in each of the x- and y-

directions: twice before and twice after the surface was scanned. Each marker scan was 

composed of 24 profiles spaced by 100 pm, and each contained 800 points that were 

separated by 5 pm (Figure 8). While scanning the reference markers, the articular surface 

was kept moist with 0.9% saline and a saturated piece of gauze was placed on the surface 

(Figure 28). Special attention was taken to ensure that the markers were dry before 

scanning. 

Figure 28: Femoral groove covered with a piece of gauze and saturated with 0.9% 
saline. This set-up was used when scanning the four markers. 

The articular surface was then scanned three times in each of the x- and y-directions. 

Before each scan of the femur, the funnel assembly was filled with saline. After a five-

minute period, the saline was removed with blunt syringes and paper tissue, and the surface 

was scanned in 2 minutes and 10 seconds. Each surface scan was composed of 48 profiles 

spaced by 250 pm, and each profile contained 1,200 points that were separated by 10 pm 
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(i.e. 57,600 points covering an area of 144 mm2). Immediately following a surface scan, the 

funnel assembly was filled again with 0.9% saline. The same protocol was followed for the 

patella, with the exception that the hydration was accomplished by creating a dome of 

saline over the entire patellar surface. 

L O A D 

The bone holder assembly was fixed to a materials testing machine (Instron 1122, Instron, 

Canton, Massachusetts, USA) and a stress-relaxation test was performed (Figure 29). The 

patella was loaded onto the femur by applying a displacement to the cylinder at a rate of 

254 pm/min until a load of 141 N was reached. This load was within the physiological 

range of loads in the cat patellofemoral joint (Hasler and Herzog, 1998). Once this load was 

reached, the position of the load cell was maintained for four hours and 25 minutes. The 

joint was immersed in saline for the first 25 minutes and in a fixative solution for the next 

four hours. At that time, the fixative was removed and the load cell was unloaded at the 

same constant rate as for loading. Time, force, and the displacement of the load cell were 

recorded. 

The protocol previously described to measure the articular surface was followed to collect 

points from the deformed articular cartilage. The cartilage was removed from the articular 

surface by immersing the bones in a solution of 5.25% sodium hypochlorite (bleach) for 

approximately three hours (Boyde and Jones, 1983; Ateshian et al., 1991). The exposed 

bone surface was dried at ambient conditions for 30 minutes, and scanned as previously 

described without the hydration procedure. 

FIXATION 

To verify that the cartilage was fixed throughout its entire depth, two pilot experiments 

were conducted prior to the cartilage deformation experiments. Two freshly harvested 

joints were prepared as described earlier, without reference markers. The specimens were 

loaded for 25 minutes in a 0.9% saline solution to enable the cartilage to relax. Thus, a 

fixative solution (Hunziker et al., 1982) replaced the saline solution for four or eight hours. 
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The fixative solution contained 2% of glutaraldehyde and 0.7% of ruthenium hexammine 

trichloride (RHT) in 0.1 M sodium cacodylate buffer (pH 7.4). Once the load was removed, 

the specimens were separately immersed in 10% neutral buffered formalin for a minimum 

of 24 hours. Blocks of cartilage and subchondral bone, 1 x 3 mm 2, were harvested from the 

approximate centre of the contact area and placed in a series of solutions as used for light 

microscopy (Robinson and Gray, 1996). Briefly, the blocks were immersed in Karnovsky's 

solution, washed three times with 0.1 M sodium cacodylate buffer with 5mM Ca 2 + , placed 

in 1% osmium tetroxide, in a series of ethanols of increasing concentrations, and Spurr's 

resin. Finally, 0.5 pm sections were cut, stained with toluidine blue, examined under a light 

microscope, and photographed. 

Figure 29: Loading set-up used to perform stress-relaxation tests. The patella and 
femur are in a position corresponding to a 70° knee angle. The patella was 
loaded against the femoral groove by applying a displacement to the 
cylinder with an Instron materials testing machine. 
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The same protocol, up to the formalin immersion, was applied for the two experiments 

aimed at quantifying cartilage deformation. The joints were immersed in the fixative 

solution for four hours while loaded. 

D A T A A N A L Y S I S 

Data Trimming 

The raw data from the articular surface scans and the associated marker scans contained 

points that were outside the surfaces of interest. The spherical marker points were selected 

laterally within 70 - 75% of the sphere radius from the vertical axis of the sphere. This was 

shown to maximise the repeatability of the sphere reconstruction, as described in chapter 

three. Points from the articular surface scans that did not belong to the articular surface 

were trimmed visually prior to analysis (S-Plus 2000 Professional Edition, Release 2, 1999, 

MathSoft Inc., Cambridge, M A , USA). 

Data Filtering 

The data from the reference markers was fitted to the equation of a sphere using a least 

squares fit method, and the position of the sphere centre, the radius, and the fit (2SD) were 

calculated for each scan. The average position and precision (2SD) of the sphere centre 

from each scan in the x- and y-directions (n = 4 for each direction) were calculated. 

The data from articular surfaces was averaged by taking the median of three repeat 

measurements in each scanning direction. Since the number of repeat measurements was 

small (n = 3), the median was assumed to provide a better estimate of the true value than 

the mean because it is a more robust measure than the mean (Scheaffer and McClave, 

1995). These median points formed a "new" surface that was filtered profile by profile 

using a generalised cross validation algorithm (Woltring, 1986), cubic splines, and a low-

pass cut-off frequency of 50 Hz for data from the bone surfaces and 30 Hz for the data from 

the cartilage surfaces. At these frequencies, the precision (2SD) of the difference between 

the raw and filtered data was slightly below that of the noise contained in the data. These 
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cut-off frequencies were low compared to the sampling frequency of 1000 Hz. The filtered 

data was resampled to form a uniform grid. Points on the grid were spaced by 110 pm to 

250 pm to maximise the number of points for surface reconstruction. However, a maximum 

of 2,000 points was resampled because of limitations associated with the Thin-Plate Spline 

(TPS) algorithm (Boyd et al., 1999). 

Surface Alignment 

The filtered patellar and femoral surface points had to be aligned spatially because the 

specimen was removed from the laser scanner between experiments (unloaded cartilage, 

loaded cartilage, bone). If no alignment had been done, the results would at best be as 

accurate as the precision of the alignment of the bone holders, and the relative position of 

the laser head, which was also moved between experiments. Moreover, a pilot study 

showed that the patella moved relative to its bone holder (approximately 50 pm). The fixed, 

loaded cartilage reference markers were taken as the inertial reference system, while the 

fresh, unloaded cartilage and bone surface markers were taken as movable references. The 

movable references were translated and rotated to align the unloaded and bone surfaces 

with the surface in the fixed state. 

These translations and rotations were performed for each scanning direction and each bone 

separately using the singular value decomposition (SVD) method (Soderkvist and Wedin, 

1993). The transformation matrix that minimised the error in the rigid body assumption was 

used to rotate and translate all surface points of the movable surface. That error was 

calculated as two standard deviations (2SD). For the patella, however, it was not possible to 

retain three surface markers for the duration of the experiment because of space constraints 

in the first case, and because some markers had moved in the second case. Further 

alignment of the surfaces was therefore needed. 

This surface alignment was performed visually with one or two reference markers using 

Softimage (version 3.8 SP2, Montréal, QC, Canada). The surfaces were visualised on a 

computer screen and points of known coordinates were added to the movable surface so 
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that a total of four points were available for calculating the transformation matrix. The 

surface features away from the deformed areas of both surfaces were aligned visually and 

to the new coordinates of the four points were recorded. Using the singular value 

decomposition (SVD) method, a new transformation was applied to all data points 

belonging to the movable surface. 

Mathematical Surface Modelling 

When the cartilage and bone surfaces were entirely described, surface normals were 

calculated to determine cartilage deformation and cartilage thickness. In this study, the 

interpolating Thin-Plate Splines (TPS) technique (Boyd et al., 1999; Wang et al., 2000) was 

used to model the joint surfaces, because this technique allows for sufficient continuity 

(C2), it can deal with a large number of points (approximately 2,000), and it is accurate and 

precise (4.1 pm ± 24 pm (2SD)). 

Cartilage Deformation and Cartilage Thickness 

Cartilage deformation and cartilage thickness were obtained by surface subtraction along 

the surface normal from the unloaded cartilage surface to the loaded cartilage surface and 

the bone surface, respectively (Figure 30). Compared to the vertical distance and the 

proximity method, this calculation gives a better estimate of the cartilage deformation and 

cartilage thickness (Heuer et al., 2001 ). 

The results for articular cartilage deformation and thickness were displayed on the unloaded 

cartilage surface in the form of grayscale maps. The results for loaded cartilage thickness 

were displayed on the loaded cartilage surface in the form of grayscale maps. 

Finally, the deformed area was calculated and compression was defined as positive. The 

peak and steady-state applied forces were then divided by the deformed area to obtain the 

minimum average pressure at peak force and the average pressure at steady-state force. 
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Figure 30: Schematic representation of surface subtraction from the unloaded 
articular cartilage surface to the loaded cartilage surface (cartilage 
deformation) or to the bone surface (cartilage thickness) (adapted from 
Boyd et al., 1999). 
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RESULTS 

Two experiments were performed to determine the fixation time necessary to ensure that 

articular cartilage from the patellofemoral joint could be chemically fixed while deformed 

under loads of physiological magnitude. Subsequently, two experiments were aimed at 

quantifying articular cartilage deformation obtained from approximately physiological 

loading conditions. 

For the four experiments, the bone holder funnel assembly of the femur bent under load so 

that the load cell displacement could not be used to estimate the amount of cartilage 

deformation occurring during loading. This also means that the loading rate of the joint was 

less than 254 pm/min. A typical force - time curve of a stress-relaxation loading protocol is 

shown in Figure 31. The peak force reached during the static load was 141 N for all 

experiments. 
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Figure 31: Typical stress-relaxation curve from a static load with peak and steady-
state forces of 141 N and 39 N , respectively. 
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FIXATION PROTOCOL 

For the two preliminary experiments, the patellar articular cartilage displayed a deformation 

that had approximately the same shape as the deformation on the femur (Figure 32). 

distal V JL distorti/ > 

latera lateral 

Figure 32: Loaded and fixed articular cartilage surfaces from the femur (a) and 
patella (b) of a feline hindlimb, after they were immersed in formalin for 
a minimum of 24 hours. The femur and patella are not shown to the same 
scale. 

Histologically, the articular cartilage from the patella and the femur was fixed throughout 

its depth when loaded at 141 N in a fixative for eight and four hours. An example of a 

patella that was loaded for eight hours is shown in Figure 33 and compared to a control 

specimen from a different animal. The cartilage blocks were easy to cut to 0.5 pm for both 

durations. Four hours was therefore determined to be sufficient to fix articular cartilage 

from the feline patellofemoral joint while loaded in-situ at 141 N . 

The patellar cartilage thickness (230 ± 15 pm 1SD, n = 1) decreased by approximately 45% 

relative to control specimens (434 ± 90 pm 1SD, n = 6) (Clark et al., submitted). 

Chondrocytes in the deep zone were distributed in columns and slightly elongated in the 

direction perpendicular to the cartilage - bone interface (Figure 33). In the middle zone, 

they were almost spherical and randomly distributed. Chondrocytes in the superficial zone 

of the femoral groove were flattened, and their height to width ratio was approximately 
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Figure 33: Fixed articular cartilage and subchondral bone from the patella, (a) 
Unloaded control specimen from a different animal (Clark et al., 
submitted), (b) Specimen loaded in-situ for eight hours. Peak force = 
141 N , steady-state force = 50 N . 

45% less (0.16 ± 0.07 1SD, n = 1) than that of a typical control specimen (0.28 ± 0.08 1SD) 

taken from three specimens from Clark et al. (submitted) (Figure 34). The articular 

cartilage surface was smooth: bulges and depressions did not exceed approximately 2 pm. 

Figure 34: Fixed superficial layer of articular cartilage from femur, (a) typical 
unloaded control specimen from another animal (Clark et al., submitted), 
(b) specimen loaded in-situ for four hours. Peak force = 141 N , steady-
state force = 48 N . 

S U R F A C E A L I G N M E N T 

For the two experiments aimed a determining cartilage surface deformation, the four 

spherical markers for the femur were available as landmarks for the surface alignment. The 

centre of each spherical marker was obtained from four repeat measurements and was 

precise (2SD) to approximately 15 pm, except animal 1, for the loaded cartilage surface 
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(Table 7). No significant difference was found in the location of the marker centres before 

and after the surfaces were scanned. 

Table 7: Average precision (2SD) for the position of the four sphere centres and 
the radius of the sphere reconstructed using a least squares fit. 

Average precision (2SD) for 
4 spheres [pm] 

Experiment 1 Experiment 2 Average precision (2SD) for 
4 spheres [pm] centre radius centre radius 

unloaded 12.3 5.3 16.4 6.1 
loaded & fixed 29.7 7.6 16.7 7.2 
bone 12.8 3.6 12.7 4.5 

The three-dimensional surface alignment relied on four spherical markers. The maximum 

rotation around the x, y, z axes of the coordinate system from the laser positioning table 

was 0.110 degrees, with an average of 0.058 degrees for the first experiment, and 0.031 

degrees for the second experiment. The quality of the marker alignment was evaluated by 

calculating the precision (2SD) from a least squares fit. The precision was always below 

20 pm for the femur (Table 8). For the patella, the quality of the alignment could not be 

assessed quantitatively, since the number of markers was less than three. 

Table 8: Precision (2SD) from the least squares fit used to align the surface 
markers from the femoral groove for the unloaded cartilage, loaded 
cartilage and bone surfaces. 

Alignment precision (2SD) 
from Least Squares Fit [pm] 

Experiment 1 Experiment 2 Alignment precision (2SD) 
from Least Squares Fit [pm] x y X y 
unloaded - loaded 5.8 10.0 12.8 19.0 
unloaded - bone 8.0 13.6 4.2 5.8 
loaded - bone 5.4 8.4 11.8 16.2 

S U R F A C E DEFORMATION 

From Thin-Plate Splines and surface normals, the distance between the unloaded and 

loaded surfaces was calculated and plotted as a grayscale map. First, the results for the 

femoral groove are presented, followed by the results from the patella. 
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Femoral Groove 

For the femoral groove, results from scans performed in the x- and y-directions were 

similar. Therefore, only scans performed in the x-direction are shown here. A positive 

deformation value indicates compression, and a negative value indicates an elevation of the 

cartilage surface during loading. Peak values were chosen as the limits of a 95% confidence 

interval. The data at the edge of the surfaces was disregarded because the surfaces were 

trimmed visually, and this procedure might have led to the subtraction of one surface from 

the extrapolation of the other surface. 

Cartilage deformation occurred towards the medial side in the first experiment (Figure 35) 

and towards the centre in the second experiment (Figure 36). The maximum compression 

was approximately 110 pm and 95 pm for the first and second experiments, respectively 

(Table 9, Figure 35, 36). This gives relative peak deformations of approximately 51% and 

44% relative to cartilage thickness values from the literature (Clark et al., submitted). 

Table 9: Peak cartilage deformations containing 95% of the values obtained from 
the femoral groove. Values from the edge of the surface were dis
regarded. 

Experiment 
Femur 

Scanning 
direction 

Minimum 
[pm] 

Maximum 
[pm] 

1 x -235 95 110 1 
y -225 120 

110 

2 X -215 90 95 2 
y -235 95 

95 

The deformed area and the average pressure are shown in Table 10. The results were 

consistent for the two experiments. 
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Table 10: Deformed area and average pressure for static stress-relaxation loading of 
the patella on the femur. The peak force was 141 N and the steady state 
forces after 4.5 hours of loading were 39 N and 48 N for the two 
experiments, respectively. 

Experiment Scanning 
direction 

Deformed area at 
steady-state 

[mm 2] 

Minimum average 
pressure at peak 

force [MPa] 

Average pressure 
at steady-state 

[MPa] 
1 

(141 & 39 N) 
x 24.2 5.8 1.6 1 

(141 & 39 N) y 23.9 5.9 1.6 
2 

(141 & 48 N) 
x 22.5 6.3 2.1 2 

(141 & 48 N) y 23.1 6.1 2.1 
AVERAGE 23.4 6.0 1.9 

Patella 

For the patella, cartilage deformation results differed between scans in the x- and y-

directions. Cartilage deformation occurred distally for both experiments (Figure 37, 38), 

and had a slight dumbbell shape for the second experiment (Figure 38). Table 11 shows 

numerical results for patellar cartilage deformation. The most reliable results are presented 

in Figure 37 and 38. 

Table 11: Extreme cartilage deformation values containing 95% of the values 
obtained from the patella. Values from the edge of the surface were dis
regarded. 

Experiment Scanning Minimum Maximum 
Femur direction [pm] [pm] 

1 x -300 300 1 
y -400 200 

2 x disregarded disregarded 
y -180 175 
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Figure 35: Deformation of the femoral groove cartilage from experiment 1 obtained 
by surface subtraction along normals from the unloaded cartilage surface 
(shown here) to the bone surface. Scans were performed in the x-
direction. 
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Figure 36: Deformation of the femoral groove cartilage from experiment 2 obtained 
by surface subtraction along normals from the unloaded cartilage surface 
(shown here) to the bone surface. Scans were performed in the x-
direction. 
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Cartilage Deformation 

proximal 

distal 

Figure 37: Deformation of the patellar cartilage from experiment 1 obtained by 
surface subtraction along normals from the unloaded cartilage surface 
(shown here) to the bone surface. Scans were performed in the x-
direction. 

Cartilage Deformation 
: proximal 

distal 

Figure 38: Deformation of the patellar cartilage from experiment 2 obtained by 
surface subtraction along normals from the unloaded cartilage surface 
(shown here) to the bone surface. Scans were performed in the y-
direction. 
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U N L O A D E D ARTICULAR CARTILAGE THICKNESS 

Articular cartilage thickness was obtained by surface subtraction of the bone surface from 

the unloaded cartilage surface, along the normals from the unloaded cartilage surface. 

Femoral Groove 

The peak and average unloaded thickness values obtained for the femoral groove are 

presented in Table 12. They do not include the values found at the edges of the surface for 

the reasons mentioned previously. Surface thickness grayscale maps are presented in Figure 

39 to 42. 

Table 12: Peak and average unloaded thickness values defining a 95% confidence 
interval for the femoral groove. Values from the edge of the surface were 
disregarded. 

Experiment Scanning Minimum Maximum Average 
Femur direction [pm] [pm] [pm] 

1 X -45 400 132 1 
y -65 440 131 

2 X -165 495 66 
y -160 440 33 

Patella 

The peak and average unloaded thickness values obtained for the patella are presented in 

Table 13. They do not include the values found at the edges of the surface. The best 

thickness grayscale map for the patellar cartilage is presented in Figure 43. 

Table 13: Peak and average unloaded thickness values defining a 95% confidence 
interval for the patella. Values from at the edge of the surface were 
disregarded. 

Experiment 
Patella 

Scanning 
direction 

Minimum 
[pm] 

Maximum 
[pm] 

Average 
[pm] 

1 X -30 690 389 1 
y -100 595 307 

2 X disregarded disregarded disregarded 2 
y -30 500 281 
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Cartilage Thickness 

Figure 39: Unloaded articular cartilage thickness from the femoral groove for 
experiment 1 obtained by surface subtraction along normals from the 
unloaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the x-direction. 

Cartilage Thickness 

Figure 40: Unloaded articular cartilage thickness from the femoral groove for 
experiment 1 obtained by surface subtraction along normals from the 
unloaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the y-direction. 
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Cartilage Thickness 

Figure 41: Unloaded articular cartilage thickness from the femoral groove for 
experiment 2 obtained by surface subtraction along normals from the 
unloaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the x-direction. 

Cartilage Thickness 

Figure 42: Unloaded articular cartilage thickness from the femoral groove for 
experiment 2 obtained by surface subtraction along normals from the 
unloaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the y-direction. 
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Cartilage Thickness 

proximal [ u m J 

distal 

Fi gure 43: Unloaded articular cartilage thickness from the patella for experiment 1 
obtained by surface subtraction along normals from the unloaded 
cartilage surface (shown here) to the bone surface. Scans were performed 
in the x-direction. 
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L O A D E D A R T I C U L A R CARTILAGE THICKNESS 

Loaded articular cartilage thickness was obtained by surface subtraction of the bone surface 

from the loaded cartilage surface, along the normals from the loaded cartilage surface. It 

was computed to estimate the accuracy of the method used here. 

Femoral Groove 

To estimate if the laser beam was penetrating below the actual cartilage surface, loaded 

cartilage thickness grayscale maps were obtained and are presented in Figure 44 to 47. Peak 

values are presented in Table 14. 

Table 14: Peak loaded thickness values defining a 95% confidence interval for the 
femoral groove. Values from the edge of the surface were disregarded. 

Experiment Minimum Maximum 
Femur [pm] [pm] 

1 -60 530 1 
-85 600 

2 -150 610 
-140 580 

Patella 

Numerical values for the patellar cartilage loaded thickness are presented in Table 15. An 

example of the loaded patellar cartilage thickness is shown in Figure 48. 

Table 15: Peak loaded thickness values defining a 95% confidence interval for the 
patella. Values from the edge of the surface were disregarded. 

Experiment Scanning Minimum Maximum 
Patella direction [pm] [pm] 

1 x 45 745 1 
y 35 730 

2 X 35 600 
y 35 600 
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Loaded Cartilage Thickness 
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Figure 44: Loaded articular cartilage thickness from the femoral groove for 
experiment 1 obtained by surface subtraction along normals from the 
loaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the x-direction. 
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Figure 45: Loaded articular cartilage thickness from the femoral groove for 
experiment 1 obtained by surface subtraction along normals from the 
loaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the y-direction. 
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Loaded Cartilage Thickness 

Figure 46: Loaded articular cartilage thickness from the femoral groove for 
experiment 2 obtained by surface subtraction along normals from the 
loaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the x-direction. 

Loaded Cartilage Thickness 

Figure 47: Loaded articular cartilage thickness from the femoral groove for 
experiment 2 obtained by surface subtraction along normals from the 
loaded cartilage surface (shown here) to the bone surface. Scans were 
performed in the y-direction. 
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Loaded Cartilage Thickness 

proximal [ u m l 

Figure 48: Loaded articular cartilage thickness from the patella for experiment 1 
obtained by surface subtraction along normals from the loaded cartilage 
surface (shown here) to the bone surface. Scans were performed in the y-
direction. 
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DISCUSSION 

The purpose of this study was to validate a method to quantify the magnitude of articular 

cartilage deformations in the feline patellofemoral joint resulting from approximately 

physiological loading conditions. By surface subtraction, results were obtained and can be 

compared with other measurement methods. 

The peak femoral cartilage deformation was 103 pm on average (48% of cartilage 

thickness). Although the cartilage thickness of the specimens used here might have been 

different than those of Clark et al. (submitted), this result gives slightly higher cartilage 

deformation values for the femoral groove than the deformation values obtained using other 

techniques and other animals. Armstrong et al. (1979) applied a constant force of five times 

body weight to the human hip joint for 40 minutes. With x-rays, the largest cartilage 

deformations observed after five to ten seconds were approximately 15% of the unloaded 

thickness; at 40 minutes, they were slightly more than 20%. Herberhold and colleagues 

(1999) found a maximum deformation of 44 ± 7% in the human femur. Nòtzli and Clark 

(1997) observed cartilage thickness reduction in the centre of the indentation of 20 - 30% 

of normal when the rabbit knee was loaded at four times body weight for three hours. Clark 

and colleagues (submitted) showed that a stress-relaxation load with a 9 MPa peak pressure 

applied to the central load bearing area of the feline femoral groove resulted in total 

compressive strains of the articular cartilage of 34%, which gives a 73 pm cartilage 

deformation. When taking Clark and colleagues' study as a reference, the accuracy of the 

current method is approximately 30 pm. 

It is important to note that the cartilage deformation values found here do not represent 

strain. To measure strain, a point on the intact surface would need to be associated with the 

same point on the deformed surface. The approximation made here assumes that each point 

on the intact surface would have travelled in a straight line corresponding to the surface 

normal, which is likely not entirely correct. 
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The unloaded cartilage thickness varied from negative values of approximately -165 pm to 

495 pm for the femoral groove. The average thickness was approximately 90 pm. These 

values do not compare well to the average 216 pm thickness found histologically (Clark et 

al., submitted). The same type of inconsistencies was found for the patella and for the 

loaded cartilage thickness values. It is possible that the laser beam penetrated below the 

articular surface, was refracted, and was internally reflected. This phenomenon would 

account for cartilage thickness values smaller than the expected values, but does not explain 

how negative values were obtained. The current cartilage thickness values should therefore 

be disregarded. I suggest that a thin uniform coating layer that would not affect the cartilage 

be used in the future to allow a reflection of the laser beam at the actual cartilage surface. 

The deformed area of 23.4 mm 2 found in the femoral groove compares well with values 

published for loads of 141 N for short duration (2 sec, 14 mm2) and medium duration 

(5 min, 18 mm2) (Clark et al., 2002). For longer load applications, the contact area would 

likely have been greater than the published data. In addition, Boyd (1997) showed that at an 

angle of 105 degrees and 60% of the maximum force induced by electrical stimulation of 

the muscles, the contact area for a 0.5 second dynamic isometric load was 17.3 ± 0.6 mm 2. 

This result suggests that the contact area is affected by the duration of load application and 

the magnitude of the applied force. 

ERROR ANALYSIS 

Sources of errors in the experimental protocol have been identified and reported in Table 

16. Sources of error include uncertainties caused by the use of 0.9% saline. When cartilage 

is immersed in saline, it might swell or shrink depending on the osmolarity of the cartilage 

and the saline used. When exposed to air, cartilage dehydrates and cartilage thickness 

decreases. Sources of error also include shrinkage of the cartilage caused by the fixative 

solution, and residual elasticity of the cartilage matrix that might have bounced back after 

load removal. Finally, sources of error include loading alignment, scanning precision, 

surface alignment, surface modelling, and laser penetration. The depth of laser penetration 
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might differ between the intact surface and the fixed surface, but those systematic errors 

seem to cancel sufficiently to give accurate results. Between cartilage and bone, however, 

the amount of laser penetration can be expected to differ significantly, and, therefore, large 

errors were seen. The overall errors for the cartilage deformation and cartilage thickness 

values of the femoral groove are 75 and 159 pm, respectively. 

Table 16: Experimental error for the measurement of articular cartilage deformation 
and cartilage thickness in the feline femoral groove. 

Femoral Groove Error Estimate (2SD) [pm] 
Sources of Error Deformation Thickness 

Loading alignment 30 30 
Scanning precision (2SD) - 3 repeat measurements 25 25 
Cartilage not maintaining deformed shape 1 10 0 
Cartilage shrinkage caused by the fixative solution 
(4%) (Clark, 1985) 

10 0 

Cartilage dehydration during scan (Boyd, 1997) 10 10 
Surface alignment 10 10 
Laser penetration 50* 150* 
Modelling with Thin Plate Splines (Boyd et al., 1999) 34 34 
Total error 75 159 

Personal estimate 
Estimate obtained from pilot experiments in our laboratory. 

In some areas, however, the errors could have been greater than 75 and 159 pm. At points 

where the slope of the surface was angled at 18 degrees (1/2 of the triangulation angle) in 

the x-direction, specular reflection (mirror-like reflection) may have caused an optical 

artefact. This specular reflection artefact was observed to a greater extent on the articular 

cartilage than on bone. The same artefact was observed on the ceramic markers, and was 

removed before the data was analysed. In the deformed area, no such optical artefacts were 

noticed. 

LOAD 

The loading technique used here approximated the in-vivo loading conditions in several 

ways. Firstly, the boundary conditions for the load were similar to the in-vivo conditions: 
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the patella was directly loaded onto the femur, and the respective position of the two bones 

was obtained from a physiological position. Secondly, the loading magnitude was within 

the range of forces measured in-vivo in the patellofemoral joint of walking cats (1.5 to 3.5 

body weight (BW)) (Hasler and Herzog, 1998). The peak forces applied to the joint were 

141 N , which correspond to 2.5 to 3 BW. Finally the joint angle was set to 70 degrees from 

full extension, which is within the normal range of joint angles in-vivo, and when the peak 

force occurs in cat locomotion (Hasler et al., 1998). 

Limitations of the loading protocol include the fact that the muscles were not activated 

during positioning of the joint. Furthermore, the load was static instead of dynamic. It was 

shown theoretically, however, that repetitive compressive loading of a given area would 

lead to the same steady-state deformations as a static load (Wu et al., 1998). 

While loading the joint, the bones were immersed in a fixative solution (Hunziker et al., 

1982) to retain the shape of the loaded cartilage surfaces. A previous experiment with the 

same fixative solution utilised an indenter with an area less than 1 mm 2 (Clark et al., 

submitted). This was the first time that in-situ fixation of articular cartilage was 

demonstrated for such a large contact area (approx. 23 mm ). The use of this fixative, 

however, limits the number of tests and angles tested per specimen to one, the load must be 

static, and of long duration. 

SURFACE MEASUREMENT TECHNIQUE 

The laser scanning technique allowed for repeat measurements of each articular surface 

with a precision (2SD) of 24.6 ±8.5 pm, with no significant difference between the patella 

and femur, or between the unloaded cartilage, loaded cartilage, and bone measurements. 

Compared to multistation digital photogrammetry (Ronsky et al., 1999) (2SD = 44 pm for 

cartilage and 30 pm for bone), the three dimensional precision of this laser scanning 

technique is better. 
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FILTERING 

From preliminary tests shown in chapter three, it was determined that the cartilage and 

bone data should be filtered at 30 Hz and 50 Hz, respectively. The measurements of entire 

surfaces seemed slightly different than the preliminary measurement; there was no 

significant difference between the precision of the cartilage and bone surface 

measurements. Therefore, the data could have been filtered at the same cut-off frequency. 

In the present experiments, it was found post-analysis that the data was slightly under-

filtered. I therefore recommend that the data be filtered at a frequency specific to each 

surface scan. This frequency should be chosen such that the standard deviation (SD) of the 

difference between the raw data (raw) and the filtered data (filt) is equal to the SD of the 

raw data: SD(raw - filt) = SD(raw). This may lead to smoother surfaces than the ones 

obtained here. Finally, since the cut-off frequency was low compared to the sampling 

frequency, it might facilitate data analysis, without impairing the accuracy of the 

measurements, to sample at a lower frequency. 

SURFACE ALIGNMENT 

The accuracy of the surface alignment depends greatly on the accuracy and precision of the 

sphere measurements. Since the laser scanner was unable to find the sphere centre (Table 

3), but could find the same point repeatedly, the surface alignment only held for small 

rotations. Fortunately, the rotations seen for all measured femoral surfaces were smaller 

than 0.1 degree. The precision (2SD) of the alignment was good with values always lower 

than 20 pm. Such a precise surface alignment was only possible because the data was 

analysed separately for the x- and y-directions. Analysing the data separately for the two 

directions was of advantage for determining whether two independent cartilage deformation 

and cartilage thickness results were comparable. The results for the x- and y-directions, 

however, were not perfectly consistent for the femoral groove. 

For the patella, the alignment of the articular surfaces was carried out visually because the 

number of markers for both experiments was smaller than three. To increase the number of 
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markers attached to the patella, I recommend that smaller markers than the ones employed 

here ( 0 2381 pm) should be used. Using small markers might give an increase in accuracy 

of the alignment compared to the visual alignment used here. A precise point on the small 

markers, however, could be difficult to identify with the current laser scanner, since the 

laser has a relatively large diameter ( 0 70 to 352 pm). 

Attaching the patellar markers was a difficult task. Tapping a hole without disturbing the 

cartilage surface was more an art than a science. A self-tapping screw, held with the 

custom-made tool (Figure 27), with very fine threads, may facilitate marker placement. In 

any case, fixing markers to the bone could have had an effect on the cartilage properties 

compared to the in-vivo properties. Instead of using surface markers, alignment of the 

patellar surface from surface features was investigated. It was expected that some areas on 

the cartilage surface, far from the area of loading would remain unaltered by the loading. 

The deformed surface, however, was elevated in the regions surrounding the contact area 

(e.g. Figure 36). For the patella, these regions cover the entire surface, making it 

impracticable to align surface features using a mathematical algorithm. I therefore suggest 

that a method be developed to ensure that the patella and femur do not move in their 

holders, so that reference markers could be placed on the holders. 

JOINT M O D E L L I N G 

TPS was shown to be accurate and precise for modelling a surface from 2,000 points 

collected in the cartesian coordinate system: 4.2 pm ± 24 pm (Boyd et al., 1999). Results 

from mathematical surface extrapolation, however, were unreliable, and the deformation 

and thickness results obtained at the edge of the articular surfaces were disregarded. When 

subtracting two surfaces along surface normals, the target point where the normal crosses a 

second surface might be outside the area where data was measured (Figure 49). Subtracting 

surfaces along surface normals was shown to be more accurate for laser scanning than 

taking the vertical direction or a proximity method (Heuer et al., 2001). This might only 

hold for areas well inside the measured surface. 
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Figure 49: Schematic of a surface normal from the unloaded surface reaching the 
loaded surface outside the area where points were collected, and where no 
physical cartilage surface existed. 

CONCLUSIONS 

In summary, it was possible to determine cartilage deformation from laser scanning of 

articular surfaces in loaded and unloaded states. The joint alignment was precise to 30 pm, 

the surface measurement was precise to 25 pm, and the peak cartilage deformation was 

103 pm ± 75 pm. To improve the accuracy of these measurements, laser penetration within 

the cartilage layer should be prevented. The use of a thin uniform coating layer may be a 

solution. 

The developed method to obtain deformations of the articular surface from physiologically 

relevant loading conditions may prove useful when attempting to correlate cartilage 

deformations to structural deformations (chondrocytes, collagen fibres), and the 

corresponding biosynthetic response. This method is one step towards understanding the 

behaviour of cartilage in-vivo and should help relating variables in the "macro" and 

"micro" scales of cartilage. Understanding the normal behaviour of cartilage will hopefully 

lead to the understanding of the most common joint disease: osteoarthritis. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

Precise quantitative deformations of cartilage surfaces have seldom been reported for 

physiologically relevant loading conditions (Heberhold et al., 1999). Furthermore, most of 

the accepted methods for measuring the cartilage surface in its deformed state are not 

sufficiently precise to quantify patellofemoral joint deformations in the feline animal model 

(Ronsky et al., 1999). Therefore, the purpose of this project was to develop a method for 

determining articular cartilage surface deformations from an anatomically appropriate joint 

configuration with physiological loads, in-situ. 

In chapter three, I reported the functioning of a laser scanner developed to map the articular 

surfaces of the feline patellofemoral joint. The accuracy and precision (2SD) of the laser 

scanner were determined for a flat surface, a sphere, and an articular surface. The accuracy 

and precision of the raw data on a flat surface were 3.8 pm and 19.5 pm. After appropriate 

filtering, the precision improved to less than 1 pm. The sphere accuracy was not good but 

its precision (2SD = 12.1 pm) made it possible to use spherical bone markers. Finally, the 

raw signal obtained from an articular surface was precise to 25 pm. Suggestions to improve 

the current technique were made. 

In chapter four, I reported the validation of an experimental protocol to determine cartilage 

surface deformations in the feline patellofemoral joint obtained from approximately 

physiological loading conditions. It was shown for the first time that articular cartilage 

could be chemically fixed under load for an area of approximately 23 mm 2. By surface 

subtraction, it was possible to determine cartilage deformation from laser scanning of 

articular surfaces in the loaded and unloaded states. To model the joint, the Thin-Plate 

Splines were applied to the filtered data. The peak cartilage deformations were 

103 ± 75 pm (2SD). This was the first time that the entire cartilage surface of a small joint 

was mapped to obtain precise cartilage deformations. To improve the accuracy of these 

measurements (30 pm) and to allow for thickness measurements, laser penetration within 
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the cartilage layer should be prevented. Results from the patella were not reliable, and a 

new system of bone markers should be used. 

The developed method to obtain deformations of the articular surface from physiologically 

relevant loading conditions may prove useful when attempting to correlate cartilage 

mechanics to structural deformations (chondrocytes, collagen fibres), and the 

corresponding biosynthetic response. This study is one step towards understanding the 

behaviour of normal cartilage in-vivo and should help relating variables in the "macro" and 

"micro" scales of cartilage. Understanding the normal behaviour of cartilage will hopefully 

lead to the understanding and curing of the most common joint disease: osteoarthritis. 
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APPENDIX A: JOINT FIXTURE ENGINEERING DRAWINGS 
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MODIFY BY 

Laurent JOBART 12/2000 

Olivier DESVIGNES 03/2001 

UNIT M M 

Vincent PERY 
Sylvain COUILLARD 

Cylinder 
NOT TO SCALE STAINLESS STEEL 

GENERAL 
TOLERANCE 

¡S13 02/11/2000 DWG. NO. 07 
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Laurent JOBART 12/2000 

Olivier DESVIGNES 03/2001 

UNIT 

GENERAL 
TOLERANCE 

M M 

¡si 3 

Vincent PERY 
Sylvain COUILLARD 

Half Cylinder Head 
NOT TO SCALE 

02/11/2000 

STAINLESS STEEL 

DWG. NO. 08 
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MODIFY BY Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Rotation Lock Olivier DESVIGNE S 03/2001 Rotation Lock 
UNIT M M A NOT TO SCALE STAINLESS STEEL 

GENERAL 
TOLERANCE 

js l3 02/11/2000 DWG. NO. 09 
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MODIFY BY Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Vincent PERY 
Sylvain COUILLARD 

Olivier DESVIGN ES 03/2001 Stage Interface 
UNIT M M A [ NOT TO SCALE ALUMINIUM 

GENERAL 
TOLERANCE 

js !3 02/11/2000 DWG. NO. 10 
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MODIFY BY Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Femur Interface Olivier DESVIGN1 :S 03/2001 Femur Interface 
UNIT M M A NOT TO SCALE STAINLESS STEEL 

GENERAL 
TOLERANCE 

¡si 3 02/11/2000 DWG. NO. 11 
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50 

MODIFY BY Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Vincent PERY 
Sylvain COUILLARD 

Laurent JOBART 12/2000 

Patella Interface Olivier DESVIGN :S 03/2001 Patella Interface 
UNIT M M A NOT TO SCALE ALUMINIUM 

GENERAL 
TOLERANCE jsl 3 02/11/2000 DWG. NO. 12 






