
  
 
 
The author of this thesis has granted the University of Calgary a non-exclusive 
license to reproduce and distribute copies of this thesis to users of the University 
of Calgary Archives.  
 
Copyright remains with the author.  
 
Theses and dissertations available in the University of Calgary Institutional 
Repository are solely for the purpose of private study and research. They may 
not be copied or reproduced, except as permitted by copyright laws, without 
written authority of the copyright owner. Any commercial use or publication is 
strictly prohibited. 
 
The original Partial Copyright License attesting to these terms and signed by the 
author of this thesis may be found in the original print version of the thesis, held 
by the University of Calgary Archives.  
 
The thesis approval page signed by the examining committee may also be found 
in the original print version of the thesis held in the University of Calgary 
Archives. 
 
Please contact the University of Calgary Archives for further information,  
E-mail: uarc@ucalgary.ca
Telephone: (403) 220-7271  
Website: http://www.ucalgary.ca/archives/

http://www.ucalgary.ca


UNIVERSITY OF CALGARY 

Quantification of Patellofemoral Contact Area Using MR Imaging, a Validation 

and Comparative Study 

by 

Rebecca Tegan Moss 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

DEPARTMENT OF MECHANICAL AND MANUFACTURING ENGINEERING 

CALGARY, ALBERTA 

SEPTEMBER, 2001 

© Rebecca Tegan Moss 2001 



ABSTRACT 

Abnormal joint contact mechanics are commonly speculated to be an 

initiating factor in cartilage degeneration. Magnetic resonance imaging (MRI) 

has been used as a non-invasive measurement tool for evaluating cartilage 

thickness, deformation and contact area in-vivo and in-vitro. However, specific 

evaluation of the sources of error and their magnitude are limited. This study 

evaluates the use of MRI and surface modeling with thin plate splines for the 

determination of joint contact area in a loaded patellofemoral joint. In the 

absence of a gold standard, a comparative measure with staining and multi

station digital photogrammetry was used to evaluate the accuracy and 

repeatability of the MRI, digitization and modeling procedures. The technique 

presented provides a successful method to obtain surface geometry and contact 

area of the patellofemoral joint non-invasively and in the in-vivo, loaded condition 

using MRI. 
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1.0 Introduction 

Knee joint structures are subjected daily to substantial loads during both 

normal activities of daily living and recreational pursuits. In many cases this joint 

continues to function throughout a person's life. However, in some individuals 

injury, disease or aging alters the joint's material properties or its loading 

conditions such that the cartilage begins to degenerate, causing pain and/or 

mobility impairment to the individual. 

Chondromalacia, or progressive softening of the articular cartilage, affects 

the function of the joint and can result in chronic pain for the sufferer. End stage 

chondromalacia results in osteoarthritis, an arthritic disease characterized by 

cartilage breakdown causing unprotected, innervated bone surfaces to rub 

against each other. This disease is most common in the large weight-bearing 

joints such as the hip and the knee, although it can also appear in the spine, 

ankles, feet and hands. Osteoarthritis is prevalent in the elderly and is reported 

to exist in approximately 10% of the elderly population (Forman et al., 1983). 

Praemer et al. (1992) stated that in the United States between 1985-88 there 

were 206,000 persons admitted to hospital for osteoarthritis and related disorders 

for an average length of stay of 10.1 days. Also, in 1989 it was reported that 

85.4% of all total knee replacements were performed as a result of osteoarthritis 

and related disorders. In Canada during 1993 the estimated cost of arthritis was 

$17.8 billion, representing approximately 12% of all health costs (Moore, 1997), 

which is almost double the cost reported in 1986. With the aging of the 

population this value is expected to continue to increase. The specific aetiology 

of osteoarthritis is not well understood despite continued research. Both 

biological and mechanical factors have been identified as contributing 

components to the onset of the disease. 

Biological changes within the joint as a result of disease, inflammation, or 

aging can alter the material properties and/or metabolism of the cartilage, which 



2 
can lead to degeneration. Epidemiological studies have shown that females, 

those suffering from obesity, or those who have sustained a previous joint injury 

are more susceptible to the disease (Forman et al., 1983; Noyes et al., 1983; 

Roos et al., 1995; Sandmark et al., 1999; Lau et al., 2000). 

Changes in the underlying subchondral bone may also affect the health of 

the articular cartilage. Injury or degeneration of the bones, muscles or stabilizing 

ligaments of the joint can cause malalignment leading to alterations in contact 

area, contact location and joint loading. Abnormal loading can cause excessive 

or insufficient contact stress in the cartilage or can cause increased loading rates 

over extended periods of time. Results from numerous studies of abnormal 

loading within intact and injured joints have led to the speculation that abnormal 

loading is an initiating factor in the development of cartilage degeneration (Radin 

et al., 1971; Palmoski et al., 1980; Conteduca et al., 1991). The results of these 

studies suggest that there is an optimal range of applied stress required to 

maintain healthy cartilage. 

Currently, there is lack of consensus amongst healthcare professionals 

regarding the most appropriate treatment and treatment approaches for 

abnormal joint loading. For example, the controversy over the long term benefits 

of treating injuries such as anterior cruciate ligament rupture with reconstructive 

surgery or with muscle strengthening continues (Pattee et al., 1989; Roos et al., 

1995). In order to assess the success of conservative treatments such as 

muscle strengthening and arthritis medications versus corrective procedures, 

such as surgery, it is necessary to have an accurate method of monitoring the 

disease progression or measuring the changes in the joint contact mechanics. 

Additionally, it is necessary to have a better understanding of what constitutes a 

normal contact pattern and how much variability can be expected across normal 

joints. This requires accurate and repeatable longitudinal studies of both healthy 

and injured or degenerating joints in-vivo (meaning in living subjects) and under 

loaded conditions to provide a functional assessment. In order to maintain the 



3 
integrity and natural development of the joint, the examination procedure must 

also be non-invasive. Therefore, the long range objective of this study is to 

better understand the relationship between changing joint contact mechanics and 

the development of degenerative joint disease in a non-invasive, in-vivo manner. 

Contact mechanics involves the interaction between two surfaces with an 

applied force. Therefore, to evaluate the contact mechanics of a joint, knowledge 

of the contact area, contact force and material properties is required. Each of 

these components could comprise a major study of their own. The focus of this 

study is on the contact area and the characteristics of the regions of joint contact, 

which includes the magnitude of the area as well as its location and the surface 

topography within that region. For quantitative analysis of joint contact, it is 

necessary to know the accuracy with which the contact can be measured. In 

order to reliably assess the changes in joint contact area characteristics 

associated with injury and treatment, knowing the accuracy with which 

differences can be detected is paramount. 

Staining, casting, pressure sensitive film and miniature piezo-resistive 

transducers are some of the methods that have been used for direct 

measurement of joint contact in-vitro (removed from the living organism), in-situ 

(within the living organism but artificially stimulated for joint loading) or in-vivo 

(within the living organism with natural, physiologic joint loading). Yao and 

Seedom (1991) developed the '3S technique' of staining which defined the 

perimeter of contact by coating one of the joint surfaces with a thin layer of 

viscous silicone oil-carbon black powder suspension, which is forced out of the 

contact region during loading. Alternately, Black et al. (1981) stained the 

cartilage by circulating a solution of 0.01 M potassium ferrocyanide around the 

joint before loading and adding 0.01 M ferric ammonium sulfate after loading. A 

reaction between the solutions produced a blue stain on all non-contacting 

regions of the cartilage surface. Casting of the joint surfaces is another method 

that has been used to quantify regions of joint contact. For casting, a material 
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such as polymethylmethacrylate (Ronsky, 1994) or silicone rubber (Ateshian et 

al., 1994) is placed between the joint surfaces, the joint loaded and the material 

allowed to set. The contact regions are then defined by the size and location of 

the holes within the casting. Pressure sensitive film can be used to measure joint 

contact area and load. The film is placed between the contacting surfaces and 

develops a red stain under load, the intensity of which is nonlinearly proportional 

to the applied pressure (Ateshian et al., 1994; Ronsky et al., 1995). Miniature 

piezo-resistive transducers placed inside the joint allow for dynamic 

measurement of applied load and contact area (Brown et al., 1983). All of these 

techniques are invasive and as a result are not appropriate for obtaining data 

from living human subjects. 

Indirect measurements of contact area have been made based on the 

calculation of distance between two joint surfaces. The three-dimensional 

coordinates of points on cartilage surfaces of the joint were obtained from either 

MRI (Ronsky, 1994; Cohen et al, 1999) or photogrammetry (Ateshian et al., 

1994; Boyd, 1997) and mathematical surface models were then used to define 

equations for the surface geometry. In all cases the proximity between the 

patella and femur surfaces was measured along surface normals at regular, 

specified intervals over the surface. However, various methods of surface 

modelling and several criteria for contact have been employed. Bicubic patches 

and B-splines were used for surface modelling by Ateshian et al. (1994) and 

Cohen et al. (1999). Ateshian and co-workers (1994) obtained joint surface data 

from stereophotogrammetry and defined the points in contact as all points whose 

proximity to the opposing surface was less than or equal to zero. Cohen and co

workers (1999) used a proximity threshold of 0.5 mm, based on the resolution of 

the MR images used to obtain joint surface data. Ronsky (1994) also obtained 

surface data from MR images but reconstructed the cartilage surface with B-

splines along the data within an MR image and obtained a 3D surface using a 

triangular element mesh with linear interpolation between consecutive MR image 

slices. Surface contact was specified for the regions in which the difference in 
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the vector lengths of the surface normals at two successive points was greater 

than half of the smaller vector length. Boyd (1997) used multi-station digital 

photogrammetry to obtain surface data and used thin plate splines for surface 

modelling in an in-situ model of contact for the cat patellofemoral joint under 

physiologic loading conditions. Proximity values less than or equal to zero were 

defined as points of contact. 

The direct and indirect contact measurement techniques both have 

shortcomings. For the direct measures, a foreign object is introduced into the 

joint, which may alter the natural loading of the joint. Also, these techniques 

require destruction of the joint for analysis and therefore can not be used for 

longitudinal studies. For the indirect measures, the methods of surface modelling 

and defining contact affect the results of the contact calculations. This makes it 

more difficult to generate meaningful comparisons across results obtained from 

the different techniques found in the literature. For both the direct and indirect 

measurements, a definitive measure for determining accuracy of the technique is 

challenging and problematic, as there is no gold standard available for 

comparison. 

The use of MR imaging for assessment of patellofemoral joint contact 

allows longitudinal studies to be performed in-vivo and in the loaded condition, 

which is not possible with most of the techniques previously mentioned. 

Information obtained from such studies would contribute significantly to a better 

understanding of the correlation between changing contact patterns and 

degenerative joint disease. This technique could also be expanded beyond 

research and be used clinically to provide a subject specific evaluation of the 

patient's response to treatment. However, the accuracy and repeatability of 

using magnetic resonance imaging and surface reconstruction modelling in the 

determination of joint contact area in a loaded, in-vivo patellofemoral joint must 

first be evaluated. This is one of the main objectives of this study. 
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Historically, MRI has been used primarily for clinical diagnosis. This is a 

result of cost considerations, availability of MR imaging facilities and concerns 

regarding accuracy of MRI for quantitative measurements of the geometry of joint 

structures. Consequently, the assessment of MR imaging for accurate 

measurements has been limited and has focused primarily on the measurement 

of cartilage thickness and volume as an indicator of the progression of cartilage 

degeneration (Peterfy et al., 1994; Marshall et al., 1995; Eckstein et al., 1998; 

Kladny et al, 1999). The myriad of possibilities for MR imaging sequences as 

well as machine specific magnetic field inhomogeneity make a global description 

of MR imaging accuracy difficult. However, study specific evaluations of the 

possible sources of error and their magnitude has not been well documented in 

the scientific literature. Sources that contribute to the error include main 

magnetic field inhomogeneities, nonlinearities in the gradient fields, chemical 

shift, magnetic susceptibility differences within the tissue and motion artifact. 

The method of digitizing relevant surfaces within the MR images and the method 

of surface reconstruction will also have a substantial effect on the accuracy of the 

results. It is important that an accurate and repeatable method of digitizing the 

MR images be used to obtain cartilage surface data. Further, it is essential that 

the surface model provide an accurate representation of the smooth cartilage 

surface using these data points. Otherwise, an observed change in contact area 

and/or location may be the result of variability in digitization and not an actual 

response to changing conditions. Quantification of the possible magnitude of 

these error sources is paramount in order to ascertain the magnitude of change 

in the contact area and location that can be reliably detected. 

The objective of this study is to validate the use of magnetic resonance 

imaging and surface reconstruction modelling in the determination of joint contact 

area in a loaded, in-vivo patellofemoral joint. The joint is loaded to provide a 

functional evaluation. The study involves determination of the accuracy of the 

technique and proposes possible improvements to the procedure. In the 

absence of a gold standard, comparisons of the MR technique with the well 
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established measurement techniques of staining and multi-station digital 

photogrammetry are used as part of the evaluation. As these techniques used 

for comparison are invasive, porcine knees were used as the in-vitro model in 

this study. The specific aims of this study are to: 

(1) determine an appropriate MR imaging sequence and surface coil 

compliant with the criterion associated with future in-vivo human studies 

of the patellofemoral joint, 

(2) evaluate the accuracy and repeatability of techniques for digitizing 

cartilage surfaces within the MR images, 

(3) determine the reproducibility of cartilage surface reconstruction from the 

cartilage surface data points, 

(4) define criteria for specifying patellofemoral joint contact, 

(5) validate the contact area calculation from MR images by comparison with 

the results of the well established techniques of staining and multi-station 

digital photogrammetry. 

Outlined in the following chapters is a review of literature relevant to joint 

surface geometry measurement, joint contact area measurement and possible 

sources of error, followed by a description of the methods employed in this study 

and presentation and discussion of the results obtained. This study provides 

valuable insight into the viability of using MRI and surface modelling as an 

effective tool for in-vivo measurement of contact area and its location in a loaded 

patellofemoral joint. 
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2.0 Literature Review 

To gain an understanding of the motivation for this study, background 

information in knee joint anatomy, cartilage degeneration, patellofemoral joint 

contact and basic principles of magnetic resonance imaging are presented. 

Pertinent literature on the subjects of joint surface data collection, surface 

modelling, joint contact area measurement and accuracy analysis are also 

critically reviewed. 

2.1 Knee Joint Anatomy 

A joint can be defined as the junction between two or more bones or 

cartilage surfaces. Joints are also referred to as articulations. The knee is 

classified as a synovial joint, meaning that a synovial cavity surrounds the 

articulating bones and the joint is enclosed by an articular capsule. The bones in 

the joint can move relative to one another and are linked together by ligaments. 

The synovial membrane of the capsule secretes synovial fluid. This fluid fills the 

cavity and serves to lubricate the joint, reduce friction, provide nutrients to the 

articular cartilage and remove metabolic waste. 

The bones of the knee include the tibia, fibula, femur and patella (Figure 

2-1). A layer of hyaline cartilage covers the articulating surfaces of the tibia, 

femur and patella. Cartilage is aneural and avascular, meaning it is not supplied 

with nerves or blood. Cartilage serves to reduce friction as well as transfer and 

distribute forces between the articulating bones. Within the knee there are two 

articulations, one between the femur and tibia and one between the patella and 

the femur. In this study the patellofemoral joint, which is the articulation between 

the patella and femur, is the joint of interest. The articular surface of the human 

patella has two major facets, the medial and lateral facet. The lateral facet is the 

larger of the two. Medial and lateral refer to the location on the patella, medial 

meaning towards the midline of the body and the lateral meaning toward the 

side. A third facet, the odd medial facet, has also been reported by some 
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researchers (e.g. Wiberg, 1941; Goodfellow, 1976). The functions of the patella 

include: increasing the moment arm of the tendon connecting the tibia and the 

quadriceps femoris muscle, maintaining the position of the tendon when the knee 

is bent and protecting the tibiofemoral joint. 

The femur is the longest, strongest and heaviest bone in the body (Tortora 

et al., 1996). The distal end on the femur expands into the medial and lateral 

condyles. The condyles are the rounded distal portion of the bone, which are 

covered in articular cartilage. The region adjoining the condyles on the anterior 

surface of the femur is the femoral groove. During flexion and extension of the 

knee, the cartilage of the retropatellar surface glides back and forth over the 

cartilage of the femoral groove. At large flexion angles it also articulates with the 

femoral condyles. 

Figure 2-1: Schematic of the side and front view of the right human knee joint. 
In the front view the patella has been displaced to expose the femoral 
groove and the retropatellar surface (adapted from Fu et al., 1993 and 
Ahmed et al., 1983). 

RETROPATELLAR 
~~ SURFACE 

FEMORAL 
GROOVE 
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2.2 Cartilage Properties and Degeneration 

The cartilage that covers the articulating surfaces of bone contains two 

phases, a solid matrix and interstitial fluid, making cartilage a visco-elastic 

material. The solid matrix makes up 20-30% of the wet weight and contains 

collagen fibres (65% of dry weight), proteoglycans (25% of dry weight), 

chondrocytes, glycoproteins and lipids. The thickness of the cartilage varies over 

the articulating surface and across species, ranging from 0.1 mm to 5 mm thick 

(Athanasiou et al., 1991). 

Results of epidemiological studies have shown that there is a statistical 

correlation between osteoarthritis and gender, obesity, age or previous joint 

injury (Forman et al., 1983; Noyes et al., 1983; Pattee et al., 1989; Conteduca et 

al., 1991; Roos et al., 1995; Sandmark et al., 1999; Lau et al., 2000). For 

example, Roos et al. (1995) reported that patients with an anterior cruciate 

ligament injury showed radiological signs of osteoarthritis at an average age of 

40 years while those with only meniscal injuries had the same stage of the 

disease at an average age of 50 years. The studies listed above have involved 

subject questionnaires and clinical examination (external and/or internal to the 

joint) for signs of cartilage degeneration. The injury most often examined in 

these studies was rupture of the anterior cruciate ligament, one of the major 

stabilizing ligaments of the knee. In these clinical studies the prevalence of the 

disease was known and possible initiating factors were investigated based on 

patient history. However, it is apparent there is a lack of understanding about the 

mechanical changes that have occurred in the knee that lead to this end result. 

Investigating the relationship between changes in mechanical environment and 

cartilage degeneration has become the focus of researchers with expertise in 

biomechanical engineering and biology. 

Armstrong et al. (1982) state that the visual or histological appearance of 

cartilage may be a poor indicator of its ability to function as a weight-bearing 

material. This statement was based on a study of the changes in the intrinsic 
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equilibrium modulus and permeability of patellar cartilage with age, cartilage 

degeneration and cartilage water content. A confined compression creep test 

was used to evaluate these properties. It was found that as the water content 

increased, the intrinsic equilibrium modulus decreased and the permeability 

increased. This trend was also observed with increased age and cartilage 

degeneration, however, it was not statistically significant. 

Armstrong et al. (1979) used roentgenographic techniques to observe 

cartilage deformation in the human hip joint under load. It was found that 

cartilage deformation increased with age and exhibited a non-linear behaviour 

over time. The maximum deformation after less than one minute was 15% and 

increased to just over 20% after 40 minutes of loading. The osteoarthritic joint 

was found to have a greater maximum cartilage thickness than normal joints, 

although full-thickness loss had occurred on almost half the surface. The 

deformation increased dramatically as the loaded region approached the area of 

cartilage loss. 

The canine model of osteoarthritis is often used for the study of the 

pathophysiology of the disease because of its resemblance to human 

osteoarthritis (Pond et al., 1973; McDevitt et al., 1977; Fernandes et al., 1998). 

Fernandes et al. (1998) observed the macroscopic and microscopic changes in 

the cartilage surface topography of six dogs after anterior cruciate ligament 

(ACL) transection was preformed by either percutaneous or arthroscopic 

techniques. No significant difference between the two techniques was found and 

results were similar to those obtained by Pond & Nuki (1973) and McDevitt et al. 

(1977) who used the percutaneous technique of ACL transection. Sah et al. 

(1997) found comparable results for rabbit articular cartilage after transection of 

the ACL. These changes were indicative of cartilage degeneration similar to that 

observed in natural osteoarthritis. 

Cartilage degeneration has also been observed after extended 

immobilization of the knee joint in rabbits and dogs (Palmoski et al., 1980; 
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Jurvelin et al., 1985). Furthermore, an increase in loading or in loading rate 

has been associated with cartilage degeneration in bovine (cow) joints (Radin 

and Paul, 1971). Wiberg (1941) sectioned cadaveric specimens and observed 

that chondromalacia, or progressive softening of the articular cartilage, occurred 

at regions associated with the joint contact at higher flexion angles. Assuming 

that higher stresses were associated with higher flexion angles due to the 

decreased contact area, he speculated that chondromalacia occurs in regions of 

higher stress. Studies such as these suggest that there is a limited range of 

stress values that must be applied to the joint in order to maintain healthy 

cartilage. One common limitation of these studies is the lack of direct 

measurement of joint contact forces or stresses. Loading is typically measured 

external to the joint in these experimental set-ups and therefore a change in 

loading within the joint is inferred but not directly quantified. 

2.3 Patellofemoral Joint Contact 

Observations of changes in the joint contact area and location provide an 

indication of mechanical changes in the knee, which may occur due to changes 

in joint loading or increased joint instability. Goodfellow et al. (1976) observed 

that the contact pattern of normal knees increased in magnitude and moved 

superiorly with increasing flexion angle (20, 45 and 90 degrees of flexion were 

examined). It was also found that at 135 degrees of knee flexion the contact 

region split into two zones and was observed to occur because the patella slides 

out of the femoral groove and onto the femoral condyles (Figure 2-2). As it slips 

into the notch between the condyles a vertical rotation and lateral shift occurred. 

These findings were stated as being in agreement with the observations of 

Wiberg (1941). Wiberg observed that between 20 and 50 degrees of flexion the 

ridge between the facets on the patella took most of the stress although the 

medial and lateral facets were still in contact with the femur. This decreased 

gradually until it was no longer in contact after 90 degrees. These results were 

based on the magnitude of contact area and assumed force. 
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Lateral 

Figure 2-2: Patellofemoral contact patterns at 20°, 45°, 90° and 135° of knee 
flexion shown on the patellar surface (adapted from Goodfellow et al. 
(1976). The dotted line represents the division between the medial and 
lateral facets of the patella and line AB represents the division between 
the medial facet and the odd medial facet. 

Ronsky (1994) measured the patellofemoral the contact patterns of normal 

and ACL deficient human knee joints in-vivo for 15, 30 and 45 degrees of knee 

flexion. The results of this study were in agreement with those of Goodfellow et 

al. (1976). The contact pattern was found to migrate superiorly and increase in 

magnitude with increasing flexion angle. It was also observed that this migration 

decreased with ACL deficiency and that the contact area magnitude did not 

consistently increase or decrease with flexion angle (Figure 2-3). 

Figure 2-3: Contact patterns of an ACL intact and an ACL deficient knee as a 
function of knee flexion (from Ronsky, 1994). 
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Chan et al. (2000) studied changes in the patellofemoral contact 

pressure in dogs after removal of the medial third, lateral third or central third of 

the patellar tendon. This study was motivated by the fact that these portions of 

the patellar tendon have been used clinically as autografts for ACL 

reconstruction. Pressure sensitive film was used to measure the contact area 

and contact force between the joint surfaces. No significant change in contact 

pressure, area or position was observed when the central third was removed. 

However, when the medial third of the patellar tendon was removed the patella 

rotated laterally during loading and resulted in a discontinuous contact pattern of 

reduced area. Subsequently, the contact pressure increased significantly. This 

was also observed when the lateral third was removed except that rotation 

occurred in the medial direction. 

These studies provide some examples of ways in which calculation of the 

magnitude and location of the contact area can be used to evaluate the effects of 

injury or surgical procedures on a joint. It can also be used as a step in the 

process of determining stress experienced by the cartilage within a joint. These 

results help to provide insights into the role that alterations in the mechanical 

environment of the joint may play in the aetiology of cartilage degeneration. 

2.4 Joint Surface Data Acquisition 

A key component in determining the three-dimensional contact between 

two surfaces is to define the geometry of the surfaces. The approaches for 

defining joint surface geometry can be broadly classified into contact and non-

contact techniques. The following section discusses contact and non-contact 

methods that have been reported in literature for obtaining geometric joint 

surface data. 

2.4.1 Contact Methods 

One approach for determining surface geometry is to utilize techniques 

that directly contact the surface of interest, van Ruijven et al. (2000) used an 
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electromagnetic tracking device, which recorded the three-dimensional 

coordinates of the tip of a stylus as it passed over the cartilage surface of the 

joint. Electromagnetic instruments have rarely been used for cartilage surface 

determination because of poor precision reported with RMS errors of 1.5 mm 

(with 95% confidence error) or worse, van Ruijven and co-workers (2000) report 

a calculated error for their instrument at 0.14 mm maximally. However, they do 

not explain or speculate on the reason for this large reduction in error as 

compared to the errors of other researchers discussed in their review of 

literature. A similar technique used by Wismans et al. (1980) consisted of a 

measuring pin attached to a dial gauge. Boyd (1997) used a coordinate 

measuring machine (CMM) to obtain joint surface points. Wayne et al. (1998) 

sliced the specimen into sections and measured distances from a reference pin 

to the surface using a linear variable differential transducer (LVDT) attached to 

the stage of a microscope. 

Scherrer et al. (1979b) cast canine shoulder joints in silicone rubber and 

then made a positive mould from dental plaster. The joint contour could then be 

measured at specified grid points drawn on the plaster mould. Two potential 

issues associated with casting material are the shape changes associated with 

curing and chemical interactions between the cartilage and casting material. The 

linear setting expansion of the plaster, reported between 0.05% and 0.09%, 

introduced a relatively small error. It was also stated that the silicone rubber did 

affect the cells on the surface of the cartilage but avoided severe damage of the 

cartilage, however, a description of the damage was not provided. The accuracy 

of this casting method was calculated to be 0.05 mm, based on the casting of a 

calibrated U-shaped block. Casting was also used by Walker et al. (1972), 

although in this study only a negative cast was made using orthopaedic bone 

cement. This had the advantage that it could be measured directly, unlike the 

technique used by Scherrer and co-workers (1979b), which required two different 

castings because of the flexibility of the silicone rubber. Using only one casting 

reduces the possible accumulated error. However, the disadvantage of bone 
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cement is that the curing process involves an exothermic reaction, which could 

produce more adverse effects on the cartilage. Casting requires destruction of 

the joint and therefore could only be used in-vitro or at the end of an in-vivo study 

on an animal model for a single measurement. It could not be used to measure 

changes in surface topography over time. However, its accuracy is sufficient that 

it could be used as a comparative measure for evaluation of other techniques. 

A calculation of cartilage thickness requires the surface data information at 

the exposed cartilage surface as well as at the cartilage / bone interface. Yao et 

al. (1999) attempted to use an ultrasonic pulse-echo technique to measure the 

thickness of human cartilage. However, the heterogeneity of human cartilage 

caused a wide range of values for the speed of sound in the tissue. Therefore, 

the amount of error in the resulting thickness measurement using a constant 

velocity value was as large as 33.6%. Thus the method was determined to be 

inadequate. Rushfeldt et al. (1981) also used an ultrasound method to measure 

surface geometry, cartilage thickness and magnitude of cartilage compression 

under load. The reported accuracy was on the order of 75 |im, based on their 

ability to accurately determine time of the echo pulse. However, Rushfeldt and 

co-workers (1981) failed to account for the tissue heterogeneity and no 

independent validation study was performed. Therefore, these reported 

accuracy values for the ultrasound techniques of cartilage surface measurement 

must be viewed with reservation. 

One key disadvantage of all contact methods of obtaining surface data is 

that deformation of the surface can occur when directly measuring soft tissues 

such as cartilage. Wismans et al. (1980) estimates the cartilage deformation to 

be less than 0.1 mm using their mechanical measuring device. Ronsky et al. 

(1997) indicate that perceivable deformation occurs when using a coordinate 

measuring machine (CMM) to measure cartilage surface geometry. One 

indicator of this deformation was the increased variation in Gaussian curvature of 

the reconstructed surface as compared to the non-contact multi-station digital 
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photogrammetry (MDPG) method. The average measured difference between 

the surface constructed from MDPG and CMM collected data points was 

determined to be 16.1 u.m and 16.4 \xm for a feline patella and femuir, 

respectively. Discrepancies were speculated to occur mainly due to cartilage 

deformation during contact with the probe of the CMM machine. Dehydration of 

the cartilage, which will also affect the surface topography, is also a 

consideration for these contact methods as extended exposure of the joint 

surface is required during measurement or during solidification of the casting 

material. Ronsky et al. (1997) examined the effect of hydration on the thickness 

of cartilage and found that approximately 17um of cartilage height was lost over a 

five minute time period. However, significant recovery (maximum of 13um) was 

obtained upon rehydration using a buffered PBS solution although the original 

height was not maintained. In addition to these factors, the contact methods are 

very restrictive in that they require destruction of the joint and therefore can not 

be used for longitudinal studies or in-vivo measurements. 

2.4.2 Non-contact Methods 

Surface geometry can also be obtained using methods that do not require 

contact with the surface to be measured. Examples of these techniques include: 

roentgenography, laser, photogrammetry and magnetic resonance imaging. 

2.4.2.1 Roentgenography 

Roentgenograms and radiopaque contrast agents have been used to 

measure joint surface geometry and cartilage thickness by Armstrong et al. 

(1979), Hughes et al. (1994) and Wayne et al. (1998). Roentgenographic images 

were obtained of the specimen or subject and the surface geometry was 

determined by manual or semi-automated digitization of the surfaces of interest 

on each image. Armstrong and co-workers (1979) state that the repeatability of 

their results were within 1-2%, although validation of the technique with another 

method was not performed. Wayne and co-workers (1998) reported an accuracy 

of 14|im when compared to a histological slice of the specimen. A limitation of 
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the methods of both Armstrong et al. (1979) and Wayne et al. (1998) is that 

the surface geometry was provided in only one plane and not over the entire 

surface. Hughes and co-workers (1994) used computed tomography (CT) to 

obtain a three-dimensional description of surface geometry. The error in the 

calculated surface area ranged from -11.4% to 5.1%, depending on the CT slice 

thickness. However, a disadvantage of all roentgenographic techniques is that 

the exposure to radiation is not conducive to in-vivo experiments requiring 

several imaging series (e.g. at several flexion angles or before and after loading) 

or for longitudinal studies. This is because of concerns for the health of the 

subjects. 

2.4.2.2 Laser 

Haut et al. (1998) used a laser in conjunction with a precise 2D positioning 

table and obtained an overall RMS error in surface topography measurement of 

8u.m for surfaces with slopes less than 45 degrees to the horizontal. Highly 

curved surfaces such as those found on the femur required multiple acquisitions 

with this laser scanning method. Representation of the complete surface 

required a method for registering the data acquired from the scans of different 

regions on the surface. Maintaining hydration of the cartilage surface during the 

scanning procedure was also an issue. The laser technique requires dissection 

of the joint to acquire joint surface data and therefore is not suitable for in-vivo 

applications. Nevertheless, due to its high accuracy this technique would be 

suitable as a comparative evaluation of surface geometry measurements by 

another technique, if the laser system was readily available. 

2.4.2.3 Photogrammetry 

Stereophotogrammetry (SPG) is a non-contact optical technique based on 

photographs of static objects, which enables the determination of three-

dimensional coordinates on the surface from the two-dimensional coordinates of 

the same points in two 2D images. The mathematical computations involve the 

use of perspective and projective geometry (Slama et al., 1980; Ghosh, 1983). 
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Huiskes et al. (1985) and Ateshian et al. (1991) describe the application of 

SPG to cadaveric human knee joints. Ronsky and co-workers (1999) reported 

improvements to the accuracy of predicting surface geometry by using multi

station digital photogrammetry (MDPG) to measure the surface geometry of the 

feline patella and femur. This technique takes advantage of a redundancy of 

measures by using more than two images. For both SPG and MDPG methods a 

calibration frame is rigidly attached to the bone of the specimen. The frame 

contains several target posts of known dimension. A fine grid is projected onto 

the otherwise featureless surface and the intersection points determined. The 

colinearity condition, least-squares analysis and bundle adjustment techniques 

are used to determine the 3D coordinates of the grid points. These surface 

points are then used as input to a surface reconstruction model. The MDPG 

method also includes interior, exterior and distortion parameters of the camera 

set-up. Digital image collection eliminates the error due to warp in film surfaces. 

The target posts are also used for realignment of the surfaces when comparing 

cartilage and bone surfaces to determine cartilage thickness. In this 

measurement the relative position of the bone and frame is constrained and a set 

of images is taken before and after the cartilage is chemically removed. Ateshian 

and co-authors (1991) reported a measurement uncertainty (defined as twice the 

standard deviation) for the SPG technique of 90 urn, in the least favourable 

direction, on a 50 mm radius cylindrical surface. The precision was determined 

to be 134 urn when comparing two surfaces to determine cartilage thickness on a 

human knee joint. Ronsky et al. (1999) reported a measurement uncertainty of 

25.4 fim, in the least favourable direction, for a 6.35 mm radius cylindrical surface 

when using MDPG technique. These radii were chosen by the respective 

authors to have similar size and curvature to the anatomical surfaces they were 

to measure. The smaller size of the surface examined by Ronsky and co

workers (1999) may also be a contributing factor to the improved accuracy. 

Ronsky and co-workers (1999) reported standard deviations in the x, y and z 

coordinate directions ranging from 7.1 um to 12.7um for the cylinder surface. 
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They also used MDPG to measure the cartilage surfaces on the patella and 

femur of three feline specimens. The reported mean standard deviations of the 

measured points ranged from 10.0u.rn to 23.9u.rn in the x, y and z directions. It 

was speculated that this increase in error, as compared to the cylindrical surface, 

was a result of the translucency of cartilage causing diffusion of grid lines used in 

the MDPG method. One of the disadvantages the MDPG method is that more 

images must be taken, which requires that the surface be exposed for a slightly 

greater time period and tissue hydration may become an issue. A disadvantage 

of both photogrammetry techniques is that they require the joint surfaces to be 

exposed for measurement and therefore the surface topography in the loaded 

state can not be measured. This is an issue with all contact and non-contact 

techniques that require dissection of the joint for measurement. 

2.4.2.4 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) provides a non-contact, non-invasive 

method of observing cartilage surfaces. It has advantages over methods 

previously discussed because it can be performed in-vivo, with no adverse side 

effects. Therefore, it can be used for longitudinal studies or studies where 

surface data is required under several different conditions in a single sitting 

because it does not involve destruction of the joint or the use of radiation. As 

with roentgenography, the surface data is obtained by digitization of the surfaces 

of interest within each image in the MR image series. 

MRI of cartilage has been used in several studies to measure the cartilage 

thickness and volume within a joint. These studies were usually motivated by 

clinical studies which were interested in the utility of MRI for evaluating cartilage 

disease progression and response to treatment by measuring changes in 

cartilage thickness or volume (Karvonen et al, 1994; Peterfy et al, 1994; Recht et 

al., 1994). Cartilage thickness and volume measurements have also been used 

to calculate cartilage deformation under load in an attempt to better understand 

cartilage material properties (Herberhold et al., 1998 & 1999; Eckstein et al., 

http://10.0u.rn
http://23.9u.rn
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2000a). Both thickness and volume calculations require surface data at the 

cartilage / synovial fluid and cartilage / bone interfaces. Therefore, the 

information gained from these studies about repeatability or validation with 

another measurement technique is beneficial in the assessment of MRI as a 

method for surface data acquisition. 

Graichen et al. (2000) compared the mean cartilage thickness of articular 

cartilage in the human elbow determined from MRI, computed tomography (CT) 

and ultrasound. The thickness values obtained from MRI were consistently 

greater than the values from CT regardless of the bone surface examined. 

However, the magnitude of the difference, stated by the authors as the average 

random error, was smaller than the in-plane resolution of the MR image (i.e. 

<0.25 mm). Therefore, on this basis the measurements were determined to be 

reliable. As expected, the results were less favourable for the comparison 

between ultrasound and MRI. It can be assumed that the reason for this 

increase in error is the less reliable nature of ultrasound measurements due to 

cartilage inhomogeneity as outlined previously. A limitation of the reported MRI 

technique is that imaging at such a high resolution (1x 0.25 x 0.25 mm 3) required 

a scan time of 19 minutes, which increases the probability of motion artifact and 

presents significant difficulties for working with joints loaded physiologically. 

Kladny et al. (1999) compared results for cartilage thickness obtained from 

MRI data with that obtained from anatomic sectioning of the patella, femur and 

tibia of human knee joints. The two methods for measuring cartilage thickness 

were found to have high correlation (r = 0.88). However, the mean difference 

was 0.41 mm, corresponding to approximately 18% difference. Consequently, 

the authors concluded that the results obtained from MRI had insufficient 

accuracy to be clinically relevant. The greater error in the MRI results, as 

compared to other authors, may be a result of the method used for analyzing the 

MR images. Kladny and co-workers (1999) report the mean intra-user error as 

14.3% (0.39 mm) with a 9.86% standard deviation and only 1.4% mean error and 
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1.25% standard deviation for the histological slices. For both techniques the 

thickness was measured as a distance between two points chosen by the user. 

This approach introduces error as no systematic method, such as surface 

normals, is used to define where the points should be placed. Also, the 

distances on the MR images were calculated from pixel center to pixel center, no 

sub-pixel interpolation was involved. Therefore, one could anticipate large error 

values for the MRI technique since the pixel size was 0.7 mm x 0.7 mm. Thus a 

data point could be reasonably be in error by half a pixel size (i.e. 0.35 mm), 

which is on the same order of magnitude as the calculated mean error. 

Eckstein et al. (1996) used a fat-suppressed gradient-echo MR sequence 

in a 1.5 T MR unit to determine the cartilage thickness and volume of eight fresh 

cadaveric human knee joints. The objectives of the study included validation of 

cartilage volume and cartilage thickness distribution by comparison with 

anatomic sectioning and quantifying the measurement repeatability. The 

repeatability was assessed through evaluation of the influence of slice location 

on the measurements. This was achieved by repositioning of the joint between 

consecutive MR scans. Intra-user and inter-user repeatability of MR image 

digitization were also assessed using six repeated digitizations by one user and 

one digitization by six users. The coefficient of variation (C of V = standard 

deviation/mean x 100%) calculated for the cartilage volume of one knee joint 

repositioned six times was 2.9% for the patella and 3.2% for the femur. The 

intra-user patellar cartilage volume measurement had a coefficient of variation at 

0.9% while the inter-user value was twice as large at 1.8%. The intra-user 

repeatability for cartilage thickness measurements at 15-20 locations on MR 

images of an in-vivo volunteer was reported by a coefficient of variation of 3.2% 

for the patella, 4.6% for the lateral femoral condyle and 7.7% for the medial 

condyles with standard deviations of 1.7%, 2 . 1 % and 3.3% respectively. Peterfy 

et al. (1994) and Hardy et al. (2000) also measured the coefficients of variation in 

the cartilage volume values after joint repositioning. Hardy and co-workers 

(2000) found the coefficient of variation to be 7.5 ± 4.0% and 2.9 ± 1.9% for the 
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femur and patella, respectively. Similarly, the values obtained by Peterfy and 

co-workers (1994) were 4.4% for the femur and 6.4% for the patella. The results 

of these studies indicate that cartilage thickness and volume can be measured 

with satisfactory repeatability, with an appropriate imaging sequence, edge 

detection method and adequate imaging time. 

Herberhold et al. (1999) and Eckstein et al. (2000a) are some of the few 

researchers who have calculated cartilage thickness as a measure of cartilage 

deformation. Eckstein et al. (2000a) performed measurements from 90 to 320 

seconds after static or dynamic loading. The deformation was compared for 

dynamic knee bends and for static squatting. For knee bends, the change in 

volume was determined to be -5.9 ± 2 . 1 % (approximately 0.21 ± 0.08 ml_) and for 

maximum cartilage thickness the reduction was -2.8 ± 2.6% (approximately 0.15 

± 0.14 mm). For squatting the values were -4.7 + 1.6% (0.17 ± 0.06 ml_) and 

-4.9 ± 1.4% (0.27 ± 0.08 mm) for cartilage volume and thickness changes 

respectively. Therefore, the volume change was less after squatting than knee 

bends but the maximum thickness changes were greater. In an effort to reduce 

the scanning time, a different MR imaging sequence was used in this study than 

in Eckstein et al. (1996), discussed above. Although both studies used a 

FLASH-3D sequence, Eckstein et al. (1996) used a TR = 20 ms, TE = 11 ms, 

and a 60° flip angle while Eckstein et al. (2000a) used a TR = 17.2 ms, TE = 6.6 

ms, and a 20° flip angle. A different method of image digitization was also 

applied. The repeatability of consecutive scans was reported for this set-up. The 

coefficient of variation was 0.95% for the patellar cartilage volume and 2.5% for 

maximal thickness. This shows an increase in repeatability with the new 

technique. 

Cohen et al. (1997) used MR images and manual digitization to collect 

surface data to measure cartilage topography, cartilage thickness and contact 

area between the joint surfaces. In further research this group, Cohen et al. 

(1999), compared the MRI results, obtained from manual and semi-automated 
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digitization, with the SPG results on an unloaded knee joint. It is interesting to 

note that for the majority of cases the MRI method had a greater estimation of 

the cartilage thickness and always overestimated the topography. They also 

observed that for the one subject where the MRI obtained thickness was less 

than the SPG, the knee was flexed thus causing some compression of the 

cartilage. For this subject, the locations of greatest difference in cartilage 

thickness between techniques occurred in the contact region. The mean 

difference in cartilage thickness ranged from -0.13 mm to -0.24 mm across the 

patella, femur and tibia for the semi-automated image digitization method used. 

Therefore, it can be seen that with MRI the cartilage surface data points can be 

obtained in the deformed condition, thus alleviating the error in surface 

topography introduced by the photogrammetry techniques stated above, which 

can only be imaged in the unloaded state. Across the patella, femur and tibia 

surfaces of all six specimens the differences between MRI and SPG data ranged 

from 0.06 mm to 0.37 mm for cartilage thickness and 0.14 mm to 0.23 mm for 

surface topography. Difference in surface topography was measured by 

superimposing the MRI and SPG surfaces on one another and calculating the 

distance between the surfaces. 

Peterfy et al. (1994) and Eckstein et al. (1996, 2000a, 2000b) used fresh 

specimens in their studies while Eckstein et al. (1998), Cohen et al. (1999), 

Kladny et al. (1999) and Graichen et al. (2000) used specimens that were 

previously frozen. The comparison between MR imaging of fresh and previously 

frozen specimens has not been performed. However, Muldrew et al. (2000) 

indicated that slow freezing of cartilage tissue could cause the chondrocyte cells 

of the cartilage to burst due to the formation of ice lenses. These lenses change 

the water distribution in the cartilage, which place mechanical forces and osmotic 

stresses on the cells. Vellet (1999) speculated that the effects of freezing on 

cartilage would alter its appearance in MR images when compared to the same 

cartilage before freezing. Therefore, as a precautionary measure it is likely that 
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MRI studies which involve that imaging of cartilage should be preformed on 

fresh specimens when possible. 

These studies show that MRI is a successful technique for measuring 

cartilage surface geometry non-invasively, in-vivo and in the loaded condition. 

However, it is apparent that the accuracy and repeatability of the results are 

dependent on the imaging sequence and the method used to digitize the images. 

2.5 Principles of Magnetic Resonance imaging 

Magnetic resonance imaging (MRI) has been demonstrated as a powerful 

technique for non-invasive analysis of joint and cartilage structures. An objective 

of the present study is to evaluate MR imaging as a method of obtaining accurate 

surface geometry from which joint contact can be measured. A brief overview of 

the fundamental principles of magnetic resonance imaging is presented in this 

section. More extensive explanations of these concepts may be found in 

references such as Morin et al. (1990), Brown et al. (1999) and Mitchell (1999). 

Almost all body tissues contain hydrogen atoms, mostly in the form of 

water. Therefore, magnetic resonance imaging primarily images the MR signal 

of the hydrogen nuclei of water. The interaction of the single, unpaired proton 

within the hydrogen nucleus with an applied magnetic field is what allows the 

atom to produce an MR signal. In the following section the activity of these 

protons during MR imaging will be discussed. 

To obtain an MR image, the object to be imaged is initially placed in a 

static magnetic field. The protons in the tissue are excited by transmission of a 

radio-frequency pulse at a frequency that matches the resonant frequency of the 

protons in the object of interest. The resonant frequency is dependent on the 

magnetic field experienced by the proton. When transmission of the radio-

frequency pulse stops, the protons begin to release the energy that was 

absorbed during the radio-frequency pulse. This is referred to as relaxation. As 
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the protons return to their original energy level they each emit radio waves of 

different frequency. Two relaxation characteristics of the protons are measured 

and are termed T1 and T2 relaxation. T1 measures the return of the nuclear 

rotation axis to its original alignment with the external static magnetic field. The 

T1 relaxation is a reflection of the chemical environment of the protons. The T1 

relaxation time is defined as the time required for the z component of the net 

magnetization within the tissue to return to 63% of its original value (Figure 2-4). 

T2 measures the loss of coherence among nuclear spins as they begin to 

dephase after termination of the radio-frequency transmission. The T2 relaxation 

is a reflection the relationship of the protons to the surrounding protons. The T2 

relaxation time is defined as the time required for the magnitude of the magnetic 

vector in the x-y plane to decay to 37% of its original value (Figure 2-4). An MR 

image is essentially a map of protons modulated by Tl and T2 relaxation. 

T1 

T2 

Figure 2-4: Schematic representation of the T1 and T2 relaxation, where B 0 is 
the main magnetic field external to the nuclei, M z and M x y refer to the net 
magnetization along the z axis or in the x-y plane. The progression of 
images from left to right represents increasing time (adapted from Morin et 
al., 1990). 
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In order to differentiate between the MR signals obtained from different 

regions in the excited volume, the magnetic field is made spatially dependent in 3 

coordinate directions by applying three linear magnetic field gradients: the slice 

selection gradient, the frequency-encoding gradient and the phase-encoding 

gradient. These disturbances, referred to as gradient pulses, are only applied for 

short periods of time. 

The signal received by the quadrature detector during MRI contains 

numerous analog radio waves that make up a composite waveform. In this 

waveform there are many different frequencies, phases and amplitudes. An 

analog-to-digital conversion then produces a set of numbers that represent points 

along the waves. The data is filtered, processed and stored. The digital data 

forms a matrix referred to as k-space. Each point in this k-space represents a 

complex number and contains information from all portions of the image and 

does not correspond directly to points in physical space. Fourier transform 

analysis performed on the k-space data gives pixel data with different gray-scale 

values associated with tissues of different composition within the image. Most of 

the signal intensity and tissue contrast information for the image is contained in 

the center of the K-space data, but this region has low spatial resolution. The 

data used to determine the fine detail of the image is found in the periphery of the 

k-space. 

To acquire a series of MR images several imaging parameters must be 

set. A pulse sequence is the combination of gradient magnetic field pulses, 

radio-frequency pulses, data sampling periods and their associated timing. 

Acronyms are often used to describe the components of a chosen pulse 

sequence. Some of the commonly used acronyms are defined here. The flip 

angle (FA) is the amount of rotation of the net magnetization of the tissue after 

the excitation pulse is applied. This degree of rotation is dependent on the 

strength and duration of the pulse. The repetition time (TR) is the time between 

excitations. Multiple excitations are usually required in order to obtain all the 
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data needed to reconstruct the image. The echo time (TE) is defined as the 

time between the excitation pulse and the signal measurement. The TR and TE 

values are set accordingly to enhance the contrast of the desired tissue within 

the image. The number of acquisitions or excitation pulses (NEX) is the number 

of times the signal for each image is measured. To increase the signal to noise 

ratio (SNR), the effect of random noise can be reduced by averaging more than 

one signal measurement. The improvement in the signal to noise ratio is 

proportional to the square root of the number of times an image is averaged (i.e. 

SNR oc NEX / 2). The sampling bandwidth (BW), given in Hz, is the rate at which 

the signal is sampled. This value affects the signal to noise ratio and the 

magnitude of the chemical shift artifact. Decreasing the bandwidth improves the 

SNR (i.e. SNR «= BW "1/2) but increases the chemical shift artifact (i.e. CS ~ BW" 1). 

The nature of the chemical shift artifact will be discussed in greater detail in the 

ensuing paragraphs. 

Not all pixels within an MR image accurately represent the anatomy being 

imaged. These misrepresentations are referred to as artifacts. Some of these 

artifacts are inherent to the process of magnetic resonance imaging and are 

pulse sequence dependent. Three examples defined in this section are chemical 

shift artifact, magnetic susceptibility difference artifact and partial volume effects. 

Chemical shift artifact is misregistration of protons due to their difference 

in chemical shift. Chemical shift is the difference in resonance frequencies of 

protons due to their differing molecular environment (i.e. its position within the 

molecule and its bonding to other molecules). For example, the frequency 

difference between the hydrogen in water and in CH 2 within long chain fatty acids 

is approximately 220 Hz in a 1.5 T magnetic field. Because information is 

gathered in the frequency domain and then converted back into the spatial 

domain of an image the location of the shifted signal is mapped to the wrong 

spatial position. This is because the MR signal of hydrogen precessing at a 

given frequency and phase, is expected to come from a certain location within 
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magnetic field gradients. This shift of the MR signal causes high signal 

regions where protons of different chemical shifts are mapped to the same pixel 

and their signals are summed. Voids in the image occur when protons are 

mapped farther apart than their true separation. The magnitude of the artifact in 

the image is dependent on the chemical environment of the hydrogen molecules, 

which defines the difference in their resonance frequencies. It is also 

proportional to the magnet field strength and inversely proportional to the 

bandwidth per pixel. The artifact occurs along the frequency-encoding gradient 

direction. 

The chemical shift phenomenon can be used to suppress the signal of fat 

or water in an image, which can be desirable depending on the object being 

imaged. Usually, the signal obtained from an imaging sequence represents the 

summation of the fat and water signals. If the MR signals are obtained when the 

signals of the fat and water are in phase and 180° out of phase, an algebraic 

combination of these two signals allows for suppression of either the fat or water, 

dependent on whether the signals are added or subtracted. 

Magnetic susceptibility is the ability of a material to produce additional 

magnetism when placed in an external magnetic field. These objects distort the 

homogeneity of the external magnetic field. Distortion of the field is greatest at 

interfaces between materials of differing magnetic susceptibilities. The 

dephasing rates of protons in the water are affected by this significant change in 

the local magnetic field over a short distance. This causes the signals to be 

mapped to the wrong location on the image. The susceptibility of a substance is 

given by a magnitude and sign (positive or negative) relative to the susceptibility 

of water. Air and non-metallic substances (e.g. bone) have negative 

susceptibilities. Materials with unpaired electrons (e.g. iron) and paramagnetic 

elements have positive susceptibility. 

Partial volume effects or partial volume averaging occurs when two or 

more signals of differing intensities are obtained for a given voxel. As only one 
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signal can be mapped per voxel it is depicted as one intermediate intensity. 

This artifact is dependent on the size of the image voxel. For example, a large 

voxel containing a combination of the fat and water will have a signal intensity 

equal to the weighted average of the quantity of water and fat present within the 

voxel. Decreasing the voxel size can reduce this effect because the smaller 

voxels may not overlap the two tissues and consequently contain only a fat or 

water signal. However, smaller voxels may result in poorer signal-to-noise ratios 

in the image as less information is used to create them. This is analogous to 

taking the average of a small or large sample population; an erroneous value will 

have more affect on the small sample size. Thus for smaller voxel sizes the 

same magnitude of noise will have a greater effect on the results. Another 

example of the partial volume artifact is a loss of resolution caused by multiple 

features present in the image voxel either within the imaging plane or across the 

thickness of an imaging slice. 

2.6 Surface Reconstruction Methods 

Once surface data points have been obtained, a surface reconstruction 

model links the surface data points together and provides a mathematical 

description of the surface. Models used to describe a surface can typically be 

categorized into one of two groups: interpolating and approximating models. 

Interpolating models connect the surface points with smooth functions (e.g. 

blended patches or B-splines), while approximating models are based on a 

general function containing several constants determined by fitting the function to 

the data points. Interpolating methods must pass through all the measured 

points. Consequently, a rough surface may result due to noise in the input points 

and smoothing of the surface is required. Polynomial functions and some 

surface splines require a regular or ordered grid of points. Interpolating and 

approximating models have both been used for surface reconstruction from joint 

surface data obtained by methods such as medical imaging (e.g. CT or MRI), 

photogrammetry or casting. 
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Hughes et al. (1994) used CT to obtain surface points of the hip and a 

triangulation algorithm was utilized to determine the surface area of the 

acetabulum. Error evaluation was performed on a phantom block with several 

hemispheres of known dimension and CT images taken at 1 mm, 2 mm and 4 

mm slice thicknesses. On a 5 cm diameter hemisphere (similar in size to an 

average acetabulum) the error in the calculated surface area was found to be the 

smallest for the 2 mm CT slices with an overestimation of 4.2%. It is apparent 

that the distribution of the surface points can effect the accuracy of the surface 

model. 

Scherrer et al. (1979a & 1979b) used Coon's bicubic surface patches to 

represent the articular surface of the proximal canine humerus and scapula. A 

bicubic surface patch is one that is bounded by four parametric cubic curves. 

These can be directly obtained from a regular mesh of points. Adjacent patches 

are continuous in position and slope along their common edge. The error in the 

surface reconstruction was determined from the distance between points on the 

calculated surface and actual points measured on the surface (i.e. more points 

were measured on the surface than were used in reconstructing the surface). 

For the scapula the error ranged from -0.21 mm to 0.26 mm with an average 

error of 0.04 mm. Errors were of the same magnitude for the humerus. Patch 

sizes were approximately 3.2 mm wide per side and the borders of patches had 

only first order continuity. Therefore, the surface model can not be considered 

smooth due to a lack of second order continuity across patch borders. Ateshian 

et al. (1991) also used this patch method to model the surfaces of the patella, 

femur, menisci and tibial plateau in the human knee joint. A disadvantage of this 

technique is that although it is flexible in its ability to map anatomic shapes, it 

does not give a sufficiently high order continuity necessary for calculating surface 

characteristics such as surface normals and surface curvature. 

Ateshian et al. (1992) used a bivariate parametric polynomial surface with 

biquintic splines to model the carpometacarpal joint. Preliminary results 
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indicated that this method would also be suitable for use on the tibial plateau 

and femoral condyles of the knee. A least-squares fit with the experimental data, 

obtained from SPG, gave the coefficients of the surface function and the degree 

of the polynomial by minimizing the surface fitting error. The surface must have 

at least (n+1) 2 data points, where n is the degree of the polynomial. The surface 

fitting error on the reconstructed surface of the trapezium in the thumb was 

determined to be 66.6 ± 17.1 urn. 

The reconstruction algorithm examined by van Ruijven et al. (1999) 

involved the use of fourth and eighth degree polynomials fitted through a random 

set of surface points. This method is similar to that used by Ateshian et al. 

(1992) except for the boundaries of the summation portions of the surface 

equation, van Ruijven and co-workers (1999) tested this method on spherical, 

cylindrical, parabolic, hyperbolic, exponential, logarithmic and sellar surfaces. 

The RMS error ranged from 0.07 mm to 0.18 mm. The error of the model was 

found to be dependant on the complexity and size of the surface, the number and 

density of input points and noise in the measured values. Linear and non-linear 

least-squares fits were used to determine the necessary variables in the surface 

expression (specific equations are provided in the original manuscripts). The 

least-squares fit minimized the fit error between the measured and calculated 

points. With the data point density at 0.5 points/mm 2 the resulting mean error for 

all surfaces, except the logarithmic surface, was less than 0.01 mm and the 

mean error of the logarithmic surface was 0.02 mm. It was found that the RMS 

error increased proportionally to the measurement error. The RMS error was 

reduced by half when the point density was increased by ten times to 5 

points/mm 2. However, at point densities greater than 10 points/mm 2 had no 

further effect on reducing the RMS error, as results were then limited by 

computer precision. Peaks or impulses on a surface were not handled well by 

this model. However, if the width of the undulation was larger than its amplitude 

the error remained low. Error was also dependent on the type of surface 

modelled. It was found that a noisy pattern appeared on the simple surfaces 
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such as the saddle and parabloid when no input noise was present. For the 

other surfaces examined, the largest oscillations appeared at the edges of the 

surface. 

B-splines (basic splices) have commonly been used for surface modelling 

in biomechanics applications (Ateshian, 1993; Ateshian et al., 1994; Ronsky, 

1994; Cohen et al., 1999). Ronsky (1994) used B-splines to model surface data 

along an MR image slice, where point spacing was dense, and linear 

interpolation to reconstruct the surface between slices. Ateshian (1993) and 

Cohen et al. (1999) used B-splines along both parametric coordinate directions. 

To overcome the problem of an incomplete rectangular set of input points and 

irregular spacing, these authors used Akima's method of bivariate interpolation 

(Akima, 1978) to determine the additional surface points required. The amount 

of smoothing in this B-spline method is determined by the number of control 

points used. As the number of control points approaches the number of data 

points, the smoothing decreases. There are four user defined parameters 

involved, which are the spline order and number of control points used for each 

of the two parametric coordinate directions. Spline order is chosen based on the 

desired continuity of the surfaces. For biomechanics purposes a continuity of 

surface curvature is usually sufficient. Therefore, fourth order splines were used 

by Ateshian (1993) and Cohen and co-workers (1999). The number of control 

points was chosen so that the difference between the experimental data and the 

smoothed surface was on the order of the uncertainty in data measurement. 

Dhaher et al. (2000) also used B-splines for modelling the surfaces of the 

human patella, femur and tibia. The technique used was a modification of that 

used by Ateshian (1993) by employing singular value decomposition to solve the 

equations, which is better suited for points that are not conveniently distributed, 

and by partitioning the data to allow highly curved surfaces to be modelled. For 

these highly curved surfaces, continuity was maintained across the partitioning 

boundary using equality constraints. The femoral groove surface was reported to 
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have the greatest error of all the surfaces examined. For this surface the 

maximum and mean relative error between the experimental z values and those 

calculated from the surface model were found to be 1.56% and 0.25% 

respectively, which corresponded to an absolute mean error of 0.17 mm. The 

dependency on the number of points used was low as the error increased by only 

0.09% when half the points were used, although the actual number of points is 

never mentioned. The increase in error was higher in regions of higher 

curvature. To avoid an indeterminate system of equations during the calculations 

the number of points is restricted to at least (K x+4)(K y+4), where K x and K y are 

the number of knots along the spline in the x and y directions. 

Boyd et al. (1999) and Wang et al. (2000) both describe surface 

reconstruction methods that are able to deal with a cloud of non-ordered data 

points. Wang et al. (2000) describes the surface as a thin plate deformed by 

concentrated loads (Fj). The equation for the Thin Plate Spline surface then 

becomes: 

wm(Xi,yi) = A + Bxi + Cyi + EWjfc.yj) 

with 

WifXj.Vj) = kFi[(x- xi) 2 + (y- y i) 2]ln[(x- X i ) 2 + (y- y i ) 2 ] 

where Wj is the lateral deflection of the surface under loads, k is the constant 

bending rigidity of the plate, and w m is the measured height coordinates of the 

surface points. These equations along with three equilibrium equations (ZFj = 0, 

X FjXj = 0, I Fiyi = 0) are used to solve for the unknown variables. The radial 

basis function (the logarithmic function above) is chosen because it does not 

require ordered data points. The only notable difference between this and the 

calculations by Boyd et al. (1999) is the constraint equation used to solve for the 

unknowns. Boyd et al. (1999) minimizes the bending energy, E(f), of the thin 
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plate instead of using equilibrium equations for concentrated loads. The 

bending energy is defined by: 

With this Thin Plate Spline (TPS) technique the surface is ultimately described by 

a single equation of the form z = S(x,y). TPS is a 2D analogue of the natural 

cubic spline, using as input a cloud of experimentally derived surface data points. 

This particular radial basis function, [(x- X i ) 2 + (y-y)2]ln[(x- X j ) 2 + (y-y) 2], is able to 

model the scattered data. These functions represent the given surface in terms 

of a low degree polynomial surface. Another surface is then added to it, which 

interpolates between this polynomial and the data points at the data sites. 

Boyd et al. (1999) also provides a method of smoothing the resulting 

surface. When smoothing of the surface is required with noisy input data, a 

weighting factor, w,, and least-squares criterion can be used between the 

modelled and original z values of the data points: J(f) = E(/)+ 5>i [ f(x\, y, )-zi ] 2 . 

The weighing factor can be specific to each data point, i, and is inversely 

proportional to the variance of z values of the data points. 

In the current study the Thin Plate Spline method of Boyd et al. (1999) is 

used for surface reconstruction. The B-spline and surface patch methods are 

less favorable due to the complex organization of working with surface patches 

and unordered, scattered data points. B-splines and biquintic polynomial splines 

are unable to use non-ordered data points and surfaces can not be highly 

curved. The surface resulting from surface patches has limited continuity at the 

boundaries of the patches. Polynomial fitting requires some a priori knowledge 

about the surface to be modelled, which is not always possible. The TPS 

where R 2 is the entire x-y plane and: 

f(x,y) = [(x- X i ) 2 + (y-yi)2]ln[(x- X i ) 2 + (y-y) 2]. 
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method does not involve surface patches or tensor products and can take as 

input unordered scattered data points that come from digitizing the MR images 

and non-uniform data smoothing can also be applied. Unlike most commercial 

reconstruction algorithms, TPS allows for post-reconstruction calculations such 

as surface normals and surface curvature, which can be used to determine the 

distance between surfaces and calculate the smoothness of a surface, 

respectively. Some of the limitations of TPS are, however, that the 

reconstruction involves the equation of a plane. Consequently, closed surfaces 

can not be modeled. Also, as the bending energy equation must be minimized 

(i.e. give a finite solution) the plane must flatten out at its edges far from the data 

points. For this reason edge effects become more pronounced at the edges of 

surfaces highly curved. 

2.7 Contact Area Measurements 

Methods of measuring contact area can be classified into direct and 

indirect measurement methods. Direct methods include methods such as 

staining, pressure sensitive film and casting. The contact area is determined 

directly from interaction between the measurement material and the surface. All 

of these techniques are invasive and can only be performed in-vitro or in-situ. 

For indirect measurement methods the contact area is calculated based on 

surface characteristics in the region of contact and a set of criteria to define the 

contact. Depending on the method used for collecting surface data, this 

technique may or may not be invasive to the joint. The following section 

describes both direct and indirect techniques of contact measurement in greater 

detail. 

2.7.1 Direct Measurement Methods 

2.7.1.1 Staining 

The staining technique of contact measurement involves injection of a dye 

into the joint cavity after the joint has been loaded. The dye stains all non-
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contacting surfaces and is rinsed out of the joint before it is unloaded so that 

the dye does not run in the unstained contact region when the surfaces are 

separated. Goodfellow et al. (1976) used a series of dyes to determine the 

changes in patellofemoral contact at four different knee flexion angles. The 

relative changes in size and location of the contact area were discussed, 

however, actual dimensions were not provided. Greenwald et al. (1971) used a 

0 .1% saffranin dye solution, which was subsequently rinsed out with a clear 

Ringer's solution, to look at contact patterns in the hip. The contact area was 

then estimated by placing a sheet of gauze with 1 mm squares over the contact 

regions and counting the number of squares enclosed by the region. 

To use staining to examine changing contact patterns within a given joint, 

the stain must either be removable or one must be able to distinguish between 

stains from different joint positions or loading. Yao et al. (1991) developed a 

removable staining technique, the '3S technique', in which a silicone oil-carbon 

black powder suspension was used. The technique was used to determine 

contact patterns in cadaveric human ankle joints. For measurement of contact, 

one of the surfaces was coated with the suspension and during loading the 

suspension was squished out of the contact region leaving the perimeter defined 

by a dark line. The stain was not permanent and could easily be wiped off. The 

method was validated with known indentations of a rubber sheet with a stainless 

steel ball. The contact region obtained from the 3S technique was compared 

with results obtained from engineering blue printing technique and with the value 

calculated from the known indentation depth, loading conditions and material 

properties of the rubber sheet. Over a range of loads, both the engineering blue 

and the 3S technique overestimated the contact area in the majority of cases. 

The magnitude of the contact area obtained from the 3S technique was on 

average smaller than that obtained from engineering blue. The maximum error in 

contact area was 15.1% for engineering blue and 13.7% for the 3S technique 

and occurred at the highest load. The maximum error for radius of the contact 

circle was 0.56 mm for the 3S technique and 0.61 mm for the engineering blue, 
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where the calculated radius of the contact area was 8.39 mm based on 

indentation depth and the radius of the steel ball. Black et al. (1981) described 

another removable staining technique. In this technique, the joint was bathed in 

saline solution at 37°C. Immediately before loading the exposed cartilage 

surface was washed with 0.01 M solution of sodium ferrocyanide in saline and 

rapidly drained. During loading, 0.01 M ferric ammonium sulfate in saline was 

applied, which stained the non-contact regions blue. The joint was subsequently 

separated and the surface data collected. The cartilage surfaces were then 

rinsed with 0.1 M sodium carbonate in saline to remove the stain. Black et al. 

(1981) stated that by comparison of cartilage creep profiles within intact joints, it 

was assumed that the staining solutions had negligible effect on the cartilage 

deformation response. However, this cartilage deformation response was not 

quantified. 

All of the staining techniques presented require another method, such as 

photogrammetry or a coordinate measuring machine, to measure the contact 

area from the stain perimeter. 

2.7.1.2 Pressure Sensitive Film 

Ronsky et al. (1995) used pressure sensitive film for in-situ measurement 

of patellofemoral contact area and contact stress in the cat knee. Loading was 

achieved via in-situ muscle stimulation. The pressure sensitive film is made of 

two sheets, A and C. The chemical-filled microbubbles of varying sizes on sheet 

A burst sequentially as their threshold pressure is reached. The chemical then 

reacts with the coating on sheet C, producing a red stain. The intensity of the red 

stain is related to the magnitude of the applied pressure. The pressure sensitive 

film must be sealed from the wet environment in the joint with a material such as 

polyethylene adhesive film. As the film has finite thickness and records all 

pressures applied during measurement an overestimation of the contact region 

can occur if the patella slides over the femur during contraction. It was estimated 

that these errors could be as high as 15%. It was observed that the insertion of 
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the film into the joint increased patellar displacement but was considered to be 

minimal. The comparison of six repeated measures of contact area gave a 

standard deviation that was approximately 4% of the mean value. Pressure 

sensitive film was also used by Chan et al. (2000) to look at change in the 

patellofemoral in-vitro contact pressure in dogs after removal on the medial, 

lateral or central third on the patellar tendon. However, accuracy and 

repeatability tests were not performed. 

Some disadvantages of this technique are that the pressure perimeter 

may be smeared during loading to the final position, only two-dimensional 

information about the contact region is provided and the film must be referenced 

to locations on the surface as it must be removed from the joint to be measured. 

Also, the curved surfaces of the joint may cause the film to crinkle during loading 

and introducing a material of finite thickness between the contacting surfaces 

may alter the physiologic contact pattern. However, direct measurement with 

pressure sensitive film is beneficial in that it provides contact area and load 

distribution information simultaneously, unlike the other techniques such as 

staining and casting, which provide only contact area. 

2.7.1.3 Casting 

Casting material can be used directly within the joint to determine contact 

area from the location and size of the holes in the casting after loading. Ateshian 

et al. (1994) used silicone rubber casting to determine the contact area within 

bovine glenohumeral and tibiofemoral joints. Silicone rubber was poured over 

one of the joint surfaces and the joint was then loaded forcing the material out of 

the contact region. Similarly, Ronsky (1994) placed a thin plastic sack filled with 

polymethylmethacrylate between the patella and the femur of cadaveric knees 

before loading to determine the patellofemoral contact area after loading at 30 

degrees of knee flexion. In both studies, the results were used to validate 

contact area results obtained from MR imaging. The accuracy and repeatability 

of the casting technique was not evaluated or discussed in either of these 
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studies. Instead of extruding the casting material out of the contact region by 

loading, Walker et al. (1972) poured the casting material around the contact 

periphery after loading the cadaveric tibiofemoral joint. Contact area estimates 

were made by describing the perimeter of each contact region as an ellipse and 

determining the enclosed area. These values were then compared to the contact 

area predicted from approximate curvature measurements of the condyles and 

tibial plateau and joint deflection during loading. 

A disadvantage of the casting method is that is does not provide 

information about the region within the contact perimeter, as there is no casting 

material remaining in this region. Also, accurate measurement of the thin casting 

layer at the edge of contact becomes an issue. The edges may be too fragile for 

contact methods of measurement, such as a coordinate measuring machine. 

The thinness of the edges may also make them difficult to discern using imaging 

techniques. 

2.7.2 Indirect Measurement Methods 

Indirect methods of measuring contact area involve calculations based on 

surface characteristics in the region of contact and a set of criteria to define the 

contact. Surface data may be obtained by any of the contact or non-contact 

techniques outline previously in section 2.4. The surface is then reconstructed 

with a mathematical model from which surface characteristics such as surface 

normals or surface curvature can be calculated. The following section will 

include examples of criteria used for defining contact between surfaces using 

indirect measurement techniques. 

Wismans et al. (1980) used third and fourth degree polynomials in 

orthogonal coordinate directions to model the tibia and femur, respectively, of the 

human knee. Contact between the femur and tibia was defined by a set of 

equations, which required the contact point of the two surfaces to coincide and 

the normal vector at the tibial contact point to be perpendicular to the tangent 
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plane at the contact point of the femoral condyle. These constraints were 

used as part of a three dimensional mathematical model of knee motion. 

Ronsky (1994) obtained surface data from MR images of the knee and 

reconstructed the surface with B-splines within the image plane and linear 

interpolation between the image planes forming a triangular element mesh. 

Patellofemoral contact was defined to include all points where the proximity 

between the femur surface and the patella surface was less than a specified 

threshold distance. The proximity between the patella and femur surfaces at a 

specified point was defined as the distance from the femur surface to the closest 

point on the patella surface. This distance was calculated from a given point on 

the femur to the patella in the same image plane and to the patella in the 

adjacent imaging planes and the smallest value recorded. However, due to the 

low curvature of the surfaces being quantified the proximity was always smallest 

for the in-plane measurement. The threshold distance for defining contact was 

specified as the distance at which the difference between the proximity values at 

two consecutive sets of points was greater than one half the minimum proximity 

value. Ronsky (1994) used this method to measure the patellofemoral contact 

patterns of normal and ACL deficient human knee joints in-vivo for 15, 30 and 45 

degrees of knee flexion. The contact area results obtained from MRI data of a 

cadaveric knee at 30 degrees of flexion was compared to the contact area 

obtained from a casting of the same joint and were found to be within 5 .1%. 

Although contact area information at discrete angles is informative, 

Scherrer et al. (1979b) was able to obtain continuous data by using spatial 

linkages attached to the canine humerus and scapula to measure the relative 

position of the bones in-vivo during normal walking motion. The surface 

topography for the humerus and scapula were determined using a casting 

technique and surface reconstruction with surface patches. Using coordinate 

transformations with the coordinate systems defined within each of the links, the 

relative position of the surfaces were determined continuously during gait. The 
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contact region was subsequently determined by measuring the distance along 

surface normals projected from the grid points on one articular surface to its 

intersection with the surface patch of the opposing surface and taking all points 

with values less than a threshold value as being in contact. The threshold was 

determined to be 0.28 mm, based on the sum of the error in position 

measurement (0.23 mm) and the error in the mathematical surface 

representation (0.05 mm). The contact area throughout gait could then be 

plotted. 

Ateshian et al. (1994) used the same proximity method as Scherrer et al. 

(1979a) for defining contact, except a proximity threshold was never specifically 

defined. In the study by Ateshian et al. (1994) the bovine glenohumeral and 

tibiofemoral joints were opened and joint surface data was obtained using 

stereophotogrammetry (SPG), from which a model of the surface was 

constructed using B-splines. The SPG results were compared to dye staining, 

silicone rubber casting and pressure sensitive film methods of evaluating joint 

contact on the same joints. The differences between the four techniques were 

not quantified, only visual comparisons were provided. The perimeters of contact 

obtained from the SPG data displayed notable correlation to the results of the 

other techniques. However, a different proximity threshold was required for 

correlation of the SPG results with each technique (Figure 2-5) and this 

technique-specific threshold was not consistent across specimens. In the 

absence of a gold standard for contact measurement and based on the results of 

this comparison it is evident that choice of an appropriate proximity threshold 

value is not obvious. A limitation of this study by Ateshian and co-workers (1994) 

is that the perimeter of the dye stain, the perimeter of the pressure sensitive film 

stain, the topography of the casting and the perimeter of the holes in the casting 

were all measured using stereophotogrammetry. Therefore, it must be 

remembered that the results of the different techniques were not truly 

independent. 
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Figure 2-5: Contact area results obtained from dye stain, silicone rubber, Fuji 
pressure sensitive film techniques compared to results calculated from 
SPG data and the proximity method (from Ateshian et al., 1994). 

Cohen et al. (1999) extended the proximity method of defining contact 

used by Ateshian et al. (1994) with SPG for use with MR images. Cohen and co

workers (1999) obtained surface data from MRI and used the proximity method 

with a proximity threshold value for contact set at 0.5 mm. This value was based 

on the in-plane pixel size of the MR images being used in the study. Cohen and 

co-workers (1999) acknowledged that a proximity threshold of this magnitude 

may lead to an overestimation of the contact area but still considered it a useful 

prediction of the contact area magnitude and location on the patella and femur 

surfaces (Figure 2-6). The surface topography and cartilage thickness results 

obtained from MRI were compared to SPG results, which were taken as the 

standard. However, a comparison of contact area between the two techniques 

was not performed. 

Boyd et al. (2000) performed a study to observe the change in 

patellofemoral contact area in the cat before and after ACL transection. The 

relative position of the bones throughout a continuous range of motion and at 
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discrete angles (105° and 85° of flexion) was determined using bone markers 

and a video motion analysis system. Surface data was obtained using MDPG. 

The proximity method and a proximity threshold of zero were used to calculate 

contact area. 

Figure 2-6: Contact area patterns obtained from MRI data of a human knee joint 
(from Cohen et al., 1999). 

A benefit of the indirect methods of contact area measurement is that 

predictions of contact area using mathematical models or simulations of knee 

motion can be provided, as well as determinations of the contact area from 

experimental data. Indirect methods can also provide contact area information 

for continuous joint motion more easily than direct measurement methods 

because the surface topography only needs to be measured once and the 

contact area can then be calculated at every time point based on the kinematic 

data of relative bone positions. Direct methods would require experimental 

contact measurement at every time point and therefore it becomes a very tedious 

measurement. Furthermore, the contact area measurement is obtained under 

static rather than dynamic loading conditions. Indirect measurement methods 



45 
are also beneficial in that they do require interaction with the joint surface. 

Therefore, if the joint surface data can be obtained non-invasively (e.g. MRI or 

CT) then the contact area can also be determined non-invasively. It is apparent 

from the studies presented in this section that the indirect method of contact area 

measurement is not well validated with other techniques. The method of 

measuring proximity was similar across studies. However, the base surface from 

which proximity was measured and the proximity threshold used to define contact 

were not consistent across studies. It is intuitive that both of these factors will 

effect the contact area results. Therefore, it is essential that a common approach 

be established in order to obtain more accurate and consistent results across 

studies. It is likely that the method used to collect the surface data and 

reconstruct the surface will affect the proximity threshold for contact. Therefore, 

each surface data collection and reconstruction technique may need to be 

assessed separately. 

2.8 Factors Affecting Accuracy in MR Data Collection and Analysis 

MRI is a favorable method of observing contact area within a joint. It 

provides a non-destructive method to examine the joint. The joint can be 

observed in-vivo, without harmful radiation and consequently longitudinal studies 

can be performed. The ability to accurately and repeatably digitize the images to 

obtain surface data and understanding the inherent distortions within MR images 

is essential. In an attempt to remove some of subjectivity inherent to manual 

digitization techniques automated or semi-automated techniques for edge 

detection have often been used. For the purposes of comparing MR data to 

results obtained from other well established techniques or for comparing results 

between different MR series, methods of image registration are required. These 

topics will be discussed in the following sections. 
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2.8.1 MR Image Digitization 

The accuracy of contact area calculated using indirect measurement 

methods is affected by the ability to accurately define the joint surfaces of 

interest. Consequently, when digital images (e.g. MRI or CT) are used to acquire 

surface data, the method used to digitize the edges within the image becomes 

important. Some of the edge detection techniques commonly used on digital 

images are Sobel, Prewitt, Laplacian and Canny (Russ, 1995), named for the 

people who originally developed the technique or the mathematical operation 

used in the technique. The Sobel, Prewitt and Laplacian edge detection 

techniques are based on finding the derivative of pixel grayscale intensities over 

the image in both the x and y directions, where the x-y plane is the imaging 

plane. This is performed by passing a kernel over the image in a stepwise 

fashion, replacing each pixel with the average of itself and its neighbours. This 

operation is referred to as a kernel operation because it can be generalized as 

the sum of the pixel values in a region multiplied by a set of integer weights. The 

minimum kernel size is 3x3. With this technique edges are defined at those 

points where the gradient of the image pixel grayscale intensity is maximum. 

The Canny edge detection technique was designed for improved edge detection 

on noisy images. A Gaussian filter is passed over the image before taking the 

gradients of the image pixels. Many of these well-known techniques have been 

used directly or modified for use in edge detection on medical images. 

Robson et al. (1995) used a recursive filtering technique for edge 

detection to calculate cartilage thickness from MR images. In order to have 

sufficient contrast for reliable edge detection, two sets of MR images were 

collected for each subject. One MR imaging sequence was used to enhance the 

cartilage / synovial fluid interface and another for the cartilage / bone interface. 

Solloway et al. (1997) developed custom software for automatic segmentation of 

articular cartilage in MR images, used for determination of cartilage thickness. 

The gradient or derivative of the grayscale intensity between a pixel and its 

neighbours was used to define the edges. To improve the detection in regions 
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where the cartilage boundary was not sufficiently distinct, the direction in which 

the derivative was taken was determined by a training session. The user placed 

points along the desired surface. A 5x5 pixel kernel was placed at each point, 

normal to the curve passing through all the user-defined points and the derivative 

of pixel intensities in this direction was calculated. Although the mean error in 

determining the boundary was 0.57 mm, the repeatability of cartilage thickness 

calculation after removing and replacing the subject in the MR machine was 

comparable to other edge detection techniques with a coefficient of variation of 

2.8%. Raman et al. (1991) used a contour based technique which traced edges 

at an iteratively finer scale based on coarsely selected points initially chosen by 

the user. Edge detection was applied in the immediate vicinity of the existing 

points for each iteration. The edge detection technique used was referred to as a 

Laplacian-of-Gaussian edge detector, meaning that the image was smoothed 

with a Gaussian filter prior to application of a Laplacian edge detector. 

Stammberger et al. (1998) used a custom technique referred to as the B-spline 

snake algorithm. The user provided the initial contour, which was then modelled 

by a B-spline. An energy function was defined that measured the similarity of the 

B-spline curve to the grayscale gradients. This function was then minimized 

using the gradient descent optimization technique. 

Devernay (1995) developed the Non-Maxima Suppression Method (NMS) 

for edge detection. This method was based on two methods commonly used in 

edge detection algorithms. One was the suppression of the local non-maxima of 

the magnitude of the gradient of the image intensity in the direction of this 

gradient. The second was to define edges as the zero-crossings of the Laplacian 

of the pixel intensities. The image can also be smoothed by a one-dimensional 

fourth-order Gaussian filter prior to edge detection to remove some of the image 

noise. An advantage of this technique is that it supplies a sub-pixel 

approximation of the edge point unlike the other techniques discussed. The sub-

pixel edge point location is defined along the direction of the gradient. It occurs 



48 
at the location of the maximum of an interpolation on the gradient norms of the 

given pixel and its neighbouring pixels. 

All of the edge detection techniques discussed in this section are based 

on the calculation of the grayscale gradients but they differ in the preprocessing, 

such as filtering or user seed points, and the criteria for defining the edge. An 

accurate representation of the cartilage surfaces within MR images is necessary 

for accurate calculation of contact area. It is speculated that filtering of some 

image noise and sub-pixel edge detection would provide a more realistic 

representation of the smooth cartilage surface. Therefore, of the techniques 

studied here the NMS technique appears to be best suited for application to MR 

images. 

2.8.2 MR Imaging Distortions and Calibration 

MR images contain distortions that are inherent to the machine and the 

process of MR imaging itself. Causes of geometric distortions in MR images 

include: main magnet field inhomogeneities, eddy currents in the main magnetic 

field, nonlinearities in the gradient fields, chemical shift and magnetic 

susceptibility differences (Sumanaweera et al., 1993). Magnetic field 

inhomogeneity is machine specific but the effect on the image is dependent on 

the pulse sequence used. A process known as shimming is applied during 

system installation to remove coarse distortions in the main magnetic field. Eddy 

currents are considered to be negligible for shielded gradient systems. 

Distortions due to magnetic susceptibility or chemical shift are dependent on the 

chemical composition of the object being imaged, the magnet strength and the 

pulse sequence used. Nonlinearities in the gradient fields along the image slice 

selection direction causes the image planes to warp into a potato chip-like shape 

and is thus termed the potato-chip effect. Nonlinearities in the gradient fields 

along the image plane cause transverse shifts within the image. 
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Numerous researchers have investigated the sources of these 

distortions and have proposed potential correction techniques. Sumanaweera et 

al. (1993 & 1994) developed a trial-specific method for correction of nonlinearities 

in the gradient fields and magnetic susceptibility differences. Misregistration of 

pixels is proportional to the perturbations in the main magnetic field and this 

causes off-resonant frequencies in each pixel, which accumulate different phases 

over time. Therefore, the correction algorithm involved acquiring two MR scans 

at slightly different echo times and calculating the phase difference between the 

two sets of images for each pixel. This difference was then used to calculate a 

map of the local perturbations in the main magnetic field. The pixel position error 

map is proportional to the map of the main magnetic field (specific equations are 

provided in the original manuscripts). Knowing the error distribution, the pixels in 

the image can be shifted to their true locations. Sumanaweera et al. (1994) 

quantified the distortion in a tissue phantom and found the largest error to be 

approximately 2.8 pixels (1.8 mm) for a 1.5 T MRI machine. Application of the 

correction technique reduced the largest error to 0.3 pixels. Through the use of a 

test object, Lemieux et al. (1998) observed inter-scan fluctuations in voxel 

dimensions of 0.1 to 2% and developed a correction technique that provided an 

accuracy of 0.02%. Lerski et al. (1988), Gore et al. (1997) and McRobbie (1997) 

also discussed the development of appropriate test objects for quantifying the 

geometric distortions for quality assurance, although they did not provide or 

suggest methods for correction. 

Eckstein et al. (2000b) examined the effect of magnetic field gradient 

orientation and image plane orientation on the cartilage volume and thickness 

values of the knee joint. It was found that changes in orientation of the gradients 

did not have a statistically significant effect on the results. Therefore, the authors 

speculated that susceptibility-induced distortions are not an issue when imaging 

cartilage with the fat-suppressed gradient echo sequence used in their study. It 

is uncertain if these distortions would be more prominent using a different 

imaging sequence or when tissues other than cartilage are being measured. 
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The results of these studies show that the distortions within MR images 

are measurable and will effect any quantitative measurements made from them. 

These issues should be considered whenever making general conclusions about 

changes in anatomy measured from MRI data. It is also evident that correcting 

for these distortions is not a trivial matter. 

2.8.3 Image Registration 

Whenever inter-modality comparisons or longitudinal studies are 

performed it is essential to have a method of accurately registering the data to 

ensure that the same locations are being compared in the two sets of data. 

Some examples of registration techniques are minimization of distance between 

matching surfaces, contour matching and coordinate transformation between 

common reference markers or anatomic landmarks. 

Yuan et al. (2000) investigated error propagation of 3D marker 

reconstruction for roentgen stereophotogrammetric analysis (RSA). The authors 

used computer simulated data in order to investigate the numerous error sources 

in a controlled manner. A set of random errors was added (zero mean and 0.02 

mm standard deviation) to the data used for 3D reconstruction of the markers. 

This value was chosen based on their estimated error in determining the edges 

of the markers in the images. The maximum error in the object point location 

was found to be 1.1 urn. Boyd (1997) and Powers (1999) used spherical 

reference markers fixed to the bones to correlate kinematic data of the knee joint 

obtained from video motion analysis system with the joint surface data obtained 

from MDPG. The accuracy of the coordinate transformation (Soderkvist and 

Wedin, 1993) between the two measurement systems was reported as an RMS 

fit between the reference markers transformed from the MDPG coordinate 

system into the new MDPG coordinate system and their counterpart in the 

motion analysis coordinate system. This error was extrapolated to be the error in 

all surface points due to the coordinate transformation. Boyd (1997) reported 

RMS errors from 0.052 mm to 0.084 mm for a feline knee and Powers (1999) 
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reported RMS ranging from 0.05 mm to 0.38 mm for a human knee. The large 

difference in error is likely due to the size of the joints and distance between the 

reference markers being examined. 

Cohen et al. (1999) registered MRI and SPG surfaces of a knee joint using 

the downhill simplex method and quasi-Newtonian minimization to optimize the 

rotations and translations required to obtain the minimum root-mean-square 

distance between the surface topographies. After optimal alignment the resulting 

RMS of the residual distances was defined to be the accuracy of the MRI 

surface, with the SPG surface chosen as the gold standard. Therefore, it is 

difficult to determine what portion of difference observed was caused by actual 

differences between techniques and what portion was error associated with the 

registration process. Stammberger et al. (1998) used minimization of Euclidean 

distance maps between the cartilage / bone interfaces of two MR image series 

taken before and during loading of the joint. It was assumed that the cartilage / 

bone interface would not deform during the loading process and consequently 

superimposing this interface would allow for the magnitude and location of the 

deformation at the cartilage / synovial fluid interface to be quantified. The 

accuracy of this technique was based on the mean distance between the 

cartilage / bone interface surfaces from the two image series and found to be 

less than half a pixel or less than 0.15 mm. It can be assumed that any MR 

imaging distortions would be the same in both image series and consequently 

have minimal effect on the registration process. However, if results from two 

different modalities were being compared, such as MRI versus photogrammetry, 

the distortions would likely decrease the accuracy of this registration technique, 

van Herk et al. (1998) attempts inter-modality registration between MR and CT 

images of the pelvis using chamfer matching on the bone surfaces, which were 

digitized automatically. Chamfer matching was performed by matching surface 

contours using numerical minimization of the cost function (the average distance 

between the MRI and CT surfaces) for rotation and translation of the CT surface 

via the simplex method. The random error was determined to be approximately 
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0.5 mm in translation and 0.4 degrees in rotation. The systematic registration 

error was approximately 1 mm and was attributed to chemical shift in the MR 

images, which is reasonable. Woods et al. (1993) performed registration 

between MRI and PET (positron emission tomography) surfaces based on 

comparisons of weighted pixel intensities. An initial guess of orientation and 

some preliminary image editing was required from the user. With a maximum 

error of 3 mm and a mean error of 2 mm, the results of this technique were less 

successful than those of van Herk et al. (1998). 

It is necessary to choose a registration technique carefully as the accuracy 

of the registration will greatly affect the strength of the comparison between two 

data sets. Techniques that do not require the use of reference markers are 

useful for in-vivo measurements. However, the techniques presented exhibit 

insufficient accuracy in inter-modality comparisons for the purposes of this study. 

Therefore, the use of reference markers is more effective if the markers can be 

rigidly mounted, which is possible for in-vitro experiments. 

2.9 Summary of Review of Literature 

Chondromalacia and osteoarthritis affects the joints of a significant portion 

of the population. It is more prevalent in the weight bearing joints of the body 

such as the hip and knee. Previous joint injury, age and obesity are some of the 

factors that have been linked to increased risk of developing this disease. It has 

been speculated that excessive or insufficient joint loading contributes to 

cartilage degeneration. Joint loading is affected by changes in the magnitude 

and location of the joint contact area. 

Several approaches have been reported for determination of contact 

patterns within animal and human knee joints in-vitro. These include dye 

staining, casting and pressure sensitive film. Joint surface data has been 

obtained by direct contact methods such as electromagnetic spatial position 

tracking devices, ultrasound, dial gauges, coordinate measuring machines and 
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casting. The limitations of these techniques are that they can only be 

performed in-vitro or in-situ, may cause deformation to the surface being 

measured and are not suitable for longitudinal studies. Non-contact methods 

such as photogrammetry, roentgenogrammetry, laser imaging and MRI do not 

deform the surface. However, photogrammetry and laser techniques still require 

dissection of the joint and the surfaces are susceptible to dehydration effects. 

MRI and roentgenograms, such as CT, allow for in-vivo 3D measurements of 

joint surface geometry. However, roentgenograms have the adverse side effects 

of radiation and are thus less suitable for studies requiring several imaging series 

or for longitudinal studies. 

There is no gold standard for the measurement of contact in-vitro. Of the 

methods presented in this review, the staining procedure has little interference 

with the function of the joint unlike methods such as casting or pressure sensitive 

film. Staining is not susceptible to issues such as crinkling, which occur with 

pressure sensitive film. It also does not involve the difficulty of accurate 

measurement associated with the thin edges of casting material at the perimeter 

of the contact region. 

Contact area can also be calculated indirectly from surface information 

obtained during joint loading, by methods such as MRI. Triangulation, B-splines, 

bicubic surface patches and Thin Plate Splines have been used for surface 

reconstruction modelling from surface data. Unlike other methods the Thin Plate 

Splines can handle an unstructured and scattered set of data points that are 

obtained from surface measurement techniques such as MRI or 

photogrammetry. 

Although MR imaging has the advantages of being able to view joints in-

vivo and without radiation, there are geometric distortions inherent to the 

technique. Some examples include main magnet field inhomogeneities, eddy 

currents in the main magnetic field, nonlinearities in the gradient fields, chemical 

shift and magnetic susceptibility differences. These factors and their possible 
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effects need to be considered when examining MRI data or comparing MRI 

data results with those of another technique. 

There are an abundance of methods for edge detection for digital images. 

However, upon inspection it is apparent that they are all based on pixel intensity 

gradients and the majority of difference between techniques comes in 

preprocessing and the methods of execution or refinement of the results. It is 

also apparent that depending on the pixel resolution and the desired accuracy, 

description of surface data requires sub-pixel location of edge points. 

Longitudinal or comparative studies require a method of registration 

between results obtained at the different time frames or under different conditions 

to be compared. Some examples include coordinate transformation using 

reference markers and chamfer or surface matching with optimization 

techniques. If the reference markers can be accurately defined, the coordinate 

transformation provides greater accuracy than the contour matching. However, 

reference markers can not usually be rigidly fixed in-vivo and therefore not 

usually suitable for in-vivo longitudinal studies. 

To date investigations into the in-vivo contact patterns of normal and 

injured human knee joints using MRI have been very limited. The majority of 

literature examines cartilage thickness and volume. The purpose of this study is 

to increase the knowledge base about in-vivo patellofemoral joint contact by 

validating the use of MRI and surface reconstruction modelling in the 

determination of joint contact area in a loaded patellofemoral joint. 
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3.0 Methods 

In this study magnetic resonance imaging (MRI) is evaluated as a 

technique for obtaining the cartilage surface geometry necessary for calculation 

of patellofemoral contact area. It is compared to the commonly used techniques 

of dye staining and multi-station photogrammetry for five porcine (pig) knee 

specimens. The cartilage surface data points were obtained from both magnetic 

resonance (MR) imaging and multi-station digital photogrammetry (MDPG). 

From these surface data points, the three-dimensional patella and femur 

surfaces were reconstructed. A contact area was then defined based on the 

proximity between these articulating surfaces. The contact areas obtained from 

the MR imaging and MDPG techniques were compared to each other and to the 

contact area obtained through the method of dye staining. Figure 3-1 provides a 

schematic representation of the procedure followed in this study. The accuracy 

and repeatability of several components of the procedure and their effect on the 

results were also examined. These analyses are indicated with dotted lines on 

the diagram. The following sections include detailed descriptions of each step in 

the procedure. 

3.1 Preliminary Experimental Set-Up 

In preparation for imaging the porcine specimens in the MRI scanner, 

specimen positioning and loading was required. A loading apparatus was 

designed to load the joint and hold the bones in position between the MRI and 

staining procedures. Reference markers were needed for registration of results 

across the MRI, MDPG and staining techniques. Each specimen was prepared 

using these devices just prior to MR imaging. 

3.1.1 Specimen Loading Apparatus 

A custom designed loading apparatus was designed and fabricated for 

this study. The design criteria included: (1) construction with non-ferromagnetic 
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Figure 3-1: Procedural flowchart for contact area characterization and comparison, as well as accuracy and 
repeatability assessment. 
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materials that could be cleaned and disinfected, (2) minimization of mobility of 

the patella relative to the femur, (3) easy accessibility to the full perimeter of the 

contact region with a 50cc syringe used in staining procedure, (4) no interference 

with the reference markers on the patella or femur, (5) suitable dimensions to fit 

inside the MR surface coil (approximate diameter 14 cm), (6) use of a minimal 

amount of material to minimize the effects of magnetic susceptibility differences, 

(7) no interference with MR imaging coil and (8) allow for simple repositioning of 

the patella between MR scans to obtain an acceptable contact pattern. The main 

components of the loading apparatus that was developed to fit these criteria 

consisted of a base, mounting block, bridge, drilling template, glass tipped 

screws and mounting screws (Figure 3-2). 

MOUNTING 

GLASS TIPPED 
SCREWS 

BRIDGE 

- BASE 

Figure 3-2: Exploded view of specimen loading apparatus. The drilling 
template is only used for positioning the holes for the mounting screws 
and does not remain on the apparatus after the specimen is mounted. 
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The main apparatus was fabricated from acrylic plastic sheet in 3/s", V2" 

and 3A" thicknesses (Johnston Industrial Plastics, Edmonton, AB). Mounting 

required seven 14"- 20 TPI x 2" nylon screws. Two screws were used to fasten 

the femur to the mounting block. Two screws were used to secure the bridge to 

the base. The remaining three screws with glass tips were screwed down, hand 

tight, into the patella to rigidly load the patella against the femur and to minimize 

their relative motion. 

The porcine patellofemoral joint is highly congruent, hence the contact 

region covers virtually the entire articular surface of the patella. In order to give a 

contact pattern that was more similar to that of the relatively incongruent human 

patellofemoral joint, a perturbation of the natural contact was required. It was 

difficult to determine the location of the contact region within the joint before 

viewing it on an MR scan, therefore it was important to be able to easily 

reposition the patella once a scan had been performed. For this reason the three 

patella screws could not be drilled into the patella as bone surface was limited 

because of the patella reference markers and would make drilling a second or 

third set of holes impossible. Also, the scanning was performed at a private clinic 

away from the tissue preparation lab and therefore the bench space and tools 

necessary were not available. However, three points of contact and partial 

penetration of the screw into the patella were necessary to reduce movement 

between the patella and femur. Due to the difficulty of machining nylon to obtain 

a sharp point, the ends of the three patella screws were drilled out and press fit 

with a piece of glass rod (1/8" diameter) machined to a point (Figure 3-3). 

Figure 3-3: Schematic of glass tipped screw 
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3.1.2 Reference Markers 

Reference markers were required for registration between the MRI and 

MDPG data. A common coordinate system was essential for comparison of 

surface topography and contact area of the two modalities and for comparison to 

the staining results. These markers were also inserted to obtain the relative 3D 

positions of the patella and femur surfaces during loading. This position data 

was then used to reposition the MDPG data of the exposed joint to calculate 

contact area. A minimum of three markers is required for 3D coordinate 

transformation. In general, the accuracy of the transformation improves with the 

inclusion of more than three markers (Chen, 1994). However, a marker diameter 

greater than 15 mm was required so that it appeared clearly in at least five 

consecutive MR images. Consequently, the desired MRI field-of-view and the 

size constraint posed by the dimensions of the patella limited the marker array 

size to three markers, in order to ensure adequate visibility without marker 

interference. The minimum size restriction on the markers was necessary 

because as the image slices get farther from the center of the sphere, the 

surface gradient within an image slice increases thus making the edge appear 

more diffuse in the image, due to partial volume effects. Therefore, it becomes 

more difficult to accurately detect the edge of the marker. Five images of the 

marker with well defined edges, covering an 8 mm width, provided enough well 

distributed surface points to adequately determine the marker centroid. 

For highest accuracy, spherical markers were selected to enable reliable 

determination of the marker centroid from all imaging directions in both the MRI 

and MDPG modalities. For adequate visualization of the markers in the MR 

technique, two options were considered. The first option involved markers with 

inherent MR signal. A second option was to have markers that did not produce 

an MR signal and to submerge the markers and specimen in a substance that 

produced a signal so that the markers appeared as a void. The second option 

was not deemed appropriate, as the signal from the large volume of solution 

would require changes to the chosen MR pulse sequence parameters such as 
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using T1 instead of T2 weighting. It was desirable to maintain the same 

scanning parameters between the porcine and in-vivo human knees, as image 

distortion is partially associated with the scanning parameters. To provide 

markers with sufficient inherent MR signal, coatings and fillings for the markers 

were investigated. Plastic spheres coated with oil, gelatin or mustard were 

examined. Mustard gave the best signal of the three. However, this approach 

was not effective, as adequate signal was not achieved and surface irregularities 

developed, which was problematic when determining the marker centroid in the 

MDPG images, which images the outside of the sphere. Filling the spherical 

markers with a material having a high MR signal provided the more suitable 

solution. The reference markers consisted of a 20 mm hollow polypropylene 

plastic sphere with a 3/16" diameter hole drilled through one side. The sphere 

was then filled using a syringe filled with either canola cooking oil (Glencourt 

Distributors, Calgary, AB) or gelatin (Knox, Toronto ON). The oil-filled markers 

were used on porcine knee specimens #1 , #2 and #3 and gelatin-filled markers 

on specimens #4 and #5. The change to gelatin-filled markers was required to 

eliminate the creation of bubbles that occurred with the oil-filled markers during 

marker construction and transport of the specimen to the MR imaging unit. In 

addition increased MR signal was also observed with the gelatin-filled markers. 

After filling the sphere, a 7/8" length of 3/16" diameter acrylic rod was press fit 

into the hole until it protruded approximately 2 mm into the sphere (Figure 3-4). 

When oil was used, care was taken to minimize the creation of bubbles into the 

oil. In the case where gelatin was used, it was allowed to solidify before 

mounting the acrylic rod, thus bubbles were not an issue. The external surfaces 

of the sphere and the rod were cleaned with hand soap (Jergens Canada Inc., 

Mississauga ON) and a wet paper towel. A layer of epoxy (Elmer's Super Fast 

Epoxy, Elmer's Products Canada Inc., Brampton ON) was applied to seal the 

rod-sphere junction. A tight rubber o-ring (3x7x2 mm, Grock Enterprises Ltd.) 

was placed approximately 5 mm from the end of the rod to reduce movement of 

the marker against the bone. 
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EPOXY SEALANT 

RUBBER O-RING 

Figure 3-4: Schematic of reference marker used for registration between MRI 
and MDPG data. 

3.1.3 Specimen Preparation 

The criteria for selection of the species to use for the knee joint specimens 

included: (1) availability of fresh, never frozen specimens, (2) similar in size and 

shape to the human patellofemoral joint and (3) no evidence of gross cartilage or 

soft tissue structure injury or degradation. Potential candidates were examined 

amongst porcine, ovine and bovine species. Human cadaveric specimens were 

also considered but were subsequently rejected as the logistics of coordinating 

fresh cadaveric specimens and MR scanner time were too difficult to overcome. 

Among these choices, the porcine knee best satisfied the selection criterion. 

Five porcine knees were harvested, prepared and scanned in the MR unit 

within 48 hours of death. All specimens were between six and nine months of 

age and thus skeletally immature. This was confirmed by the appearance of 

open epiphyseal growth plates in the MR images. The skin and most of the soft 

tissue were removed from the specimen at the abattoir but the majority of joint 

capsule was left intact. Any residual tissue at the locations where screws or 

markers were to be placed was removed. Two 3/s" holes, marked with the drilling 

template, were drilled all the way through the femur using a Makita 12V 

reversible drill (Model 6213WAE, Makita Canada, Inc., Whitby, ON) and a 3/s" bit. 
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The femur was then mounted securely on the mounting block of the loading 

apparatus with two nylon screws. 

Three 3/16" holes were drilled into both the patella and the femur for 

mounting reference markers. The holes were drilled such that the reference 

markers did not interfere with the loading apparatus or the other markers. For 

optimal evaluation of marker centroids and coordinate transformation, markers 

should be arranged in a non-collinear alignment, with the largest distance 

between markers that can be accommodated without requiring an increase in the 

field-of-view in the MR scan. In general, one femur marker was placed on the 

side of each femoral condyle and one in the bone superior to the femoral groove, 

approximately 1 cm beyond the cartilage (Figure 3-5). The patella markers were 

positioned 120° from each other and angled towards the cartilage surface so as 

not to interfere with the MDPG frame in a later stage of the experiment. 

Figure 3-5: A typical porcine specimen, with reference markers affixed, mounted 
on the base. The top bridge of the loading device was removed for an 
unobstructed view. Front view (a), top view (b) and back view (c). 
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Following secure marker placement, the bridge piece was positioned 

and screwed down to the base with two nylon screws and nylon nuts. The three 

glass tipped screws were then screwed down into the patella with sufficient load 

to secure its position (Figure 3-6). Adequate fixation was determined by visual 

inspection when attempting to perturb the patella by hand. 

Figure 3-6: Porcine specimen in the loading device with the bridge and patellar 
positioning screws. 

Experience with porcine specimens #1 and #2 revealed the potential for 

bumping markers or altering the joint position when cutting through the tough 

patellar tendon tissue during preparation for the staining procedure. To reduce 

this risk for specimens #3, #4 and #5, the joint capsule was cut around the 

perimeter of the patella and sutured closed prior to MR scanning. The 

specimens were stored in a refrigerator at 6°C between preparation and MR 

scanning. 
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3.2 Magnetic Resonance Image Acquisition 

3.2.1 MR Imaging Procedure 

A preliminary study was conducted by the author to determine the most 

appropriate MR imaging pulse sequence and imaging coil to use based on 

criteria for a future study of contact mechanics of the in-vivo human 

patellofemoral joint during voluntary isometric contraction. The MR imaging 

criteria included: (1) sufficient contrast at the cartilage / synovial fluid interface for 

accurate and repeatible edge detection, (2) short scan time to allow the subject 

to hold the loaded position without movement associated with muscle fatigue or 

shaking, and (3) an imaging coil with sufficient penetration and versatility to 

image the required field-of-view at all desired knee flexion angles (range of 0° to 

45° flexion, with 0° being full extension). A compromise between high resolution 

and contrast with a shorter scan time was required. The preliminary tests were 

performed on 3 human subjects. The MR images were obtained with a General 

Electric (GE) 1.5 Tesla Signa LX MRI unit with v8.3 software (General Electric, 

Milwaukee, Wisconsin). The imaging configuration selected was a fast spin echo 

(FSE) 2D acquisition pulse sequence with T2 weighting (90° flip angle, TR = 

5400 ms, TE = 80 ms, bandwidth = 15.63 kHz, 1 NEX). A 3D acquisition could 

not be used, as the scanning time became too long to satisfy the criteria for 

future studies. This time constraint was also the reason that the fat suppression 

technique used by other researchers (e.g. Peterfy et al., 1994; Eckstein et al., 

1996 & 1998; Herberhold et al., 1998; Cohen et al, 1999) to enhance the contrast 

of cartilage against its surroundings, could not be used. The field-of-view (FOV) 

was 140 mm x 140 mm with a 512 x 512 pixel readout matrix, giving a spatial 

pixel resolution of 0.27 x 0.27 mm 2 with 2 mm thick sagittal slices. Each MR 

image represents signal averaging over the 2 mm slice thickness. The scan time 

was 2 min 46 sec for a single scan of 36 slices. An anterior neck radio-frequency 

surface coil (Medrad Inc., Indianola, PA) was used for the imaging coil. The 

chosen imaging sequence and coil configuration was then used with the same 

parameters, coils and MR scanner for the current study. 
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Before the MR scan was performed, the porcine specimens were 

allowed to come to room temperature and placed inside clear plastic bags to 

prevent soiling of the surface coil. The anterior neck surface coil was placed 

over the specimen so that the patellofemoral joint was at the center of the coil 

and was then placed on the gantry bed for the scan (Figure 3-7). 

Figure 3-7: Photograph of porcine specimen inside the anterior neck coil on the 
MR scanner bed prepared to enter the gantry for a scan. 

For the porcine specimens 59-72 image slices were required to cover all 

the reference markers on the specimen, thus doubling the scan time to 5 min 53 

sec. Each specimen was scanned four times and the contact location was 

changed before each scan. This was to provide contact area information for a 

range of joint positions for an MDPG/MRI comparison in a related study. The 

final scan for each specimen was the only series of images analyzed in the 
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current study as the object of this study was to compare MRI, MDPG and 

staining results. The staining technique could only be performed once and the 

relative position of the bones must not change between the MR scan and the 

staining procedure. 

3.2.2 MR Image Digitization 

The MR images were extracted from the MR scanner computer in raw 

binary format using the GE Listselect program. An 8432 byte header was 

stripped off the file before reading in the 512x512 matrix of image data using 

Matlab (v5.3, Mathworks Inc., Natick, MA) code. The header contained clinic, 

scanner and pulse sequence information. The files were then imported into a 

custom editing program written in Matlab code and viewed on a Silicon Graphics 

Inc, Octane computer (Mountain View, CA). 

Repeatable delineation of cartilage surfaces in MR images is necessary 

for repeatable and accurate calculation of the contact area. For this reason, 

three methods of edge detection were evaluated: Non-Maxima Suppression, 

Sobel and manual digitization. It was determined that for the images examined 

in this study, the Non-Maxima Suppression technique was most appropriate. For 

further detail on the evaluation of the edge detection techniques refer to section 

3.7.1.2. After an image was opened, the region-of-interest (e.g. patellofemoral 

contact or reference marker) was windowed by the user. The Non-Maxima 

Suppression (NMS) method of edge detection was automatically applied to the 

region. The user then selected a threshold for detection to be plotted on the 

image based on a histogram plot showing the magnitude of maximum intensity 

gradient values of all pixels in the region. The values usually appeared in groups 

with valleys between them and the threshold was usually chosen at a value 

before the highest magnitude group (Figure 3-8) because this group represented 

pixels surrounded by low intensity gradients or pixels of similar contrast. The 

program then superimposed the points in the image (Figure 3-9). If this threshold 

proved to be insufficient or excessive there was an option to choose another 
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threshold. Threshold magnitudes differed depending on the contrast in the 

region-of-interest. The user then drew a line, using clicks of the mouse, to 

enclose all points they wished to keep and identified the surface to which they 

belong. This removed false edges that appeared in the edge detection results. 

Using the mouse, points could then be added based on visual inspection to 

regions where gradients were insufficient for detection. From these results, the 

reference marker centroids were calculated for each of the MRI image series 

using a least-squares fit of the marker surface data points to the equation of a 

sphere. 
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Figure 3-8: A representative example of a maximum intensity gradient histogram 
for a portion of a porcine patellofemoral joint. The arrow indicates the 
threshold chosen by the user for edge detection. 

The femur, patella and reference marker surfaces were digitized on each 

2D image in an image series. The image series of all five specimens were 

digitized once by the same user. For repeatability analysis, one series was 

digitized three times by one user and once by a second user. Procedures for this 

repeatability analysis are presented in section 3.7.1. 
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Figure 3-9: MR Image of a porcine knee with NMS edge detection applied and 
before user editing. 

3.3 Cartilage Staining 

The dye staining technique was selected for demarcation of cartilage 

contact regions. Food colouring was chosen for staining the cartilage because of 

its non-toxic nature and choice of colours. Solutions that are commonly used in 

tissue staining, such as saffranin red, and alternative staining techniques, such 

as the '3S technique' of Yao and Seedom (1991), could not be used because the 

result was too dark for adequate visualization of the dark grid projected on the 

cartilage surface as part of the photogrammetry procedure. Pilot studies were 

performed with the food colouring to determine which dye staining colour, yellow 

or green, would be light enough to see the photogrammetry grid yet dark enough 

to easily discern the contact perimeter. The yellow dye appeared to be the most 

suitable. 

Following completion of MR imaging, the specimen was carefully 

transported to the laboratory. The specimen remained mounted within the 

loading apparatus and care was taken to ensure that the reference markers were 

not disturbed. The sutures in the tissue surrounding the patella were cut and, if 



69 
necessary, excessive soft tissue was removed from around the patella to allow 

for unobstructed access to the perimeter of the contact region in the joint space. 

Undiluted yellow food colouring (Club House, McCormick Canada, 

London, ON) was injected into the joint space around the perimeter of the contact 

region and onto the surrounding exposed surfaces using a 50cc syringe. Care 

was taken to ensure that the exposed surfaces of both the patella and the femur 

were covered with the dye while not disturbing the relative position of the bones. 

Thus when the joint was completely dissected the regions in contact remained 

the normal white colour of cartilage and remainder of the cartilage was yellow. 

The dye was injected over the whole surface twice, once with the syringe 

tip pointed toward the patellar surface and once with it pointed toward the femur 

surface. The staining process required approximately 20 seconds in total. The 

joint was rinsed with a saline solution (0.9% NaCI) until the solution draining from 

the joint contained no visible traces of the yellow dye. This was essential as the 

dye stained the cartilage instantly and may have run into the contact region when 

the joint was opened if the dye was not completely removed. The specimen was 

then carefully removed from the loading apparatus, to ensure the reference 

markers were not disturbed. To identify the contact perimeter on each surface 

for data acquisition with photogrammetry, precise individual points rather than a 

continuous line were required. A series of points demarcating the contact 

perimeter were applied approximately every 2 mm by pricking the perimeter of 

the stained region with a 0.5 mm diameter syringe needle containing Toluidine 

Blue, a solution commonly used for tissue staining (Figure 3-10). This was 

performed on both the patella and femur. The joint surface not being marked 

was doused with saline and covered with a piece of the soft tissue to avoid 

dehydration. 



Figure 3-10: Portion of a digital image of a porcine femur with surface staining 
and stain points along the contact perimeter. Grid lines and 'X's are 
projected onto the surface as part of the photogrammetry analysis. 

3.4 Multi-Station Digital Photogrammetry 

The procedure used for the multi-station digital photogrammetry (MDPG) 

was based on that described by Ronsky et al. (1999) and Boyd (1997). The 

following section will include a brief description of the methods used and 

modifications that were required for this specific application. 

The experimental set-up included a digital camera, calibration target field, 

specimen-mounted control frame, slide projector, tripods and a computer (Figure 

3-11). The digital camera was a Kodak DCS 420 (Eastman Kodak Company, 

Rochester, NY) and contained a CCD sensor with 1524 x 1012 pixel resolution 

(9 urn sensor spacing in both directions). A Nikon N90S 105 mm lens (Nikon, 

Nippon Kogaku KK, Japan) was used on the camera. A Kodak 760H slide 

projector (Eastman Kodak Company, Rochester, NY) projected a grid onto the 

joint surface to give common surface points in all images. The projected grid 

point density was approximately 3 mm x 3 mm, dependant on the distance from 

the slide projector to the cartilage surface. Adobe PhotoShop (v5.0, Adobe 

Systems Inc., San Jose, CA) software and an IBM compatible PC (Pentium II, 

400 Mhz, 64 MB RAM) were used to extract the images from the camera, convert 
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them to grayscale values ranging from 0 to 256 and to save the data in a raw 

binary format. 

Figure 3-11: Schematic of multi-station digital photogrammetry set up (adapted 
from Powers, 1999). 

3.4.1 Calibration 

Calibration of the digital camera was required to determine its internal 

geometric and distortion parameters. This was accomplished using a highly 

redundant set of images taken of an isotropically distributed target field and a 

self-calibrating bundle adjustment (Fraser et al., 1995). The target field consisted 

of a round calibration frame (100 mm diameter) with 32 control posts of four 

differing heights (13, 32, 51 and 70 mm) arranged in concentric circles (Figure 3-

12). The calibration frame was painted flat black with flat white on the tops of 

each control post to give high contrast to assist in edge detection during image 

analysis. The position of the top of each post was also measured with a 

coordinate measuring machine (CMM), which had a reported accuracy of 5 urn 

(BRT710, Mitutoyo MTI Corporation, Japan). 

The digital camera was set with an aperture stop of f/22, shutter speed of 

1/3 sec , ISO 100 and lens zoom length at 105 mm. This remained constant 

throughout data collection for all specimens. Sixteen images were taken of the 

target field, eight with the camera in the vertical position and eight with the 
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camera in the horizontal position. The target field was rotated one eighth of a 

turn between each image. An optical-axis convergence angle of approximately 

60 degrees was chosen in order to see each specimen reference marker in the 

majority of the images during the data collection. Therefore, this angle was also 

used in the calibration procedure. 

Figure 3-12: Target field for calibration of the camera-lens configuration. 

3.4.2 Image Acquisition 

In preparation for imaging, the specimen was securely mounted in a 

specimen control frame. It consisted of a ring with nine control posts at four 

different heights (15, 34, 53 and 72 mm), similar to those on the target field. 

These posts were also measured with a CMM and acted as reference points 

when determining the three dimensional location of the surface points. To hold 

the specimen in place relative to the frame, three screws passed through the 

control frame ring and into the bone of the specimen in an appropriate location so 

that the reference markers were above the frame ring, if possible (Figure 3-13). 

This would maximize the visibility of the markers in all MDPG images. However, 

this was not always possible with the patella as there was limited bone surface in 

which to put the screws. A grid pattern was projected onto the joint surface with 

a slide projector and a custom made slide, to give surface points on an otherwise 

featureless surface. The grid position on the cartilage surface and its location 
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relative to the control post targets remained constant in all images. Six 

images, each from a different perspective, were taken of each specimen to 

maximize the field-of-view (Figure 3-14). The specimen was sprayed with 0.9% 

saline approximately every 45 seconds to maintain hydration. 

Figure 3-13: An example image of porcine knee #5 mounted in the control frame 
with a grid projected on the surface. 

Figure 3-14: Schematic of the specimen mounted in the control frame with the 
slide projector and six camera positions (from Boyd, 1997). 
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3.4.3 Image Digitization 

The 3D spatial coordinates of selected features on the digital images were 

digitized using a custom written program. These programs were initially written 

and used by Boyd (1997) using Matlab (Mathworks Inc., Natick, MA) v4.2 code, 

but were upgraded by the current author for use on Matlab version 5.3 and 

modified for use in this study. The features that required digitization were the 

calibration target field posts, control frame posts, cartilage surface grid 

intersection points, contact region demarcation points and specimen reference 

markers. 

First, the perimeters of all the control post tops were digitized using an 

automated edge detection method based on an existing algorithm by Cosandier 

and Chapman (1992). This algorithm enabled sub-pixel accuracy to be obtained 

using the methods of Tabatabai and Mitchell (1982). Knowing that a circle 

appears as an ellipse from oblique views, the 2D position of the centroid of the 

control post was then calculated using a least-squares minimization on the 

equation of an ellipse. An estimation of the accuracy of this point was found from 

the RMS value of the analytical ellipse fit to the edge points. To improve the 

accuracy of the center point prediction, the user removed false edge points 

before the fit was performed. This method was used on the posts of the 

calibration target field and the specimen-mounted control frame. 

Precise determination of the grid line intersections in each 2D image was 

required for accurate prediction of the 3D surface. Potential methods 

investigated for precise determination of the 2D grid intersection points included 

semi-automatic edge detection algorithms used in Boyd (1997) and Powers 

(1999) and manual digitization. The results of Ronsky et al. (2001) indicate a 

similar or improved accuracy of 2D grid intersection identification using a manual 

digitization technique versus the semi-automated edge detection methods for 

canine humerus. This is speculated to be associated with more diffuse grid lines 

due to the cartilage translucency and larger specimen size. Also the more highly 
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curved surface, away from the plane of the projected grid, increased the 

distortion of the grid. Consequently, manual digitization was chosen to identify all 

grid intersection points, as well as all of the stain points along the perimeter of 

the contact region. The criterion for choosing a surface point was the center of 

the intersection of two grid lines. For the stain perimeter points, the center of the 

darkest pixel in the stain was chosen by zooming in on the stain point. If two 

adjacent pixels had the same grayscale value, visually, the centroid of the two 

pixels was chosen as the point. 

The edge detection method used for the control posts was not appropriate 

for the reference markers due to the comparatively reduced contrast of the 

marker edges in images where all or a portion of the marker overlapped the 

specimen. Therefore, the NMS method, used on the MR images, was applied to 

reference markers the MDPG images. While the NMS method was successful 

on both the control posts and reference markers, it required considerably more 

computation time than the Cosandier and Chapman (1992) method and gave no 

improved detection on the high contrast control posts. Therefore, the NMS 

method was only used for the reference markers. False edge points were 

removed by the user and the 2D centroids of the spherical reference markers in 

each image were then calculated from the edge points using a commercial 

algorithm for solving non-linear least-squares minimization problems (Matlab 

v5.3, Mathworks Inc., Natick, MA) on the equation of a circle. 

All posts, grid intersections, stain points and reference markers were 

identified with the same logical numbering sequence in all six images. Post 

numbers corresponded to those chosen during CMM measurement. Grid points 

were labelled by row and column number. Stain points were labelled by a stain 

region number and sequential point numbers around the perimeter. The 

reference markers were numbered sequentially starting at the lower left in a 

clockwise direction. All image sets from the five specimens were digitized once 
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and one set (porcine knee #3) was digitized twice for purposes of determining 

repeatability (section 3.7.1.3). 

3.4.4 Three-Dimensional Point Reconstruction 

To determine the 3D coordinates of the surface points and reference 

markers from the multiple 2D image coordinates, a self-calibrated bundle 

adjustment procedure was used. This was performed with the Finite Element 

Method Bundle Adjustment software program (Litchi, 1996) referred to hereafter 

by the acronym FEMBUN. The bundle adjustment was first applied to the 

sixteen calibration images to determine the internal geometric and distortion 

parameters of the camera. These camera parameters were then used as input 

variables for each set of specimen images. For these images FEMBUN was run 

and then the user removed any outlier input points based on their standardized 

residual values in the output file. Those points with standardized residuals 

greater than 3.5 were removed from the list of input points. The allowable global 

x and y image standard deviation values were also adjusted to obtain estimated 

variance components in the output file that were closer to 1.0 in the next run of 

FEMBUN on the modified set of input points. These steps were repeated until 

the estimated variance components were as close to 1.0 as possible. The 

standardized residuals are the estimated residual (difference between 

observation and mathematical model) divided by their respective standard 

deviations. The estimated variance components indicate compatibility between 

the assumed behavior for the observational errors (i.e. the global standard 

deviations) and the actual error behavior (the residuals). If compatible, then the 

variance factor approaches unity. 

The solution of the bundle adjustments gave the 3D coordinates of the 

surface points, stain points and reference markers in the units of the CMM 

measurements entered for the control posts. The mean estimated precision in all 

three coordinate directions for each point was also provided. The mean 
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estimated precision is an indication of the ability of the optimization to predict 

the 3D coordinates from the 2D input points. 

3.4.5 Coordinate Transformation of Surface Data 

Accurate reconstruction of the position of the patellar surface relative to 

the femur surface is required to calculate contact area from the MDPG data, as 

these surfaces are far removed from each other for this data collection technique. 

It is also necessary that the MDPG and MRI surfaces be in a common coordinate 

system for comparison of surface topography and contact area across 

techniques. Each surface in the MDPG technique had its own coordinate system 

relative to its control frame. The origin of the coordinate system was at the 

center of the control frame ring, level with the top of the ring for each patella and 

femur. The centroid of the reference markers in the MDPG and MR images gave 

common points in the three coordinate systems that could be used for a 

coordinate transformation. 

The relative positions of the three femur markers and three patella 

markers during contact were known from the MR images. The origin of the MRI 

data was defined as the top left corner of the last image slice. As each image 

was the same size the x and z coordinates were taken within each image when it 

was digitized and the third dimension, y, was assigned based on the slice 

number and slice thickness. Standard 3D coordinate transformation procedures 

(Meirovitch, 1970) were used to transform the MDPG surface points from their 

respective MDPG control frame coordinate systems to a common MRI coordinate 

system. The rigid body transformation matrix was determined from the x,y,z 

coordinates of the reference marker centroids in the MDPG and MRI coordinate 

systems. The transformation matrix algorithm described by Soderkvist and 

Wedin (1993) was used to calculate the rotation and translation of the markers 

between their MDPG and MRI locations (Figure 3-15). Together the rotation and 

translation are referred to as the transformation matrix. 
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Vpat 

[ TpEM ] 

Figure 3-15: Schematic of the coordinate transformation for femur (Xf em,yfem,Zfem) 
and patella (xPat,yPat,Zpat) surface data obtained from M D P G into a common 
M R I coordinate system using the transformation matrices [TFEM] and 
[TPAT], respectively. 

The algorithm used to solve for the transformation matrix is based on the 

use of singular value decomposition. The transformation matrix, [ T ], was 

calculated for the patella ( [ T P A T ] ) and femur ( [ T FEM ] ) surfaces of a specimen 

using the reference markers. With this matrix, the M D P G surface points were 

transformed into the M R I coordinate system by the following matrix multiplication: 

[ PMRI ] = [ TPAT ] [ PMDPG ] [11 

[ FMRI ] = [ TFEM ] [ FMDPQ ] 

where [F ] and [ P ] refer to a matrix of the femur or patella surface points 

respectively and the subscripts, M R I and M D P G , refers to the coordinate system 

in which they appear. The R M S of the residuals between the transformed 
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markers from the MDPG coordinate system and their counterpart in the new 

MRI coordinate system was also calculated and will be referred to as the 

transformation error. This error applies to all points that are subsequently 

transformed using this matrix. 

3.5 Mathematical Surface Reconstruction 

A mathematical surface model was required to reconstruct the joint 

surfaces for determination of contact area between the surfaces and for 

characterization the surface by attributes such as curvature. The three-

dimensional surface points obtained from either FEMBUN or from MR image 

digitization were used as inputs into the surface model. The Thin Plate Spline 

(TPS) technique for surface modelling was chosen for its ability to take as input 

unordered scattered data points. This technique, used by Boyd (1997), was 

written in Matlab v4.2 (Mathworks Inc., Natick, MA) for modelling feline patella 

and femur surfaces from MDPG data. For this study the programming code was 

modified to run on Matlab v5.3 (Mathworks Inc., Natick, MA). This section will 

contain a brief description of the principles involved. A more detailed explanation 

can be found in Boyd (1997) and Boyd et al. (1999). An explicit description of the 

mathematical concepts involved can be found in Lancaster and Salkauskas 

(1986). 

3.5.1 Thin Plate Spline 

Thin Plate Spline (TPS) is a type of bivariate (radial) basis function spline 

and can be described as the 2D analogue of the natural cubic spline. The 

surface is represented by a low degree polynomial (a plane) and a surface which 

interpolates between this polynomial and the actual data points. The 

interpolating polynomial is written in terms of translates to the data points 

determined from a radially symmetric function. The surface representation 

involves a linear combination of these two functions. The coefficients for this 

combination are determined by solving a system of linear equations. The matrix 
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used to solve this system of equations must be symmetric and invertible, 

therefore the radial function is not chosen arbitrarily. The radial basis function 

used for Thin Plate Splines is as follows: 

fi(x,y) = ri2ln(n) [2] 

where f| is the function of i t h data point and n is the Euclidean distance between 

two points defined by: 

n 2 = (x-Xi) 2+(y-y) 2 [3] 

The radial function was chosen based on minimizing the bending energy of the 

resulting surface. If a surface is defined by z = f(x,y), the energy of the function is 

given by: 

Efl) = JJ< 3x s 

n 2 

+ 2 
a2f 

3x3y a 2y 
dxdy [3] 

where R 2 is the entire x-y plane. To solve this set of equations the following 

calculations are performed within the Matlab (Mathworks Inc., Natick, MA) 

program. A single surface point, S(x,y), is calculated by: 

S(x,y) = [F][C] T [4] 

where [F] = [fi f 2 f3 ... f n 1 x y] with fj from equation [2] and [C] = [ci c 2 c 3 ... c n 

c n + i c n +2 c n +3] with d as the constants for the bivariate function. The first n terms 

of [F] and [C] originate from the interpolating polynomial and the last three terms 

from the low order polynomial. For the entire surface the unknown matrix [C] can 

be solved for through simple matrix multiplication: 

[ O f : 
[A] [B] 

[Bf [0] 
[Z] 

[5] 
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where the elements of A are ay = fi(Xj,Vj) for i^j and ay = 0 for i = j , and the 

matrices [B], [0] and [Z], as follows: 

1 1 1 
X 1 X 2 X 3 

v^ y 2 y 3 

n 

y n 

[0] = [3x3 zero matrix] [6] 

[Z] = [ Z 1 z 2 z 3 . . . z n 0 0 0 ] T 

Therefore, from equations [4] and [5] an equation for the surface, z = S(x,y), can 

be determined. Edge effects are present on the surface as the function attempts 

to minimize the bending energy by becoming a plane far from the data points. 

This effect becomes more apparent as the tangent to the x-y plane increases. 

From the surface equation, new surface points can be calculated at a 

smaller resolution than the experimentally derived input points. A trial study was 

performed to determine the most appropriate resample size. This value was 

based on a comparison of the results of the contact area calculation for different 

resample sizes and the computational time required for the MRI and MDPG data 

of three specimens (porcine knee #1, #3 and #4). Resample sizes of 0.21, 0.23, 

0.27, 0.32 and 0.36 mm were evaluated and the contact area at proximity 

thresholds from 0.1 to 0.7 mm in 0.1 mm increments were observed. The 

comparison of contact area showed that the maximum difference in calculated 

contact area over the resample sizes occurred ranged from 0.6-2.7% for the 

three specimens examined. Increasing the resample size did not necessarily 

increase the area and differences between contact area at consecutive resample 
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sizes were not consistent across proximity thresholds. Therefore, there was 

no obvious resample size to chose. The computational times for the different 

resample sizes were recorded at approximately two hours for 0.21 mm, one hour 

for 0.23 mm, forty-five minutes for 0.27 mm, thirty minutes for 0.32 and twenty 

minutes for 0.36 mm. A resample size of 0.32 mm was chosen as it appeared to 

provide reasonable computation time and representation of the surface 

topography. For inter-modality comparisons it was necessary to use the same 

resample size on both the MDPG and MRI surfaces. 

3.5.2 Smoothing, Surface Normals and Curvature 

The Thin Plate Spline algorithm can be used with a smoothing technique 

when input data is noisy, such as digitized MR image data. This smoothing 

technique includes weighting factors and a least-squares criterion. The 

weighting factor, w, is inversely proportional to the variance of z values for the 

data points. In this case z is in the cartilage thickness direction. The weighting 

factor is defined as Wj = XJG? where A. is a chosen smoothing value and c, is the 

standard deviation of the data based on measurement error. When X = °° the 

result is an interpolated spline and when X = 0 the surface is over-smoothed, 

approaching a flat plane. The weighting factor can be a vector with a value for 

each 3D surface point, i, to give those points with larger error (i.e. larger a 2 ) less 

weight when minimizing the following function: 

J(f) = E(f)+Zw i[f(Xi,y i)-ZiP [7] 

where f, and E(f) are as defined in equations [2] and [4] above and Zj is the z 

coordinate of the data point i. From equation [8] it can be seen that when the 

weights are large, minimizing J(f) will require that f(Xj , y ) is close to z\ and the 

surface function becomes a Thin Plate Spline that smoothes the data. However, 

if the weights are close to zero the minimization of J(f) focuses on minimizing the 

energy term, resulting in highly smoothed, almost planar surface. 
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To gain a better understanding of the effect of smoothing on the contact 

area, smoothing was applied to the surfaces of each specimen and the contact 

area and Gaussian surface curvature calculated, using a resample size of 0.32 

mm. The smoothing factors evaluated included A, = [0.25, 0.45, 0.65, 0.85, 1.05, 

1.25, 1.45], where A, - 0.25 yields a highly smoothed surface. To better 

understand the effect of smoothing on the surface topography, the mean and 

RMS difference between the original surface and a smoothed surface at A = 0.25 

were also calculated. The optimal smoothing factor was based on the ability to 

smooth out obvious ridges and valleys in the surface that result from 

measurement error without losing the natural contours of the surface. This was 

evaluated based on the Gaussian curvature map of the surface. Smoothing 

factors were also evaluated based on their ability to reduce the difference 

between the surface topographies of the MRI and MDPG surfaces as well as 

decrease the effect of intra and inter-user variability in digitization on surface 

topographies and calculated contact area. 

In order to determine surface characteristics such as curvature and 

surface normals, the first and second partial derivatives of the surface function S 

were required. Computation of these derivatives was accomplished by 

calculating the partial derivatives of the radial functions, fj, in [F] and then solving 

for [C] as described in equation [5]. These partial derivatives are calculated as 

follows: 

| ^ S ( x , y ) = f 1
x f2

x f3" ... f* 0 1 0 ] [ C ] T [9] 

where: 

3f 

f i x = — = (x -x i ) l og ( r i
2 ) + ( x - x i ) 

and similarly for 3S/3y and fj y. The second partial derivative equations are: 



-S(x,y)=[f 1
x x f2

xx f3
xx ... f x x 0 0 0 ] [ C ] T 

dx' 
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[10] 
_ a 2 f _ 2 ( x - X | ) 2 , 

3x 2 r2 r - T T = , +iog(r)+i 

and similarly for d2S/dy
2

 and f^. For d2S/dxdy
2 

S(x,y) = i x y f x y f x y ... fn
xy 0 0 o ] [ C ] T 

dxdy 

fxy = . ^ 2 f _ 2 ( x - x i ) ( y - y i ) 
[11] 

dxdy r
t 

2 

It can be seen from these equations that at the exact location of the experimental 

data points the second derivative is discontinuous because n = 0. For this 

reason, the resampled points must not lie on the input data points. If they do, a 

surface normal and Gaussian surface curvature value can not be calculated at 

this point and is indicated by a void in the surface mesh. 

Maps of the surface curvature help to quantify the smoothness of the TPS 

surface, which is difficult to ascertain from the surface mesh alone. The 

Gaussian curvature was chosen because it is sensitive to discontinuities in the 

surface that may arise from either natural surface contours or measurement 

error. The Gaussian curvature was calculated for each surface point based on 

the product of the principle curvatures (K = K-|K 2), whose magnitude (K) and 

orientation (h) are determined from the roots of the following equations 

(Mortenson, 1997): 

(EG-F 2) K 2 - (EN+GL-2FM) K + (LN-M 2) = 0 [12] 

(FN-GM)/?2 - (EN-GL)/? + (EM-FL) = 0 [13] 
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where: 

E = S X - S \ F = S X - S Y , G = S Y - S Y , 
[14] 

L = S x x - n , M = S x y « n , N = S y y - n 

with n as the surface normal vector and: 

S X = XX 0 0 
as s x y = o o 

a 2 s 
[15] 

ax 2 3x3y 

similarly for S Y and S Y Y . 

In addition to evaluating the effect of smoothing on the surface topography, 

the Gaussian curvature was also used as a comparison tool for the surfaces 

resulting from the different edge detection techniques (section 3.7.1.2). The 

curvature could be viewed graphically in Matlab (Mathworks Inc., Natick, MA) as 

gray-scale values superimposed on the wireframe mesh of the surface, with 

mesh density based on the resample size. 

3.6 Surface Proximity and Contact Area Calculations 

The use of the proximity method for determination of contact is based on 

the concept that the distance between two surfaces goes to zero when they are 

in contact. In this study, the 3D surface normals used for the proximity 

calculation were determined from the first partial derivative of the surface 

equation (section 3.5.2). The proximity value is the 3D length of this normal from 

the base surface to the point of intersection with the opposing surface (Figure 3-

16). 
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OPPOSING 
SURFACE 

BASE 
SURFACE 

PROXIMITY 
VALUE 

Figure 3-16: A schematic of the proximity value calculation between two 
surfaces, such as a patella and a femur (adapted from Boyd et al., 1999). 

For the proximity value calculation, the parameterized equations for the 

normal line are defined as: 

where (x b, yb, z b) is the point on the base surface and (Xj, y„ Zj) a point at a 

distance t along the line normal to the base surface in the direction of the 

opposing surface. The opposing surface was defined by the equation z o p = 

S o p(x,y) (section 3.5.1). Therefore, the intersection point occurs when the height, 

z o p , of the opposing surface at (Xi,y) equals the z\ of the normal line: 

xi = nxt + x b 

y = n yt + y b [16] 

Zj = n zt + z b 

S o p (X i , y i ) -Z i = 0 

or 

Sop((n xt+x b),(n yt+y b))-(n zt+Zb) = 0 [17] 
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The value of t, was determined using fixed-point iteration. This requires the 

equation to be in the general form x = g(x), thus we have: 

where t' is used as the guess for the next iteration until t-t' is within a defined 

tolerance. This proximity value was calculated for every point on the base 

surface and then plotted and superimposed on a wireframe mesh of the base 

surface as a gray-scale value. 

In the ideal case, all points with a proximity value of zero would be 

considered as part of the contact region. However, due to digitization and 

surface modelling inaccuracies in both the MRI and MDPG modalities, some 

points that are actually in contact may appear to be overlapping or not touching 

at all. Some factors that may contribute to these errors are: image distortion and 

partial volume effects, pixel resolution, inexact edge detection and surface 

smoothing. In the case of MDPG, the surfaces are not deformed during surface 

data acquisition, thus there is an overlap of the surfaces when they are 

repositioned with the coordinate transformation. The criteria for contact between 

the patella and femur was therefore defined as all points that overlapped the 

opposing surface or whose proximity to the opposing surface are within a given 

distance, d, along the surface normal from that point. This distance, d, will be 

referred to as the proximity threshold. Using the coordinate systems of this study 

and choosing the patella as the surface from which to measure proximity, all 

proximity values greater than zero indicated an overlap of the surfaces. If the 

femur was chosen as the base, then negative proximity values denoted an 

overlap. In this study, the most suitable proximity threshold was determined for 

the MRI data based on a comparison of calculated contact areas at different 

thresholds with the contact area determined from the staining technique. This 

S o p ( t ) - (n z t + z 0 ) [18] 
(S o p ( t ) - (n z t + z 0 )) 
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proximity threshold will be referred to as the theoretical proximity threshold. 

Similarly, the theoretical proximity threshold for the MDPG data was determined 

by comparison with the staining results. It was assumed that the data from the 

staining technique was the most accurate of the three techniques, as it was a 

direct measurement as opposed to a calculation of contact. Therefore, it was 

chosen as the "gold standard" for comparison. This comparison across 

techniques is discussed in greater detail in section 3.8. The theoretical proximity 

threshold values chosen for each specimen were then compared across all 

specimens for one modality (MRI or MDPG) to look for trends, followed by an 

inter-modality comparison. 

Once all the points satisfying the contact criteria were located, the contact 

area was calculated. The calculation of surface area over a continuous surface 

was defined as (Mortenson, 1997): 

A = jyj x Inl dxdy [19] 

where n is the normalized surface normal and x and y are coordinate directions. 

Although the equation for the surface was known, calculating the surface 

area within the contact region by integration is non-trivial when the region is not 

rectangular. Therefore, to reduce the complexity of the calculation an 

approximation was used, which summed the area at each grid point that satisfied 

the contact criterion. This approximation was considered justified because the 

same calculation and grid size was used for all comparisons and it was assumed 

that the error associated with the approximation would effect all values equally. 

The area at a single point, i, was calculated by: 

A , = 

cos atan - n 

J J 

cos atan 
[20] 
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where L is the resample size in millimeters, and nXi, n y i, and n z i are the x, y and 

z components of the normalized surface normal vector at that point (Figure 3-17). 

It can be seen that this approximation of the area is affected by the chosen 

resample size, L. 

Figure 3-17: Schematic of one section of grid for which the area is to be 
calculated, where L is the resample size and n is the normalized surface 
normal vector (The grid shown here is only rotated around the y axis but 
may also be rotated around both x and y). 

The sensitivity of the predicted contact area to the selection of the patella 

or femur as the base surface was also evaluated. Based on curvature and joint 

congruency of the porcine joint, it was speculated that the contact area would be 

minimally affected by the selection of the base surface. Contact area 

calculations were made for all specimens with each surface as the base for 

proximity threshold values ranging from 0 to 0.75 mm, at 0.05 mm increments, 

and the difference in contact area at each proximity threshold was determined. 

The maximum and minimum difference in contact area and the difference at the 

theoretical proximity threshold were recorded. To determine whether the 

difference in contact area was more pronounced for less congruent surfaces 

encountered in human knee joints, the same comparison was made for the two 

human joints (human knee #1 and #2) over a proximity threshold range from 0 to 

1.4 mm. Evidently, there was no stain area comparison for these two data sets 

to determine the theoretical proximity threshold. 

To better understand the effect of using of surface normals and different 

bases on the contact area calculation, a comparison was made on analytical 



90 
surfaces so the exact contact area could be calculated for a comparison. 

Evaluation with analytically defined surfaces also eliminated the effect of the 

surface roughness, which is different on the patella and femur surfaces and 

effects the calculation of the surface area in the contact region. Regular points 

were obtained from the equations for a plane and a hemisphere (radius = 5 

units). The surfaces were overlapped by a maximum of 0.25 units. The TPS 

program was used to reconstruct the surfaces and the contact area calculated 

with each surface as the base from which to measure proximity. These values 

were then compared to the analytical surface area of the portion of the 

hemisphere overlapping the plane and of the area on the plane within the 

hemisphere. The surface area, A s , of the hemisphere intersecting the plane was 

calculated as: 

P=Pmax 

A s = ^2TTR2 s\x\pdp [21] 

where R is the radius of the hemisphere and pm ax = sin"1(S/2R) with S as the 

diameter of the circle of intersection with the plane. 

3.7 Accuracy and Repeatability in Image Processing and Collection of 
Surface Data 

The calculated contact area must be accurate and repeatable in order to 

provide reliable results for longitudinal studies and for inter-modality and inter-

subject comparisons. The accuracy is dependent on the repeatability of surface 

data collection, image distortion and repeatability of the loading condition. In this 

study the loading condition between the MRI, MDPG and staining techniques 

was assumed to be constant, as provided by the loading device. In the following 

sections the repeatability of the surface topography and calculated contact area 

are compared for three different edge detection methods on the MR images as 

well as repeated manual digitization of both MR and MDPG images. Possible 

distortions in MR images are also discussed. 
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3.7.1 Repeatability of Surface Topography and Contact Area Calculation 

3.7.1.1 Repeatability of Surface Reconstruction with Repeated Data Acquisition 

Thin Plate Spline surfaces will be constant for a given set of input points. 

However, for longitudinal studies, as will be performed in future human studies, 

the MR image slice location will not be constant across different image series 

thus giving different surface points. In such cases it is necessary to know 

whether differences in the resulting surfaces are due to actual changes in 

topography or a result of different input points into the surface model. This would 

also be the case for MDPG data if the grid position were altered. However, such 

changes within MDPG will not be examined in this study, as longitudinal studies 

are not performed with MDPG as the joint is destroyed in the process. The 

MDPG technique is assumed to be a well established method that has been 

studied extensively by others (e.g. Ateshian et al., 1991; Ronsky et al., 1999). 

Comparison tests were performed to investigate the influence of different 

surface input points, taken from the same surface, on the resulting reconstructed 

surface. To control for digitizing error and signal noise, a plastic human knee 

phantom with typical anatomic surface contour and point distribution was used. 

Only the femur surface was examined in this repeatability analysis, as it was 

fixed relative to the reference markers used for registration between image 

series, while the patella was not. 

The femur of the plastic knee phantom was mounted in a custom 

designed plaster mould attached to an L-shaped acrylic plastic board (Figure 3-

18). Four polyethylene spherical reference markers were mounted on the ends 

of four posts that were rigidly embedded into the L-shaped acrylic plastic board. 

These spheres were used for registration across the different MR image series. 

The knee phantom mounting jig was subsequently placed in a small rectangular 

tank, also made of acrylic plastic. The tank was filled with 0.1 mM MnCl2, 0.9% 

saline solution to a level which completely submerged the knee phantom. The 

solution provided an image of the phantom knee joint with high contrast edges, 
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which enabled simple and repeatable edge detection of the joint surface of 

interest. 

REFERENCE 
MARKERS 

markers. 

Three MR image series of the plastic knee phantom were obtained. To 

acquire different surface points in each series, the MR image slice locations were 

repositioned before each acquisition. The femur and reference marker surfaces 

in each series were digitized using the semi-automated NMS method of edge 

detection. The three femur surfaces were compared in three sets of pairs (i.e. 

knee phantom #1 and #2, knee phantom #1 and #3, knee phantom #2 and #3). 

The coordinates of the surface data from one series was transformed into the 

coordinate system of the comparison series using the spherical reference 

markers and the Soderkvist and Wedin (1993) algorithm (section 3.4.5). As with 

all MR images the origin of the coordinate system was defined as the top left 

corner of the last slice in the series. Within a given pair, the first surface listed in 

the comparison was selected as the base and the second surface was 

superimposed onto this base surface. Because the surfaces were close together 
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and possessed the same contours, it was assumed that the choice of base 

surface was insignificant. The 3D proximity values between the surfaces were 

calculated using the same proximity method used to calculate the contact area in 

section 3.6, except in this case all proximity values were considered as a 

measure of the difference between the two surfaces. In the ideal case, the two 

surfaces would be identical and the proximity values would be equal to zero. The 

mean and RMS difference were calculated for all proximity values excluding a 

band of 2 grid points (equivalent to 0.55 mm) around the perimeter of the surface 

to eliminate the TPS edge effects from the calculations. A band of this size was 

chosen based on an approximation of the magnitude of the edge effects from the 

proximity plots. 

3.7.1.2 Analysis of Digitization Techniques for Identification of Surface Data 
Points on MR Images 

Accurate calculation of the contact area requires repeatable and accurate 

delineation of the surfaces in the images. For this reason, the influence of the 

method of edge detection and image quality on the identification of surface data 

points in MR images was examined. This would also be applicable for the 

MDPG images. However, it is known that the accuracy of MDPG is greater than 

that of MRI due to higher pixel resolution and less noise in the images and further 

investigation into improved accuracy of this technique was considered to be 

beyond the scope of this study. 

Three edge detection techniques were applied to the MR images and 

compared: Non-Maxima Suppression (NMS) (Devernay, 1995), Sobel (Russ, 

1995) and manual digitization. Four different series of MR images were used for 

this analysis: the knee phantom used previously (section 3.7.1.1), a porcine knee 

using an FSE imaging sequence, a human knee using the same FSE sequence 

and a human knee using an FSPGR sequence. Each series had a different 

image quality. The knee phantom series, as discussed above, had high contrast, 

easily detectable edges (FSE T1 weighted, 90° flip angle, TE = 13.08 ms, TR = 
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650 ms, 512x512 readout matrix, 200 mm FOV). All porcine images and the 

images of human knee #1 were obtained using the same fast spin echo pulse 

sequence, MR unit and surface coil (FSE T2 weighted, 90° flip angle, TE = 80 

ms, TR = 5400 ms, 1 NEX, 140 mm FOV, 512 x 512 readout matrix, echo train 

length = 9). These images were of mediocre quality due to the short scan time 

requirement. The images of human knee #2 were obtained on a different 1.5 T 

GE MR unit as part of a previous study (Ronsky, 1994), using a 5" diameter 

transmit-receive quadrature surface coil and a fast spoiled gradient echo 

sequence (FSPGR, 35° flip angle, TE = 16.0 ms, TR = 45.0 ms, 256x256 readout 

matrix, 120 mm FOV). 

The patella and femur of each data set was digitized with the three edge 

detection techniques. The method of application of the Sobel technique was the 

same as for NMS described in section 3.2.2, except that the Sobel edge 

detection was applied to the windowed region-of-interest and the threshold was 

chosen to be less than 0.05. There was no histogram of intensity gradients to 

assist in choosing a threshold as in the NMS technique. Therefore repeated 

trials with different thresholds were often required. For manual digitization, points 

along the entire surface were chosen by clicks of the mouse. For all techniques, 

one could zoom in on a portion of the image when adding or removing points. 

Measures for evaluation of the techniques included surface topography, 

calculated contact area and processing time. These measures were compared 

across techniques for each image series. The surface topography measures 

included the Gaussian curvature, and the mean and RMS difference between the 

superimposed surfaces for both the femur and the patella. The contact area was 

compared by magnitude at proximity thresholds ranging from 0 to 1.5 mm in 0.05 

mm increments. The processing time measured for the semi-automated 

techniques included both the computing time and time required for user editing in 

the time value. A registration of data between techniques was not required as 

the same origin designation was used for all techniques. 
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3.7.1.3 Manual Digitization Repeatability 

An estimate of the error associated with repeated manual digitization was 

conducted for both the MR images and the MDPG images. To evaluate the intra 

and inter-user repeatability of digitization for MR images, one representative MR 

image series of porcine knee #3 was digitized four times, three times by one user 

and once by another experienced user, using the NMS edge detection technique. 

This specimen was chosen because its image quality was in the mid-range of 

quality variation across all specimens. It was assumed that this specimen would 

give a most representative view of the repeatability. The results of the 

automated edge detection methods are themselves perfectly repeatable on a 

given image, as they are based on calculations using the pixel grayscale values. 

The repeatability of the NMS method was therefore calculated as a measure of 

the repeatability of manually editing the NMS results rather than of NMS itself. A 

comparison of resulting surface topography and contact area was performed by 

the same procedure described for the evaluation of edge detection techniques. 

The coefficient of variation was calculated for the area within the stain perimeter 

for each digitization and for the contact area at the theoretical proximity 

threshold. The coefficient of variation was calculated by dividing the standard 

deviation of the values by the mean and was reported as a percent. 

A comparison of resulting measures of surface topography and contact 

area were also performed on two repeat manual digitizations of knee phantom #2 

as a measure of the repeatability of placing the points manually. Since the edge 

was smooth and highly defined the uncertainty of determining the boundary was 

minimized in this repeatability calculation. 

The same surface topography and contact area analysis was applied to 

the MDPG image set of the same specimen (porcine knee #3) for two repeat 

digitizations by one user. The mean and RMS difference between the x, y spatial 

coordinates for all the grid intersections and stain points on the 2D images and 

the 3D x, y and z coordinates resulting from the FEMBUN also calculated. 
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Of the three coordinate directions in photogrammetry, the depth of the 

field-of-view, or z coordinate direction, is the least accurate. For this set-up, the z 

direction generally corresponds to the cartilage thickness direction. Therefore, 

when the surface points were transformed into the loaded position the error in the 

z coordinates of surface points would have more effect on the contact calculation 

than error in the x and y coordinates. To assess the effect of error in the z 

direction on the contact area calculation, a sensitivity analysis was performed by 

applying a shift of -0.1 mm and +0.05 mm in the z direction to the femur and 

determining the change in contact area. The positive sign indicates that the 

surfaces were moved farther apart and the negative indicates that they were 

moved closer together. 

The error associated with the user's ability to visually determine the stain 

perimeter and manually prick along this perimeter accurately with the syringe 

needle would be difficult to determine quantitatively, as the staining procedure 

can not be performed more than once on the same specimen. In addition, the 

exact loading condition of the specimen could not be repeated with this loading 

apparatus for repeated application of the staining procedure. Therefore, a 

repeatability analysis on the procedure was not performed. 

3.7.1.4 3D Spatial Coordinate Repeatability Using the FEMBUN Optimization 

The repeatability of the FEMBUN optimization was evaluated using two 

repeat applications of FEMBUN to the same set of MDPG data points. The user 

started with the same data points for both trials. The surfaces were reconstructed 

using the TPS algorithm (section 3.5.1) using the two new sets of 3D 

coordinates. Corresponding femur surfaces were superimposed with the base 

surface selected as the surface from the first FEMBUN optimization. Proximity 

values between the corresponding surface sets were determined to quantify the 

local variations in the resulting surface topographies. The FEMBUN optimization 

repeatability was evaluated by analysis of the mean and RMS difference 

between corresponding 3D spatial coordinates as well as the proximity values 



97 
between the femur surfaces. The contact area was calculated for proximity 

values ranging from 0 to 0.7 mm at 0.05 mm increments, using the same patella 

with the two different femur surfaces. 

3.7.1.5 Coordinate Transformation 

The accuracy of the contact area predicted with the MDPG technique is 

affected by the accuracy of the 3D coordinate transformation of the two cartilage 

surfaces into their loaded position, as measured with MRI. The coordinate 

transformation accuracy is based on the accuracy of the marker centroid 

estimation. The effect of errors in marker centroid estimation on the 3D 

coordinate transformation RMS error was evaluated for one specimen (porcine 

knee #3) using a simulation that imposed known perturbations to the centroid 

values of the femur in (a) one (x or y or z), (b) two (x,y or x,z or y,z) and (c) three 

(x,y,z) positive coordinate directions on one, two or three markers and observing 

the change in the overall transformation RMS error. The perturbation values 

were 0.05 mm, 0.10 mm, 0.20 mm and 0.3 mm. These values were chosen 

based on the observed maximum RMS fit (0.3 mm) of the reference marker 

surface points from the MRI data fit to the equation of a sphere. All RMS fit 

values for reference markers in the MDPG images were an order of magnitude 

smaller. This RMS fit was taken to be the error in defining the marker centroid. 

The mean and RMS difference was calculated between the 3D spatial 

coordinates of the original transformed points and the newly transformed points 

determined from the perturbed centroids and the case with the maximum 

difference was recorded. For the largest applied perturbation of 0.3 mm in the 

positive x,y,z directions of reference markers 1 and 2, the proximity values from 

the TPS surfaces for femur to femur and patella to patella comparisons were 

determined and the mean and RMS calculated. The resulting difference in 

contact area between the patella and femur of the original surfaces and that of 

the new perturbed patella and femur surfaces was also calculated. 



98 
3.7.2 MR image Distortion 

3.7.2.1 Magnetic Susceptibility 

The nature of distortions that occur within MR imaging due to the magnetic 

susceptibility differences were investigated using a comparison between surface 

shape obtained from MR images and from direct measurements using a CMM. A 

29 mm diameter hollow plastic hemisphere filled with air, was mounted on the 

acrylic L-shaped board of the knee phantom apparatus with cyanoacrylate glue 

(Instabond, LePage Brampton, ON) (Figure 3-18). It was then submerged in the 

0.1 mM MnCb solution and scanned in the MR unit. Afterwards, the plastic knee 

phantom and the reference markers and hemisphere were measured using a 

CMM. A 3D coordinate transformation was performed between the CMM and 

MR spatial data of the femur and hemisphere surfaces. The CMM and MRI data 

were subsequently compared using proximity mean and RMS values. 

3.7.2.2 Chemical Shift Artifact 

Chemical shift artifact can also have an effect on the ability to accurately 

determine boundaries between joint tissue materials (e.g. cartilage and bone, or 

cartilage and synovial fluid) in an image. The equation for calculating chemical 

shift, CS, is: 

CS = A ( 0 X N ' ° [22] 
BW 

where ACQ is the difference in Larmor frequency between the protons (with 

differing chemical environments) at the machine's magnet strength, N r o is the 

number of readout points spanning the field-of-view and BW is the receiver 

bandwidth. In this study, the value of Aco between fat and water is 220 Hz for a 

1.5 T machine and N r o is 512, but bandwidth changes depending on the pulse 

sequence used. For the pulse sequence used in this study, the bandwidth was 

15.63 kHz. The direction of this shift is along the frequency encoding axis, which 
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in all of the porcine FSE imaging series was in the proximal / distal direction of 

the specimen. 

The theoretical chemical shift artifact between fat and water was calculated 

in millimeters for the porcine imaging sequences and the possible effect on 

uncertainty in defining tissue boundaries examined. The interfaces most affected 

by the chemical shift were also determined based on their chemical composition 

and orientation relative to the frequency encoding direction. 

3.8 Comparison between Measurement Techniques 

The final step in evaluation of the MR procedure was to compare the 

results of surface topography between MRI and MDPG data sets and the results 

of contact area between the MRI and MDPG proximity techniques and to the 

stain perimeter. Factors that may introduce differences in the boundary of the 

MRI and MDPG joint surfaces include edge effects that occur with the TPS 

method of modelling and differences in the size of the surface data acquisition 

region. The MDPG surface data generally covered a smaller area than the MRI 

data. This typically occurred because the grid points projected on the surface 

were not always positioned at the border of the cartilage region but on either 

side, thus only the interior point was retained giving a smaller surface area. To 

deal with these differences, a band around the boundary, two resample points 

wide, was omitted during this comparison. 

The comparison of the MRI and MDPG techniques included the following 

calculations: (1) the mean and RMS difference between the respective femur and 

patella surfaces of the two techniques, (2) the contact area magnitude over 

proximity thresholds ranging from 0 to 0.75 mm in 0.05 mm increments for each 

technique and (3) the shape of the contact area at the theoretical proximity 

threshold. The theoretical proximity threshold, which gives a contact area 

corresponding in magnitude to the area within the stain perimeter, was not 

necessarily the same for the MRI and MDPG data. 
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The shape of the perimeter of the contact regions obtained from MRI, 

MDPG and staining were compared by dividing the regions into 8 sectors (Figure 

3-19), starting at the coordinates of the centroid of the staining contact area. The 

area and the minimum and maximum radii measured from the stain centroid to 

each perimeter point within a sector were calculated as the comparison 

variables. This was repeated for each of the techniques and the difference 

between the MRI and staining results and between the MDPG and staining 

results were calculated. The mean difference in area and maximum and 

minimum radius over the eight sectors was then calculated for each specimen. 

For the MRI data, the points on the perimeter of the calculated contact region 

were plotted on the MR images to observe their location relative to the apparent 

edge of the contact region on the images as detected visually. Comparisons 

were performed for each of the porcine specimens and then the data was 

examined for trends across specimens. The possibility of a single proximity 

threshold that could be used for all specimens was examined. 

Figure 3-19: Schematic of the division of the contact areas into sectors for 
description and comparison of the perimeter across techniques (each line 
type represents a different technique, MRI, MDPG or staining). 
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The results of this study are presented in three main sections. The first 

section discusses the accuracy and repeatability factors associated with 

processing MRI and MDPG images and collecting surface data points. The 

second examines the aspects of surface reconstruction. The third section 

includes contact area calculations and the comparison between MRI, MDPG and 

staining results. The plastic knee phantom, all porcine specimens and the two in-

vivo human subjects that are discussed in the next two chapters will be referred 

to hereafter by the a description and number as shown in Table 4-1 below. 

Table 4-1: List of specimen identification numbers 

Identification 
MR Unit 

Identification 
Number 

Description 

Knee Phantom #1 e5183s4 Plastic knee phantom in MnCl2 and saline 
solution 

Knee Phantom #2 e5183s5 Plastic knee phantom in MnCl2 and saline 
solution 

Knee Phantom #3 e5183s6 Plastic knee phantom in MnCI 2 and saline 
solution 

Porcine Knee #1 e50632s6 In-vitro porcine knee , Oil markers 

Porcine Knee #2 e7214s2 In-vitro porcine knee, Oil markers 

Porcine Knee #3 e7239s6 In-vitro porcine knee, Oil markers (tissue 
cut and sutured before MR scan) 

Porcine Knee #4 e7730s7 In-vitro porcine knee, Gelatin markers 
(tissue cut and sutured before MR scan) 

Porcine Knee #5 e7764s4 In-vitro porcine knee, Gelatin markers 
(tissue cut and sutured before MR scan) 

Human Knee #1 e6279s7 In-vivo human knee, loaded, FSE 
sequence 

Human Knee #2 
(Ronsky, 1994) e8209s11 In-vivo human knee, loaded, FSPGR 

sequence (Ronsky, 1994) 
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Porcine specimens #1 , #4 and #5 were obtained from an abattoir and 

as a result the exact age and breed were unknown, but all were less than six 

months old. Porcine specimens #2 and #3 were harvested from a nine month old 

Landrace York swine, which was part of another study at the University of 

Calgary. The MRI data for the human knee #1 was obtained with the same 

surface coil, MR pulse sequence and MR scanner as the five porcine specimens 

(FSE T2 weighted, 90° flip angle, TE = 80 ms, TR = 5400 ms, bandwidth = 15.63 

kHz, 1 NEX, 140 mm FOV, 512 x 512 readout matrix, echo train length = 9). The 

MRI data for the human knee #2 was obtained on a different 1.5 T GE scanner 

as part of another study (Ronsky, 1994) using a different subject, surface coil and 

MR pulse sequence (FSPGR, 35° flip angle, TE = 16.0 ms, TR = 45.0 ms, 

256x256 readout matrix, 120 mm FOV). 

4.1 Accuracy and Repeatability in Image Processing and Collection of 
Surface Data 

This section includes a descriptive assessment of the MR images 

obtained and presentation of the image distortion measurements. Comparisons 

between surfaces, resulting from repeat digitization, different smoothing factors 

or another altered parameter are reported for both MRI and MDPG data. The 

difference between the surfaces was measured based on the proximity 

calculation between the surfaces. The mean and RMS of the proximity values 

then summarized the differences over the entire surface. 

4.1.1 Magnetic Resonance Imaging 

The selection of the most appropriate pulse sequence for MR imaging was 

made based on the criteria outlined in section 3.2.1. The sequence was 

determined using an in-vivo human subject and chosen to be an fast spin echo 

(FSE) with T2 weighting, 90° flip angle, TR = 5400 ms, TE = 80 ms, bandwidth = 

15.63 kHz, 1 NEX, 140 mm FOV, 512x512 readout matrix and an echo train 

length of 9. This sequence was used on the five porcine specimens and one in-

vivo human subject for the evaluations of this study. The MR images of human 
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knee #2 (Ronsky, 1994) were obtained using an FSPGR sequence (35° flip 

angle, TR = 45.0 ms, TE = 16.0 ms, 120 mm FOV, 256x256 readout matrix) and 

were substantially less grainy than those obtained in this study. However, it was 

not possible to reproduce the same quality of images with the available MR unit 

and surface coil using that same pulse sequence. A disadvantage of the set up 

for human knee #2 was that the penetration of the smaller surface coil would not 

have been sufficient to include the reference markers in the field-of-view. These 

markers were essential to the analysis in this study. 

In the current study the human cartilage appeared black and the synovial 

fluid appeared white using the chosen FSE pulse sequence (Figure 4-1). 

Interestingly, it was subsequently found that MR signal from the porcine cartilage 

appeared white and the synovial fluid dark using this same sequence (Figure 4-

2). One of the original criteria for choosing a pulse sequence was to have high 

contrast between the cartilage and synovial fluid, which was maintained with this 

sequence for both the human subjects and porcine specimens. It was beneficial 

to avoid pulse sequences that produced only shades of gray at the cartilage / 

synovial fluid interface as a lack of substantial distinction in grayscale values 

makes semi-automatic edge detection more difficult. The image series obtained 

for the porcine specimens included fifty-three to seventy-two image slices, 2 mm 

thick giving a voxel resolution of 0.27 x 0.27 x 2 mm 3 . The number of slices for a 

given specimen was dependent on the distance between the reference markers 

and the number of image slices required to detect all the markers. The voxel size 

was the same for the human subject but only 41 image slices were required to 

span the patellofemoral joint, as no markers were present. 

It was observed that for porcine specimens #1 and #3 the edges of the 

contact region were brighter in the majority of image slices that showed contact 

(Figure 4-3). For all porcine specimens, the distinction between the patella and 

femur cartilage surfaces within the contact region was not readily discernable. 
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Figure 4-1: An example MR image taken from the image series of human knee 
#1 of a loaded in-vivo human knee (FSE T2 weighting, 90° flip angle, TR = 
5400 ms, TE = 80 ms, bandwidth = 15.63 kHz, 1 NEX, 140 mm FOV, 
512x512 readout matrix, echo train length = 9). 

Figure 4-2: An example MR image taken from the middle of the image series of 
porcine knee specimen #5, showing the surfaces in contact and one of the 
reference markers (FSE T2 weighting, 90° flip angle, TR = 5400 ms, TE = 
80 ms, bandwidth = 15.63 kHz, 1 NEX, 140 mm FOV, 512x512 readout 
matrix, echo train length = 9). 
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rather than the having a white cartilage region. Figure 4-2 and 4-3 show 

examples of a visible cartilage layer and Figure 4-4 shows an example of a 

portion of the surface where the cartilage was approximately the same color as 

the subchondral bone. It was also observed that the cartilage / subchondral 

bone interface was even less discernable below the contact region. 

Figure 4-4: A portion of two MR images of porcine knee #2 showing a possible 
surface defect in the bone surfaces indicated by the white arrows. The 
cartilage also does not appear as a bright layer on top of the subchondral 
bone. 

4.1.1.1 Image Distortion 

MR images were taken of the knee phantom and a plastic hemisphere 

while it was immersed in 0.1 mM MnC^ solution. An evaluation of the differences 

in surface shape of the knee phantom and a hemisphere between the surface 

data obtained from MR images and from direct measurements using a CMM, 

revealed that the differences in magnetic susceptibility of the materials and the 

solution affected the surface shape observed in the MR images. The coordinate 

transformation was performed on the CMM surface data into the MRI coordinate 
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system. The transformation error between the two modalities was 0.24 mm. 

The proximity values between the MRI and CMM femur surfaces of the knee 

phantom gave a mean difference of -1.09 mm and RMS of 1.25 mm over the 

entire surface, one would expect a difference of zero millimeters if it were a 

perfect fit. The majority of the shift appeared to be along the frequency-encoding 

direction or horizontal direction in the image plane, where the MRI data was 

shifted to the right relative to the CMM data by approximately 1 mm. This is 

represented by the negative sign on the mean difference. The shift along the 

phase-encoding direction or vertical direction in the MR image plane, was 

approximately 0.5 mm. The different was minimal in the MR slice selection 

direction. 

Warping of the surface due to magnetic susceptibility differences was 

more visible to the eye in the MR images of a sagittal and coronal view of the 

hemisphere (29.6 mm radius, CMM measured), that was fixed to the side board 

of the knee phantom jig (Figures 4-5 and 4-6). The radius and RMS spherical fit 

of this sphere was calculated from the MRI data and found to be 28.2 mm (RMS 

= 0.5 mm) and 28.3 mm (RMS = 0.3 mm) for the sagittal and coronal views of the 

sphere respectively. 

Magnetic susceptibility differences were also observed in the porcine 

image series. It was found across specimens that the reference markers were 

less spherical the closer they were to each other or to the bulk tissue of the 

specimen. The differences in the x, y and z coordinates of the marker centroicls 

between the MDPG and MRI systems provide an indication of the distortions in 

the reference markers, as there should be minimal distortion in the MDPG 

images. The differences ranged from 0.1 mm to 1.1 mm. However, this 

difference also included the coordinate transformation and chemical shift errors. 

The distortions in shape associated with relative marker location were not 

quantified as this aspect, as well as possible compensation techniques, were 

beyond the scope of this study. 
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(a) 

Figure 4-5: A portion of an MR image showing the warping of a hemisphere due 
to magnetic susceptibility effects in (a) sagittal and (b) coronal views. 

380 390 400 410 420 430 

Figure 4-6: Side view of 3D plot of surface data points of hemisphere obtained 
from sagittal MR images and CMM measurements. The surface 
information obtained from the MR images appear as concentric rings, as 
all images are superimposed on one another in this view. 

The effect of the chemical shift artifact on the location of a tissue interface 

within an image is dependent on the chemical composition of the tissues and 

their orientation with respect to the frequency encoding direction within the bore 

of the MR unit. The chemical shift between fat and water for the FSE sequence 

used on the porcine specimens was calculated to be 7.2 pixels, which translates 

into a shift of 1.97 mm in the proximal / distal direction of the specimen. This 

indicates, when looking at a slice such as Figure 4-7(b) and (c), a shift of the lipid 

signal of the bone marrow to the left relative to the water signal in the cartilage. 
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This would exaggerate the apparent thickness of the cartilage on the femur 

and decrease it on the patella for Figure 4-7(b). However, for Figure 4-7(c) the 

majority of its affect would be to exaggerate the apparent thickness of the 

cartilage on the femur as the cartilage / subchondral bone interface on the patella 

is approximately parallel to the frequency encoding direction along which the shift 

occurs. The chemical shift effect is more pronounced at the cartilage / 

subchondral bone interface than at the cartilage / synovial fluid interface. This is 

because the chemical compositions of the cartilage and synovial fluid are more 

similar than those of bone marrow and cartilage. Therefore, this shift has a less 

measurable effect on the contact area calculation than on a calculation such as 

cartilage thickness. 

4.1.2 Comparison of Edge Detection Techniques on MR Images 

To evaluate the influence of the method of edge detection and image 

quality on the identification of surface data points in MR images, three edge 

detection techniques were applied to four MR image series of varying quality: the 

knee phantom in MnCI 2 solution, porcine knee imaged using a FSE sequence, 

human knee using the same FSE sequence and a human knee using a FSPGR 

sequence (Figure 4-7). 

4.1.2.1 Quality of Edge Detection 

The difference between the edge detection techniques can be observed 

visually when the resulting edge points are plotted on an image (Figures 4-8 and 

4-9). For a given image, the NMS and Sobel techniques detect edges in different 

locations. It is apparent from the plotted results that Sobel edge detection 

calculates the edge points to be at the center of the pixels, giving a rougher 

surface line while the NMS technique uses the grayscale gradients to 

surrounding pixels to determine sub-pixel positioning of the edge points. In some 

regions of the image the Sobel technique identified edge points where NMS did 

not and in other regions the NMS technique identified edge points where Sobel 

did not. 
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Figure 4-7: One example MR image from (a) knee phantom #2, (b) porcine knee 
#5, (c) human knee #1 and (d) human knee #2. 

In general the NMS technique picked up more false edges than the Sobel 

technique, indicating that it is more sensitive. However, in the custom editing 

program the user identifies the points to be kept rather than removing all 

erroneous points. Therefore the difference in editing time between the two 

techniques is minimal. The semi-automated techniques could not distinguish 

between the patella and femur cartilage in the contact region on most images 

(Figure 4-9(a) and (c)), consequently manual digitizing was required in this 

region. The number of surface points obtained from manual digitization was less 
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than half that of either semi-automated technique. The number of patella 

surface points was approximately 500 for manual digitization and 1000 for the 

semi-automated techniques. For the femur, the number of surface points was 

approximately 800 for manual digitization and 2000 for the semi-automated 

techniques. It is evident that during manual digitization the user either 

consciously or unconsciously smoothed the surface while digitizing (Figure 4-9). 

This smoothing by the user during manual digitization introduced the variability in 

digitization. Manual digitization was also more taxing on the user as more visual 

concentration on the images was required throughout and therefore more 

frequent breaks were required when digitizing large amounts of data. 

Figure 4-8: A representative MR image from porcine knee #5 (a,c) and human 
knee #2 (b,d) after applying Sobel edge detection (a,b), and NMS edge 
detection techniques (c,d). User editing is required to remove false edges. 
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Sobel Digitization 

NMS Digitization 

Manual Digitization 

Figure 4-9: A representative MR image of porcine knee #5 (a,b,c) and human 
knee #2 (d,e,f) after application of Sobel, NMS or manual edge detection 
techniques and user editing was performed. 

4.1.2.2 Surface Topography 

The surface topography was evaluated as another comparison parameter 

between the manual, NMS and Sobel edge detection techniques. The patella 
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and femur surface data from the three techniques were reconstructed using 

TPS. No smoothing was applied to the data. The Gaussian curvature at each 

resampled point on the surface was calculated for the three techniques and 

plotted as a grayscale value on the surface mesh (Figure 4-10). The surfaces 

reconstructed from Sobel digitization data had the largest localized Gaussian 

curvature values, followed by NMS and then manual digitization. This can be 

observed from the percentage of curvature values ranging from -0.01 mm' 2 to 

+0.01 mm" 2 for each edge detection technique and the same for curvature values 

between ±0.05 mm" 2 (Table 4-2). The percentages reported for manual 

digitization were usually highest indicating that the Gaussian curvature values 

were smaller and the lowest percentages usually occurred for Sobel edge 

detection indicating higher curvature values. The increased curvature magnitude 

for the Sobel data relative to the results of the other techniques indicates an 

increase in roughness on the reconstructed surface when using the Sobel data. 

On the Sobel surfaces the locations of MR image planes were discernable as 

ridges on the curvature distribution map (Figure 4-10(a)). This effect was present 

but much less pronounced on the NMS surface (Figure 4-10(b)). It can be 

observed from Figure 4-10 that the perimeter of the patellar surface is not 

equivalent for the three techniques. This is a function of user editing. It is left to 

the user to decide how much of the cartilage to digitize in each image. 

The Gaussian curvature is an indicator of curvature variation on the 

surface that may arise from either natural surface contours or measurement 

error. It was observed that the magnitudes of the Gaussian curvature values 

were dependent on the specimen (Table 4-2). For the manual and Sobel 

digitization techniques, knee phantom #2 had the lowest curvature values and 

human knee #2 had the highest curvature values. For the NMS technique knee 

phantom #2 continued to have the lowest curvature values however human knee 

#1 had the highest curvature values. The patellar cartilage surfaces of human 

knees #1 and #2 are by nature more highly curved than on porcine knee #5 and 
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knee phantom #2 (Figure 4-7). Therefore, as expected the curvature values 

are, on average, higher for all edge detection techniques on patellar surfaces of 

human knees #1 and #2. 

Figure 4-10: Gaussian curvature maps for (a) Sobel, (b) Non-Maximia 
Suppression and (c) manual edge detection techniques on the patella of 
porcine knee #5. Grayscale values represent the magnitude of curvature 
at a given location. 
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Table 4-2: Percentage of Gaussian curvature values with a given range 

for three edge detection methods over the entire surface 

Percentage within Given Range 
Image Series ±0.01 mm" 2 

:0.05 mm" 2 
Manual NMS Sobel Manual NMS Sobel 

Knee Phantom 
#2 81.0 67.8 63.3 96.1 87.2 81.6 

Fe
m

ur
 Porcine Knee 

#5 69.1 58.7 49.7 94.1 84.8 72.3 

Fe
m

ur
 

Human Knee 
#1 54.8 46.8 48.7 87.7 79.2 79.9 

Human Knee 
#2 50.1 52.7 44.5 85.3 82.8 65.0 

Knee Phantom 
#2 83.5 72.7 54.9 97.8 94.4 76.8 

el
la

 Porcine Knee 
#5 53.6 57.1 37.7 88.1 84.2 66.9 

CO 
D _ 

Human Knee 
#1 49.4 40.7 37.3 85.4 77.4 71.2 

Human Knee 
#2 45.9 56.1 33.6 84.7 86.9 59.1 

The patella surface resulting from one edge detection technique was 

superimposed on the same surface obtained from another technique and the 

mean and RMS difference between them calculated. This was performed for 

three comparisons: manual versus NMS, Sobel versus NMS, manual versus 

Sobel (Table 4-3). The same comparisons were performed on the femur 

surfaces. The first technique listed in each pair was chosen as the base surface 

and the difference was determined based on the proximity values calculated 

between the surfaces. If the surfaces were equivalent a difference of zero would 

be expected. The mean difference indicates a biased difference or shift between 

the two surfaces. The mean difference values ranged from -0.17 mm to 0.13 

mm. A negative mean difference indicates that on average the surface obtained 

from the second technique listed in the comparison was closer to the bone (i.e. 

the cartilage appears thinner) than the first technique. For positive mean 

differences, the first technique listed in the comparison was on average closer to 
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the bone than the second. The smallest mean difference had a magnitude 

less than 10"2 mm and occurred for the comparison of the Sobel and NMS 

techniques on the femur of human knee #1. The RMS values ranged from 0.08 

mm to 0.43 mm. High RMS values indicate that there is large local variability 

between the surfaces of the two techniques, as opposed to a mere shift in their 

locations relative to the bone. A low mean and RMS indicates high fidelity 

between the two surfaces. 

Table 4-3: Comparison of surface topographies using manual, Non-Maxima 
Suppression (NMS) and Sobel edge detection techniques on four 
different MR image series. 

Image 
Series 

Difference 
(mm) 

Comparison 
Image 
Series 

Difference 
(mm) 

Manual vs. NMS Sobel vs. NMS Manual vs. Sobel Image 
Series 

Difference 
(mm) 

Patella Femur Patella Femur Patella Femur 

Knee 
Phantom #2 

Mean -0.09 -0.17 -0.01 -0.05 -0.07 -0.11 Knee 
Phantom #2 RMS 0.14 0.22 0.11 0.08 0.13 0.13 

Porcine 
Knee #5 

Mean 0.07 -0.06 0.04 -0.03 0.02 -0.09 Porcine 
Knee #5 RMS 0.28 0.12 0.28 0.10 0.13 0.13 

Human 
Knee #1 

Mean -0.09 -0.02 -0.03 0.00 0.13 -0.04 Human 
Knee #1 RMS 0.26 0.28 0.43 0.30 0.23 0.28 

Human 
Knee #2 

Mean -0.09 -0.19 -0.03 -0.03 -0.10 -0.14 Human 
Knee #2 RMS 0.25 0.22 0.22 0.20 0.27 0.25 

(+) indicates the 1 surface listed is on average closer to the bone than the 2 r 

(-) indicates the 2 n d surface listed is on average closer to the bone than the 1 

In the MR images, the transition between the bright cartilage and the dark 

synovial fluid occurred over two to three pixels with progressively darker 

grayscale values. Each edge detection technique calculated the edge at a 

different location along this transition. For three of four patella surfaces (knee 

phantom #2, human knee #1 , human knee #2) and all of the femur surfaces the 

NMS surface was closer to the bone than the manual surface. For three of four 

patella surfaces (knee phantom #2, human knee #1 , human knee #2) and three 
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of four femur surfaces (knee phantom #2, porcine knee #5, human knee #2) 

the NMS surface was closer to the bone than the Sobel surface. For two of four 

patella surfaces (knee phantom #2, human knee #2) and all of the femur 

surfaces the Sobel surface was closer to the bone than the manual surface. The 

mean and RMS differences were, on average, greater for the femur surface 

comparisons. 

4.1.2.3 Contact Area 

Digitization of the cartilage surfaces with different edge detection 

techniques also affects the magnitude of the calculated contact area. This effect 

was quantified by comparison the contact area at proximity thresholds ranging 

from 0 to 1.5 mm, at 0.05 mm increments, for the surfaces obtained from the 

manual, Sobel and NMS edge detection techniques. As previously stated, the 

surface points obtained from the NMS technique were usually closer to the bone 

than the surface points of the Sobel and manual techniques on both the patella 

and femur surfaces. This was followed by Sobel and then manual digitization, 

whose surface points were farthest from the bone (Table 4-3 and Figure 4-9). 

Therefore, in the case of manual digitization the patella and femur surfaces 

appear closer to one another than in the other two techniques. Consequently, 

the proximity values between the patella and femur are decreased as compared 

to the other two techniques. Thus, it was expected that the calculated contact 

area at a given proximity threshold would be greatest for the manually digitized 

surface, then for the Sobel digitization and the smallest for the NMS digitization. 

This was the case for knee phantom #2 and human knee #2 (Figures 4-11 (a) and 

(d)). For porcine knee #5 and human knee #1 the contact area obtained for the 

manual results was less than or similar those calculated for the NMS and Sobel 

techniques (Figures 4-11(b) and (c)). This was foreseen as the surface 

topography comparisons of Table 4-3 showed a smaller mean and larger RMS 

difference across techniques for porcine knee #5 and human knee #1 than for 

knee phantom #2 and human knee #2. Consequently, the differences in the 

contact area results across techniques were less pronounced for porcine knee #5 
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and human knee # 1 . In the image series of knee phantom #2 and human 

knee #2 there was a visible space between the patella and femur surfaces in 

the supposed contact region and the edges were well defined. Therefore, 

the automated techniques could be used with minimal editing. The 

differences between techniques were more pronounced for the smaller 

proximity values. This was to be expected since manually picking the edge 

points is more difficult when the two surfaces are closer together or touching. 

Human Knee #1 Human Knee #2 
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Figure 4-11: Comparison of the effect of edge detection method on contact area 
calculation for the (a) knee phantom #2, (b) porcine knee #5, (c) human 
knee #1 and (d) human knee #2. 
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For all proximity threshold values of porcine knee #5 and for proximity 

thresholds from 0 to 0.9 mm for human knee #2, the two semi-automated 

methods (Sobel and NMS) gave more similar contact area values. For human 

knee #1 and knee phantom #2 the Sobel results were more similar to the manual 

results. 

4.1.2.4 Processing Time 

The processing time required for each edge detection technique varied 

with the image series (Table 4-4). The values for NMS and Sobel techniques 

include both computer processing and user editing time. The processing time for 

the semi-automated techniques depended on the size of the region-of-interest 

(increased size, increased computer processing), pixel resolution (increased 

resolution, increased computer processing) and the quality of image (decreased 

quality, increased user editing). It can be seen that processing times of the semi-

automated techniques were more dependent on the image quality than the 

manual technique. The comparison between processing times for the manual 

and semi-automated techniques can be misleading in that the computer 

processing time is also dependent on the computer processor speed. Therefore, 

these comparisons are only valid for the computer used in this study (Silicon 

Graphics Inc, Octane computer: Mountain View, CA). Also, these time values 

are stated for only one digitization trial with each technique and not an average 

value. Therefore, processing time differences less than two minutes are 

considered to be trivial, as a repeated trial could plausibly reduce the difference. 

Table 4-4: Image processing time comparison across edge detection 
techniques and image series. 

Image Series Edge Detection Technique Image Series 
Manual Sobel NMS 

Knee Phantom #2 34min 26min 45min 
Porcine Knee #5 30min 27min 31min 
Human Knee #1 32min 40min 72min 
Human Knee #2 34min 38min 26min 
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The NMS technique had the largest range of time values. The largest 

time difference across techniques occurred for human knee #1, the image series 

of the worst quality. It is speculated that human knee #1 took approximately 

twice as much time to digitize with NMS than the other image series because of 

the graininess of the images. During the NMS digitization technique 

approximately the same computer time was required as on the others image 

series but only approximately one half to two thirds of the edge points computed 

for a given image adequately represented the surface. Thus, extensive manual 

re-digitization was required. The series with lowest pixel resolution was human 

knee #2 (0.47 mm), which decreased the computer processing time for both 

semi-automated techniques. Knee phantom #2 required virtually no user editing 

for the semi-automated techniques, as they did not find false edges because 

there was not shades of gray in the images. However, regardless of image 

quality some editing was always required for both semi-automated techniques to 

identify which points within the region windowed for edge detection belong to the 

patella surface and which belong to the femur surface. 

4.1.2.5 Repeatability 

The distinction between the patella and femur cartilage surfaces in the 

contact region was not readily visible on any of the porcine specimens. 

Therefore, manual digitization was required in this region regardless of the edge 

detection method used. To examine the repeatability of editing NMS edge 

detection results, the NMS edge detection and user editing algorithms were 

applied to porcine knee #3 three times by user A and once by user B. The 

surface topography of repeated trials were compared and reported as the mean 

and RMS differences between the surfaces (Table 4-5). For ideal repeatability a 

mean and RMS difference of zero would be expected. The Sobel technique was 

not examined further because of the increased surface roughness produced 

when using this technique (section 4.1.2.2). It was determined that this 

technique was not suitable for accurate representation of the smooth, continuous 
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cartilage surface. As an evaluation of a fully manual digitization, the knee 

phantom image series #2 was digitized two times by the same user. This 

comparison is shown in the last row of Table 4-5. 

Table 4-5: Inter-user and intra-user variability in surface topography for 
repeat NMS digitization of porcine knee #3 and manual digitization of 
knee phantom #2 

Comparison Mean (mm) RMS (mm) Comparison 
Patella Femur Patella Femur 

A1 vs. A2 0.03 -0.02 0.17 0.15 

A3 vs. A1 0.04 -0.03 0.18 0.15 
A3 vs. A2 0.00 -0.02 0.16 0.17 

A1 vs. B1 0.02 -0.01 0.15 0.19 
A2 vs. B1 0.06 -0.04 0.23 0.22 

A3 vs. B1 0.05 -0.03 0.13 0.23 
M1 vs. M2 

(knee phantom #2) 0.11 0.14 0.13 0.14 

A# =user A, trial#; B# =user B, trial#; M# = user A manual digitization, trial# 
(+) indicates the 1 s t surface listed is on average closer to the bone than the 2 n 

(-) indicates the 2 n d surface listed is on average closer to the bone than the 1 

The mean difference for the intra and inter-user comparisons ranged from 

-0.04 mm to 0.06 mm and the RMS difference was an order of magnitude larger, 

ranging from 0.13 mm to 0.23 mm. This indicates that the variability over the 

surface was large compared to any biased shift between the surfaces. However, 

for the strictly manual digitization, of the well defined knee phantom surface, the 

mean difference increased to the same order of magnitude as the RMS 

difference. It is evident that the mean difference was reduced by using the semi-

automated method as compared to fully manual digitization of the surface. As 

expected, the inter-user difference was slightly higher than the intra-user 

difference but not substantial. Although the overall inter-user variation in surface 

topography appeared similar to that of the intra-user, the calculated contact area 

was more adversely affected by the inter-user variability (Figure 4-12). 
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Figure 4-12: Comparison of calculated contact area with repeated NMS 
digitization of MRI data for porcine knee #3. For comparison purposes, 
the area calculated within the stained region is plotted as a solid horizontal 
line. 

The difference in calculated contact area between repeat digitization trials for 

porcine knee #3 varied with proximity threshold. The theoretical proximity 

threshold was used for comparison of contact area between the repeated trials. 

When compared to the stain area the theoretical proximity threshold for the MRI 

surfaces of porcine knee #3 was calculated to be 0.24 mm for user B and 0.30 

mm for user A. The intra-user difference in contact area at a proximity threshold 

of 0.30 mm was 1 % or less. If a threshold of 0.30 mm was used on the data of 

user B the contact area would be overestimated by approximately 10%, as 

compared to the value obtained by user A. Likewise, if a 0.24 mm threshold was 

used on the data of user A the contact area would be underestimated by 

approximately 7%, as compared to user B. The difference in contact area was 

even more pronounced on knee phantom #2, for repeated manual digitization 



123 
(Figure 4-13). For example, at a proximity threshold of 0.75 mm the contact 

area for the second digitization was 46% less than the contact area from the first 

digitization. This is a result of the larger mean difference between the manually 

digitized surfaces than the repeated semi-automated digitization of porcine knee 

#3. 

450 

Proximity Threshold (mm) 

Figure 4-13: Comparison of calculated contact area with repeated manual 
digitization of MRI data for knee phantom #2. 

Another measure of the surface topography over the different trials was to 

compare the surface area within the stain perimeter for each trial (Table 4-6). 

For example, if one trial had a rougher surface topography than another did it 

would show up as an increase of surface area within the stain perimeter. The 

calculated contact area within the stain perimeter for the surface topographies of 

the four digitizations had a standard deviation 0.35 mm. The coefficients of 

variation were 0.10% and 0.18% for intra and inter-user comparisons of the area 

within the stain perimeter. The coefficients of variation for contact area 

calculated using the proximity method were greater, 0.94% for intra-user 

comparisons and 4.92% for inter-user comparisons at the theoretical proximity 

threshold of 0.30 mm. This parameter confirms that the inter-user variability has 
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a greater effect on the contact area calculation using the proximity method. 

The coefficient of variation was not constant across all proximity thresholds. For 

example, at a proximity threshold of 0.2 mm (the average theoretical proximity 

threshold across all specimens) the variation reduced to 0.69% and 3.37% for 

intra and inter-user comparisons respectively. 

Table 4-6: Calculated area within the stain perimeter on the four repeat 
digitizations of porcine knee #3 

User and Trial Number Stain Area (mm 2) 

User A trial 1 128.54 
User A trial 2 128.21 
User A trial 3 127.95 
User B trial 1 127.69 

Mean 128.10 
Standard Deviation 0.35 

4.1.3 Multi-Station Digital Photogrammetry 

The multi-station digital photogrammetry (MDPG) technique was assumed 

to be more accurate than the MRI technique for obtaining joint surface data 

based on results reported in the literature. The FEMBUN algorithm provided 

mean estimated precision values as an indication of the ability of the optimization 

to predict the 3D coordinates from the 2D input points. The mean estimated 

precision values were obtained for the x, y and z coordinates of each point on a 

given surface and an average over the surface was calculated (Table 4-7). The 

mean estimated precision values ranged from 0.027 mm to 0.092 mm, with the z 

direction having the largest error. The z direction approximates the depth of the 

field-of-view of the digital images and corresponds approximately with the 

cartilage thickness direction of the specimen. The average mean estimated 

precision values across the five specimens were 0.040 mm in the x direction, 

0.036 mm in the y direction and 0.070 mm in the z direction. The low RMS 
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values indicated that the mean estimated precision values were similar 

across all specimens. 

Table 4-7: Mean estimated precision values obtained from FEMBUN 
optimization for the three imaging coordinate directions of the multi
station digital photogrammetry technique 

Specimen Surface 
Coordinate Direction 

Specimen Surface 
X (mm) Y (mm) Z (mm) 

Porcine Knee #1 
Femur 0.037 0.040 0.077 

Porcine Knee #1 
Patella 0.040 0.033 0.083 

Porcine Knee #2 
Femur 0.047 0.036 0.075 

Porcine Knee #2 
Patella 0.056 0.043 0.092 

Porcine Knee #3 
Femur 0.040 0.030 0.063 

Porcine Knee #3 
Patella 0.041 0.033 0.047 

Porcine Knee #4 
Femur 0.035 0.040 0.077 

Porcine Knee #4 
Patella 0.032 0.044 0.058 

Porcine Knee #5 
Femur 0.039 0.027 0.065 

Porcine Knee #5 
Patella 0.033 0.031 0.061 

Mean 0.040 0.036 0.070 

RMS 0.007 0.006 0.013 

Staining in combination with MDPG was used in the current study as the 

standard for determination of contact area. The proximity method applied to the 

surfaces obtained from MDPG was also used as another comparison for the 

contact area calculation from MRI data. The ability to repeatably represent the 

surface with this technique was evaluated. Two digitizations of the MDPG 

images for both the patella and femur of porcine knee #3 were completed by the 

same user. The results were compared by the mean estimated precision values 

provided by FEMBUN, as well as the mean and RMS difference for both the 2D 

input points and 3D points that were output from the FEMBUN algorithm. The 
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difference in the mean estimated precision values reported by FEMBUN for 

the x,y,z coordinates directions of the two digitizations was less than 0.005 mm 

for the x,y and z directions on the femur and for the x direction on the patella. 

The mean estimated precision of the y and z coordinates of the patella were 

respectively 0.012 and 0.025 mm (Table 4-8). This indicates that the estimated 

errors between the observed 2D points in the images and the 3D points modelled 

by the optimization within FEMBUN for each trial were similar. However, the 

RMS difference in the actual 2D x,y image coordinates between trials was 

unexpectedly large. Fortunately, the optimization involved in FEMBUN made a 

sizable reduction to the difference between the resulting 3D coordinates of the 

points as compared to the raw 2D points from the six images (Table 4-9). As 

expected, the differences in the 3D coordinates between the two trials were on 

the order of the mean estimated precision determined by FEMBUN. TPS was 

applied to these points and the proximity values between the two femur and two 

patella surfaces were calculated (Table 4-10). A negative mean indicates that 

the second digitization provided a cartilage surface that was, on average, closer 

to the bone than the first digitization. The difference between the patella 

surfaces was greater than for the femur, as expected due to the greater 

difference in the 3D spatial coordinates of surface points for these surfaces 

(Table 4-8). 

Table 4-8: Comparison of mean estimated precision values for the x,y,z 
coordinates output from FEMBUN for two digitization trials of the 
MDPG images of porcine knee #3 

Digitization 
Trial 

Femur (mm) Patella (mm) Digitization 
Trial X Y Z X Y Z 

Trial 1 0.040 0.030 0.063 0.041 0.033 0.047 

Trial 2 0.037 0.035 0.061 0.045 0.045 0.072 
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Table 4-9: Difference in 3D coordinates between two digitization trials 

over all common data points for MDPG images of porcine knee #3 

Difference (mm) 
Femur Patella 

Difference (mm) 
X Y Z X Y Z 

Mean 
raw 0.14 -0.19 / 0.17 0.06 / 

Mean 
FBN 0.00 -0.01 -0.03 -0.04 -0.02 0.06 

RMS 
raw 0.73 0.63 / 0.80 0.65 / 

RMS 
FBN 0.05 0.03 0.05 0.05 0.05 0.05 

raw - raw 2D data points from all six MDPG images 
FBN - reconstructed 3D points output from FEMBUN 

Table 4-10: Difference between Thin Plate Spline surfaces from two 
digitization trials of MDPG images of porcine knee #3 calculated 
based on proximity values 

Difference (mm) Femur Patella 

Mean -0.03 0.07 

RMS 0.04 0.05 

The patellofemoral contact area was also calculated for the repeated 

digitizations of the MDPG images. The difference between the x, y and z 

coordinates of the reference markers for the two digitization trials ranged from 

0.004 mm to 0.145 mm. The difference in contact area between the two trials at 

the theoretical proximity threshold of digitization Trial 1 (0.64 mm) was observed 

to be approximately 10% of the average contact area for Trial 1 and Trial 2 at 

that threshold (Figure 4-14). This magnitude of difference was greater than 

expected, given that the mean difference between the TPS surfaces was less 

than 0.07 mm. 
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Figure 4-14: Comparison of calculated contact area for two repeat digitizations 
of MDPG images of porcine knee #3 performed by the same user. 

It is known that the z direction, or the depth of the field-of-view, is the least 

accurate of the three coordinate directions in MDPG. This was confirmed by the 

mean estimated precision values obtained in the current study (Table 4-7 and 

Table 4-8). This axis approximates the cartilage thickness direction on the 

specimen. Therefore, when the patella and femur surfaces are transformed into 

the loaded position, the inaccuracy in this direction will affect the proximity values 

and subsequently affect the calculated contact area. It is speculated that this 

was the reason for the unexpectedly large difference in the contact area 

magnitude between repeated digitization trials. To better understand the effect of 

error in the z direction, a shift of -0.1 mm and +0.05 mm was applied analytically 

in the z direction to the femur of the second digitization. This showed a marked 

difference in the contact area calculation (Figure 4-15a). The contact area 

correlation between the two digitizations was greatly improved by shifting the 

patella and femur surfaces of Trial 2 closer together by 0.05 mm. The contact 

areas for the repeated trials at the theoretical proximity threshold were within 

1.4% after the shift was applied (Figure 4-15b). The 0.05 mm shift was less than 
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the average mean estimated precision value (0.061 mm) of the z direction for 

the two patella and two femur surfaces and approximately equal to the average 

RMS difference for the surfaces. It was observed that a 0.05 mm shift of one of 

the surfaces in the cartilage thickness direction had a similar effect on human 

knee #1 , which is less congruent, and gave a change in contact area of 13%. 

To measure the repeatability of the user in applying the FEMBUN 

algorithm, the algorithm was applied twice to the same set of data points. The 

objective for the user was to iteratively remove outlier points and alter the global 

x and y image standard deviation values to obtain estimated variance 

components as close to 1.0 as possible. The differences in the final 

configurations and input files for the two trials included a difference in the global x 

and y image standard deviation values, the resulting estimated variance 

components and the number of outlier points removed. The global x and y image 

standard deviation values were set at 0.425 mm and 0.519 mm in x and y 

respectively for Trial 1 and 0.423 mm and 0.515 mm for Trial 2. These resulted 

in estimated variance components of 0.999 and 0.999 in x and y for Trial 1 and 

0.999 and 0.998 for Trial 2. Trial 1 also had one more potential outlier point 

removed from one of the six images. The difference in the solution for the 3D 

coordinates was calculated and found to have a magnitude less than 0.006 mm 

for all three coordinate directions (Table 4-11). TPS was then applied to these 

two renditions of the same femur surface the mean and RMS proximity values 

calculated and found to be of the same magnitude (Table 4-12). As expected, 

the difference in the contact area was negligible. The contact area was 

calculated for proximity threshold values from 0 to 0.7 mm at 0.05 mm 

increments. For half of the proximity threshold values the contact area difference 

was zero and for the remaining values the differences were no greater than 0.22 

mm 2 . This indicates that the difference between two applications of FEMBUN on 

the same input points has negligible effect on surface topography and calculated 

contact area. 
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Figure 4-15: (a) Comparison of calculated contact area values before and after a 
-0.1 mm or +0.05 mm shift was applied to the femur surface in the z 
(cartilage thickness) direction of digitization Trial 2. Positive indicates that 
the surfaces were moved farther apart and negative indicates that they 
were moved closer together, (b) Contact area results from the Trial 2 
surfaces shifted +0.05 mm compared to the Trial 1 contact area values. 

Table 4-11: Mean and RMS difference in 3D coordinates of surface points 
for two applications of FEMBUN algorithm 

Difference 
(mm) 

Femur Difference 
(mm) X Y z 
Mean -0.006 -0.004 0.006 
RMS 0.002 0.002 0.001 

Table 4-12: Difference between Thin Plate Spline surfaces from two 
applications of FEMBUN calculated based on proximity values 

Proximity (mm) Femur 
Mean 0.005 
RMS 0.003 
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4.2 Surface Reconstruction 

For each series of MR images the entire patella surface and the top half of 

the femur surface were digitized. The restriction to the top half of the femur 

surface was necessary for two main reasons. First, a maximum of approximately 

2000 input points could be used for a given surface entered into the TPS 

program due to the memory limitations of the available computer system. The 

matrix inversion (equation [6], section 3.5.1) was the restricting step of the TPS 

calculation. As contact area analysis was the main objective of this study it was 

not necessary to have information for the femur surface far from the contact 

region. Second, the thin plate spline cannot accurately model surfaces if the 

tangent to the surface at any point is approximately parallel to the z axis, (i.e. a 

x,y coordinate with two z coordinates). TPS involves a planar projection as part 

of the calculation of the surface equation and all z coordinates are defined as a 

function of x and y. Therefore, if there are x,y coordinates with two z values a 

unique solution cannot be found. 

In the following sections, changes in the surface topography of 

reconstructed surfaces due to repeated surface data acquisition, coordinate 

transformation or smoothing are presented. A comparison between the MDPG 

and MRI surfaces reconstructed for each specimen is also included. 

4.2.1 Repeatability of Surface Reconstruction with Repeated Surface Data 
Acquisition 

The three image series of the knee phantom were examined to investigate 

the repeatability of surface reconstruction with repeated data acquisition on the 

same surface. This is important when performing longitudinal studies with MRI 

because the surface data points will not be collected from the same locations on 

the surface each time the subject is imaged. Based on the coordinate 

transformation matrix calculated between image series, it was found that the 

horizontal shift between the vertical imaging planes for the different image series 
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ranged from 0.1 to 0.3 mm. The transformation errors for registration of the 

surfaces between series were on the order of 10"2 mm (Table 4-13). This was a 

result of the small translations and rotations involved in the coordinate 

transformation and the well defined reference markers. 

Table 4-13: Coordinate transformation errors for the comparisons of three 
MR image series of knee phantom #1, #2 and #3 

Comparison Transformation Error (mm) 
Knee Phantom #1 vs. #2 0.0146 
Knee Phantom #1 vs. #3 0.0147 
Knee Phantom #2 vs. #3 0.0154 

The femur surfaces were reconstructed for each image series using TPS 

and the mean and RMS difference between them calculated, based on the 

proximity calculation (Table 4-14). The largest differences occurred at the 

periphery of the surfaces, at the bottom of the femoral groove between the 

condyles and along ridges corresponding to image plane locations (Figure 4-16). 

The grayscale values on the plot indicate the magnitude of difference between 

the two image series at a given location. 

Table 4-14: Difference between Thin Plate Spline surfaces from different 
MR image series of the knee phantom calculated based on proximity 
values 

Difference 
(mm) 

Comparison 
Difference 

(mm) Knee Phantom 
#1 vs. #2 

Knee Phantom 
#1 vs. #3 

Knee Phantom 
#2 vs. #3 

Mean 0.001 0.009 -0.009 

RMS 0.112 0.115 0.141 
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These results show that although the mean difference between 

surfaces obtained from different image series was small, on the order of 10"2 

mm, the RMS difference was non-trivial at values greater than 0.1 mm. 

Therefore, non-repeatable positioning of MR image planes, which are inevitable 

in longitudinal studies, may contribute to the inaccuracy in any comparisons 

made between image series. 

rnm 
,0.15 

Figure 4-16: Difference in surface topography between the femur surfaces of 
series #2 and #3 of the knee phantom. 

4.2.2 Coordinate Transformation Between MDPG and MRI Data Sets 

To calculate contact area from MDPG data and for comparison of surface 

topography and contact area between the MDPG and MRI techniques, it was 

necessary to perform a coordinate transformation on the MDPG data into the 
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MRI coordinate system. The RMS error of the coordinate transformation of 

the MDPG data into the MRI coordinate system ranged from 0.14 mm to 0.72 

mm for the five porcine specimens (Table 4-15). The RMS error was greater for 

the patella than the femur for all specimens except porcine knee #2. 

Table 4-15: Coordinate transformation errors for patella and femur of the 
five porcine specimens 

Specimen 
Transformation Error (mm) 

Specimen 
Femur Patella 

Porcine Knee #1 0.299 0.715 

Porcine Knee #2 0.385 0.232 

Porcine Knee #3 0.156 0.350 

Porcine Knee #4 0.149 0.260 

Porcine Knee #5 0.142 0.271 

The amount of error in the coordinate transformation was dependent on 

the ability to determine the centroid of the reference markers. The difference in 

the RMS fit for the calculated centroids taken from the repeat digitization of 

porcine knee #3 (presented in section 4.1.2.5) were less than 0.01 mm in the x,z 

directions (the image plane) but 0.03 mm in the y direction (across the image 

slices). The y value was affected by the number of slices that were used to 

calculate the centroid. As the image slices moved away from the sphere center 

the edges of the sphere became less well defined. It was left to the user's 

discretion to determine at which slice the edge was too diffuse to provide useful 

information. 

The sensitivity of the coordinate transformation to the centroid location 

was summarized by the mean and RMS difference calculated between the 3D 

spatial coordinates of the original transformed femur points and newly 

transformed points determined from the numerically perturbed centroids. For all 
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the perturbation conditions (section 3.7.1.5), the mean difference in x,y,z 

surface coordinates, between the original and perturbed transformation, ranged 

from 0 to 0.221 mm and the RMS difference ranged from 0.001 to 0.108 mm (the 

largest RMS did not correspond with the largest mean). The addition of the 

perturbation did not always increase the transformation error and the effect on 

the comparison with the original surface could not be predicted from the amount 

of perturbation or from the marker to which it was applied. From the values 

obtained, the largest transformation error for the femur occurred when markers 

one and two on both the patella and femur were perturbed in x, y and z directions 

by +0.3 mm. The transformation RMS error increased from 0.156 to 0.218 mm 

for the femur. However, when this same amount of error was applied to markers 

one and two of the patella its transformation RMS error reduced from 0.350 to 

0.284 mm. The surfaces obtained by the original and perturbed transformation 

were compared by evaluating the difference in the 3D spatial coordinates of 

surface points and the proximity between the two femur and two patella surfaces 

(Tables 4-16 and 4-17). 

Table 4-16: Difference between the 3D spatial coordinates of surface data 
points from the original coordinate transformation and perturbed 
transformation on specimen e7329s6 

Difference 
(mm) 

Femur Patella Difference 
(mm) X Y Z X Y z 
Mean 0.20 0.19 0.20 0.15 0.15 0.18 
RMS 0.01 0.02 0.01 0.01 0.01 0.03 

Table 4-17: Difference between Thin Plate Spline surfaces from the original 
coordinate transformation and perturbed transformation on porcine 
knee #3 calculated based on proximity values 

Difference (mm) Femur Patella 

Mean 0.08 -0.11 

RMS 0.11 0.10 



Figure 4-17: Comparison of calculated contact area between original and 
perturbed coordinate transformation of MDPG surface data of porcine 
knee #3. 

The difference in contact area between the original and perturbed 

transformations of the MDPG surfaces appeared to increase with proximity 

threshold (Figure 4-17). At the theoretical proximity threshold for the MDPG 

surfaces of porcine knee #3 (0.64 mm) the difference in contact area between 

the original and perturbed transformation was 3 .1%. It is assumed that similar 

results would be found for the other specimens. This error applies only to the 

contact area calculation from the MDPG data and not the contact area 

calculation from the staining technique. The stain area was determined directly 

off either the patella or femur surface and did not require the coordinate 

transformation to calculate it. However, coordinate transformation error does 

affect the comparison of contact area location between the MDPG and the MRI 

results as well as the comparison between the staining and MRI results. When 

the contact area was divided into eight sectors, the mean difference in maximum 

and minimum radii between the stain perimeter and the MRI or MDPG contact 
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perimeters over the eight sectors changes by less than 0.2 mm, as compared 

to the perimeter comparisons for the unperturbed data. 

4.2.3 Surface Smoothing 

Smoothing was applied to the MRI and MDPG surfaces in an attempt to 

remove some of the noise inherent to both methods of data collection. The effect 

of smoothing was measured by the mean and RMS difference between the 

original and smoothed surfaces and by changes in the Gaussian curvature of the 

surface. 

Smoothing had a greater effect on the MRI data than the MDPG data. 

This was to be expected, as the roughness of the MRI surfaces was greater. 

This was a result of the larger pixel size for the MR images and the large 

magnitude of the MRI slice thickness (2 mm) relative to the pixel size (0.27 mm). 

It was observed that when the MRI surfaces that were highly smoothed, X = 0.25, 

(where X = 0 over-smoothes the surface, approaching a flat plane) the mean 

difference was minimal while the average of the RMS differences between the 

smoothed and original surfaces was on the order of half a pixel size (Table 4-18). 

Table 4-18: The mean and RMS difference between the smoothed surfaces 
(A. = 0.25) and the original surfaces based on MRI data for five 
porcine specimens 

Surface Difference 
(mm) 

Porcine Knee Specimen Number 
Surface Difference 

(mm) #1 #2 #3 #4 #5 

Femur 
Mean -0.00 0.00 0.01 0.01 0.04 

Femur 
RMS 0.06 0.12 0.17 0.21 0.13 

Patella 
Mean 0.01 -0.02 -0.01 0.01 -0.01 

Patella 
RMS 0.23 0.14 0.14 0.11 0.09 
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The mean difference between the smoothed (A = 0.25) and original MDPG 

surfaces was less than 0.005 mm in the majority of cases, with an average RMS 

difference less than half that found for the MRI surfaces (Table 4-19). For the 

MRI surfaces it was determined that a smoothing factor of A = 1.45, the minimum 

amount of smoothing examined in this study, was sufficient to smooth out the 

ridges which occurred in the surfaces at the locations of the MRI slices (Figure 4-

18). This was observed by plotting the Gaussian curvature on the surface mesh. 

Table 4-19: The mean and RMS difference between the smoothed surfaces 
(A = 0.25) and the original surfaces based on MDPG data for five 
porcine specimens 

Surface 
Difference 

(mm) 
Porcine Knee Specimen Number 

Surface 
Difference 

(mm) #1 #2 #3 #4 #5 

Femur 
Mean -0.009 -0.005 -0.001 -0.005 0.006 

Femur 
RMS 0.046 0.037 0.042 0.032 0.043 

Patella 
Mean -0.002 0.001 0.004 0.002 0.005 

Patella 
RMS 0.062 0.027 0.050 0.038 0.039 

It was also observed that smoothing, over the ranges of A = [0.25, 0.45, 

0.65, 0.85, 1.05, 1.25, 1.45], did not notably improve the comparison between 

MDPG and MRI surfaces (section 4.2.4). Nor did it make a sizeable reduction in 

the intra and inter-user variability, despite the fact that the RMS difference 

between the smoothed and original surfaces was approximately equal to the 

average RMS difference between repeated digitizations of the same image set 

(section 4.1.2). In fact, in some cases smoothing the surfaces before the 

comparison of MRI and MDPG surface topographies increased the difference 

between them. For example, a smoothing factor of A = 1.45 increased the mean 

difference between the MDPG and MRI surfaces by 0.03 mm for porcine knee 

#3. Since the true topography or curvature of the surface was not known to use 
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as a guide and because even a high amount of smoothing (X = 0.25) could 

not compensate for the variability in digitization, it was uncertain which smoothing 

factor to choose. Therefore, a smoothing factor of X = 1.45 was applied to all 

surfaces for the comparison of contact area across the MDPG, MRI and staining 

techniques. This value was chosen so that it would remove all ripples appearing 

at the slice locations on the MRI surfaces while not over-smoothing the surfaces, 

which may have adversely affected the natural contours of the surfaces. 

Proximal 

Figure 4-18: Gaussian curvature maps of the patella of porcine knee #4 using 
MRI data showing the (a) original surface and smoothed surfaces using a 
smoothing factor of (b) X = 1.45 and (c) X = 0.25. Grayscale values 
indicate the magnitude of the curvature. 
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4.2.4 Comparison of MDPG and MRI Surfaces 

The MDPG data was transformed into the MRI coordinate system and the 

corresponding patella and femur surfaces compared (Table 4-20). Based on the 

mean difference between the MDPG and MRI surfaces, it was found that the 

MDPG femur cartilage surface was, on average, closer to the bone than the MRI 

femur cartilage surface for all specimens except porcine knee #5, where the MRI 

surface was closer to the bone. Three different results emerged for the patella 

surface. For porcine specimens #1 , #4 and #5 the MRI surface was closer to the 

bone than the MDPG surface (Figure 4-19). For porcine knee #3 the average 

difference was very close to zero and for porcine knee #5 the MDPG surface was 

closer to the bone. The average RMS difference over all surfaces was 0.32 mm. 

In general, the mean difference values were of opposite sign for the patella and 

femur within a given specimen. This indicates that the patella and femur 

surfaces of one modality were shifted relative the corresponding surfaces in the 

other modality. However, the magnitude of the difference was not necessarily 

the same for the patella and the femur, nor was it consistent across specimens. 

The regions of greatest difference were in the contact region or where natural 

ridges or grooves on the surface were parallel to the imaging plane. 

Table 4-20: Difference between the patella or femur Thin Plate Spline 
surfaces reconstructed from MDPG and MRI data 

Surface 
Difference 

(mm) 
Porcine Knee Specimen Number 

Surface 
Difference 

(mm) #1 #2 #3 #4 #5 

Femur 
Mean -0.55 -0.23 -0.49 -0.12 0.17 

Femur 
RMS 0.37 0.53 0.40 0.33 0.23 

Patella 
Mean 0.42 0.39 -0.00 0.19 -0.11 

Patella 
RMS 0.28 0.22 0.20 0.27 0.32 

(-) indicates that the MDPG surface was on average closer to the bone than the 
MRI surface 

(+) indicates that the MRI surface was on average closer to the bone than the 
MDPG surface 
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Figure 4-19: MRI and MDPG patella surfaces for porcine specimen #1 
superimposed on one another. On average the MRI surface is closer to 
the bone than the MDPG surface. The points on the perimeter of the stain 
are also shown to give perspective on the location of the overlap. 

4.3 Inter-modality Comparison of Contact Area 

The contact area was calculated for the MDPG, MRI and staining 

procedures. This section includes the effect of surface smoothing on the 

calculated contact area and a comparison of the contact area determined from 

the three techniques. The theoretical proximity threshold for each specimen is 

reported and a comparison of the shape and location of the stain area to the 

MDPG and MRI contact areas at this theoretical proximity threshold is presented. 

4.3.1 Effect of smoothing on Calculated Contact Area 

Smoothing factors of X = [0.25, 0.45, 0.65, 0.85, 1.05, 1.25, 1.45] were 

applied to the MRI and MDPG surfaces and the patellofemoral contact area 

calculated at each smoothing level. As expected, based on the effect of 
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smoothing of the surface topography, the smoothing had less effect on the 

contact area of the MDPG surfaces than the MRI surfaces. At the specimen 

specific theoretical proximity threshold the change in contact area with smoothing 

factors was largest for porcine specimens #1 (0 .1% to 2.3%) and #5 (-2.9% to 

-1.1%) followed by porcine specimens #2 (-1.7% to 1.2%), #3 (-1.1% to 0.35%) 

and #4 (-1.3% to -1.0%) (Figure 4-20). In contrast, for the MRI surfaces the 

smoothing had a sizable effect on the contact area at the theoretical proximity 
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Figure 4-20: Representative plots of the effect of smoothing the MDPG data on 
the contact area calculation for (a) porcine knee #1and (b) porcine knee 
#5. 
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threshold for porcine specimens #1 (4.6% to 6.0%) and #4 (-6.1% to -5.9%). 

The effect was not as large but still evident on specimens #2 (0.05% to 4.6%), #3 

(-3.0% to -2.3%) and #5 (-0.6 to 1.7%) (Figure 4-21). Smoothing did not 

consistently increase or decrease the calculated contact area. 

It is apparent that for all specimens the difference in calculated contact 

area resulting from changing the smoothing factor was less than the difference 

between any of the smoothed surfaces and the original surface. Therefore, in 

accordance with the results of section 4.2.3, a smoothing factor of 1.45 was 

chosen for all subsequent comparisons. 

4.3.2 Area within the Stain Perimeter 

The area within the stain perimeter was measured on both the patella and 

the femur. It was expected that the stain area would be the same on both 

surfaces. However, on four of the five specimens (porcine knee #1 , #2, #4 and 

#5) the stain area on the patella was smaller than that on the femur. The 

difference in area ranged from 1.6-18.6% of the average patella and femur 

contact areas. On porcine knee #2, where the patella area was larger, the 

difference was 4 .1%. 

The influence of the dye properties on the cartilage was investigated. 

Visual inspection of a drop of dye on a separate section of porcine cartilage 

showed that the staining dye does not diffuse into the cartilage and thus could 

not seep into the contact region. During the staining procedure, the dye was 

injected with the tip of the syringe pointing towards the patellar surface on first 

pass and towards the femur on the second. Therefore, the difference was not 

due to lack of dye on the femoral surface. It was assumed that the smaller stain 

was always the more accurate of the two stains as the properties of the dye 

would not allow it to seep into the cartilage beyond the contact boundary. 

Therefore, the smaller area was used hereafter for all comparisons with the 

staining technique (Table 4-21). 
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Figure 4-21: The effect of smoothing the MRI data on the contact area 
calculation for (a) porcine knee #1 and (b) porcine knee #5. 
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Table 4-21: Magnitude of the area within the stain perimeter 

Specimen Area (mm 2) 
Porcine Knee #1 278.6 
Porcine Knee #2 170.8 
Porcine Knee #3 126.1 
Porcine Knee #4 372.8 
Porcine Knee #5 238.7 

4.3.3 Contact Area Calculation from MRI and MDPG Surfaces 

The contact area was calculated from the MDPG and MRI surfaces at 

proximity thresholds ranging from 0 to 0.75 mm and using the proximity method. 

Calculations were made for both the patella and femur as the base from which to 

measure proximity. The magnitude of difference was minimal in most cases 

(Figure 4-22). The difference in contact area for the patella or femur as base 

was divided by the average contact area at a given proximity threshold. Across 

all specimens the percent difference ranged from 0-9.5% for the MRI surfaces 

and 0-9.0% for the MDPG surfaces. The largest difference for each technique 

did not occur on the same specimen. Porcine knee #2 had the largest difference 

for the MRI technique and porcine knee #3 for the MDPG technique. The 

average percent difference over all thresholds was less than 1.2% for both the 

MRI and MDPG surfaces of all specimens, except the MRI surfaces of porcine 

knee #2, which was 5.5%. At the specimen specific theoretical proximity 

threshold, the difference in contact area between choosing the patella or femur 

as the base ranged from 0.2%-2.7% for MRI surfaces and 0.3-1.0% for MDPG 

surfaces across all specimens. No consistent difference was found in the results 

for using either the patella or femur as the base surface over this proximity 

threshold range. 

To determine if the difference was more pronounced on less congruent 

surfaces, such as are encountered in human knee joints, the same comparison 

was made for the two human joints (human knee #1 and #2) over a proximity 
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threshold range from 0 to 1.4 mm. The percent difference in contact area 

when using the patella or femur as the base was 0.3% and 3.5% for human 

knees #1 and #2 respectively. Evidently, the reduced congruence did not 

increase the difference in contact area when choosing a base surface from which 

to measure proximity. 
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Figure 4-22: Plot of the contact area calculations comparing results from using 
the patella or femur as the base surface for (a) MDPG and (b) MRI data of 
porcine knee #5. 
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The contact area for a hemisphere intersecting a plane was also 

calculated so the exact contact area could be calculated for a comparison (Figure 

4-23). Because the surfaces were numerically defined, this comparison also 

eliminated the effect of the surface roughness, which is different on each surface 

for experimental data and effects the calculation of the surface area in the 

contact region. The analytic solution for the surface area of the hemisphere 

below the plane was 7.71 mm 2 and for the area of the circle formed on the plane 

by the intersection was 7.66 mm 2 . The areas calculated using the proximity 

method, with a proximity threshold of zero, were 7.93 mm 2 for the hemisphere as 

base and 7.56 mm 2 for the plane as base. When the hemisphere was used as 

the base, the area was over-estimated by 2.9% and with the plane as base it was 

underestimated by 1.3%. Therefore, the error when compared to the analytical 

result was smaller for the plane as base. These results indicate that choosing 

the more planer surface as the base is likely to yield a more accurate result. 

Figure 4-23: 2D schematic of a hemisphere intersecting a plane. 

In the case of the porcine specimens, the patella is the more planar of the 

patella and femur surfaces and the stain area was taken from this surface for all 

but one specimen. Therefore, the patella was chosen as the base for all 

subsequent calculations. However, it is to be noted that regardless of which 

surface is chosen as the base it should be used consistently across specimens in 

a comparison study. 

4.3.4 Comparison of Contact Area Determined from MDPG, Staining and MRI 
Procedures 

The final step in evaluation of the MRI procedure was to compare the 

contact area results obtained from the MRI technique with those from the MDPG 
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technique and calculated from the region within the stain perimeter. The 

contact area was calculated from the MRI and MDPG data using the proximity 

method and the stain area was calculated directly from the surface topography 

and stain perimeter. The magnitude, location and shape of the contact area 

were compared across techniques. The theoretical proximity thresholds for the 

MRI and MDPG techniques were also determined for each specimen based on 

this comparison. The most appropriate proximity threshold to use in future 

calculations of contact area using the MRI or MDPG techniques was also 

evaluated. 

4.3.4.1 Difference in Theoretical Proximity Threshold for MRI and MDPG 
Surfaces 

A comparison of the MDPG and MRI surfaces in section 4.2.4 showed a 

noticeable difference in the topography and relative position of the patella and 

femur surfaces between the two techniques. Therefore, it is to be expected that 

there should also be a sizable difference in the calculated contact area for the 

two techniques (Figure 4-24). The difference in the calculated contact area at a 

given proximity threshold between MRI and MDPG surfaces was not consistent 

across specimens. For two of the porcine specimens, #3 and #5, the contact 

area for the MRI surfaces was always greater than that of the MDPG surfaces at 

the same proximity threshold. For porcine knees #2 and #4, the contact area for 

MDPG surfaces was greater than that of the MRI surfaces. However, for 

specimen #1 the contact area calculated using the MRI surfaces was greater 

than with MDPG surfaces for proximity thresholds from 0-0.4 mm and less than 

the MDPG results for thresholds greater than 0.4 mm. 

The contact area was calculated for the MRI and MDPG surfaces over a 

range of proximity threshold values and compared to the stain area. The area 

within the stain perimeter was considered to be the standard in this study. The 

proximity threshold that gives a contact area that corresponds to the magnitude 

of the stain area is referred to as the theoretical proximity threshold. The 
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theoretical proximity threshold value was determined for each specimen 

through linear interpolation between two areas, whose magnitude were closest to 

the stain area, and their corresponding proximity thresholds (Table 4-22). The 

resulting theoretical proximity thresholds were not consistent across specimens 

for either the MRI or MDPG techniques, nor across techniques for a given 

specimen. 

Table 4-22: Theoretical proximity threshold required for a contact area 
equal to area within the stain perimeter for five porcine specimens 

Specimen 
Theoretical Proximity Threshold (mm) 

Specimen 
MDPG surfaces MRI surfaces 

Porcine Knee #1 0.31 0.17 
Porcine Knee #2 0.01 0.71 
Porcine Knee #3 0.64 0.30 
Porcine Knee #4 0.10 0.12 
Porcine Knee #5 0.29 0.19 

The average theoretical proximity threshold was 0.20 mm for the MRI 

surfaces, excluding porcine knee #2. At this average theoretical proximity 

threshold value the calculated contact area magnitude was within 13% of the 

stain area for porcine knees #1 , #3, #4 and #5. It should be noted that porcine 

knee #2 was the specimen with the possible bone defect in the MR images, 

which interfered with accurate digitization of the surface in some regions. This 

likely contributed to the large theoretical proximity threshold required to obtain 

the stain area magnitude. Although a threshold of 0.71 mm resulted in the 

correct contact area magnitude for porcine knee #2, the shape and location of 

the contact area was poorly matched with the stain perimeter (section 4.3.4.2, 

Figure 4-25). 



Figure 4-24: Comparison of contact area calculated from MRI and MDPG with proximity threshold and the area 
within the stain perimeter for the five porcine specimens. 
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One focus of this study was to determine the protocol for using MRI in 

contact area quantification. However, it is interesting to note that the range of 

theoretical proximity thresholds was greater over the MDPG results. Therefore, if 

a proximity threshold of 0.2 mm was used on the MDPG data a larger deviation 

from the stain area standard was observed. The error ranged from 13-30% for 

all specimens except porcine knee #3, which was as large as 85%. The plot of 

contact area versus proximity threshold for porcine knee #3 (Figure 4-24) 

showed that there was no overlap or points where the proximity value between 

them was zero. At a proximity threshold of zero the calculated contact area was 

zero. From the stain technique it is obvious that this was not the case and 

contact did exist. It is speculated that this discrepancy is a result of error sources 

such as error in the reference marker centroids used for the coordinate 

transformation and digitization error on the MDPG images. 

4.3.4.2 Comparison of Shape and Location of Contact Area Determined from 
MDPG, Staining and MRI Procedures 

The perimeter of the contact region from the staining technique was 

plotted against the perimeters from the MRI and MDPG techniques at the 

corresponding theoretical proximity thresholds (Figure 4-25). As a means of 

describing the perimeters the area was divided into 8 sectors from the centroid of 

the stain area (see Figure 3-19, section 3.8). The maximum and minimum radii 

and area of the stain, MRI and MDPG perimeters were calculated in each sector. 

The mean and RMS difference between the staining and MRI results and 

between the staining and MDPG results were then determined for the eight 

sectors on each specimen (Table 4-23). In general, the difference in radii, when 

compared to the staining results, was greater for the MRI surfaces than the 

MDPG surfaces. For the MRI results the mean maximum radius difference 

ranged from -1.37 mm to 0.98 mm while the MDPG results ranged from -0.54 

mm to -0.20 mm. The mean minimum radius difference ranged from -0.09 mm 

to 3.49 mm for the MRI results and from 0.13 mm to 2.12 mm for the MDPG 

results. Some of the larger differences in the minimum radius (e.g. 8.89 mm on 
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porcine knee #4, sector #1) occurred because of isolated non-contact 

patches within the main contact region of the MRI or MDPG surfaces. This was 

observed on the MDPG surfaces of porcine knee #1 and the MRI surfaces of 

porcine knee #4. The area differences were more similar across techniques, 

ranging from -0.38 mm 2 to 0.25 mm 2 for the MRI results and -0.28 mm 2 to 

0.33 mm 2 for the MDPG results. Visually, porcine knees #4 and #5 appeared to 

have the best match between the three techniques. This was confirmed by the 

lower mean and RMS differences in area and radii. Although the magnitude of 

the difference values are comparable for porcine knee #3 they appear more 

substantial on this specimen because the entire contact area of this specimen is 

more than half as small as that of porcine knees #4 and #5. 

A plot of the MRI, MDPG and staining contact perimeters was also created 

for a proximity threshold of 0.2 mm used for all specimens (Figure 4-26). The 

perimeter from the MRI surfaces of porcine knee #2 and the MDPG surfaces 

from porcine knee #3 were most affected as their theoretical proximity 

thresholds, 0.71 mm and 0.64 mm respectively, were the farthest from 0.20 mm 

of all the specimens. With the exception of porcine knee #2 the perimeter of the 

MRI contact area was usually within approximately 4 mm of the stain perimeter in 

each of the eight sectors. 

For each specimen, the perimeter points from the MRI technique were 

plotted on their corresponding MR images for both the theoretical proximity 

threshold and for a threshold of 0.20 mm. It was found that for all specimens 

except porcine knee #2, the perimeter at the theoretical proximity threshold were 

consistently positioned on or inside the edge of the apparent contact viewed on 

the image (Figure 4-27). For specimen #2 the points were on or outside of the 

apparent contact. However, it must be remembered that this specimen was 

more difficult to digitize due to the possible surface defect. For the specimens 

whose theoretical proximity threshold was less than 0.20 mm (porcine knee #1 , 

#4 and #5) it was expected that at a proximity threshold of 0.20 mm the perimeter 
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points would appear outside the apparent contact region on the image. 

However, this was not the case. In the majority of images the perimeter points 

still appeared on or inside the contact region. 

Table 4-23: The mean and RMS difference in maximum and minimum radii 
between the stain perimeter and the MRI or MDPG contact perimeters 
(at the theoretical proximity threshold) over the eight sector 
divisions 

Specimen Surface 

Maximum Radius 
Difference (mm) 

Minimum Radius 
Difference (mm) 

Area Difference 
(mm 2) Specimen Surface 

Mean RMS Mean RMS Mean RMS 

Porcine 
Knee#1 

MDPG -0.22 1.52 1.78 1.84 -0.28 13.4 Porcine 
Knee#1 MRI -0.67 1.43 0.23 1.43 -0.31 10.4 

Porcine 
Knee #2 

MDPG -0.54 1.45 2.12 2.13 0.28 6.69 Porcine 
Knee #2 MRI -1.37 1.13 3.23 3.32 -0.38 24.3 

Porcine 
Knee #3 

MDPG -0.26 1.40 0.82 1.78 0.14 7.18 Porcine 
Knee #3 MRI -0.31 1.56 0.58 0.41 0.02 5.69 

Porcine 
Knee #4 

MDPG -0.40 0.88 0.76 0.79 0.26 5.09 Porcine 
Knee #4 MRI -0.05 1.06 3.49 4.03 -0.07 5.85 

Porcine 
Knee #5 

MDPG -0.20 -0.23 0.13 1.26 0.33 7.76 Porcine 
Knee #5 MRI 0.98 1.53 -0.09 0.96 0.25 7.93 
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ure 4-25: Comparison of contact area perimeter for staining, MRI and MDPG 
techniques (contours projected onto the x,y plane). Proximity threshold 
was chosen to yield a contact area magnitude equal to the stain area. 
Solid lines represent the divisions between sectors used in describing the 
perimeter shape. NOTE: Plots are not of equal scale across specimens to 
allow contours to be viewed more clearly by the reader for all specimens. 
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Figure 4-26: Comparison of contact area perimeter from staining, MRI and 
MDPG techniques (contours projected onto the x,y plane). A proximity 
threshold of 0.2 mm was used for both the MRI and MDPG techniques. 
NOTE: Plots are not of equal scale across specimens to allow contours to 
be viewed more clearly by the reader for all specimens. 
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Figure 4-27: Points on the perimeter of contact at the theoretical proximity 
threshold plotted on a representative MR image for (a) porcine knee #1 
and (b) porcine knee #4. 

4.4 Summary of Results 

The investigations in this study used an anterior neck coil and an FSE 

pulse sequence (T2 weighting, 90° flip angle, TR = 5400 ms, TE = 80 ms, 

bandwidth = 15.63 kHz, 1 NEX, 140 mm FOV, 512x512 readout matrix, echo 

train length = 9) to image a loaded patellofemoral joint from which the contact 

area could be measured. Examination of the results show that the factors 

affecting the accuracy and repeatability of the contact area calculation were the 
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edge detection technique, the quality of the MR images, image distortions 

and the surface smoothing. 

The NMS edge detection technique was deemed the most appropriate 

method of edge detection of the three techniques evaluated. However, the semi-

automated NMS technique still possessed intra and inter-user variability that 

effect the contact area. The repeatability of edge detection was dependent on 

the quality of the MR images. Intra-user variability in contact area was 

approximately 1%, while inter-user variability was as large as 10%. It was 

observed that the proximity method of determining contact was highly sensitive to 

the location of the cartilage surface points, defined by edge detection, in the 

cartilage thickness direction. A uniform difference of 0.05 mm on one of the 

surfaces, patella or femur, could increase the contact area by 10%. A difference 

in surface points of this magnitude (0.05 mm) is possible with inter-user 

variability. 

Repeated acquisition of surface data using MRI showed that surface data 

collected at different times and then reconstructed using TPS can have local 

differences in surface topography of 0.12 mm, although mean differences over 

the entire surface could be less than 0.01 mm. 

Image distortions due to chemical shift and magnetic susceptibility 

differences were identified within the images obtained in this study. These are 

speculated to be an issue for cartilage thickness calculations and registration 

techniques using reference markers. The change in contact area with surface 

smoothing was greater between the smoothed and original results than between 

the different smoothing factors. A smoothing factor of 1.45 was chosen to 

smooth out ridges in the surface occurring along the MR image planes but not 

over-smooth the surface. 

A common proximity threshold value to be used for all specimens was 

based on the average theoretical proximity threshold and was determined to be 
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0.2 mm. This proximity threshold yielded a contact area within 13% of the 

staining results, which were defined as the standard. Considering the inter-user 

variability and the possible error from using a proximity threshold of 0.2 mm are 

random and independent, the uncertainty in the contact area calculation 

becomes approximately 16%. 
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5.0 Discussion 

Magnetic resonance imaging has been used as a measurement tool for 

evaluating cartilage thickness, volume, deformation and contact area. However, 

specific evaluation of the sources of error and the magnitude of these errors has 

not been well documented. The purpose of this study was to validate the use of 

MRI and surface reconstruction modelling in the determination of joint contact 

area in a loaded patellofemoral joint. An MR imaging sequence and surface coil 

were chosen to comply with criterion associated with future in-vivo human 

studies of the patellofemoral joint. Sobel and Non-Maxima Suppression (NMS) 

semi-automated edge detection techniques as well as manual digitization were 

evaluated as methods for obtaining cartilage surface geometry from the MR 

images. A Thin Plate Spline (TPS) and surface smoothing was used to 

reconstruct the cartilage surfaces from the MRI and multi-station digital 

photogrammetry (MDPG) surface data of each joint. The sensitivity of the 

surface model to the variation in input points was assessed. Contact area was 

defined as all regions on one cartilage surface that were within a specified 

distance, measured along surface normals, to the opposing surface. In the 

absence of a gold standard, the surface topography and contact area obtained 

from MRI data was compared with the results from direct staining and MDPG. 

The accuracy and repeatability of the MRI technique was determined using the 

staining technique as the standard. The results of five porcine knee specimens 

were examined in this study. 

In the following sections the results from these evaluations are discussed 

and presented in context with results from previous investigations reported in 

literature. Conclusions and recommendations for future use of MRI and the 

analysis techniques presented to calculate contact area on in-vivo human 

subjects are also discussed. Possible applications of the MRI technique by 

clinicians and researchers are also reviewed. 
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5.1 A ccuracy and Repeatability 

The accuracy and repeatability of the magnetic resonance imaging, multi

station digital photogrammetry and staining techniques used in this study are 

discussed in this section. Where possible, direct or analogous comparisons are 

made to results reported in literature. 

5.1.1 Magnetic Resonance Imaging 

Animal models have often been used in literature for analyzing joint 

contact mechanics. In this study the porcine knee was chosen because of the 

similarity in shape and size to the human patellofemoral joint and the ability to 

easily obtain fresh specimens. Clearly, the patellar and femoral cartilage 

thickness was substantially less in the porcine specimens than human joints. 

This may be partially attributed to the skeletal immaturity of the porcine 

specimens. 

Similarity of cartilage structure was also a consideration in choosing the 

animal model. Kaab et al. (1998) state that the porcine collagen structure was 

the most similar to that of man. However, distinct differences were observed in 

the MR signals between the human and porcine cartilage, suggesting differences 

in cartilage composition. The porcine cartilage appeared light and the synovial 

fluid dark, while the opposite pattern was observed for the human cartilage, 

which appeared dark and the synovial fluid appeared light for the MR imaging 

sequence used in this study. Athanasiou et al. (1991) and Buckwalter et al. 

(1989) show significant differences in the biochemical and mechanical properties 

between human, cow, dog, monkey and rabbit articular cartilage. Therefore, it 

can be assumed that porcine cartilage may also have unique properties. Also 

the differences may also be partially attributed to the fact that the MR images of 

the human knee were of in-vivo tissue and the MR images of the porcine knee 

were of in-vitro tissue. Despite these differences, the results obtained from this 

study are of value in the assessment of MRI as a method to measure contact 
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area in human studies, as high contrast between cartilage and synovial fluid 

was maintained. 

Image distortion and the ability to accurately digitize the images are issues 

that must be considered when using MR images for quantitative measurements. 

The following two sections discuss of these issues based on the results and 

observations of this study and of those reported in the literature. 

5.1.1.1 Image Distortion 

Distortions of surface geometries were observed within the MR images. It 

was concluded that these distortions were a contributing factor to the error in the 

surface measurements taken from MR images. Sumanaweera et al., (1993) list 

causes of geometric distortions in MR images to be: main magnet field 

inhomogeneities, nonlinearities in the gradient fields, magnetic susceptibility 

differences, chemical shift and eddy currents in the main magnetic field. Surface 

geometry distortions related to magnetic susceptibility differences and chemical 

shift were assessed in the current study. The knee phantom and the plastic 

hemisphere mounted on the side board of the knee phantom jig provided 

compelling evidence of possible distortions due to magnetic susceptibility 

differences. The oil or gelatin filled reference markers also demonstrated 

distortions. It is speculated that this was partially due to magnetic susceptibility 

differences between the oil / gelatin, the plastic spheres used for markers, the 

surrounding air and the specimen tissue. The reference markers were observed 

to be less spherical when they were in close proximity to each other or to the bulk 

tissue of the specimen. 

Eckstein et al. (2000b) speculated that susceptibility-induced distortions 

were not an issue when imaging cartilage. This assumption was based on the 

negligible effect of the magnetic field gradient orientation and imaging plane 

orientation on the volume and cartilage thickness values calculated for the knee 

joint. However, Eckstein et al. (2000b) performed this analysis with a different 

pulse sequence than was used in the current study. Consequently, it is uncertain 
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whether the same conclusions hold true for the current study. The potential 

susceptibility-induced distortions could have been tested in the current study by 

performing similar comparisons with the FSE pulse sequence used here. 

However, it is speculated that the induced distortion is within the error of the 

measurement technique. The distortion effect would have been similar on all 

porcine specimens and if it were measurable a consistent bias would have been 

present on portions of the surface in the comparison between the MRI and 

MDPG surfaces for all specimens. However, it was observed that the general 

shapes of the MRI and MDPG surfaces were similar and differences were not 

consistent across specimens. Measurable differences were observed in the 

contact regions and were primarily due to: (1) difficulty of edge detection in this 

region on MR images and (2) acquisition of the MDPG images in the unloaded 

(undeformed) condition. Eckstein et al. (2000a) state that deformation of patellar 

cartilage due to body weight at 90 degrees of flexion after 20 seconds of loading 

is approximately 0.27 ± 0.08 mm. A deformation of even half this magnitude on 

the porcine specimens would have a noticeable effect on the surface comparison 

between MRI and MDPG. Therefore, it is likely that the differences in the results 

of the MRI and MDPG techniques are more dependent on a combination of 

cartilage deformation, distortions in the reference markers used for registration 

between modalities and image digitization error than on the image distortion of 

surfaces themselves. 

Distortion of the reference markers in the MR images will effect the 

accuracy of the coordinate transformation necessary to determine the contact 

area from the MDPG technique and for comparisons across modalities. An 

indication of the distortions in the reference markers was provided by the 

differences in the x, y and z coordinates of the marker centroids between the 

MDPG and MRI systems. The differences ranged from 0.1 mm to 1.1 mm. The 

differences were not consistent across markers or across specimens. This result 

was expected, as the environments in the vicinity of the reference markers were 

not consistent. For example the liquid filling the reference markers, the distance 
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between markers and the distance between markers and the specimen were 

not consistent across all specimens. Therefore, the distortions due to magnetic 

susceptibility and chemical shift within the MR images would not be consistent 

either, as they are dependent on the chemical and magnetic environment of the 

hydrogen atoms being imaged. The chemical shift occurs along the frequency-

encoding direction, which for this imaging procedure and set-up corresponds to 

the proximal / distal direction of the specimen or horizontally in the image plane. 

The fat and water mixture of the fluid in the markers would cause them to appear 

slightly oblong in the image (with the long axis in the vertical direction) as the fat 

component is shifted relative to the water component. Another type of marker 

that was not as vulnerable to chemical shift and magnetic susceptibility effects 

would have been preferable. However, one was not identified. 

It is speculated that distortion of the markers in the MR image was one of 

the most substantial sources of error in the comparison of the contact area 

location between the MRI, MDPG and staining techniques and of the comparison 

of surface topographies for the MRI and MDPG techniques. The potential error 

in surface location after coordinate transformation due to error in the reference 

marker centroid was approximated between 0.08 mm and 0.11 mm. When 

compared to the magnitude of the difference between the patella or femur 

surfaces reconstructed from MDPG and MRI data, a transformation error of this 

magnitude could represent 15% to 100% of the calculated mean difference 

between MDPG and MRI surfaces across the five specimens. Errors in location 

of the MDPG surfaces also effect the contact area calculated from this technique. 

In retrospect another method, such as photogrammetry, should have been used 

to measure the three-dimensional coordinates of the six reference markers in the 

loaded condition. This would have increased the accuracy of the contact area 

measurement from the MDPG data because the measurement of the relative 

position of the patella and femur markers would have improved by decreasing 

the error in calculating marker centroids. However, for registration between the 

MDPG, MRI and stained surfaces into a common coordinate system for 
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comparisons across techniques, the distorted markers in the MR images 

would still be required. 

The effect of the chemical shift is different on the joint surfaces than on the 

reference markers. As the shift is along the frequency-encoding direction, the 

position of the surfaces relative to this axis becomes critical. For example, if the 

cartilage / bone interfaces on the patella and femur are perpendicular to 

frequency-encoding direction the cartilage will appear decreased in thickness on 

one surface and increased on the other. If the interfaces were parallel to the 

frequency encoding direction a difference in cartilage thickness would not be as 

apparent in this region (Figure 5-1). Chemical shift artifact is based on the 

difference in resonance frequencies between hydrogen atoms in a given location 

due to their differing molecular environment. Consequently, the chemical shift 

effect is more pronounced at the cartilage / bone interface than at the cartilage / 

synovial fluid interface because the chemical environments of the hydrogen 

atoms are more similar in cartilage and synovial fluid than the environments of 

the hydrogen atoms in cartilage and fatty bone marrow. The chemical shift value 

calculated in the results (1.97 mm) is the relative shift between fat and water in 

an MR image, based on the known difference in resonant frequencies for fat and 

water. However, the difference in resonant frequency between the hydrogen 

atoms in the synovial fluid and cartilage was not known and thus the shift could 

not be calculated precisely. The difference in resonant frequencies and the 

associated chemical shift value is assumed to be less than that between cartilage 

and bone. If the cartilage composition were assumed to be the same for both the 

femur and patella cartilage then the difference in resonant frequencies would be 

equivalent on both the patella and femur. In this case, the effect on the contact 

area calculation would be negligible. However, for calculations such as cartilage 

thickness, where accurate determination of the cartilage / synovial fluid and 

cartilage / bone interfaces are essential, the chemical shift value may become a 

more critical issue because the magnitude of the chemical shift artifact is greater 

at the cartilage / bone interface. 
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Figure 5-1 : Schematic of the effect of chemical shift on the cartilage / bone 
interfaces and their position relative to the frequency-encoding direction. 

Although it is beyond the scope of this current study, the effect of chemical 

shift on the cartilage thickness could have been observed by first digitizing both 

the cartilage / synovial fluid and cartilage / bone interfaces in the MR images. 

The surfaces could then be reconstructed with TPS and the cartilage thickness 

calculated based on the proximity between the cartilage / synovial fluid and 

cartilage / bone interfaces. The predicted cartilage thickness could then be 

compared against a "gold standard", for example thickness measurements 

predicted with a non-contact method such as photogrammetry or laser scanning, 

or directly measured with a cartilage thickness probe. If photogrammetry were 

used, the articulating surface of the cartilage would be measured with MDPG. 

Next the cartilage would be removed using household bleach, while the bone 

was still securely attached to the control frame. The exposed subchondral bone 

surface could then be re-imaged and the cartilage thickness calculated by 

comparison of the surface data obtained before and after the cartilage was 

removed. A similar method could be used with the laser scanning. The 

thickness from the MRI and MDPG techniques could then be compared and the 

magnitude of the difference quantified. This approach was not possible with 

these specimens as they were skeletally immature and the cartilage layer was 
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very thin. Consequently, the cartilage / bone interface could not be 

accurately delineated in the MR images. 

The potato-chip effect (Sumanaweera, 1993), warping of the image plane 

due to nonlinearities in the gradient fields along the image slice selection 

direction, may contribute to the distortions observed in the phantoms and 

reference markers. However, this effect was not investigated in this study. Its 

effect would not be obvious upon visual inspection on the porcine specimens as 

they have an irregular shape. Measurement of this effect would require 

extensive evaluation of a calibrated object. However, the work of several authors 

has shown that this requires a complex analysis which is beyond the scope of 

this study (Lerski et al., 1988; Gore et al., 1997; McRobbie et al., 1997; Lemieux 

et al., 1998). Sumanaweera (1993) states that for a typical slice-selection pulse 

bandwidth of 1.25 kHz and a field-of-view of 200x200 mm 2 at approximately 100 

mm away from the isocenter of the gradient coils, the warping can be as great as 

4 mm. In this study the image plane is assumed to be flat and the y coordinate 

for the MRI surface data is based on the image number and the slice thickness or 

distance between imaging planes. Therefore, the potato-chip effect will cause 

inaccuracies in the coordinates of objects within the image dependent on their 

location within the image, those being close to the edges of the image having the 

greater error. The contact region of the porcine specimens were approximately 2 

cm from the center of the image and four of the six reference markers were 

approximately 4 to 6 cm from the center in a field-of-view of 140x140 mm 2 . 

Although the magnitude of the distortion due to the potato-chip effect could not 

be estimated without extensive analysis, it is evident that this distortion will be 

greater on the markers than on the patella and femur surfaces, as they are 

farther from the center of the image. 

The accuracy of the comparison between the MRI, MDPG and staining 

results are affected by distortions in the reference markers due to chemical shift 

artifact, magnetic susceptibility differences and the potato-chip effect. These 
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distortions are also issues in the calculation of contact area from MRI data 

but to a lesser degree as the chemical properties in the region-of-interest are 

more similar and the region-of-interest is closer to the center of the field-of-view. 

Further investigation into the magnitude of these distortions is warranted. 

5.1.1.2 MR Image Digitization 

Non-Maxima Suppression (NMS), Sobel and manual digitization 

techniques were applied to four different series of MR images, each with a 

different image quality. They included the knee phantom, a porcine knee using 

an FSE imaging sequence, a human knee using the same FSE sequence as well 

as a human knee obtained from a different study (Ronsky, 1994), which used an 

FSPGR imaging sequence. The results of surface topography, contact area and 

processing time were compared across techniques for each image series. The 

results of this comparison have quantified the substantial effect that differences 

in MR image digitization techniques can have on the surface representation and 

all the calculations associated with them, such as contact area or cartilage 

thickness. Therefore, the large range for contact area and cartilage thickness 

values and their errors reported in literature is not unexpected and can be 

partially attributed to differences in edge detection techniques. 

Comparison of the results from the three edge detection methods 

examined indicated that the NMS technique usually placed the cartilage edge 

points closest to the bone, followed by Sobel and then manual digitization 

techniques. The differences between the techniques were more apparent on the 

clear edges of the knee phantom and human knee #2, taken from Ronsky 

(1994). The robustness of the techniques was tested on the noisy images of 

human knee #1 and porcine knee #5. It was found that both semi-automated 

techniques had difficulty within the contact region, where there was little or no 

distinction between the two cartilage surfaces for these two image series. It is 

speculated that the substantial manual editing used in this critical region for all 

techniques is the reason that the calculated contact areas are closer across 
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techniques for human knee #1 and porcine knee #5 (Figure 4-11) in 

comparison to the knee phantom #2 and human knee #2. The overall surface 

curvature was smallest for manual digitization because the surface data was 

subconsciously or consciously smoothed by the user when selecting cartilage 

surface points with the mouse, although this smoothing was not necessarily 

consistent. The two repeat manual digitizations of knee phantom series #2 

(Table 4-5 and Figure 4-13) showed that even on a surface edge that was well 

defined it was difficult to manually select the edge points repeatably. For this 

knee phantom series the mean difference between trials was 0.11 mm on the 

patella and 0.14 mm on the femur and the RMS difference was of the same 

magnitude. Results from this study indicate that a uniform difference along the 

cartilage thickness direction on the order of 0.05 mm can cause a change as 

large as 10% in the calculated contact area. It was also observed that a 0.05 

mm shift in the cartilage thickness direction on the less congruent surfaces of 

human knees produced a similar effect, resulting in a change in contact area of 

13%. It is evident that this magnitude of difference could be a cause for 

erroneous conclusions about changes or differences in contact pattern during 

longitudinal studies or inter-subject comparisons. This illustrates the sensitivity of 

the contact area measurement to the edge detection technique. Therefore, it is 

necessary that the edge detection be very repeatable. One could also reason 

that the proximity method for measuring contact is too sensitive and another 

technique that is less sensitive to small changes in surface topography should be 

developed. 

The contact area magnitude calculated from surfaces defined with the 

Sobel edge detection technique was often larger than the NMS results but 

smaller than the manual results. This was a result of the placement of the 

detected edge along the transition between the cartilage and synovial fluid in MR 

images. NMS usually identified the edge closest to the bone followed by the 

Sobel and then manual technique, which was farthest from the bone. There was 

no evidence that one of these techniques was closer to the actual edge. The 



169 
results of comparing MDPG and MRI surfaces digitized with NMS showed 

that, on average, the MRI surface was closer to the bone than the MDPG surface 

on the patella but farther from the bone on the femur. This indicates that the 

NMS edge detection does not consistently over or underestimate the surface. 

Comparison between MDPG surfaces and MRI surfaces digitized manually or 

with the Sobel technique showed that this was also the case for these 

techniques. The differences between the MDPG and MRI surfaces were not of 

consistent magnitude across specimens and not in the same direction on all 

specimens. For example, on porcine knee #3 the MDPG surfaces were closer to 

the bone than the MRI surfaces on both the patella and the femur. Therefore, it 

is speculated that the observed differences can only be partially attributed to 

distortions in the MR images. If it were one would expect the differences to be 

more consistent or predictable across specimens. 

The increased surface roughness obtained with the Sobel technique, as 

compared to the other techniques, rendered this technique unsuitable for 

modelling the smooth cartilage surface. This would be particularly relevant in 

future analyses that may involve quantification of cartilage thickness as well as 

contact area. The cartilage thickness calculation is likely to be more affected by 

this waviness in the surface, which is created with the Sobel technique. The 

NMS technique was an improvement over the Sobel technique as it applied a 

smoothing filter to the image prior to edge detection to remove some of the noise 

and it also supplied sub-pixel values for the edge points. Nevertheless, noise 

remained in the images and therefore intra and inter-user variability still existed 

because some user intervention was required to ensure the fidelity of the edge 

detection to the original surface of interest. In order to reduce the variability in 

edge detection results an improvement in image quality would be required. 

Future work could include investigations into improved flexible transmit and 

receive surface coils and improved imaging sequences. 
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Repeat digitization of MR images for porcine knee #3 using NMS 

showed that variability was reduced when using semi-automated techniques, as 

only part of the surface is manually digitized. However, the manual digitization 

mainly occurred in the critical region-of-interest. It was anticipated that the inter-

user variability would be larger than the intra-user variability and this was 

supported by the results. The coefficients of variation calculated for repeat 

digitization of MR images were 0.10% and 0.18% for intra and inter-user 

comparisons of the area within the stain perimeter. The coefficients of variation 

for intra and inter-user comparisons of the contact area using the proximity 

method and the theoretical proximity threshold were 0.94% and 4.92% 

respectively. This indicates that the topography in this region was not greatly 

affected by repeat digitization. Therefore, the difference in the contact area 

between users is more dependent on the location of the surfaces relative to the 

bone than variations in surface topography. It is interesting to note that the 

variation is less when using a proximity threshold of 0.20 mm (the average 

theoretical proximity threshold across specimens) at 0.69% and 3.37% for intra 

and inter-user comparisons respectively. This indicates that the variability is not 

consistent across the surface. Therefore, its effect on the contact area depends 

on the proximity value used to calculate contact. The variation of curvature 

values over the surface was greatest for user A, indicating a wavier surface. 

When a surface is wavier there is more surface area within a given region. In 

addition, the surface points were placed closer from the bone for this user, 

increasing the proximity values. This resulted in a smaller calculated contact 

area for user A than user B at a given proximity value. This also indicates that 

inter-user variability would be an issue for measurement of cartilage thickness. 

Therefore, despite the use of a semi-automated digitization technique it is 

recommended that where possible the same user digitize all surfaces for 

comparison. 

Although values of repeatability for contact area were not reported in the 

literature, a broad comparison with repeatability measures for cartilage thickness 
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or cartilage volume can be made between studies. Cartilage thickness, 

cartilage volume and contact area calculations require digitization of the cartilage 

surfaces for the calculations. Digitization is the only varying factor in the 

comparison between trials of a given study used to calculate the coefficient of 

variation in the contact area, cartilage thickness or cartilage volume 

measurement. The intra-user coefficient of variability for contact area obtained 

with this study (0.94%) was comparable to that of Eckstein et al. (1996) for 

cartilage volume (0.9%) and was lower for cartilage thickness (3.2% - 7.7%) and 

considerably lower than that reported by Kladny et al. (1999) for cartilage 

thickness (14.3%). Kladny et al. (1999) did not report the method used for edge 

detection and their pixel resolution, reported at 0.7 mm, was more than twice as 

large as that used in the current study (0.27 mm). Both of these factors likely 

contributed to the larger error seen in the Kladny et al. (1999) results. The inter-

user variability for contact area in this study (4.92%) was higher than that 

observed by Eckstein et al. (1996) for cartilage volume (1.8%). This may be 

partially attributed to the fact that the edge detection technique used by Eckstein 

et al. (1996) required less user input. It is also speculated that the coefficients of 

variation are lower for volume measurements because the length and breadth of 

the cartilage can be determined with greater repeatability than the cartilage 

thickness and the magnitudes of the length and breadth are an order of 

magnitude greater than the cartilage thickness. Therefore, in the calculation of 

the volume, the error in the cartilage thickness will have less effect on the overall 

value. Consequently, the coefficient of variation is expected to be lower for 

volume calculations than for thickness or contact area. 

The contact area calculation includes the error of two surfaces of similar 

demarcation, the cartilage / synovial fluid interfaces of the patella and femur. 

Therefore, it can be assumed that the variability in digitizing the two surfaces 

would be similar. In contrast, the cartilage thickness calculation involves 

digitizing two surfaces whose demarcation are not similar, a cartilage / synovial 

fluid interface and a cartilage / subchondral bone interface. Therefore, it is 



172 
possible that the variability in digitizing the cartilage / subchondral bone 

interface may be greater. Also, Eckstein et al. (1996) determined the coefficient 

of variation of cartilage thickness based on the repeated measures of 15 to 20 

points on the surface. It is possible that it is more difficult to repeatably define 

cartilage thickness at isolated points than it is to demarcate two entire surfaces 

where the location of surrounding surface points can influence the choice of 

another point. However, this can not be confirmed as the details of the semi-

automated edge detection technique used by Eckstein et al. (1996) are not 

provided in the literature. 

The time required for digitization was also considered in the evaluation of 

the edge detection techniques. The time for digitization of an average of 

eighteen MR images using the NMS technique ranged from 26 to 72 minutes, 

depending on the image quality. This is an improvement over that reported by 

Cohen et al. (1999) who stated that the semi-automated edge detection 

technique employed in their study required two hours for segmentation of the 

articular cartilage of a knee. The time difference can be partially attributed to the 

size of the digitized region. Cohen and co-workers (1999) digitized the full 

femoral cartilage, whereas in this study only the proximal two thirds of the femur 

cartilage was digitized. Although the semi-automated techniques do not 

necessarily save time over manual digitization, the current study showed an 

increase in the repeatability of the process. This finding is in contradiction to 

Cohen et al. (1999), who stated that the accuracies of topographical 

measurements using manual or semi-automated techniques when compared to 

SPG results were almost identical, although no actual values are reported. 

Possible explanations for the difference in the comparison of manual and semi-

automated results between the current study and that of Cohen et al. (1999) are: 

imaging sequence, edge detection method, surface smoothing, amount of user 

input required and sensitivity of contact area calculation to surface topology. The 

MR imaging sequence, edge detection and surface smoothing methods were 

different for each study. The amount of user input required for the semi-
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automated technique of Cohen et al. (1999) was potentially greater than that 

required in this study, therefore the repeatability was not greatly improved. The 

semi-automated technique of Cohen et al. (1999) may not provide sub-pixel 

values for edge point coordinates, thus decreasing the accuracy. These 

speculations can not be confirmed based on the limited information provided on 

the edge detection method used in their study. The pixel resolution of Cohen et 

al. (1999) was 0.47 mm, almost twice as large as the pixel resolution of the 

current study (0.27 mm). The difference between the manual and semi-

automated techniques of Cohen et al. (1999) may have been more apparent in 

the contact area results. However, this comparison was not reported. It was 

observed in the current study that small differences in the digitization results (on 

the order of 0.05 mm) have a substantial effect on the contact area. 

The semi-automated technique, Non-Maxima Suppression, used in the 

current study was concluded to be an improvement over manual digitization 

techniques by giving improved repeatability, which is essential for longitudinal 

and comparative studies. This finding pertains to images of a certain quality, and 

may not be applicable to images of decreased clarity and signal contrast relative 

to those examined in this study. In that case, the relative improvements in 

repeatability obtained with use of the semi-automated NMS technique may not 

be realized, as extensive manual editing would likely be required. 

The choices of pulse sequence were limited in this study by the availability 

of the surface coils, the gantry and surface coil dimensions, and scan length 

restrictions. The clarity of the images (e.g. human knee #2) achieved in a 

previous study by Ronsky (1994) were not attainable with the same pulse 

sequence. The reason for this is uncertain. The only difference was that a 

transmit-receive surface coil was used in the Ronsky (1994) study and a receive-

only coil was used in this study. No transmit and receive coil was available for 

this MR unit that satisfied the criteria set for future studies, in which flexion of the 

subject's knee during the scan is required. However, the difference in surface 



174 
coils should not have made the substantial difference in image quality 

observed between the two sets of images. Additionally, a clear distinction 

between patellar and femoral cartilage surfaces in the contact region during 

loading was visible in images from Ronsky (1994). The presence of clearly 

demarcated regions or grayscale contrast between regions of interest enables 

straightforward and accurate edge detection even in the contact region. This 

characteristic was not observed on the in-vivo human subjects or porcine 

specimens in this study. The MR images of the patella and femur consistently 

displayed surfaces touching in the contact region. This intersection in regions of 

interest posed difficulties for the semi-automatic edge detection methods. 

Therefore, manual digitization, which is less repeatable, was required in much of 

this region. Hardy et al. (2000) reported similar experiences with difficulties in 

identifying the cartilage boundaries in the weight bearing region because of the 

reduced contrast between the surfaces. It was suggested that another pulse 

sequence might alleviate this problem. The contacting surfaces (patellofemoral 

or tibiofemoral) in the MR images of Eckstein et al. (1996), Cohen et al. (1999) 

and Graichen et al. (2000) showed no apparent distinction between the two 

cartilage surfaces on the images displayed in their results, although this was not 

specifically discussed in their results. Each of these studies used a different 

pulse sequence for imaging the joints. Therefore, based on these observations 

and the results of the current study, it is speculated that in most cases there is an 

insufficient amount of synovial fluid in-between the two cartilage surfaces during 

loading to provide adequate contrast for completely automated edge detection. 

Consequently, some subjectivity associated with manual edge detection will be 

present and inaccuracies in digitization of the contact region will continually be an 

issue with current procedures. However, more investigation into the types of 

surface coils that can be used is merited, as this appears to be the main 

difference between the studies reviewed and the procedure of Ronsky (1994), 

who was observed a clear delineation between contacting cartilage surfaces. 
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Investigations of the current study into the difference between edge 

detection techniques and their influence on the surface topography and contact 

area calculations has produced the following conclusions. NMS edge detection 

technique increases the repeatability of the contact area measurement as 

compared to manual digitization, although the processing time is increased and 

some manual editing is still required. Sub-pixel edge detection provides a more 

realistic representation of the cartilage surface than center pixel edge detection. 

The proximity method used to calculate contact area is more sensitive to mean 

differences in surface topography (i.e. how far from the bone the cartilage edge is 

defined) than to RMS differences. Improvements in image quality would be the 

next step in reducing the amount of manual editing required and consequently 

increasing the repeatability of surface topography and contact area 

measurements. 

5.1.2 Multi-station Digital Photogrammetry 

Multi-station digital photogrammetry was used in two applications: firstly to 

determine the contact area directly from the staining technique on the patella and 

femur surfaces, and secondly to calculate a contact area based on the proximity 

method and the surface measurements. The accuracy and repeatability of the 

MDPG procedure are discussed in this section and compared to accuracy and 

repeatability values reported in literature. 

In a test of repeatability for the current study, the RMS difference between 

the three-dimensional coordinates of the surface points obtained from two 

digitizations of the MDPG images were found to be 0.047 mm in x, 0.046 mm in y 

and 0.050 mm in z coordinates directions for the patella. These values were 

more than twice as large as the values reported by Boyd (1997), which were 

0.018 mm in x, 0.012 mm in y and 0.023 mm in the z direction for the same 

MDPG technique. The mean estimated precision values ranged from 0.010 mm 

to 0.024 mm for feline knees (Boyd, 1997), from 0.027 mm to 0.092 mm for 

porcine knees in this study and from 0.023 mm to 0.107 mm for human knees 
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(Powers, 1999). All three studies used the same MDPG technique, except a 

semi-automated technique was used to define grid intersections by Boyd (1997) 

and Powers, (1999) while a manual technique was used in the current study. It is 

speculated that the difference can be attributed to the size, curvature and 

cartilage thickness of the specimen being imaged. The larger size and curvature 

of the porcine knee and human knee surfaces, as compared to those of the feline 

knees, caused an increase in the depth of field over which the grid was projected 

for the MDPG images. Therefore, the distortion of the grid lines was increased 

and made them appear thicker on the porcine and human knees. Consequently, 

the grid intersections were larger making it more difficult to determine the center 

of the intersections accurately and repeatably. The cartilage, which has a 

translucent property, was also thicker in the porcine and human knees. This 

made the grid lines appear more diffuse, again decreasing the ability to 

determine the grid intersections in comparison to the feline specimens. Ronsky 

et al. (2000) also report a conservative error estimate for six repeated 

digitizations of MDPG images of the cartilage on a canine humerus at 0.11 mm. 

This value was calculated as two times the RMS error of digitization of 0.055 

mm. This is comparable to the RMS error obtained from two repeated 

digitizations of MDPG images in the current study, which were 0.053 mm for the 

patella and 0.027 mm for the femur. In both studies this value was calculated 

based on the difference between corresponding Thin Plate Spline surfaces from 

repeated trials. The difference was then calculated by measuring the proximity, 

along surface normals, between two femur or two patella surfaces in a given 

comparison. 

The FEMBUN optimization was able to compensate for the unexpectedly 

large difference in the 2D coordinates of the grid intersections, which ranged 

from -0.02 to 0.80 mm in the x and y directions. The resulting difference in the 

3D coordinates of the two repeat digitizations ranged -0.04 mm to 0.06 mm for 

the x, y and z coordinate directions (Table 4-9). However, a sizable difference in 

the calculated contact area (as much as 10% at the theoretical proximity 
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threshold) was observed for the two digitizations of MDPG images (Figure 4-

14). By shifting the patella and femur surfaces of Trial 2 closer together by 0.05 

mm, the comparison between the two digitizations was greatly improved. This 

shift is similar in magnitude to the average mean estimated precision value 

(0.061 mm) of the z direction for the two patella and two femur surfaces. The 

difference in contact area at the theoretical proximity threshold for the repeated 

trials was within 1.4%. It is speculated that despite the improved correlation, this 

contact area difference was not due solely to the mean estimated precision in the 

z direction but a combination of this error and the error associated with the 

surface coordinate transformation required to calculate contact for MDPG data. 

These results also indicate that although the MDPG technique is more accurate 

for measuring surface topographies than MRI, the contact area calculation is still 

very sensitive to these errors in the cartilage thickness direction, which is the 

most inaccurate direction for the photogrammetry technique. 

The mean difference between surfaces obtained from two different 

applications of the FEMBUN optimization to the same set of data was 0.005 mm. 

This resulted in differences in contact area, depending on the proximity threshold 

chosen, of less than 0.22 mm 2 . This contact area difference is orders of 

magnitude smaller than errors associated with MRI data collection and 

coordinate transformation. Therefore, it can be ignored as an error source in the 

comparison of the MRI and MDPG techniques. 

5.2 Surface Reconstruction 

The Thin Plate Spline technique was used to provide a 3D reconstruction 

of the joint surfaces from surface data obtained with both MRI and MDPG. It is 

evident that the ability to accurately and repeatably model the surfaces is 

essential when using such models for calculation of surface characteristics such 

as curvature, cartilage thickness or contact area. The sensitivity of the surface 

reconstruction to the following factors was evaluated: changes in surface data 

points used as input to the surface model, changes in the reference marker 
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centroids used for coordinate transformation of the MDPG surfaces and 

application of surface smoothing. A comparison between surfaces obtained from 

MRI and MDPG surface data was also performed. 

5.2.1 Repeatability of Surface Reconstruction with Repeated Surface Data 
Acquisition 

Boyd et al. (1999) reported fit errors of TPS to an analytically defined 

saddle-shaped surface to be 0.006 ± 0.016 mm for 1500 input points. The 

saddle shape was chosen to simulate the femoral groove and proximal portion of 

the condyles. The number of input points from the femur of the knee phantom in 

this study ranged from 1411-1662. To evaluate the sensitivity of the surface 

model to the location of the input points, the selection of image slices was 

repeated three times on the knee phantom and the corresponding surface 

consisting of the femoral groove and proximal two thirds of the femoral condyles 

was modelled with TPS. The mean difference between TPS surfaces was 0.006 

mm, which interestingly is equivalent to the TPS fit error for the analytical 

surface. However, the RMS difference was an order of magnitude higher at 

0.123 mm for the knee phantom results. This indicates that the mean difference 

for repositioning of the knee phantom is within the error of the surface modelling 

technique. The larger RMS error could be influenced by digization variability, 

distribution of surface points, size of the surface, partial volume effects and the 

edge effects from TPS. In this comparison the variability in digitization would not 

be a contributor because the high contrast edges of the knee phantom were 

identifed entirely with the NMS technique and negligible user editing. However, 

digization variability would be an issue in comparison between image series of 

biological specimens. The results obtained in the current study are likely due to 

the distribution of surface points and the size of the surfaces. The surface points 

of Boyd et al. (1999) were randomly distributed, whereas in the current study the 

points were located close together (less than 0.6 mm) along specified image 

slices that were 2 mm apart between image slices. The knee phantom femur 
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surface was approximately three times larger than the analytical saddle-

shaped surface. 

The largest differences between the knee phantom femur surfaces 

obtained from three different MR scans occurred at the periphery of the surfaces 

and at the distal portion of the femoral groove between the condyles. Differences 

at the periphery are likely due to edge effects from TPS associated with the 

modelling criteria that the thin plate must flatten out far from the data points. 

Boyd et al. (1999) also stated that the largest surface fitting error for the 

analytical surface occurred when the tangent of the surface exceeded 75 9 

relative to the x-y plane and this occurs at the distal periphery of the femur 

surface digitized in the current study. The edge effects occurred at slightly 

different locations on each surface because the surface perimeters were different 

for each data set. This is because the user is left to choose how many MR 

images in the medial-lateral direction to digitize and how far to digitize in the 

proximal-distal direction on the femur within an image. The differences at the 

distal portion of the femoral groove are also to be expected, as the surface 

gradient between slices is highest in this region. The length of the groove is 

approximately parallel to the imaging plane and consequently the partial volume 

effects would be most pronounced in this region, causing the larger errors when 

comparing between series. Although, the mean difference between repeated 

surface measures is small, the RMS difference between repeated surface 

measures suggest that one could not expect to confidently measure local 

changes in surface topography of less than 0.12 mm in longitudinal MRI studies. 

If the error in digitizing the cartilage / bone interface was assumed to be the 

same as for the cartilage / synovial fluid interface and that the two were 

considered to be independent, then the error in the local cartilage thickness could 

be calculated as the square root of the sum of the squares of the surface errors, 

i.e. 0.17 mm. Therefore, depending on the desired accuracy of a study an error 

of this magnitude could be problematic. 
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The mean difference between TPS surfaces from repeated MR scans 

is small, on the order of 10"3 mm, an order of magnitude smaller than that 

calculated for MDPG repeatibility. Therefore, it is speculated that it is would have 

minimal effect on contact area. The large RMS difference represents random 

rather than biased differences. However, it appeared that the contact area was 

more sensitive to the mean difference than the RMS difference for repeated 

digitization of MDPG images. This assumption is based on the result that when 

the patella and femur surfaces were moved closer together (effectively a change 

in the mean difference) the variation in contact area between trials reduced from 

10% to 1.4% with no change made in the RMS difference. 

Repositioning of the specimen or subject in the MR bore will affect contact 

area and surface topography calculations. Measuring changes in cartilage 

thickness distribution over time that are less than 0.17 mm would not be possible 

with this surface modelling technique. However, this value is dependent on the 

technique used to register the surfaces between scans and the quality of edge 

detection. In this case the coordinate transformation errors were approximately 

0.015 mm and the edge detection required negligible manual editing. Errors will 

be largest at the periphery of the digitized surface and in regions with high 

surface gradient between image slices (e.g. femoral groove for sagittal image 

slices) or at regions with high tangents to the surface relative to the x-y plane. 

Variability in calculated contact area due strictly to repositioning in the MR bore is 

considered to be negligible compared to repeatability of edge detection and the 

proximity threshold chosen for calculating contact. 

5.2.2 Coordinate Transformation Between MDPG and MRI Data Sets 

The coordinate transformation served a key role in this investigation. It 

enabled calculation of the contact area from MDPG data as well as surface 

topography and contact area comparisons across the MDPG, MRI and staining 

results. The factors contributing to the RMS error in the coordinate 

transformation are: (1) MR distortion due to magnetic susceptibility differences 
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between the plastic spheres, the gelatin or oil and the surrounding air, (2) the 

lack of sphericity of the inside of the spheres themselves and (3) any relative 

movement between the reference markers on a given surface between the MRI 

and MDPG data collection sessions. The RMS error of the coordinate 

transformation was greater for the patella than the femur for all specimens except 

e7124s2. It is speculated that the patella error was greater because the 

reference markers could not be fixed as rigidly in the patella due to the size and 

shape of the patella bone. The posts could not be inserted as far into the bone 

and they had to be placed at an angle to the surface. Therefore, it was more 

likely that the posts could move slightly between MRI and MDPG imaging. 

The largest RMS error for the coordinate transformation was observed in 

porcine specimen #1 . Consequently, the largest mean difference in surface 

topography between corresponding MRI and MDPG surfaces was also observed 

for this specimen. However, the greatest difference between contact areas at a 

given proximity threshold calculated for the MRI and MDPG techniques occurred 

for porcine specimen #2 instead of #1 . This result may be attributed to the 

possible surface defect in the MR images of porcine knee #2 affecting the MR 

results. Therefore, the contact area results for the MRI data of porcine knee #2 

are not considered representative of the MRI technique. Consequently, the 

comparison of the contact area between MRI and MDPG techniques is not 

informative for this specimen and should not be combined with the others when 

making general conclusions. Therefore, porcine knee #1 becomes the specimen 

with the greatest difference in contact area across techniques, with a maximum 

difference of 108.2 mm 2 at a proximity threshold of 0.1 mm. This is to be 

expected based on its larger transformation errors. The coordinate 

transformation error for the patella was twice as large as that of the other 

specimens at 0.715 mm and for the femur the error was the second largest of all 

the specimens at 0.299 mm. 
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5.2.3 Surface Smoothing 

The results indicate that surface smoothing has a greater effect on the 

variation in surface curvature than on the contact area calculation. It can be 

concluded that smoothing of the modelled surface may be necessary to achieve 

a more realistic surface topography. It is known intuitively that the joint surface is 

smooth and the curvature does not have as much variation over the surface as is 

apparent from the Gaussian curvature results. However, a visually smooth 

surface could not be achieved with the smoothing technique available in TPS. 

The influence of smoothing factors were investigated over the range of A = [0.25, 

0.45, 0.65, 0.85, 1.05, 1.25, 1.45]. While the inclusion of smoothing did have an 

influence on the resulting surface and calculated contact area, there was low 

sensitivity to the magnitude of smoothing within this range. An optimal 

smoothing factor was sought based on its ability to smooth out obvious ridges 

and valleys in the surface that result from measurement error without losing the 

natural contours of the surface, to reduce the difference between the surface 

topographies of the MRI and MDPG surfaces and to reduce the effect of intra 

and inter-user variability in edge detection. A smoothing factor of A. = 1.45 was 

able to smooth out the obvious curvature changes appearing at the locations of 

MR image planes. None of the smoothing factors examined were able to 

improve correlation between MRI and MDPG surfaces or reduce the effect of 

intra and inter-user variability in edge detection. This smoothing factor was used 

on all surfaces as it was assumed that the amount of error in collecting surface 

data was consistent across specimens for a given technique. 

Due to the lack of a priori knowledge of the natural curvature range of the 

surface and based on the results of this study, there was no obvious choice for 

the smoothing factor, although it was apparent that some smoothing was 

required. Even with a high level of smoothing (A = 0.25) the Gaussian curvature 

map still retained a patchy appearance, with positive and negative curvature 

values. It is intuitive that this is not the curvature pattern of the actual surface. In 
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the current study, uniform smoothing was applied to all surface points. The 

smoothing property of TPS provides an option for localized smoothing with the 

use of a vector of weighting factors. This may be an asset if a systematic 

method of determining the appropriate weighting factors could be found for MRI 

data. In this way, regions on the surface known to have higher error could be 

smoothed more without affecting the remainder of the surface. 

The results of this study indicate that some smoothing of the MRI data is 

necessary. However, the technique used was not ideal and investigations into 

other possibilites is warranted. An example may include fitting the points of each 

MR image to a spline and resampling at a lower frequncy than the data points 

before fitting the entire surface with TPS or applying localized smoothing. 

5.2.4 Comparison of MDPG and MRI surfaces 

The surfaces reconstructed from data obtained with MRI and MDPG were 

compared. Theoretically, these surfaces should be identical except in the 

contact region where the MRI data is under compressive cartilage loading 

conditions. The differences between the surfaces were measured by the mean 

and RMS proximity values between the two (MRI and MDPG) femur and two 

patella surfaces of each specimen. 

The comparison between surfaces obtained from MDPG and MRI data 

showed no consistent differences across specimens. Factors that could 

contribute to the difference between MRI and MDPG surfaces include hydration, 

coordinate transformation, cartilage deformation and error in edge detection. 

The mean difference between the MDPG and MRI surfaces showed that the 

MDPG cartilage surfaces were not closer to the bone than the corresponding 

MRI surface on both the patella and the femur. Therefore, it can be speculated 

that the difference between the topography for the two techniques is not due to 

dehydration of the cartilage during MDPG imaging. If it were the MDPG cartilage 

surfaces would be equal or closer to the bone in all cases. The patella and femur 
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surfaces were both rehydrated at approximately the same frequency during 

the imaging procedure. Although it is possible that this may have contributed to 

the difference, it is not presumed to be a major factor. Theoretically, the MDPG 

surface would be farther from the bone in the contact region, as the cartilage is in 

the unloaded state during this imaging process. However, it is speculated that 

magnitude of deformation is too small to be measured with accuracy of this set

up, although its affects can be observed. Eckstein et al. (2000a) stated that 

deformation of patellar cartilage due to body weight at 90 degrees of flexion after 

20 seconds of loading is approximately 0.27 mm ± 0.08 mm. The errors 

associated with the MRI / MDPG comparison such as coordinate transformation 

(0.11 mm RMS) and repeatability of edge detection on both surfaces (0.16 mm 

RMS for MRI; 0.05 mm RMS for MDPG) would have a similar effect on the 

magnitude of difference between the respective MDPG and MRI surfaces. If 

these three sources of errors were assumed to be random and independent the 

combined uncertainty in the comparison could be 0.20 mm, which is of similar 

magnitude to the possible deformation. 

A comparison of knee joint surfaces generated from MRI and SPG data, 

reported by Cohen et al. (1999), indicated that the average RMS difference in 

cartilage surface topography was 0.22 mm. This is less than the 0.32 mm 

average RMS difference between MRI and MDPG surfaces observed in the 

current study. However, the MR images of the Cohen et al. (1999) study are 

presumed to be of greater quality. The joints were not loaded during scanning 

(giving more clearly defined cartilage surfaces), the image slice thickness was 

only 1 mm (reducing partial volume effects) and the MR imaging sequence 

required thirty minutes per acquisition. This type of imaging sequence would not 

be suitable for purposes described here, as in-vivo subjects could not hold the 

loaded condition for thirty minutes without severe motion artifact degrading the 

image. The accuracy of the registration technique used between MRI and SPG 

data was not reported in their study. However, it does highlight the point that 

despite the substantial reduction in MR image quality for the current study, as 
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compared to Cohen et al. (1999), the RMS difference was not substantially 

greater. 

The factors that contribute to the difference between MRI and MDPG 

surfaces on a given specimen are the MR image quality, the edge detection 

technique, the registration technique used for the comparison and the 

undeformed state of the cartilage during the MDPG procedure. Image quality 

could be improved but at the expense of scanning time. Surface contour 

matching or physical landmarks could potentially improve the registration 

between techniques. As for the deformation issue, there is currently no 

technique available to accurately fix the cartilage in the deformed state that 

would also maintain the light color of cartilage necessary for the MDPG 

procedure. 

5.3 Inter-modality Comparison of Contact Area 

One of the main objectives of this study was to compare the results of the 

contact area calculated from the MRI technique with those obtained from staining 

and multi-station digital photogrammetry. The contact patterns were compared 

based on the magnitude of the contact area and the shape of the contact 

perimeter. The perimeter was evaluated by dividing the contact area into eight 

sectors from the centroid of the stain area. The area and minimum and 

maximum radius for all three techniques were measured for each sector and the 

differences were recorded (Table 4-23). These results as well as issues involved 

in the calculation of contact area for each technique are discussed in this section. 

5.3.1 Area within the Stain Perimeter 

The staining technique involved injecting a dye into the joint while it was 

loaded, which stained all the non-contact regions. The stain areas on the patella 

and the femur were expected to be the same size. However, it was observed 

that for all specimens, except porcine knee #3, the patella stain was the smaller 

than the femur stain. Some of the possible explanations are: (1) the dye seeped 
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into the contact region, (2) the dye was not evenly applied to both surfaces or 

(3) the dye did not have adequate access to both surfaces. Visual inspection of 

a drop of dye on porcine cartilage showed that the staining dye does not diffuse 

into the cartilage. Therefore, it was not likely to seep into the contact region. To 

stain the surfaces, the dye was injected with the tip of the syringe pointing 

towards the patellar surface on first pass and towards the femur on the second. 

Therefore, the difference was not due to lack of dye on the femoral surface. As a 

result, it is speculated that the difference in the stain perimeter on the two 

surfaces occurred because the dye did not have the same access to both 

surfaces. The synovial fluid may have pooled at the contact perimeter from 

extrusion during loading and therefore be more abundant on the femoral surface 

at the edge of the contact because the joint is positioned with the femur on the 

bottom. The fluid may make it more difficult for the dye to penetrate into the 

cartilage in this region (Figure 5-2). However, this does not provide explanation 

for porcine knee #3 where the patellar area is larger. 

SYNOVIAL 
FLUID 

Figure 5-2: Schematic drawing of patella and femur cartilage surfaces in contact 
and synovial fluid pooling at the edges on contact. This is a possible 
factor in the difference in the magnitude of the patella and femur stain 
perimeter. 

Ateshian et al. (1994) showed that of the four techniques used for 

measuring contact that they compared, (SPG, silicone rubber mould, pressure 

sensitive film, and dye staining) the staining technique gave the largest area for 

all but one specimen. Therefore, they speculated that the staining technique 

overestimated the contact area and that this may have resulted from surface 
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tension effects of the ferric ammonium sulfate solution used for staining. This 

may also be an issue in the current study, however, the dye used did not appear 

to bead on the surface of the cartilage and therefore it is assumed that this effect 

would be minimal. Ateshian et al. (1994) did not attempt to quantify the 

difference between the four techniques, providing only visual comparisons. The 

surface plots showed the perimeters of the contact region obtained from the 

silicone rubber mould, pressure sensitive film and dye staining techniques 

superimposed on the proximity threshold contours from the SPG results. It 

appeared from these plots that the theoretical proximity threshold values shown 

for their SPG results were greater than those determined in the current study, 

with some values greater than 0.88 mm. This supported the idea that the 

solution used for staining in Ateshian et al. (1994) overestimated the contact area 

more than the one used in the current study. Therefore, the staining technique 

applied in the current study was an improved technique to be used as a standard 

for comparison. 

There are indications that a limitation of the staining technique is that 

isolated non-contact regions within the main contact region can not be identified 

with this technique. It is not possible for dye to stain this region as the dye is 

injected into the surroundings of the main contact and there is no pathway for it 

to reach this non-contact region. However, this may not present a problem in 

practice for the type of contact patterns one expects to encounter in the 

patellofemoral joint. The MRI results of porcine knee #4 and the MDPG results 

of porcine knee #1 showed examples of isolated non-contact regions, which 

could not be identified by the staining technique. However, these regions did not 

appear on the MDPG results of porcine knee #4 or the MRI results of porcine 

knee #1 , which theoretically should have been able to detect them. Since the 

isolated non-contact regions was no present in both techniques on the given 

specimen, this implies that these isolated non-contact regions within the main 

contact region may have been a result of the error in the specific surface data 

and may not actually exist on the surface. Therefore, this limitation of the 
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staining technique was most likely not an issue for the results presented in 

this study. 

One of the major sources of error for the staining technique is the ability to 

accurately choose the points along the stain perimeter. It was not possible to 

quantify the repeatability of the procedure in this study, as the dye used to prick 

the points was not removable. However, to reduce variability in the digitizing 

technique the procedure was performed by the same researcher for all 

specimens. 

5.3.2 Comparison of Contact Area Determined from MDPG, Staining and MRI 
Procedures 

It was expected that the range of theoretical proximity threshold values 

across specimens would be smaller for the MDPG technique than the MRI 

technique, as the reported accuracy and repeatability of the MDPG technique is 

greater than MRI technique. The results in this study show that the range of 

theoretical proximity threshold values was actually greater for the MDPG than the 

MRI technique. This indicates that the issue of choosing an appropriate 

proximity threshold to be used on all surfaces is an issue for both the MRI and 

MDPG techniques. The variation in the theoretical proximity threshold of the 

MDPG surfaces can be attributed to error in the reference markers used for the 

coordinate transformation used in calculating contact and error in the surfaces 

obtained from MDPG. The results indicate that error in the markers could cause 

an error of 3 . 1 % in the contact area. Also an error as small as 0.05 mm in the 

location of a surface along the cartilage thickness direction, resulting from 

digitization error, could affect the contact area by 10%. Therefore, for a worst 

case scenario where the errors were additive the contact area calculation from 

MDPG could be within 13.1% of the stain area. If the errors were random and 

independent the combined error could be 10.5%. Boyd (1999) and Ateshian et 

al. (1991) use photogrammetry data to calculate contact area, however, they only 

report the accuracy of their respective photogrammetry techniques for measuring 
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surface topography and not for calculating contact area. Therefore, there is 

no comparison in literature for the accuracy of contact area calculated using 

photogrammetry and the proximity method. The magnitude of the stain area is 

not affected by the errors in the coordinate transformation because it is 

measured directly from the points on the surface. However, the transformation 

error does affect the comparison of contact area location between the MRI and 

staining results. This indicates that comparisons between the MRI and MDPG 

results are valuable as a validation. However, the MDPG results could not have 

been used as a standard because of the magnitude of the errors associated with 

calculating contact area with this technique. 

The points on the perimeter of the contact area at the theoretical proximity 

threshold were on or inside what appeared to be the contact region on the MR 

images. Therefore, it is speculated that artifacts within MR images cause an 

overestimation of the contact area if it were calculated based strictly on visual 

inspection on the images. A common proximity threshold for defining contact 

was chosen based on the average MRI theoretical proximity threshold (when 

excluding the suspect specimen porcine knee #2) to be 0.2 mm. This value 

could be used for all future calculations of in-vivo contact area using MR images 

and the proximity method discussed in this study. However, this value must be 

considered with some reservation due to the small sample size used in this 

study. If the stain area is taken as the gold standard, a proximity threshold value 

of 0.2 mm will yield a contact area within 13% of the standard. This includes the 

error present due to the surface modelling technique, although it does not 

specifically account for any inter-user variability in MR image digitization, which 

can accumulate as much as 10% error. If inter-user variability and the possible 

error from using a proximity threshold of 0.2 mm are considered to be random 

and independent the uncertainty in the contact area calculation becomes 

approximately 16%. 
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5.4 Conclusions and Recommendations 

To better understand the relationship between changing patellofemoral 

joint contact mechanics and the development of degenerative joint disease, a 

non-invasive, in-vivo method of evaluating joint contact mechanics is required. 

To evaluate the contact mechanics of a joint, knowledge of the contact area, 

contact force and material properties is required. The current study focused on 

the measurement of contact area. The magnitude of the contact area as well as 

its location and the surface topography within that region were examined. The 

objective of this study was to validate the use of magnetic resonance imaging 

and surface modelling in the determination of joint contact area in a loaded, 

patellofemoral joint and to determine the accuracy of the technique. The 

evaluation of the MRI technique was based on a comparison with the well 

established techniques of staining and photogrammetry (MDPG). Due to the lack 

of a gold standard, the staining results were chosen as the standard. Because of 

the invasive nature of the staining and MDPG techniques an animal model, in-

vitro porcine knees, was used in this study. 

A fast spin echo pulse sequence (T2 weighting, 90° flip angle, TR = 5400 

ms, TE = 80 ms, bandwidth = 15.63 kHz, 1 NEX, 140 mm FOV, 512x512 readout 

matrix, echo train length = 9) and an anterior neck coil were chosen as the most 

appropriate MR imaging sequence to use to fulfill the criteria for future loaded, in-

vivo human studies. The Non-Maxima Suppression (Devernay, 1995) semi-

automated technique of edge detection was determined to be better suited for 

digitization of MR images than manual digitization or Sobel semi-automated edge 

detection. NMS provided more repeatable results than manual digitization and 

provided a smoother representation of the edge than Sobel by calculating sub-

pixel coordinates for the edge points. The Thin Plate Spline technique (Boyd et 

al., 1999) was used for surface reconstruction and smoothing because of its 

ability to model a cloud of scattered data points and provide surface 

characteristics such as surface curvature and three-dimensional surface normal 

at regular intervals over the surface. The contact region was determined by 
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measuring the distance along surface normals projected from the grid points 

on one articular surface to its intersection with the opposing surface and defining 

all points with values less than a chosen threshold value as being in contact. 

This proximity threshold was based on comparison with the contact area 

obtained from the staining technique. 

It is apparent from the investigations reported in this study, and from 

comparison with the available literature, that the accuracy of contact area values 

are very dependent on the MR image quality, edge detection technique, proximity 

threshold, surface smoothing and the surface modelling technique. Therefore, 

the results reported in this study are specific to the methods described herein. 

General conclusions or extrapolations about MRI techniques of measurement 

should be drawn with some reservation due to the small number of specimens 

examined in this study and the fact that an in-vitro animal model was used. 

During in-vivo measurements, a motion artifact will also be present and will 

contribute to the error. An example of this increase in image noise due to motion 

artifact was observed in the in-vivo images of human knee #1 . 

The accuracy of the MRI technique of measuring joint contact area was 

lower than expected prior to this investigation. It has been determined that the 

shape of the contact pattern is accurate within approximately 4 mm and that only 

changes in contact area greater than 16% can be adequately identified with this 

technique. Therefore, the utility of this measurement technique is dependent on 

the expected changes in contact area between measurement conditions being 

compared and the accuracy required by a given study. 

To date there are few quantitative measures of potential changes in 

contact area associated with joint injury and joint pathologies, especially within 

in-vivo joints. Therefore, it is difficult to determine which clinical conditions can 

be appropriately assessed with this technique. It is speculated that in its present 

form, the MRI technique is not applicable for clinicians wishing to measure small 

changes in contact area resulting from the slow progression of disease or 
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potentially from long term treatment such as muscle strengthening. Based on 

the changes in cartilage material properties with degeneration (Armstrong et al., 

1982) it is assumed that these changes in joint contact mechanics would be less 

than 16%. The same can be said for muscle strengthening based on the results 

of Ahmed et al. (1983), who plotted changes in contact pressure distribution with 

changes in ligament insertion points of the quadriceps muscle. Although the 

pressure distribution changed, the magnitude of the entire contact region 

appeared to be less than 16%. However, exact values were not presented. 

The accuracy of this MRI method is also speculated to be too low for 

accurate measurement of cartilage thickness or cartilage deformation. However, 

further developments to enhance the possibilities in these areas are warranted. 

There is currently a large demand for non-invasive techniques to diagnose joint 

injuries and diseases, to evaluate the efficacy of various treatment regimes and 

for the development of non-invasive outcome measures of the status of joint 

health. Future developments in MR imaging and image data processing have 

the potential to be useful in these assessments. 

The current MRI technique can be used for measuring gross changes in 

contact area magnitude and location. The results of Powers (1999), Ronsky 

(1994) and Huberti et al. (1988) show that the changes in contact area observed 

with increasing flexion angle and anterior cruciate ligament deficiency are greater 

than 16% for the majority of subjects and specimens examined. Therefore, this 

technique would be suitable for an assessment of contact area trends associated 

with joint motion or major injury. These results would be useful for researchers 

attempting to better understand the general mechanics of the knee and its 

response to major injury. 

For the most accurate and consistent results, the results of this study have 

shown that the following recommendations should be observed: 

(1) The same user should digitize of all image series in a comparison. 
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(2) Use the patella as the base surface from which to measure proximity. 

(3) Use a proximity threshold of 0.2 mm to define contact. 

(4) Some smoothing of the surface data is required due to the distribution of 

surface points obtained from MR images and image noise. An improvement 

on the smoothing method used in this study may be required. 

(5) Use a consistent resampling size on all reconstructed surfaces as it affects 

the magnitude of the contact area. The size used in this study was 0.32 mm. 

In future work on in-vivo subjects an accurate method of registration 

between MR image series for longitudinal studies will be critical. Reference 

markers would be difficult to replace repeatably on the skin surface for each 

imaging session and can move relative to the bone during knee flexion, thus 

disturbing the frame of reference. The results of this study show that the effects 

of chemical shift and magnetic susceptibility differences must also be considered 

when using reference markers. Therefore, alternative methods of registration will 

need to be investigated, such as an optimization algorithm for matching three-

dimensional bone surfaces. However, this is not ideal either, due to chemical 

shift, which is dependent on the position of the bones relative to the frequency-

encoding direction and on the imaging parameters. Consequently, the distortion 

in the surfaces may not be constant between MR scans, making surface 

matching less accurate. 

To improve the accuracy of contact area calculations from MR images, the 

next major step would be to improve the quality of the MR images. This could 

include improvements in the imaging sequence and to develop improved surface 

coils. At present, variability in edge detection is one of the major contributors to 

the uncertainty of the contact area measurement. With clearer images the 

repeatability of edge detection would increase because less manual editing 

would be required and less smoothing would be necessary. This would increase 

the accuracy of the contact area calculation. Investigation into alternative 

methods of defining contact from MR images and surface reconstruction models 
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is also warranted. The proximity method is highly sensitive to mean 

differences in the cartilage surface topography caused by variability in edge 

detection. The areas of manufacturing and machining were considered for 

options in contact measurement methods. While no suitable methods were 

found, it appears that this should be a fruitful area of future research. 

The work of this study contributes to the understanding of accuracy in 

quantifying joint surfaces and contact through identification and assessment of 

the sources of error. It also illuminates the importance of some of these issues 

which were previously ignored in studies where MRI has been used as part of a 

measurement tool for examination of cartilage properties such as volume, 

thickness, deformation and contact area. The results obtained provide an upper 

bound for the accuracy of the contact area calculations made based on this MR 

imaging and modelling approach. These limits will assist clinicians to 

appropriately interpret the information provided by this technique and to 

determine its suitability for use in a given clinical setting. This study provides a 

process for evaluating and validating the accuracy and error sources associated 

with determining joint surface and contact information from MR images. The 

largest sources of error in this process were identified as MR image quality, its 

effect on the repeatability of edge detection and the sensitivity of the proximity 

method of defining contact. This work provides a foundation for further research 

into methods of reducing or correcting for these sources of error. With the 

continuing advancements in the field of MR imaging and image processing, this 

technique has great potential as an assessment and analysis tool for use in 

clinical and research environments. 



195 

6.0 References 

Ahmed AM, Burke DL, Yu A, 1983. In-vitro measurement of static pressure 
distribution in synovial joints - Part II: Retropatellar surface. Journal of 
Biomechanical Engineering, 105, 226-236. 

Akima H, 1978. A method of bivariate interpolation and smooth surface fitting for 
irregularly distributed data points. ACM Transactions on Mathematical 
Software, 4, 148-159. 

Armstrong CG, Bahrani AS, Gardner MA, 1979. In Vitro Measurement of Articular 
Cartilage Deformations in the Intact Human Hip Joint under Load. Journal 
of Bone and Joint Surgery (American), 61-A, 744-755. 

Armstrong CG, Mow VC, 1982. Variations in the intrinsic mechanical properties 
of human articular cartilage with age, degeneration, and water content. 
Journal of Bone and Joint Surgery (American), 64, 88-94. 

Ateshian GA, 1993. A B-spline least-squares surface-fitting method for articular 
surfaces of diarthrodial joints. Journal of Biomechanical Engineering, 115, 
366-373. 

Ateshian GA, Kwak SD, Soslowsky LJ, Mow VC, 1994. A stereophotogrammetric 
method for determining in situ contact areas in diarthrodial joints, and a 
comparison with other methods. Journal of Biomechanics, 27, 111-124. 

Ateshian GA, Rosenwasser MP, Mow VC, 1992. Curvature characteristics and 
congruence of the thumb carpometacarpal joint: differences between 
female and male joints. Journal of Biomechanics, 25, 591-607. 

Ateshian GA, Soslowsky LJ, Mow VC, 1991. Quantitation of articular surface 
topography and cartilage thickness in knee joints using 
stereophotogrammetry. Journal of Biomechanics, 24, 761-776. 

Athanasiou KA, Rosenwasser MP, Buckwalter JA, Malinin Tl, Mow VC, 1991. 
Interspecies Comparisons of In Situ Intrinisic Mechanical Properties of 
Distal Femoral Cartilage. Journal of Orthopaedic Research, 9, 330-340. 



196 
Black JD, Matejczyk M-B, Greenwald AS, 1981. Reversible Cartilage Staining 

Technique for Defining Articular Weight-Bearing Surfaces. Clinical 
Orthopaedics and Related Research, 159, 265-267. 

Boyd SK, 1997. A 3D in-situ model for patellofemoral joint contact analysis in the 
normal and anterior cruciate ligament deficient knee. MSc. Thesis, 
University of Calgary, Calgary, Canada. 

Boyd SK, Ronsky JL, Lichti DD, Salkauskas K, Chapman MA, 1999. Joint 
Surface Modeling with Thin-Plate Splines. Journal of Biomechanical 
Engineering, 121, 525-532. 

Boyd SK, Ronsky JL, 2000. Normal and ACL-Deficient In Situ Measurement of 
Patellofemoral Joint Contact. Journal of Applied Biomechanics, 16 (2), 
111-123. 

Brown MA, Semelka RC, 1999. MRI: Basic Principles and Applications. Toronto: 
Wiley-Liss, Inc. 

Buckwalter JA, Smith KC, Kazarien LE, Rosenberg LC, Ungar R, 1989. Articular 
cartilage and intervertebral disc proteoglycans differ in structure: an 
electron microscopic study. Journal of Orthopaedic Research, 7, 146-151. 

Canny J, 1986. A Computational Approach to Edge Detection. IEEE 
Transactions on Pattern Analysis and Machine Intelligence, 8, 679-698. 

Chan KM, Qin L, Hung LK, Tang CY, Li CK, Rolf C, 2000. Alteration of 
patellofemoral contact during healing of canine patellar tendon after 
removal of its central third. Journal of Biomechanics, 33, 1441-1451. 

Cohen ZA, McCarthy DM, Ateshian GA, Kwak SD, Peterfy CG, Alderson P, 
Grelsamer RP, Henry JH, Mow VC, 1997. In Vivo and In Vitro Knee Joint 
Cartilage Topography, Thickness, and Contact Area from MRI. 
Orthopaedic Research Society Annual Meeting, 43, 625. 

Cohen ZA, McCarthy DM, Kwak SD, Legrand P, Fogarasi F, Ciaccio EJ, 
Ateshian GA, 1999. Knee cartilage topography, thickness, and contact 
areas from MRI: in- vitro calibration and in-vivo measurements. 
Osteoarthritis & Cartilage, 7, 95-109. 



197 
Conteduca F, Ferretti A, Mariani PP, Puddu G, Perugia L, 1991. 

Chondromalacia and chronic anterior instabilities of the knee. American 
Journal of Sports Medicine, 19, 119-123. 

Cosandier D, Chapman MA, 1992. High precision target location for industrial 
metrology. SPIE Videometrics, 1820. 111-122. 

Devernay F, 1995. A Non-Maxima Suppression Method for Edge Detection with 
Sub-Pixel Accuracy. Institut National de Recherche en Informatique et en 
Automatique, 2724, 1-20. 

Dhaher YY, Delp SL, Rymer WZ, 2000. The Use of Basis Functions in Modelling 
Joint Articular Surfaces: Application to the Knee Joint. Journal of 
Biomechanics, 33, 901-907. 

Eckstein F, Gavazzeni A, Sittek H, Haubner M, Losch A, Milz S, Englemeier K-H, 
Schulte E, Putz R, Reiser M, 1996. Determination of Knee Joint Cartilage 
Thickness Using Three-Dimensional Magnetic Resonance Chondro-
Crassometry (3D MR-CCM). Magnetic Resonance in Medicine, 36, 256-
265. 

Eckstein F, Lemberger B, Stammberger T, Englmeier KH, Reiser M, 2000a. 
Patellar cartilage deformation in vivo after static versus dynamic loading. 
Journal of Biomechanics, 33, 819-825. 

Eckstein F, Schnier M, Haubner M, Priebsch J, Glaser C, Englmeier KH, Reiser 
M, 1998. Accuracy of cartilage volume and thickness measurements with 
magnetic resonance imaging. Clinical Orthopaedics and Related 
Research, 137-148. 

Eckstein F, Stammberger T, Priebsch J, Englmeier KH, Resier M, 2000b. Effect 
of Gradient and Section Orientation on Quantitative Analysis of Knee Joint 
Cartilage. Journal of Magnetic Resonance Imaging, 11,161-167. 

Fernandes JC, Jovanovic D, Dehnade F, Martel-Pelletier J, Pelletier JP, 1998. La 
section du ligament croise anterieur du genou par arthoscopie induit 
I'arthrose chez le chien - Validation du modele de Pond-Nuki. Annales de 
Chirurgie, 52, 768-775. 



198 
Forman MD, Malamet R, Kaplan D, 1983. A survey of osteoarthritis of the 

knee in the elderly. Journal of Rheumatology, 10, 282-287. 

Fraser CS, Shortis MR, Ganci G, 1995. Multi-sensor system self-calibration. 
Proceedings of Videometrics IV, 2598,2-18. 

Fu FH, Seel MJ, Berger RA, 1993. Patellofemoral Biomechanics. In: The 
Patellofemoral Joint. Fox JM, Del Pizzo W (Ed.) New York: McGraw-Hill, 
Inc. 

Ghosh SK, 1983. A close-range photogrammteric system for 3-D measurements 
and perspective diagramming in biomechanics. Journal of Biomechanics, 
16, 667-674. 

Goodfellow J, Hungerford DS, Zindel M, 1976. Patello-femoral joint mechanics 
and pathology. 1. Functional anatomy of the patello-femoral joint. Journal 
of Bone and Joint Surgery (British), 58-B, 287-290. 

Gore JC, Maryanski MJ, Schulz RJ, 1997. Test objects for MRI quality assurance 
based on polymer gels. Medical Physics, 24(9), 1405-1408. 

Graichen H, Springer V, Flaman T, Stammberger T, Glaser C, Englmeier KH, 
Reiser M, Eckstein F, 2000. Validation of high-resolution water-excitation 
magnetic resonance imaging for quantitative assessment of thin cartilage 
layers. Osteoarthritis and Cartilage, 8, 106-114. 

Greenwald AS, O'Connor JJ, 1971. The Transmission of Load Through the 
Human Hip Joint. Journal of Biomechanics, 4, 507-528. 

Hardy PA, Newmark R, Lui YM, Meier D, Norris S, Piraino DW, Shah A, 2000. 
The influence of the resolution and contrast on measuring the articular 
cartilage volume in magnetic resonance images. Magnetic Resonance 
Imaging, 18, 965-972. 

Haut TL, Hull ML, Howell SM, 1998. A high-accuracy three-dimensional 
coordinate digitizing system for reconstructing the geometry of diarthrodial 
joints. Journal of Biomechanics, 31, 571-577. 



199 
Herberhold C, Stammberger T, Faber S, Putz R, Englmeier KH, Reiser M, 

Eckstein F, 1998. An MR-based technique for quantifying the deformation 
of articular cartilage during mechanical loading in an intact cadaver joint. 
Magnetic Resonance in Medicine, 39, 843-850. 

Herberhold C, Faber S, Stammberger T, Steinlechner M, Putz R, Englmeier KH, 
Reiser M, Eckstein F, 1999. In situ measurement of articular cartilage 
deformation in intact femoropatellar joints under static loading. Journal of 
Biomechanics, 32, 1287-1295. 

Huberti HH, Hayes WC, 1988. Contact Pressures in chondromalacia patellae and 
the effects of capsular reconstructive procedures. Journal of Orthopaedic 
Research 6, 499-508. 

Hughes SW, Brueton RN, 1994. A Technique for Measuring the Surface Area of 
Articular Cartilage in Acetabular Fractures. British Journal of Radiology, 
67, 584-588. 

Huiskes R, Kremers A, de Lange HJ, Selvik G, van Rens ThJG, 1985. Analytical 
Stereophotogrammetric Determination of Three-Dimensional Knee-Joint 
Geometry. Journal of Biomechanics, 18, 559-570. 

Jurvelin JS, Helminen HJ, Lauritsalo S, Kiviranta I, Saamanen A-M, Paukkonen 
K, Tammi M, 1985. Influences of Joint Immobilization and Running 
Exercice on Articular Cartilage Surfaces of Young Rabbits. Acta 
Anatomica, 122, 62-68. 

Kaab MJ, Gwynn IA, Notzli HP, 1998. Collagen fibre arrangement in the tibial 
plateau articular cartilage of man and other mammalian species. Journal 
of Anatomy, 193 ( Pt 1), 23-34. 

Karvonen RL, Negendank WG, Teitge RA, Reed AH, Miller PR, Fernandez-
Madrid F, 1994. Factors affecting articular cartilage thickness in 
osteoarthritis and aging. Journal of Rheumatology, 21 (7), 1310-8. 

Kladny B, Martus P, Schiwy-Bochat KH, Weseloh G, Swoboda B, 1999. 
Measurement of cartilage thickness in the human knee-joint by magnetic 
resonance imaging using a three-dimensional gradient-echo sequence. 
International Orthopaedics, 23, 264-267. 



200 
Lancaster P, Salkauskas K, 1986. Curve and Surface Fitting An Introduction. 

Toronto: Academic Press. 

Lau EC, Cooper C, Lam D, Chan VN, Tsang KK, Sham A, 2000. Factors 
associated with osteoarthritis of the hip and knee in Hong Kong Chinese: 
obesity, joint injury, and occupational activities. American Journal of 
Epidemiology, 152, 855-862. 

Lemieux L, Barker GJ, 1998. Measurement of small inter-scan fluctuations in 
voxel dimensions in magnetic resonance images using registration. 
Medical Physics, 25, 1049-1054. 

Lerski RA, McRobbie DW, de Certaines JD, 1988. IV. Protocols and Test Objects 
for the Assessment of MRI Equipment. Magnetic Resonance Imaging, 6, 
195-199. 

Litchi DD, 1996. Constrained finite element method self-calibration. MSc. Thesis, 
University of Calgary, Calgary, Canada. 

Marshall KW, Mikulis DJ, Guthrie BM, 1995. Quantification of articular cartilage 
using magnetic resonance imaging and three-dimensional reconstruction. 
Journal of Orthopaedic Research, 13, 814-823. 

McDevitt C, Gilbertson E, Muir H, 1977. An experimental model of osteoarthritis; 
early morphological and biochemical changes. Journal of Bone and Joint 
Surgery (British), 59, 24-35. 

McNair PJ, Marshall RN, 1994. Landing characteristics in subjects with normal 
and anterior cruciate ligament deficient knee joints. Archives of Physical 
Medicine and Rehabilitation, 75, 584-589. 

McRobbie DW, 1997. A three-dimensional volumetric test object for geometry 
evaluation in magnetic resonance imaging. Medical Physics, 24, 737-742. 

Meirovitch L, 1970. Methods of Analytical Dynamics. Toronto: McGraw-Hill Book 
Company. 

Mitchell DG, 1999. MRI Principles. Philadelphia: W.B. Saunders Company. 



201 
Moore R, Mao Y, Zhang J, Clarke K, 1997. Economic Burden of Illness in 

Canada, 1993. Health Canada, Minister of Public Works and Government 
Services Canada. 

Morin RL, Gray JE, 1990. Basic Principles and Terminology of Magnetic 
Resonance Imaging. In: Berquist TH (Ed.), MRI of the Musculoskeletal 
System, Second Edition. New York: Raven Press. 

Mortenson ME, 1997. Geometric Modeling Second Edition. Toronto: John Wiley 
and Sons, Inc. 

Muldrew K, Novak K, Yang H, Zernicke R, Schachar NS, McGann ME, 2000. 
Cryobiology of Articular Cartilage: Ice Morphology and Recovery of 
Chondrocytes. Cryobiology, 40(2), 102-109. 

Noyes FR, Mooar PA, Matthews DS, Butler DL, 1983. The symptomatic anterior 
cruciate deficient knee. Part I: The long-term functional disability in 
athletically active individuals. Journal of Bone and Joint Surgery 
(American), 65-A, 154-162. 

Palmoski MJ, Colyer RA, Brandt KD, 1980. Joint motion in the absence of normal 
loading does not maintain normal articular cartilage. Arthritis and 
Rheumatism, 23, 325-334. 

Pattee GA, Fox JM, Del Pizzo W, Friedman MJ, 1989. Four to ten year followup 
of unreconstructed anterior cruciate ligament tears. American Journal of 
Sports Medicine, 17, 430-435. 

Pattee GA, Fox JM, Del Pizzo W, Friedman MJ, 1989. Four to ten year followup 
of unreconstructed anterior cruciate ligament tears. American Journal of 
Sports Medicine, 17, 430-435. 

Peterfy CG, van Dijke CF, Janzen DL, Gluer CC, Namba R, Majumdar S, Lang 
P, Genant HK, 1994. Quantification of Articular Cartilage in the Knee with 
Pulsed Saturation Transfer Subtraction and Fat-Suppressed MR Imaging: 
Optimization and Validation. Radiology, 192, 485-491. 

Pond MJ, Nuki G, 1973. Experimentally-induced osteoarthritis in the dog. Annals 
of the Rheumatic Diseases, 32, 387-388. 



202 
Powers, MJ, 1999. Human Patellofemoral Kinematics and Related Joint 

Surface Geometry. MSc. Thesis, University of Calgary, Calgary, Canada. 

Praemer A, Furner S, Rice D, 1992. Musculoskeletal conditions in the United 
States. Park Ridge, III.: American Academy of Orthopaedic Surgeons. 

Radin EL, Paul IL, 1971. Response of joints to impact loading. I. In vitro wear. 
Arthritis and Rheumatism, 14, 356-362. 

Raman SV, Sarkar S, Boyer KL, 1991. Tissue Boundary Refinement in Magnetic 
Resonance Images Using Contour-Based Scale Space Matching. IEEE 
Transactions on Medical Imaging, 10, 109-121. 

Recht MP, Resnick D, 1994. MR imaging of articular cartilage: current status and 
future directions. American Journal of Roentgenology, 163(2), 283-90. 

Robson MD, Hodgson RJ, Herrod NJ, Tyler JA, Hall LD, 1995. A combined 
analysis and magnetic resonance imaging technique for computerised 
automatic measurement of cartilage thickness in the distal interphalangeal 
joint. Magnetic Resonance Imaging, 13, 709-718. 

Ronsky JL, 1994. In-vivo quantification of patellofemoral joint contact 
characteristics. Ph.D. Dissertation, University of Calgary, Calgary, 
Canada. 

Ronsky JL, Boyd SK, Lichti DD, Chapman MA, Salkauskas K, 1997. Precise 
Measurement of Articular Cartilage Surfaces: Comparison of Multi-Station 
Digital Photogrammetry with 3D Digitization. ASME Bioengineering 
Conference, 35, 39-40. 

Ronsky JL, Boyd SK, Lichti DD, Chapman MA, Salkauskas K, 1999. Precise 
measurement of cat patellofemoral joint surface geometry with multistation 
digital photogrammetry. Journal of Biomechanical Engineering, 121, 196-
205. 

Ronsky JL, Herzog W, Brown TD, Pedersen DR, Grood ES, Butler DL, 1995. In 
vivo quantification of the cat patellofemoral joint contact stresses and 
areas. Journal of Biomechanics, 28, 997-983. 



203 
Ronsky JL, Hamel J, Canteenwalla Z, Lichti D, Moss R, 2000. Effects of the 

Freeze-Thaw Cycle on the Thickness and Surface Contours of Articular 
Cartilage. Archives of Physiology and Biochemistry, 108, 175-175. 

Roos H, Adalberth T, Dahlberg L, Lohmander LS, 1995. Osteoarthritis of the 
knee after injury to the anterior cruciate ligament or meniscus: the 
influence of time and age. Osteoarthritis & Cartilage, 3, 261-267. 

Rushfeldt PD, Mann RW, Harris WH, 1981. Improved techniques for measuring 
in vitro the geometry and pressure distribution in the human acetabulum--
I. Ultrasonic measurement of acetabular surfaces, sphericity and cartilage 
thickness. Journal of Biomechanics, 14, 253-260. 

Russ, JC, 1995. The Image Processing Handbook. Boca Raton: CRC Press, Inc. 

Sah RL, Yang AS, Chen AC, Hant JJ, Halili RB, Yoshioka M, Amiel D, Coutts 
RD, 1997. Physical properties of rabbit articular cartilage after transection 
of the anterior cruciate ligament. Journal of Orthopaedic Research, 15, 
197-203. 

Sandmark H, Hogstedt C, Lewold S, Vingard E, 1999. Osteoarthrosis of the knee 
in men and women in association with overweight, smoking, and hormone 
therapy. Annals of the Rheumatic Diseases, 58,151-155. 

Scherrer PK, Hillberry BM, 1979a. Piecewise Mathematical Representation of 
Articular Surfaces. Journal of Biomechanics, 12, 301-311. 

Scherrer PK, Hillberry BM, Van Sickle DC, 1979b. Determining the In-Vivo Areas 
of Contact in the Canine Shoulder. Journal of Biomechanical Engineering, 
101, 271-277. 

Slama CC, Theurer C, Henriksen SW, (Editors) 1980. Manual of 
Photogrammetry, Fourth Edition. Fall Church VA: American Society of 
Photogrammetry. 

Soderkvist I, Wedin PA, 1993. Determining the movements of the skeleton using 
well-configured markers. Journal of Biomechanics, 26, 1473-1477. 



204 
Solloway S, Hutchinson CE, Waterton JC, Taylor CJ, 1997. The use of active 

shape models for making thickness measurements of articular cartilage 
from MR images. Magnetic Resonance in Medicine, 37, 943-952. 

Stammberger T, Herberhold C, Faber S, Englmeier KH, Reiser M, Eckstein F, 
1998. A method for quantifying time dependent changes in MR signal 
intensity of articular cartilage as a function of tissue deformation in intact 
joints. Medical Engineering and Physics, 20, 741-749. 

Sumanaweera TS, Glover GH, Binford TO, Adler JR, 1993. MR susceptibility 
misregistration correction. IEEE Transactions on Medical Imaging, 12(2), 
251-259. 

Sumanaweera T, Glover G, Song S, Adler J, Napel S, 1994. Quantifying MRI 
geometric distortion in tissue. Magnetic Resonance in Medicine, 31 , 40-
47. 

Tabatabai M, 1984. Edge location to subpixel values in digital imagery. IEEE 
Transactions on Pattern Analysis and Machine Intelligence, 6(2), 188-201. 

Tortora GJ, Grabowski SR, 1996. Principles of Anatomy and Physiology, Eighth 
Edition. New York: HarperCollins College Publishers. 

van Herk M, de Munck JC, Lebesque JV, Muller S, Rasch C, Touw A, 1998. 
Automatic registration of pelvic computed tomography data and magnetic 
resonance scans including a full circle method for quantitative accuracy 
evaluation. Med. Phys., 25, 2054-2067. 

van Ruijven LJ, Beek M, Donker E, van Eijden TM, 2000. The accuracy of joint 
surface models constructed from data obtained with an electromagnetic 
tracking device. Journal of Biomechanics, 33, 1023-1028. 

van Ruijven LJ, Beek M, van Eijden TM, 1999. Fitting parametrized polynomials 
with scattered surface data. Journal of Biomechanics, 32, 715-720. 

Vellet D, 1999. Personal Communications. Department of Radiology, University 
of Calgary. 



205 
Walker PS, Hajek JV, 1972. The Load-Bearing Area in the Knee Joint. 

Journal of Biomechanics, 5, 581-589. 

Wang JH-C, Ryu J, Han J-S, Rowen B, 2000. A New Method for the 
Representation of Articular Surfaces Using the Influence Surface Theory 
of Plates. Journal of Biomechanics, 33, 629-633. 

Wayne JS, Brodrick CW, Mukherjee N, 1998. Measurement of articular cartilage 
thickness in the articulated knee. Annals of Biomedical Engineering, 26, 
96-102. 

Wiberg G, 1941. Roentgenographic and Anatomic Studies on the Femoropatellar 
Joint. Acta Orthopaedica Scandinavica, 12, 319-410. 

Wismans J, Veldpaus F, Janssen J, Huson A, Struben P, 1980. A three-
dimensional mathematical model of the knee-joint. Journal of 
Biomechanics, 13, 677-685. 

Woods RP, Mazziotta JC, Cherry SR, 1993. MRI-PET registration with 
automated algorithm. Journal of Computer Assisted Tomography, 17, 536-
546. 

Yao JQ, Seedom BB, 1991. A New Technique for Measuring Contact Areas in 
Human Joints - the '3S Technique'. Proceedings of the Institution of 
Mechanical Engineers. Part H, Journal of Engineering in Medicine, 205, 
69-72. 

Yao JQ, Seedom BB, 1999. Ultrasonic Measurement of the Thickness of Human 
Articular Cartilage In Situ . British Society for Rheumatology, 38, 1269-
1271. 

Yuan X, Ryd L, 2000. Accuracy analysis for RSA: a computer simulation study on 
3D marker reconstruction. Journal of Biomechanics, 33, 493-498. 




