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Abstract 

Mosaic Arthroplasty is a well-accepted surgical approach to treating focal cartilage defects of the 

knee.  However, the task of creating the mosaic of osteochondral grafts that optimally restores the 

cartilage surface is technically demanding.  Conventional techniques require the surgeon to 

reconstruct a complex, three-dimensional surface by eye and experience only. There is evidence 

that this type of procedure is sensitive to technique: grafts that are transplanted proud of the 

native cartilage surface tend to show evidence of cartilage fissuring and fibrillation prematurely.   

Two computer-assisted techniques (navigation by optical tracking and guidance by patient-

specific templates) were investigated to determine whether they would have a beneficial effect on 

surgical execution, and whether any differences in execution had any correlation to surgical 

outcome.  The experimental work can be broken into two parts: an in vitro study that compared 

the accuracy of execution of an optically navigated group versus a template guided group, and an 

in vivo animal trial that compared both computer assisted techniques to the conventional, non-

assisted approach. 

The results of the pilot study indicated that, while there were higher errors in the individual 

measures of position, orientation, and plug depth in the optically navigated group, there was no 

significant difference in the overall fidelity of the geometric surface produced between the two 

groups.  The results of the animal trial indicated that both computer assisted techniques produced 

morphological results that were superior to the conventional technique.  The two computer-

assisted techniques also showed a significantly better treatment effect as seen by their higher 

histological scoring.  Furthermore, a significant linear correlation was found between 

morphological results and histological score.  Overall, the experiments demonstrated that 

surgeons and patients could potentially benefit from the use of computer-assisted techniques in 

the short term.  Further work is required to prove long-term beneficial effect.  
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Chapter 1 

Introduction 

1.1 Focus and Rationale of Thesis 

Osteoarthritis is a debilitating disease that affects over 4.6 million Canadians [1].  While this 

disease can remain asymptomatic for many years in its early stages, it can eventually lead to a 

feeling of pressure and burning pain in the synovial joints.  In severe cases, this can lead to a 

decrease in the range of motion in the joints, deformity of the underlying bone, excessive pain, 

and ultimately a poorer quality of life.   

Osteoarthritis initially manifests as a loss of articular cartilage in the synovial joints.  Articular 

cartilage is the tissue that forms the bearing surfaces where bones within the joint move relative 

to one another.  This tissue provides two key functions: it provides a low friction surface so the 

mating surfaces of the bones can glide over one another with little wear or resistance, and it 

provides a certain measure of compliance, acting like a shock absorber between regions of 

relatively rigid bone [2].  When the protective layer of cartilage degenerates from advanced 

osteoarthritis, subchondral bone can be exposed and comes into contact with the opposing 

surface, resulting in pain and ongoing damage as the patient moves through their activities of 

daily living.  Continued damage to the subchondral bone can lead to deformity and the formation 

of osteophytes [3].  Patients suffering from advanced cases of osteoarthritis often complain of a 

grinding or clicking feeling in their joints, often due to the formation of such abnormalities. 

Osteoarthritis is characterized by changes in the structure of the articular cartilage over time.  

Healthy articular cartilage is largely composed of water, a sparse population of cells called 

chondrocytes (which are responsible for synthesizing and maintaining the cartilage) and an 
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extracellular matrix (a network consisting largely of collagen and proteoglycan molecules that 

forms the majority of the tissue’s structure and dominates the mechanical properties of the tissue)    

[2]. 

As the disease worsens over time, the collagen and proteoglycan network breaks down, and the 

proportion of water in the articular cartilage increases.  The stiffness of the cartilage decreases, 

and the cartilage becomes less fit to absorb shock loads between mating bones [4].  Furthermore, 

fissures in the surface of the cartilage appear.  These discontinuities in the normally smooth 

surface grow deeper over time as a result of increased wear.  

Sadly, several centuries of studying arthritis has shown that, once damaged, articular cartilage has 

little capacity to heal itself [5].  Articular cartilage is avascular; the chondrocytes obtain their 

nutrients solely from the synovial fluid flowing though the interstitial spaces of the extracellular 

matrix.  Since oxygen and nutrients are relatively scarce in the synovial fluid, the metabolic rate 

of the chondrocytes is fairly low.  Furthermore, the chondrocytes are largely bound in place by 

the long collagen molecules of the extracellular matrix, and cannot migrate effectively to the site 

of injury [6].  As a result, the healing response from the body is limited. 

Due to the weak healing response of the body, medical intervention is often required in order to 

restore a patient’s quality of life.  Several different approaches have been developed over time, 

using methods as simple as oral dietary supplements to methods as invasive as surgical 

intervention.   

Such surgical techniques, discussed in further detail in Chapter 2,  include arthroscopic lavage 

and debridement (wherein friable inflammatory tissue and intrarticular debris are removed from 

the joint), marrow stimulation techniques such as microfracture (wherein the subchondral bone is 

pierced with an awl to permit a flow of marrow to the exposed surface of the bone), 
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osteochondral autografting (wherein harvested grafts of healthy cartilage and subchondral bone 

are used to repair existing cartilage defects) and autologous chondrocyte implantation (wherein 

chondrocytes are harvested from a patient, proliferated in vitro, and re-implanted into the patient 

in a second surgery) [7].  The risks and benefits vary with the different types of surgeries and a 

surgeon must deliberate carefully before selecting the treatment plan.  The surgeon is typically 

looking for the technique that will offer the best surgical outcome while leaving future surgical 

options open should they become necessary [7]. 

This thesis focuses on Mosaic Arthroplasty, a type of osteochondral autografting that uses a 

mosaic of plugs of cartilage and underlying subchondral bone to build up a mosaic of 

cartilaginous pads.  These mosaics are capable of filling in focal defect sites with viable hyaline 

cartilage. [8]  The technique offers several potential benefits: the defect site is repaired with a 

suitable biomaterial that does not have the high risk of immunogenic or transmissible disease that 

comes with an allograft.  In the vast majority of cases, a good or excellent outcome is reported. 

[9]  It is a single stage operation, which minimizes patient risk as well as the cost of the 

procedure.  Finally, the mosaic used to repair the defect can take on a complex three dimensional 

shape, and can therefore repair anatomical structures with a three dimensional curvature. 

Mosaic Arthroplasty is not without its drawbacks, however.  One obvious limitation is the 

availability for harvesting of viable donor cartilage.  In addition, there is often the risk of donor 

site morbidity.  One of the most challenging aspects of Mosaic Arthroplasty is to create a mosaic 

that adequately mitigates the loads imparted on it during motion.  Using a set of discrete 

osteochondral grafts, each with its own unique curvature, the surgeon must recreate a complex, 

three-dimensionally curved surface.  Due to the complex loading of the articular surface during 

motion [10], this is a particularly challenging problem to solve for the distal articular surface of 

the knee, and requires considerable skill and experience to execute well.  Furthermore, many 
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surgeons would prefer to do this type of surgery arthroscopically to minimize the invasiveness of 

the procedure, making intraoperative visualization of the repair geometry much more challenging.  

This thesis investigates whether computer assisted surgical techniques can improve the planning 

and execution of Mosaic Arthroplasty and provide a better surgical outcomes for patients. 

In its broadest sense, Computer Assisted Orthopedic Surgery (CAOS) is a branch of orthopedic 

surgery that uses computers to improve the outcome of surgical procedures.  Frequently, CAOS 

uses computer technology to develop images or models of anatomical structures that surgeons can 

use for surgical planning, execution, and postoperative assessment.  CAOS forms a specific 

branch of the field of image guided surgery—a field that was born over 100 years ago (well 

before the age of computers!), when a system employing x-rays and a stereotactic frame were 

used to navigate during neurosurgery [11]. Since the advent of computers, our ability to model 

and visualize anatomical structures has greatly increased. Volumetric images such as computed 

tomography, magnetic resonance imaging, or ultrasound echography can be converted to three-

dimensional, virtual representations of the anatomical structures.  Surgical tools such as drills or 

chisels can be superimposed over the representations in real-time, and their tool paths can be 

measured against pre-designed surgical plans for deviation in position, orientation or depth.   

The typical work flow for modern computer assisted surgeries generally involves a session where 

images are acquired by some means (CT, X-ray, MRI).  A model of the relevant anatomy is 

constructed from these images, often by a process called segmentation.  Segmentation is 

essentially the assignment of anatomical meaning to the voxels of an image or a series of images.  

It identifies the voxels as being a part of a given anatomical structure.  After segmentation, a 2D 

or 3D model of the anatomy can be constructed and used to develop a surgical plan.  
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At the beginning of the surgical procedure, the images, and hence the models and the surgical 

plan, are brought into the same coordinate system as the patient’s real world anatomy.  This 

process is called registration, and it computes the transformation between the coordinate system 

of the tracking device and the coordinate system of the pre-operative images and surgical plan.  

During surgery, the surgeon’s tools can be tracked by optical or magnetic trackers so that the 

surgeon knows where his or her tools are relative to the surgical plan.  

Computer assisted techniques can improve the results of some surgical procedures by minimizing 

the discrepancy between the planned surgery and the actual surgery [12].  However, it is not 

completely clear that this results in an improved patient outcome. 

1.2 Hypotheses/Principle Research Questions 

This study examines the possible benefits of employing computer assisted techniques for mosaic 

arthroplasty of the knee.  Two methods of computer assisted mosaic arthroplasty are compared to 

each other and to manual mosaic arthroplasty. 

It is hypothesized that surgeries that employ computer assisted techniques will more accurately 

reconstruct a focal defect in the knee to its original, pre-defect geometry.  It is further 

hypothesized that a more accurate reconstruction will result in better clinical patient outcome. 

1.3 Outline of thesis 

This work comprises two studies: an in-vitro pilot study and an in-vivo animal trial.  The methods 

will be discussed in detail in Chapter 3, but a brief synopsis is presented here to outline the scope 

of work.   

For the in-vitro pilot study, surface models of the cartilage and subchondral bone of porcine stifle 

joints were built based on segmented CT images.  These models were used to create virtual 

surgical plans for transplanting multiple plugs of bone and cartilage from suitable donor sites to 
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the medial condyle of the distal femur, a site where focal lesions often occur, using custom-made 

software.  The surgical plans were then translated into one of two technology platforms (optical 

navigation or patient-specific templates) to assist the surgeon during surgery.  Surgeries were then 

conducted using the two prepared technologies.  Once the surgeries had been completed, surface 

models of the operated joints were acquired using the same method as was used preoperatively.  

The post-operative surfaces were evaluated to determine how closely the surgery was able to 

reconstruct the geometry of the operated joint to the preoperative geometry.  The times to 

complete the surgeries were also recorded.  The two groups were compared for statistically 

significant differences.   

The unfortunate drawback to this in-vitro study, however, is that it was only able to yield results 

on how closely the original joint geometry could be reconstructed.  It was not able to yield any 

data on whether or not the observed differences would be good, bad, or even clinically relevant.   

To obtain that information, a further study was required that examined the biological impact of 

using the two different methods. 

An in-vivo study was performed to attempt to obtain this data.  Preoperative surface models of 

the cartilage and subchondral bone of the stifle joints of sheep were created using the same 

techniques as in the in-vitro study.  In the first of two surgeries, a focal defect was created on the 

medial femoral condyle of each femur of each subject.  The wounds were closed and the sheep 

were allowed to recover.  Over the following three months, the focal defects formed lesions 

similar to naturally occurring osteoarthritis.    

In the second of two surgeries, these injuries were repaired using one of three techniques: optical 

navigation, patient specific template guidance, or a conventional, non-assisted approach.  After 
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the focal defects had been repaired, the sheep were allowed to heal for an additional three months.  

After three months, the sheep were euthanized and their joints were harvested for analysis. 

As in the in-vitro study, geometric measures were taken to determine how well the surgery 

reconstructed the original geometry of the distal femur.  Surgical times were also taken to 

evaluate the time cost of using the additional technology.  As well, several metrics of the healing 

response were taken, including ratings for pain, lameness, weight gain, macroscopic appearance, 

cysts formation and histological presentation.  When all of the data had been collected, the data 

sets were analyzed for significant results.  
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Chapter 2 

Literature Review 

2.1 Articular Cartilage 

Articular (or hyaline) cartilage is an avascular, aneural tissue present at the mating surfaces of 

articulating joints.  It functions as a highly resilient, low-friction shock absorber between the 

articulating surfaces.  It is highly resistant to wear, often lasting 80 years or more in humans.  

Unfortunately, while its structure does promote high function and long life, it has only a very 

limited capability to heal itself, once injured [7]. 

Hyaline cartilage is composed largely of four constituents: water, collagens, proteoglycans, and 

chondrocytes.  The components work synergistically to develop the unique viscoelastic properties 

of cartilage.  Within the hyaline cartilage, these components arrange themselves in four distinct 

zones: the superficial zone, the transitional zone, the deep zone, and the zone of calcified 

cartilage.  These zones are layered one of top of the other between the articular surface and the 

subchondral bone.  Within these layers, the constituents of cartilage differ in proportion, 

structure, and function. [13] 
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Figure 2-1: The basic anatomical structure of articular cartilage.  

 

Chondrocytes are the highly specialized cells that create and maintain the network of 

macromolecules within the extracellular matrix. They originate from undifferentiated 

mesenchymal stem cells within the bone marrow that migrate through the zone of calcified 

Used with 

permission of the author [8]. 
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cartilage and become isolated in lacunae.  Chondrocytes and their pericellular environment 

together form the anatomical unit known as the chondron, first proposed by Benninghoff in 1925, 

and later identified by Szirmai in 1969. [2]  They make up only about 1% of the volume of 

regular adult human cartilage, yet they have all the essential functions for matrix synthesis. [14] 

The shape and distribution of chondrocytes varies between the cartilage zones.  In the superficial 

zone, chondrocytes have a flattened shape that is aligned with the surface of the cartilage.  The 

chondrocytes in this zone tend to express proteins that focus on protection and lubrication of the 

articular surface, rather than synthesizing proteoglycan. [15] Chondrocytes in the transitional 

zone become rounder in shape, and are randomly distributed throughout the zone.  Within the 

deep zone, the chondrocytes are spherical in shape and generally arrange themselves in columns 

normal to the tidemark, the regularly undulating line that divides the deep zone from the zone of 

calcified cartilage.  Only small cells exist in the zone of calcified cartilage, which rests on the 

surface of the subchondral bone.  

Large collagen macromolecules form an anisotropic structural network that changes its fibrillar 

orientation with cartilage depth.  Within the superficial zone, collagen fibres run parallel to the 

articular surface, forming the lamina splendens.  Proceeding through the transitional zone and 

into the deep zone, the collagen fibril orientation gradually changes to become perpendicular to 

the articular surface.  The diameter also increases in the lower zones until they pass through the 

tidemark and into the zone of calcified cartilage [13]. Crosslinking of the collagen fibrils serve to 

stabilize and strengthen the matrix. 

The majority of the collagen in hyaline cartilage is type II collagen, but several other types are 

also present, including III, VI, X, IX, XI, XII and XIV.  Type II and XI form the fibrillar 

component, while type IX is able to regulate the diameter of II collagen, allowing it to achieve the 
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small diameters required to form a tightly woven structures in the pericellular environment of the 

chondrocyte. [16]  Type VI collagen only represents a small fraction of total cartilage collagens.  

However, it has been shown to concentrate in the pericellular environment [17] and interact with 

the cell surface, possibly acting as a chemical signalling mediator between the cell and the 

extracellular matrix.  Type X collagen is restricted to the zone of calcified cartilage above the 

subchondral bone. 

Proteoglycans contribute 25% to 35% of the dry weight of articular cartilage. [14]  Proteoglycan 

aggregates have a backbone of hyalurnonate molecules with aggrecan molecules bonded to the 

backbone by means of link proteins.  The aggrecan molecules have a protein core and one or 

more glycosaminoglycan chains, which form strings of negatively charged ions that attract 

cations and repel each other.  These large molecules bind with or are mechanically entangled 

within the collagenous network.  Large aggregates may have more than 300 associated aggrecan 

molecules.  The concentration of proteoglycans varies between the different zones of cartilage.  

There is relatively little proteoglycan content in the superficial zone.  Proteoglycan content 

increases in the transitional zone.  The deep zone has the highest concentration of proteoglycan 

molecules.  

Water constitutes approximately 75% of the weight of articular cartilage. [8]  Given its 

proportion, and its role in transporting dissolved cations, it plays a key role in developing the 

hydrostatic and hydrodynamic forces that lead to the viscoelastic mechanical properties of 

cartilage.  At least some of the water molecules can move in and out of the cartilage, and through 

the interstitial spaces within the network of cartilage macromolecules.  Since cartilage lacks a 

vascular network, chondrocytes rely on this movement of fluid within the cartilage for transport 

of the nutrients they need to support their anaerobic metabolism.   
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In addition to the four major constituents noted, other components such as noncollagenous 

proteins and glycoproteins, are present in lesser amounts. 

As previously mentioned, the microstructures created by these components act synergistically to 

produce the unique viscoelastic mechanical behaviour of cartilage.  The highly cross-linked 

collagen fibril network is the foundation for the high tensile strength and low hydraulic 

permeability of the tissue.  Of equal importance, the collagen network binds the large 

proteoglycan molecules, which have a net negative charge, within the extracellular matrix.  The 

negative charges attract dissolved cations within the interstitial fluid.  This increase in cation 

concentration draws water into the tissue, creating a Donnan osmotic pressure.  This pressure is 

resisted by the collagen network.  As the cartilage is compressed during loading, the interstitial 

fluid is forced through the cartilage matrix into uncompressed areas of the cartilage.  The tissue 

exhibits an immediate elastic response, coupled with a time-dependent creep as the fluid pressure 

decreases in the zone of compression.  Fluid pressurization during loading contributes more than 

90% of the load support, shielding the collagen–proteoglycan matrix from excessive stresses and 

the damage that these stresses might cause [18].  When the load is removed, joint fluid is drawn 

back into the unloaded zone by the osmotic pressure ultimately caused by the bound 

proteoglycans. 

This microstructure is also able to lower frictional forces to very low levels.  The lamina 

splendens is smooth, yielding a flat surface for opposing cartilage structures to slide over.  Also, 

the chondrocytes of the superficial zone synthesize a specific proteoglycan called superficial zone 

protein (SZP).  SZP has been shown to be an important factor in joint lubrication, and may also 

have other functions including cytoprotection and cell proliferation [19].  Surface motion has 

been demonstrated to upregulate the expression of SZP the superficial zone [20].  
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2.2 Arthritis 

2.2.1 Definition of Arthritis 

Arthritis is a form of joint disorder that involves the inflammation of synovial joints.  There are 

many different forms of arthritis, including osteoarthritis, rheumatoid arthritis, septic arthritis, and 

psoriatic arthritis.  Arthritis can be the primary disease, or it can be a secondary effect of many 

other diseases, such as heamatomachrosis, hepatitis, Lyme disease, Crohn’s disease, colitis,  

Ehlers-Danlos syndrome, and others [21] [22] [23]. Osteoarthritis is the most common form, 

often resulting from wear and tear, injury, or old age [24].  Mosaicplasty is indicated for focal 

defects of the knee and other joints that would commonly result from osteoarthritis.  Therefore, 

further discussion of arthritis is restricted to osteoarthritis only. 

2.2.2 Symptoms of Osteoarthritis 

The most common symptoms of osteoarthritis are localized joint pain, swelling, and stiffness.  In 

advanced cases this can be accompanied by grinding or clicking in the moving joints, as well as 

loss of range of motion and decreased mobility.  It has also been observed that patients with 

osteoarthritis have an increased chance of suffering muscle weakness, ligamentous laxity, poor 

aerobic capacity and depressive symptoms [25] [26].   

Arthritis is the leading cause for disability in the United States, with costs representing 1.5–2.5% 

of the GNP and total health care expenditures among those with arthritis approach 3% of the GNP 

[27].  Costs are expected to rise in North America as the “baby boom” generation ages.  

Osteoarthritis of the knee presents a greater risk for disability than any other disease in the elderly 

[28]. 
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2.2.3 Etiology of Osteoarthitis  

Traditionally, osteoarthritis has been considered to be a disease of aging or “wear and tear”.  

Modern views refine this notion by saying that it is a mechanically driven but chemically 

mediated disease process [13].   It has been demonstrated that mechanical loading can affect 

chondrocyte viability and matrix breakdown, particularly in the superficial zone [29].  Large 

injuries can result in visible chondral fissures or osteochondral fracture.  Even seemingly minor 

injuries to the cartilage may interfere with the chondrocytes’ viability and their ability to maintain 

the extracellular matrix, leading to a decrease in the cartilage’s ability to withstand mechanical 

loading and further degradation of the tissue [7].   

While the molecular mechanisms remain unclear, it has been demonstrated that cyclic loading of 

cartilage can increase the expression and activity of matrix metalloproteases (MMPs).  MMPs are 

the family of enzymes that are responsible for cartilage matrix catabolism.  Collagenase-1 (MMP-

1) and collagenase-3 (MMP-13) are believed to be responsible for the degradation of type II 

collagen, the main component of cartilage’s fibrillar structure, in osteoarthritis [30].  Similarly, 

matrix proteoglycans are broken down by stromelysin-1 (MMP-3) and aggrecanase-1 

(ADAMTS-4) [31].  MMP activity in joints is regulated by physiological activators (ie: cathepsin 

B and plasminogen activator/plasmin) and by tissue inhibitors of MMPs (TIMPS).  In 

osteoarthritic cartilage, there has been shown to be an imbalance in the levels of MMPs and 

TIMPS. Administration of the inhibitor Doxycycline in particular has been shown to slow the rate 

joint space narrowing in patients with knee osteoarthritis [32], possibly offering a future avenue 

for treatment. 

Inflammatory cytokines such as TNF-� , IL-1�  and IL-6 may exacerbate the upregulated response 

of MMP expression in chondrocytes caused by mechanical loading in osteoarthritic cartilage.  

These molecules are secreted by both the synovial membrane and the chondrocytes themselves.  
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They have been shown to alter chondrocyte metabolism to further upregulate MMP synthesis, to 

downregulate TIMP synthesis, and to inhibit the production of matrix macromolecules.  Increased 

levels of other cytokines have been observed in osteoarthritis affected joints, but their roles are 

poorly understood. Research is ongoing to determine the efficacy of blockades of these cytokines 

in various forms of arthritis [33] [34] [35] [36].  

2.2.4 Injury, Response and the Progression of Osteoarthritis  

Injured cartilage will exhibit softening (chondromalacia), blistering or swelling, fibrillation and 

erosion.  There will be a limited healing response, but the lack of a vascular network makes 

transport of healing agents in the tissue very problematic.  In many cases, the healing response of 

cartilage is overcome, leading to cartilage loss and osteoarthritis. 

Superficial cartilage injury most commonly manifests itself as fibrillation of the collagen network 

in the superficial zone.  This roughening of the joint surface changes the frictional characteristics 

of the joint interface, promoting further degradation and the formation of clefts in the lamina 

splendens.   

There is an immediate, but often insufficient, healing response to superficial cartilage injury 

involving metabolic activity and cell proliferation [37].  Chondrons in the vicinity of the injury 

swell and distend.  The chondrocytes within undergo cell division and clonal proliferation, and 

the newly formed chondrocytes migrate to the boundaries of the swollen lacunae [2].  A 

significant increase in mitotic activity is seen within the cells adjacent to the margins of the injury 

within the first day.  The synthesis of matrix macromolecules is increased over the short-term, as 

evidenced by various indicator molecules [38] [39], but diminishes over time to levels similar to 

normal joints.  In a limited number of cases, this healing response is enough to alter the course of 
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osteoarthritis, at least in the short term.  Failure of this process to restore the joint often leads to 

further degeneration and osteoarthritis. 

Over time, damage may progress through the superficial layer into the middle and deep zones.  

Once the superficial zone has been significantly compromised, the vertically oriented collagen 

fibres in the deep zone are less able to withstand the shearing forces caused by the relative motion 

of the joint surfaces and the swelling pressures generated by matrix proteoglycans [40].  Vertical 

fissures progress from the eroded cartilage surface toward the tidemark.  Tears at the tips of the 

fissure release fibrillated cartilage into the joint space, decreasing overall cartilage thickness. 

The macro level changes in the cartilage tissue are coupled with changes in the cartilage’s 

microstructure.  Matrix macromolecules degrade as discussed in the previous section.  While the 

concentration of collagen does not appear to be initially altered, changes in the organization of the 

collagen network are severe. The breakdown of the three dimensional collagen architecture 

influences the tensile stiffness of the tissue.   

Furthermore, there is a progressive loss of proteoglycans during the osteoarthritis process.  

Proteoglycans rapidly decrease in concentration relative to collagens.  Furthermore, non-

aggregated proteoglycan content increases with respect to those bound to hyalurnonate.  The 

lengths of proteoglycan chains also appear to be shorter in general.  Water content in the cartilage 

increases. 

These combining disruptions of the normal micro architecture of the cartilage result in a 

significant increase in the permeability of cartilage.  The stiffness of the cartilage that results from 

hydrostatic pressure is greatly reduced, resulting in a softening of the tissue, clinically identified 

as chondromalacia.  The decrease in hydraulic stiffness within the cartilage makes it less able to 

withstand mechanical loading, leading to further cartilage injury [37]. 
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Cartilage thickness continues to decrease with the progression of osteoarthritis, ultimately leading 

to completely denuded bone to bone contact at mating joint surfaces. Bone density at the interface 

increases (becomes sclerotic), and cyst-like cavities in the bone form.  Osteophytes form, 

particularly at the periphery of the joint.  The loss of articular cartilage and remodelling of the 

bone changes the shape of the joint, potentially resulting in deformity, instability, and disability 

[14]. 

Deep injuries that penetrate the tidemark and violate the underlying subchondral bone have a 

much different healing response.  A hematoma will immediately form within the volume of the 

defect [41], quickly becoming a fibrin clot containing red and white blood cells, and 

mesenchymal stem cells.  The white blood cells and stem cells differentiate into primitive 

fibroblasts [38].  Capillaries form at the base of the wound, and the clot become a vascular 

fibroblastic repair tissue [42].  Progressive fibrous scarring of this tissue causes the fibrovascular 

network to become gradually less vascular and more cellular.  New bone forms rapidly at the base 

of the wound, but stops at the previous boundary between the zone of calcified cartilage and the 

underlying osseous plate. The fibrous tissue within the cartilage unites the edges of the defect and 

remains fused to the underlying bone.  There is an increased amount of matrix macromolecule 

synthesis in the hyaline cartilage at the boundary of the defect, but it is brief, and only sufficient 

to replace some of the cell and matrix damaged by the initial injury.  The fibrocartilage that 

remains in the defect is mechanically inferior to the surrounding hyaline cartilage, but it can offer 

reasonable support to the tissue if the defect is not large. 

2.3 Osteoarthritis Treatments and Cartilage Repair Techniques 

Osteoarthritis is a disease that patients frequently have to live with for decades.  As such, the 

consideration of treatment options will be influenced by the severity of the disease, the severity of 
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its symptoms, lifestyle considerations, the expected lifetime of a given treatment, and the 

patient’s age.  One of the central tenets of the treatment of osteoarthritis is that each treatment 

must allow for further treatments, should they prove necessary [7].  This concept is particularly 

important with younger patients, who may outlive the benefits of more than one treatment 

method, and it will become increasingly important as advances in medicine increase the median 

life expectancy of the population. 

2.3.1 Non-Surgical Interventions 

Exercise 

As a leading cause of disability, osteoarthritis can promote a sedentary lifestyle, leading to poor 

aerobic capacity, obesity, increased risk for heart failure, and muscular atrophy.  Conversely, 

well-conditioned muscles and soft tissues will provide joint stability, minimize impact loads, and 

increase mobility.  Furthermore, regular exercise is often a vital factor in maintaining a healthy 

weight. 

A well designed exercise program, incorporating elements that improve flexibility, strength and 

aerobic performance, has been shown to benefit patients with osteoarthritis of the knee [43] [44] 

[45].  Regular motion creates the flow of interstitial fluid within with cartilaginous network, 

providing the chondrocytes with the nutrients they require for anaerobic respiration.   Motion also 

promotes elasticity in the supporting tissues.  Compelling evidence exists that muscle 

conditioning and aerobic exercise help to decrease symptoms with knee osteoarthritis [46] [47]. 

Analgesics 

Analgesics can be used to manage the pain associated with osteoarthritis.  Acetaminophen is 

often recommended to control pain due to its efficacy, its safety and its low cost.  However, 

acetaminophen fails to relieve pain adequately in many patients [48].  Other oral analgesics, such 
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as tramadol and ibuprofen, are also viable options for pain management.  Topical analgesics, such 

as capsaicin cream, have also been demonstrated to relieve pain, and are recommended to 

complement other treatment options [24].  Non-steroidal anti-inflammatory drugs (NSAIDs) can 

also be used, but careful consideration should be given of the risks involved, which could include 

renal toxicity, gastrointestinal bleeding, and peptic ulcer disease [49].  Severe pain that cannot be 

managed with the aforementioned treatments could be treated with the use of opioid analgesics.  

Significant risks, such as tolerance, respiratory depression, constipation and chemical dependence 

accompany this method of treatment. 

Supplements 

The use of supplements, chiefly glucosamine and chondroitin sulphate, to control the progression 

and symptoms of osteoarthritis has been widely popularized by popular media and the health food 

industry.  Despite many studies, significant scepticism exists as to whether or not they have any 

effect due to the quality of the studies, publication biases, and the lack of a coherent mechanism 

to explain how they might achieve a therapeutic effect [50].  Recent clinical trials found no 

statistically significant differences between groups that were treated with glucosamine and 

chondroitin sulphate versus those who were given a placebo [51]. 

Education 

As with any complex disease, one of the cornerstones of good treatment is an education of the 

patient.  Detailed knowledge of the contributing factors in the progression of the disease will help 

the patient make choices that could affect the disease’s course.  Behavioural patterns, such as 

damaging occupational tasks or lack of exercise, could be modified to minimize their impact.   

Educational programs have been shown to improve the outcome of treatments.  Fries et al. 

demonstrated that a mailed educational program improved the function and decreased the pain 
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scores in patients.  It also decreased absenteeism from work and the use of medical resources 

[52].  Rene et al. demonstrated that monthly telephone contact significantly reduced the pain 

scores of patients in the absence of any other changes to their treatment [53]. Wienberger et. al. 

demonstrated that telephone based programs did not significantly increase health care costs [54].  

Further studies have also shown that support groups have improved surgical outcomes in a cost 

effective way [55]. 

These non-surgical interventions do not offer any hope of curing the disease.  Rather, they 

attempt to slow the progression of the disease, reduce the risk of further injury, or manage the 

disease’s symptoms.  They are often a viable course of treatment early in the progression of 

osteoarthritis, when pain levels are manageable, patients are typically younger, and a minimally 

invasive option is desired.  As the disease progresses, surgical options, like those discussed 

below, become a potentially more appropriate response. 

2.3.2 Osteotomy, Lavage and Debridement 

Progressive osteoarthritis can lead to fibrillation of the cartilage, the growth of osteophytes and 

the presence of loose bodies in the joint space.  Removal of these features has been shown to 

reduce swelling, inflammation and pain in the operated joint.  First published by Magnusson in 

1946 [56], debridement involves surgically smoothing the surface of the cartilage and removing 

any loose flaps of cartilage at the defect periphery.  Lavage of the joint appears to reduce 

inflammation by washing away loose bodies such as fragments of cartilage and calcium 

phosphate crystals that are often present in the synovial fluid [57] [58].  Osteophytes, which can 

impair joint shape and mechanical function, can be shaved down to restore a more natural 

geometry. 
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Debridement offers relief of osteoarthritic symptoms for some patients, but it seldom results in 

long term benefits.  Mosely et al found no difference between patients that had undergone 

arthroscopic lavage and debridement versus a control group that received a sham surgery [59].  

Harwin demonstrated that arthroscopic debridement is a successful palliative treatment for the 

osteoarthritic knee, and that better outcomes are associated with lesser joint malalignment, 

absence of prior surgery, and, to a lesser extent than angular deformity, age [60].  Levy et al 

recorded 100% good or excellent results on the arthroscopic debridement of the knees of 15 

soccer players [61].  Repeat biopsies on some of the specimens revealed fibrocartilage in the 

lesions, suggesting a healing response. It is important to note that these results are obtained only 1 

year post-surgery.   

2.3.3 Marrow Stimulating Techniques (Microfracture and Abrasion Arthroplasty) 

The goal of marrow stimulating techniques such as microfracture and abrasion arthroplasty is to 

violate the subchondral bone.  Though initially this might seem counterintuitive, this action will 

create a vascular fibrin clot by mechanisms similar to the healing response of a deep, full-

thickness injury.  As discussed above, this will form cartilage over time, though the tissue formed 

is predominantly not hyaline cartilage, but the mechanically inferior fibrocartilage. 

Abrasion arthroplasty is performed on sclerotic bone with a shaver or burr.  The abrasion is 

typically quite superficial, removing only 1 or 2 mm of bone depth, in order to minimize the 

amount of subchondral bone destruction [62].  It is typically indicated in the case of exposed 

sclerotic degenerative arthritic joint lesions [8] [63].   

Abrasion arthroplasty appears to be sensitive to technique.  In a retrospective review, Bert 

examined the cases of fifty-nine patients that had abrasion arthroplasty and arthroscopic 

debridement, and 67 patients that had arthroscopic debridement alone after a minimum follow up 
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time of 60 months. In the group treated with abrasion arthroplasty, 51% had good to excellent 

results, 16% had fair results, and 33% had poor results. The conditions of ten of the patients who 

had poor results actually became worse subsequent to their abrasion arthroplasty. In the group 

that had arthroscopic debridement, 66% had good to excellent results, 13% had fair results, and 

21% had poor results. The conditions of 12 of the patients who had poor results actually became 

worse subsequent to the arthroscopic debridement [64]. 

Microfracture employs the same healing response, but it does not come with complications 

associated with systematic destruction subchondral bone.  It involves violating the surface of 

exposed sclerotic bone with either a drill or an angled awl.  Awls are thought to be superior to 

drills in that a more controlled perforation can be obtained, and problems associated with thermal 

necrosis are eliminated [62].  In either case, an array of holes is created in the defect space, 

penetrating into the cancellous bone, releasing blood, mesenchymal stem cells and growth factors 

into the defect space.  The fibrin clot that forms will eventually become fibrocartilage over a 

period of 12 to 16 months.  It is composed primarily of type I collagen, and typically has lower 

mechanical performance than hyaline cartilage, which is predominantly type II collagen. 

Microfracture is typically indicated in cases of small focal grade III or grade IV lesions that are 

well-shouldered and not accompanied by bone loss [65].    

The success of this technique is highly sensitive to the adherence to a rehabilitation protocol 

involving significant periods of non-weight bearing, partial weight bearing, and early passive 

motion.  If the rigours of the technique and the rehabilitation period are overcome, there is a 

significant chance of patient benefit.  Over 7 to 17 year follow up period, Steadman found that 72 

patients who underwent the microfracture procedure for full-thickness chondral defects, without 

associated meniscus or ligament pathology, showed statistically significant improvement in 
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function and indicated that they had less pain. Specifically, they showed significant improvement 

for both Lysholm and Tegner scores. At final follow-up, the SF-36 and WOMAC scores showed 

good to excellent results. At 7 years after surgery, 80% of the patients rated themselves as 

“improved” [66]. 

2.3.4 Arthrodesis 

Arthrodesis, or the fusing of mating bones, has been shown to successfully eliminate pain.  

Naturally, the concomitant loss of motion in the joint limits the areas where this technique can 

successfully be applied.  It is commonly used in the spine, the wrist, the hand, and the foot [50].  

It is not usually indicated for the major proximal joints such as the hip and knee due to the major 

functional problem associated with loss of motion.  Since arthrodesis effectively eliminates the 

joint, it is often seen as a final measure when others less severe methods are not an option. This 

could occur in the cases of joint trauma, severe post-traumatic osteoarthritis, or in the failure of a 

previous arthroplasty. 

Success rates for arthrodesis are typically high.  Van Eygen reviewed 52 fusions in 51 patients 

after a mean follow-up time of 6 years and 8 months. The union rate was 84% with an average 

time to union of 4.4 months. Ninety per cent of the patients were satisfied with the end result of 

the operation [67]. 

2.3.5 Total Knee Replacement 

Total Knee Replacement (TKR) involves removing the distal end of the femur, proximal end of 

the tibia, and often a portion of the posterior of the patella, and replacing them with artificial 

components.  A typical knee replacement system comprises a metallic femoral component, a two 

part metal/polyethylene base to replace the tibial plateau, and a polyethylene button for the 

posterior aspect of the patella. 
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 A typical TKR system comprises a metallic 
femoral component, a two part metal/polyethylene base to replace the tibial plateau, and a 
polyethylene button for the posterior aspect of the patella. [148] 

 

Figure 2-2:Typical TKR Implant System  

 

 

TKR is a widely accepted method for eliminating the pain and instability associated with severe 

osteoarthritis and improving joint function.  However, removal of the total joint is a drastic step 

that may have severe consequences as the patient ages.  Total joint replacement components will 

wear commensurate with time and activity level, which could lead to durability issues in healthy 

patients whose life expectancy exceeds 20 years, or those who wish to participate in high demand 

activities [50].  Following the principle that any surgical intervention should leave future options 

available to the patient should they become necessary, most surgeons will attempt to repair or 

restore cartilage surfaces in younger patients, hoping to delay the requirement for joint 

replacement by many years.  TKR is often regarded as a later stage treatment, when other 

cartilage repair techniques are no longer suitable.   
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2.3.6 Osteochondral Allograft 

Osteochondral allografting involves the harvest of osteochondral donor tissue from cadaveric 

donors.  The technical and logistical issues with this treatment are significant.  Most transplanted 

grafts are transplanted as “fresh tissue grafts”, and are procured within 12 hours of the donor’s 

death, processed within 14 days of procurement, and transplanted within 28 days [65].  

Chondrocyte viability decreases with increased storage time, possibly impacting the longevity of 

the transplanted graft.  Allografts obtained within the first 24 to 72 hours have the greatest chance 

of chondrocyte survivability, but using these grafts means that the recipient patient must be on 

call, and the surgeon must be able to perform the surgery at any hour [8].    

Notwithstanding the challenges associated with obtaining donor material in a suitable time frame, 

osteochondral allografting techniques allow for the treatment of large lesions without the 

complications associated with donor site morbidity, as in osteochondral autografting (discussed 

below).  Furthermore, the cartilage obtained is fully-formed, mature, articular cartilage, 

possessing the zonal characteristics and microarchitecture required to support high function.  

Immune reactions that occur between the transplanted material the recipient can be minimized by 

washing away the blood and bone marrow from the graft.  These reactions are thought to be self-

limiting.  

To perform the procedure, the lesion is matched with a canulated sizing cylinder, held 

perpendicular to the surface of the cartilage, which facilitates the placement of a central guide 

pin.  After the pin has been placed, the defect is reamed using a canulated reaming device to a 

depth of 8 to 10 mm, providing enough material to form an adequate press fit, but minimizing the 

volume of immunogenic donor bone implanted. 

Donor grafts are harvested by securing the donor condyle in a mechanical jig.  The curvature of 

the donor site is matched to the curvature requirements at the recipient site.  Rotation is marked 
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on the graft and a canulated drill bit is used to extract the graft.  The graft is washed to minimize 

the risk of disease transmission and immunogenic response.  The graft is then press fit into the 

socket and gently impacted with a tamp to seat the graft, ideally resulting in a well secured 

chondral surface that matches the contour of the neighboring host cartilage [65]. 

The initial results that McDermott reported in 1985 were discouraging: only 56% of patients 

demonstrated good or excellent results on follow-up at a mean of 3.8 years [68].  Improvements 

have been made in recent years, largely due to advances in tissue processing and the preservation 

of chondrocyte viability. 

2.3.7 Autologous Chondrocyte Implantation 

Initially reported by Brittberg et al [69], autologous chondrocyte implantation involves using a 

patient’s own chondrocytes to facilitate a cartilage repair.  It is used primarily for treatment of 

defects in the knee, but it has also been used to treat defects in the ankle, shoulder, elbow, wrist, 

and hip [70] [71] [72] [73] [74] [75].  In the case of the knee, the surgeon arthroscopically takes a 

biopsy of healthy cartilage from a minor load-bearing area in the damaged joint such as the upper 

medial femoral condyle, the trochlear ridge, or the lateral edge of the intercondylar notch.  The 

matrix components of the biopsy are enzymatically digested and the liberated chondrocytes are 

expanded in vitro over a period of 14 to 21 days [76].  A second surgery is then executed to 

implant the multiplied chondrocytes.   The surgeon prepares the defect site by aggressively 

debriding any fissured or otherwise compromised cartilage around the repair site.  Contrary to the 

marrow-stimulating techniques mentioned above, it is essential not to perforate the bone plate 

during this part of the procedure.  The mixed stream of stem cells resulting from the bleeding of 

the subchondral bone would be less effective than having the repair done completely with 

chondrocytes grown in vitro [77].  The surgeon removes a periosteal flap from the medial tibia, 
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and sutures it over the defect area, often using a fibrin glue to obtain a water-tight seal.  The 

chondrocytes in suspension are injected into the defect site, and the wound is closed. 

The following stages of healing can be categorized as proliferation, transition, and remodelling.  

In the proliferation phase, which lasts from surgery to 6 weeks, the defect is filled with a soft, 

primitive repair tissue.  The transitional phase that takes place over the next 19 weeks, during 

which matrix macromolecules are produced and the tissue takes on a firmer, gelatinous 

consistency.  The remodelling phase, which takes place from the 6 month point onwards, is 

characterized by further cellular activity, matrix production and mechanical hardening to the 

consistency of firm putty [77].  

The transplanted chondrocytes are vulnerable to injury during this recovery period.  Therefore, 

strict adherence to a rehabilitation protocol after the surgery is critical.  Continuous passive 

motion (CPM) is instituted as early as 6 hours after the surgery is complete, reducing the risk of 

intra-articular adhesions and enhancing the quality of the repair tissue [78].  CPM continues for 6 

to 8 hours every day for the first 6 weeks.  During this first 6 weeks, there should be only touch 

weight bearing.  After the 6 week point, the patient slowly transitions from partial weight bearing 

to full weight bearing by 12 weeks with the assistance of crutches. Walking without assistive 

devices such as crutches or canes is typically possible by 4 to 4.5 months, while higher impact 

activities, such as running or taking part in sports are typically restricted for longer periods (12 

months and 18 months, respectively) [79] [80]. 

Treatment by means of ACI can have a high success rate, depending on the location of the defect.  

Peterson retrospectively assessed the outcomes of 101 patients and found good to excellent 

clinical results in individual treatment groups as follows: isolated femoral condyle (92%), 

multiple lesions (67%), osteochondritis dissecans (89%), patella (65%), and femoral condyle with 
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anterior cruciate ligament repair (75%) [81].  Minas and Peterson have found that ACI treatment 

can allow over 90% of patients to return to high level activities, including sports [82].  

Furthermore, Peterson demonstrated that when an ACI treatment is successful, the beneficial 

effect of the surgery can be long-lasting, due to the high durability of the hyaline-like cartilage 

that affects the repair.  The durability of the repairs of 61 patients was assessed at a two year 

follow up and at long-term follow up ranging from 5 to 11 years.  At the two year point 50 of the 

61 patients had good or excellent clinical results as evaluated over five grading systems, a visual 

analog score, and a patient questionnaire on their perception of the success of the surgery.   At the 

long term follow up, 51 of the 61 patients reported similar scores.  Furthermore, stiffness 

measurements were 90% or better than that of normal cartilage in 8 patients out of 12 tested.  

Biopsies taken revealed eight of twelve samples displayed hyaline characteristics [79].   

2.3.8 Conventional Mosaic Arthroplasty 

Autologous osteochondral transplantation, otherwise known as mosaic arthroplasty, is a single 

stage surgery that repairs the articular surface by transferring plugs of healthy, mature articular 

cartilage and subchondral bone into recipient locations at a defect site.  Though it is technically 

challenging, it has many potential benefits.  The defect is repaired with hyaline cartilage, which is 

mechanically superior to the fibrocartilage that results from other treatments such as 

microfracture.  Furthermore, careful selection of the defect and harvest sites can allow the 

surgeon to maintain the congruity of the articular surface and thickness of the cartilage, resulting 

in a repair that has similar mechanical properties to surrounding native cartilage.   As mentioned, 

it is a single stage procedure, which helps to limit both the cost of the treatment and the disruption 

to the patient’s life. 

Mosaic arthroplasty is indicated for single full-thickness lesions between 1 and 2.5 cm in 

diameter [83] [84].  Using this treatment on lesions larger than 2.5 cm generally produces poorer 
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outcomes [85].  It is not recommended for patients with multiple full thickness lesions.   It is also 

not recommended for patients suffering from rheumatoid or generalized degenerative arthritis, or 

patients with a history of joint infection or intra-articular fracture.  Patients with joint 

malalignment or ligamentous instability should have this corrected concurrently with the 

autografting surgery [86]. 

In the case of the knee, the surgery can be performed either through an arthrotomy or, in some 

cases, arthroscopically, depending on the location of the lesion.  The defect site is first prepared 

by removing any loose material and creating perpendicular chondral walls with a curette.  A sizer 

is used at the defect site to determine the number of and size of plugs to be used in constructing 

the mosaic.  Once this has been determined, suitable donor plugs are harvested from relatively 

non-weight bearing areas of the knee, such as the intercondylar notch or on the lateral trochlear 

ridge [86].  A canulated chisel is driven into the donor sites, perpendicular to the surface of the 

cartilage.  Once it has been driven to the appropriate depth, some systems (such as the 

Mosaicplasty system by Smith and Nephew) require the chisel to be rotated to allow a special 

tooth to underscore the cancellous bone, creating a clean break off point.  The chisel is withdrawn 

containing the harvest plug inside it. 

The defect site is prepared by drilling a recipient hole at the required location in the defect.  The 

hole is slightly smaller (0.002” smaller in the case of DePuy’s tool set) than the harvested graft to 

provide a stable press-fit.  The hole is drilled to the prescribed depth by noting graduations on the 

drill bit.   

The harvested grafts are delivered to the recipient sites through a canulated delivery tube.  They 

are tapped deeper into the recipient hole until the surface of their articular cartilage is flush with 
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adjacent native cartilage.  The congruity of the surface is fine-tuned by gently tapping the plug 

with a plastic tamp. 

Protective weight bearing is required for the first six weeks after surgery, during which both 

passive motion and active motion is encouraged.  Premature exertion of the joint could present 

undo shear on the articular surface and graft failure.  Healing of the grafts and bony integration is 

assessed clinically and through plain radiographs [62]. 

Mosaic Arthroplasty has been demonstrated to be a viable treatment alternative for indicated 

patients.  Jakob et. al. found an increased level of knee function in 86% of 52 patients in a two 

year follow up, and 92% at a subsequent follow up (average of 37 months, ranging from 24 to 56 

months)  [87].  Over a period of ten years, Hangody found that, in a sample of 831 evaluated 

patients, good-to-excellent results were achieved in 92% of the patients treated with femoral 

condylar implantations, 87% of those treated with tibial resurfacing, 79% of those treated with 

patellar and/or trochlear mosaicplasties, and 94% of those treated with talar procedures. Donor 

site morbidity was low (3% as assessed using the Bandi score).  Sixty-nine of eighty-three 

patients who were followed arthroscopically showed congruent gliding surfaces, histological 

evidence of the survival of the transplanted hyaline cartilage, and fibrocartilage filling of the 

donor sites [88]. 

Creating the mosaic of grafts is technically challenging.  Grafts that are proud of the surface are 

subjected to high contact forces, and tend to have their cartilage surface become damaged 

prematurely and can exhibit evidence of subchondral cavitations [89].  Conversely, grafts that are 

seated too deeply into the recipient site, or unsupported grafts that subside into the recipient site 

over time do not heal well, eventually becoming covered by fibrous tissue [90]. 
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2.3.9 Why Mosaic Arthroplasty? 

Given the range of treatment options available for osteoarthritis, it is fair to ask: 

“Why focus our research on mosaic arthroplasty?” 

As discussed in the sections above, cartilage is a complex, multi-layered tissue.  Its unique and 

beneficial mechanical properties depend on the stratified microstructure of the extra cellular 

matrix and by the chondrocytes that maintain it.  Disruption of this microstructure can lead to 

chondrocyte death, cartilage degeneration and osteoarthritis. 

Many of the techniques above can alter the course of osteoarthritis.  In the case of pharmalogical 

or non-surgical interventions, the treatments generally treat the painful symptoms of the disease 

without addressing its cause.  Lavage and debridement similarly can provide symptomatic relief 

for a period of time, but do not stimulate the replacement of cartilage that has been damaged or 

lost.  Marrow stimulating techniques have been demonstrated to encourage the production of 

cartilage tissue, but it is predominantly composed of fibrocartilage, which is mechanically inferior 

to hyaline cartilage in many respects.  Furthermore, and particularly in the case of abrasion 

arthroplasty, these techniques can also be accompanied by loss of subchondral bone.  Arthrodesis 

is an extreme measure that, while it removes joint pain, also eliminates joint function, and for this 

reason alone it is not a viable option for many joints.  Osteochondral allografts potentially offer 

large samples of mature hyaline cartilage for transplant, but the logistical challenges associated 

with using these transplants are significant.  Furthermore, there is a risk of the foreign tissue 

being rejected by the immune system of the recipient.  Autologous chondrocyte implantation 

show promise in being able to generate hyaline-like cartilage in repaired defect sites, but it has 

substantial drawbacks as well. It involves two surgeries, which means increased costs and burden 

on the patient compared to single-stage procedures.  It also, involves manipulating and expanding 

the chondrocytes in-vitro, further adding to the cost and complexity of the total procedure.  The 
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rehabilitation for ACI in very severe, and the surgery is prone to failure if the rehabilitation 

protocol is not followed. 

Contrasting these factors, mosaic arthroplasty is not simply a pain-management program like that 

offered by the non-surgical options mentioned above.  It can reconstruct defect sites with fully 

mature, predominantly hyaline cartilage, superior to the fibrocartilage produced with marrow-

stimulating techniques.  In a prospective, randomized clinical trial of young health athletes, 

Gudas et al [91] found significantly better clinical outcomes and histology using mosaic 

arthroplasty compared to microfracture. The study found excellent or good postoperative results 

in 96% of the patients treated with mosaic arthroplasty compared to 52% of the patients treated 

by microfracture.  

Mosaic Arthroplasty can potentially reduce long term joint pain while significantly improving 

joint function.  Since the graft is obtained from the host itself, it does not incur the same risk of 

rejection that an allograft would.   

Unlike ACI, mosaic arthroplasty is a single stage procedure, which limits cost and burden to the 

patient.  Furthermore, the rehabilitation period for mosaic arthroplasty is considerably shorter 

than that for ACI, allowing the patient to return to a normal quality of life much sooner.  Horas et 

al. concluded from a study of 40 patients that mosaic arthroplasty resulted in a faster recovery 

than ACI [92]. 

Having said that, mosaic arthroplasty has some considerable shortcomings as well.  Mosaic 

arthroplasty is inherently limited by available donor material.  Harvest sites must be carefully 

selected so that donor cartilage plugs do not encroach upon high load bearing areas of the joint.  

Poor selection of harvest locations can lead to donor site morbidity and concomitant joint pain.  

Furthermore, the creation of a mosaic of grafts that optimally recreates the natural curvature of 
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the joint is technically challenging.  The three dimensional curvature of the repaired site must be 

recreated using multiple grafts from harvest sites with differing curvature.  Grafts that are not 

congruent with native cartilage surfaces do not fare well in the repaired joint: those that are proud 

of the cartilage surface suffer premature failure presumably due to high contact stresses, while 

those that are significantly recessed can be covered over with mechanically inferior fibrocartilage.  

Mosaic arthroplasty offers many advantages, but it appears to be sensitive to technique.  

Considering this, this thesis hypothesizes that improvements to technique that significantly 

improve graft selection, placement, and congruity of the repaired cartilage surface could have a 

beneficial effect on treatment outcomes.  As discussed in the following sub-sections, computer-

assisted techniques might offer such technical improvements. 

2.4 Computer Assisted Orthopaedic Surgery 

2.4.1 Motivation 

The obvious goal of any orthopaedic surgeon is to optimize surgical outcome by maximizing their 

patients’ functional ability and quality of life while minimizing pain, rehabilitation, and chance of 

complications.  Early efforts in orthopaedic surgery relied solely on the knowledge, experience 

and intuition of the surgeon.  Over the past several decades, surgical techniques have been 

dramatically affected by advances in technology.   Sophisticated imaging technologies such as CT 

and MRI provide an important tool to view anatomical structures non-invasively.  Advances in 

computer graphics have allowed surgeons to analyse and visualize the data in three dimensions, 

which has afforded them an unprecedented means of developing patient-specific surgical plans.  

Developments in tracking technology have allowed interoperative surgical navigation, which not 

only guides the surgeon during surgery, but also provides numerical feedback of how the surgeon 

performed as compared to the original plan.  These tools and techniques allow the opportunity for 
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orthopaedic surgery to become more quantitative, minimally invasive and patient-specific than 

previously possible, but significant work is required to establish clinically relevant benchmarks 

for surgical procedures and demonstrate that adherence to these benchmarks results in improved 

patient outcomes [93] [94].   

The implementation of a modern computer-assisted surgery depends on many interdependent 

phases.  Discussed in further detail below, they can be grouped into five categories: imaging, 

analysis, planning, navigation and post-operative follow-up. 

   

2.4.2 Imaging 

 

A range of imaging modalities is available to provide the source data for image guided surgeries.  

While not an exhaustive list of all options available, the following is a brief discussion of the 

most popular imaging modalities in use for computer assisted surgery. 

Radiography (X-ray) 

Wilhelm Roentgen discovered x-rays in 1895.  He went on to make the first radiographic images 

of human anatomy, giving rise to an entirely new field of medicine: radiology. 

Radiography, the most common tool in diagnostic radiology, is performed with an x-ray source 

on one side of the patient and a detector on the other side.  A pulse of x-rays is emitted from the 

source.  The x-rays are attenuated by scattering and absorption within the tissues of the subject.  

Because the attenuation properties of bone, soft tissues, and air vary, they create an x-ray 

“shadow” in the image of the patient’s anatomy.  

Common variants of radiography include fluoroscopy and mammography.  Fluoroscopy is the 

continuous collection of x-ray images over time, resulting in an x-ray movie.  It is useful in many 
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applications where real-time feedback is required.  Mammography is radiography specifically of 

the breast, and uses much lower x-ray energies than when imaging bones and other dense 

structures. 

Medical Sonography (Ultrasound) 

Medical sonography uses high frequency sound waves to produce images.  Pulses are generated 

by a transducer that are beyond the frequency limitations of human hearing (>20 kHz).  The 

pulses are reflected off of the anatomical structures within the scanned body, and the echoes are 

read by the transducer.  The direction, strength and timing of the echoes yield information on the 

acoustic impedance (density) of the scanned tissues.  This information is used to construct the 

ultrasound image.  Ultrasound transducers typically have a linear array of piezoelectric crystals 

that will allow them to generate a two dimensional image “slice”.  The transducers can be 

spatially tracked to allow them to produce three dimensional data.  

Computed Tomography (CT) 

The conventional radiographs mentioned above have a key weakness: 3D structures are 

compressed to a 2D radiographic shadow, and the object of interest is obscured by the 

superposition of various structures.  Computed tomography (CT) uses the same x-rays as 

radiography, but it attempts to overcome the superposition problem by scanning the anatomy 

from many perspectives.  Patients are moved through the central hole of a toroidally-shaped 

scanner.  Within the ring of the scanner, an x-ray emitter and detector rotate around the patient, 

acquiring multiple x-ray images.  These images are then reconstructed, or “back projected” into a 

two dimensional image slice by computer.  Multiple slices are acquired by advancing the patient 

further into the scanner. 
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CT offers many potential advantages, but there are limitations associated with it as well.  CT 

scans can produce high quality three dimensional images, with voxel dimensions in the sub-

millimetre range.  However, CT imaging naturally exposes patients to a higher dose of radiation 

than a simple x-ray.  Furthermore, CT shows poor contrast between cartilage, ligaments and other 

soft tissues.  In order to overcome this limitation, CT Arthrography (CTA) is used, wherein radio-

opaque dyes or radio-transparent air are injected into the scanned tissues in order to assist the 

imaging process.  The introduced fluids occupy the space immediately beside the tissues of 

interest, separating those from other non-target tissues, allowing them to be clearly differentiated 

in the scan. 

Magnetic Resonance Imaging (MRI) 

MRI scanners use magnetic fields several orders of magnitude stronger than the earth’s magnetic 

field to detect the magnetic properties of tissue in a three dimensional volume.  In an MRI scan, a 

pulse of radio waves is generated by antennas (also called “coils) positioned around the patient.  

The patient’s tissues absorb the radio waves, and subsequently reemit the energy after a period of 

time that depends on the particular tissue’s magnetic properties.  The radio waves emitted by the 

tissues are detected by the antennae surrounding the patient.  The strength of the magnetic field is 

changed slightly as a function of the position of the patient.  The resonant frequency of the tissues 

will then vary as a function of position, since frequency is proportional to magnetic field strength.  

The resulting frequency and phase of returning radio waves yield positional information to the 

MRI system.   

The result of an MRI scan is a set of tomographic slices through a patient, where each voxel 

depends on the magnetic properties of the tissue at that point.  Different types of tissue can have 

widely varying magnetic properties.  As such, MRI can provide high contrast images that show 
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exceptional differentiation between tissues.  For this, it has shown great utility in neurological 

imaging, or in orthopedic applications where visualization of cartilage or soft tissues is required 

[95]. 

MRI has some significant limitations: high quality images require longer processing times than 

some other modalities, potentially making imaging of motion prone subjects (involuntary muscles 

or pediatric patients) problematic.  The strong magnetic fields employed prohibit the use of 

electronic monitoring equipment during scanning.  Furthermore, ferromagnetic objects, such as 

implants or shrapnel, may prevent the safe use of MRI. 

CTA and MRI sometimes compete for clinical use. CTA can be used in the event of a failed MRI, 

which can be caused by a number of reasons, including severe claustrophobia, severe obesity, 

MR incompatible implants, or metal fragments near the joint [96].  CTA can also be used where 

access to MRI is limited.  Considering the smaller size of the ovine stifle joint compared to the 

human knee, the work for this thesis used CTA images as source data due to its higher voxel 

resolution, as well as its ready availability at both research facilities. 

2.4.3 Analysis 

Once the images have been acquired, they need to be processed and interpreted so they can be 

used in subsequent phases.   

Segmentation is the process of identifying anatomical structures within the images.  Segmentation 

is often preceded by image processing filters to average out noise, enhance features and assist 

edge detection.  Once the image has been enhanced, various manual, semi-automated, or fully 

automated techniques are available to segment the image set.  A common approach is to set 

specific thresholds for upper and lower greyscale values that are meant to represent the tissue of 

interest.  Once the tissues within these thresholds have been segmented, a technician is typically 
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required to refine the segmentation by removing additional unwanted structures with similar 

greyscale values, or to “fill in” areas of interest not captured by the threshold.  This technique 

works particularly well for high-contrast images like CT scans of bone.  Unfortunately, low 

contrast areas that have anatomical structures with overlapping greyscale values must be 

manually segmented in the problematic regions.  Manual segmentation is a very time consuming 

process, and several attempts have been made to try to minimize manual intervention.   

Carballido-Gamo et al. developed a method of segmenting the cartilage out of MRI scans by 

using manually created Bezier splines that were modified by various smoothing and edge 

detection algorithms [97].  Active contours, or “snakes”, are curves superimposed in the image 

domain that deform based on both external forces generated by the image and on intrinsic 

properties of the curve itself [98]. They have been employed to detect edges in anatomical 

structures, but they have suffered from initialization problems and poor adherence to edge 

concavities.  Others have produced methods of automatically segmenting the relevant tissues 

using deformable models or atlases that are morphed to the proportions of the scanned image [99] 

[100].  After segmentation is complete, a surface mesh model is generated for use in subsequent 

phases. 

In the case of mosaic arthroplasty of the knee, the boundaries of the bone and cartilage need to be 

segmented as separate models so that cartilage thickness can be measured and matched between 

donor and recipient sites.  The boundary of the bone is seen relatively easily in either MRI or CT 

scans. The patella and tibia can easily be separated from any threshold-based segmentation.  The 

cartilage layer of the distal femur is more difficult to segment due to the lower contrast between it 

and neighboring tissues.  The addition of a contrast agent for CTA assists the identification of the 

cartilage boundary. 
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2.4.4 Planning 

Surgeons can use the surface models generated in the previous step to create detailed virtual 

plans.  These plans can involve simulating the procedure with the addition of solid models of the 

surgical tools, drill paths and other features.  The act of planning in this way allows the surgeon to 

carefully select entry points and trajectories in a quantitative way before the surgery is conducted, 

and have the position and orientation data stored for later use.   

The primary use of the spatial data is to guide the surgeon through the surgery, but there are 

significant secondary benefits to planning.  The creation of a virtual plan facilitates virtual 

training and practice opportunities.  It can provide models for mechanical simulation or finite 

element analysis for research purposes.  The surface models can be used as source data for 

anatomical atlases.  Communication of the virtual plan with other concerned surgeons is easy, 

explicit, and quantitative.  Finally, and perhaps most importantly, the virtual plan serves as a 

benchmark for how well the surgery was executed, allowing correlations to be made between 

surgical performance and patient outcome.   

Given the complex nature of the repair mosaic, the virtual planning of a mosaic arthroplasty is 

expected to be of benefit.  Assessing the optimal required curvature of the mosaic at the repair 

site, and then reconstructing the mosaic mentally using individual plugs at different harvest sites 

is known to be a demanding task, and preoperative study of the harvest and repair sites will allow 

the surgeon more time to consider the specific shapes of the individual’s joint, rather than 

proceeding with a standardized “one-size-fits-all” plan.  Furthermore, Inoue created automated 

software tools to help the surgeon optimize several parameters (curvature, thickness, plug 

orientation, and graft spacing) simultaneously, resulting in plans with less variability that were 

produced in less time [101].    Finally, virtual planning will allow the surgeon to compare donor 

and recipient cartilage thickness in his plan.  
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2.4.5 Navigation/Guidance 

Once the surgical plan has been developed and saved, it must be translated into a mechanism for 

assisting the surgery.  These mechanisms can provide navigation (real-time tracking and feedback 

of a surgeon’s tools with respect to the patient and the surgical plan), or guidance (physical 

guidance of the surgical tools by means of interference or restriction). 

Navigation is commonly achieved using optical or electromagnetic sensors that are capable of 

sensing the surgeon’s tools in a three dimensional field.  Optical sensors are widely used because 

of their high accuracy and large working volumes, but using them can be problematic because 

they require a direct line of sight to the camera system.  Electromagnetic systems do not have this 

limitation, but their accuracy is generally poorer than optical systems, and they can be influenced 

by the presence of metal objects in the immediate environment [102]. 

In the case of optical sensing, the surgical instruments and the patient are fitted with dynamic 

reference bodies (DRB’s) that can be seen by 3D camera.  Active DRB’s have an array of infra-

red emitting diodes (IRED’s) that can be seen by the camera.  Passive DRB’s have an array of 

spheres that have a special coating that reflects infra-red light emitted from the camera system.    

Both active and passive targets require a direct line of sight to the camera in order for the targets 

to be “seen”.  If any two targets are detected, their local coordinate systems can be expressed in 

terms of the common coordinate frame of the camera, and therefore transformations between any 

two targets can be determined. 

Calibration 

In order to accurately navigate a surgery, the geometry of an instrumented tool must be expressed 

in the coordinate system of the attached DRB.  Calibration is required in order to establish this 

relationship.  Calibration is typically performed using a precision-machined jig that has been 
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instrumented with a DRB in a known location, and holds the tool in a unique position and 

orientation.  The transformation between the tool’s DRB and the calibration jig’s DRB is used to 

determine the tool’s position and orientation relative to its DRB.  Calibration can be performed 

pre-operatively, but recalibration is required if there is relative movement between the tool and its 

target. 

Registration 

Before navigation is possible, a registration must be performed.  Registration is a key task in 

computer assisted surgery.  It aligns the coordinate systems of the pre-operative images and 

virtual plan with the coordinate system of the real world.  A comprehensive outline of the many 

methods that have been developed to achieve a registration is beyond the scope of this thesis, but 

one method is discussed below to illustrate the steps of a common option. 

Surface based methods of image registration are very commonly used [103] .  In a free-form 

surface based registration, an instrumented probe is used to acquire several points on the surface 

of the exposed tissue interoperatively.  The data points are used in an iterative method that seeks 

the rigid-body transformation (consisting only of a rotation and a translation) that minimizes the 

root mean square (RMS) error (that is to say, the Euclidean distance between the data points and 

corresponding points in the model). 

For a measured data set of Z with points zi, and a point set X with points xi derived from a model, 

T is the transform that minimizes the RMS error between Z and X.  This problem, otherwise 

known as the absolute orientation problem or the orthogonal Procrustes problem is expressed as: 
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Several solutions to this problem have been developed, first by Schonemann in the mid 1960’s 

[104].   Arun et al. solved the problem similarly by using a singular value decomposition of the 

covariance matrix of the centroid-subtracted position vectors in the two coordinate systems [105] 

[106].  Horn used unique properties of quaternions to develop a closed form solution [107].  

Later, Eggert et al. developed a dual quaternion method and compared it to those methods 

developed by Horn and Arun [108]. No significant differences between these methods were 

found.   

There are generally many more points in the model than there are in any manually acquired data 

set.  The task of determining which points from the model should be considered in any of the 

methods mentioned above is handled most commonly with the iterated closest point (ICP) 

algorithm or its variants [109].  Developed by Besl and McKay, each iteration of the algorithm 

relates pairs of points using a nearest neighbor approach, and then executes one of the methods 

mentioned above for determining the transformation that minimizes the error.  The sample point 

set is transformed with this calculation, and a new set of nearest neighbors is selected for the next 

iteration.  The algorithm can be halted when the error stops decreasing or after a prescribed 

number of iterations.  

With calibrated tool sets and images that have been registered to the patient’s anatomy, the 

surgeon’s tools can be tracked by the system in real time.  The position and orientation of the 

tools during surgical operations is known, and can be measured against the surgical plan for 

deviation. 

In contrast to purely navigational systems, several technologies exist for physically guiding the 

surgeon’s tools during surgery.  The full range of approaches is beyond the scope of this thesis, 

but the author directs the reader to di Gioia [110] for a review.  One method in particular must be 
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mentioned, due to its use in this body of work: patient specific templates. Templates are 

commonly used in orthopedic surgery, but the positioning and orientation of the standard 

templates with respect to the anatomy and the surgical plan is not defined.  That is to say, 

standard templates are not registered to the patient’s anatomy.  Patient specific registration 

surfaces that have been created from the models of the patient’s anatomy can achieve registration 

of the template to the anatomy by virtue of the fact that they fit uniquely against the surface, as an 

injection molded part might against the surfaces of its mold cavity.  Tool paths from the surgical 

plan can be built into the template for guiding surgical implements such as drills or chisels.  

A navigated mosaic arthroplasty could suffer from line-of-sight problems, but these problems 

could be overcome by careful arrangement of the navigation equipment and placement of the 

DRB’s on the patient and surgical instruments.  Mosaic arthroplasty involves hammering an 

instrumented chisel into harvest sites -- an act that could be violent enough to cause the DRB to 

shift relative to the chisel (forcing recalibration) or even damage the DRB itself.   Both navigated 

techniques and a patient specific template guided technique would require open arthrotomies. 

2.4.6 Post-Operative Follow-Up 

Computer assisted surgical techniques can yield quantitative data on the position and orientation 

of the surgeon’s tools during surgery.  The deviation of the tools from the surgical plan can be 

directly measured.  This provides the opportunity to correlate surgical precision (defined as the 

fidelity of the actual tool paths to the tool paths defined in the surgical plan) to various outcome 

measures.  

2.4.7 Integration Challenges 

Several factors can make the implementation of the technologies required for computer assisted 

surgery challenging. 
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The cost of purchasing the required equipment for computer assisted surgery may represent a 

significant capital investment on the part of the users, and the ongoing costs of employing 

computer technicians to operate and maintain the system may represent a significant barrier to 

entry.  In order to be cost competitive with conventional surgeries, computer aided systems would 

have to generate savings in other areas by shortening hospital stays through the use of minimally 

invasive surgery, by eliminating conventional equipment, and by minimizing medical or litigation 

costs resulting from complications [111].  At present, the evidence suggests that computer 

assisted surgery can have a cost-effective outcome [112], but this does not happen in all cases 

[113] [114]. 

Additionally, some surgeons are hesitant to employ computer assisted techniques.  As with the 

implementation of any new technology, there is a learning curve that affects all members of the 

surgical team.  This learning curve may be particularly onerous for older surgeons whose careers 

were less immersed in computer technology than later generations, and who may place more faith 

in their own clinical experience.  While there are several published successes that use computer 

assisted techniques [115] [116] [117] [118] [119], further evidence and long-term follow-up data 

will be required to prove efficacy and encourage the investment of time and energy required to 

adopt CAS techniques in many applications [93]. 

There are logistical challenges to implementing computer-assisted techniques as well.  In many 

cases, CAS techniques involve more people and equipment than conventional surgeries, all of 

which need to be coordinated.  Some operating theatres are simply not well designed to 

accommodate the placement of additional computers, technicians and screens for visualization, 

plus all of the necessary peripheral hardware and cabling.  
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2.5 The Ovine Model 

2.5.1 Basic ovine stifle joint anatomy  

Humans and sheep, like all other reptiles, birds and mammals, can trace the evolution of the basic 

structures of their knee joints to the Eryops, a common ancestor that existed 320 million years 

ago [120].  As such, many of the principal features (bicondylar distal femur, relatively flat tibial 

plateau) are similar.  However, there are some notable differences in both the form and the 

function of the ovine stifle joint compared to the human knee.  These include the presences of the 

tendon of the m. extensor digitorum longus on the craniolateral aspect of the stifle joint, the 

absence of a cranial meniscofemoral ligament (ligament of Humphrey) in the caudal joint space, 

and attachment of the patellar tendon to the cranial pole of the patella (rather than to the distal 

pole, as in humans) [121].  Furthermore, the stifle joint of the sheep is smaller than that of the 

knee of a mature human.  Functionally, sheep and humans are placed in two separate groups, as 

delineated by the form of the pes anserinus (the insertion of the conjoined tendons of the 

sartorius, the gracilis, and the semitendinosus onto the anteromedial surface of the proximal 

extremity of the tibia).  The stifle joint of the sheep is a typical example of the unguligrade stifle.  

The unguligrade stifle lacks full extension and is therefore permanently loaded in flexion.  

Human knees are classified as plantigrade, and are more commonly loaded in extension [122].  

Surgical approaches to the stifle joint include medial arthrotomy, lateral arthrotomy, and a 

combined medial-lateral approach with osteotomy of the tibial crest.  The lateral arthrotomy in 

particular provides excellent access to the cartilage surfaces of the cranial aspect of the stifle joint 

[121]. 
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2.5.2 Defect Creation 

Previously published work has demonstrated that artificially created defects in ovine knees can 

progress to the formation of osteoarthritic lesions.  Hurtig and Dickey developed a method of 

generating lesions in the ovine stifle joint by creating contusive impact injuries to the middle 

weight-bearing third of the medial femoral condyle using a spring-loaded impact device [123].  

With time and physical activity, these acute injuries progressed to osteoarthritis.  Separate studies 

by Appleyard [124], Little [125], Ghosh [126], and Moskowitz [127] have demonstrated that 

osteoarthritis can be induced in the stifle joints of sheep by lateral meniscectomy.  

2.5.3 Additional Considerations for Computer Assisted Mosaic Arthroplasty 

In spite of the anatomical differences noted above, the fundamental similarities between ovine 

stifle joints and human knees make sheep suitable candidates for an animal model of computer 

assisted mosaic arthroplasty.  The smaller size of the ovine joint exacerbates shortcomings in 

voxel resolution, making CTA, with its superior voxel resolution to MRI, more attractive.  

Furthermore, while quantitative data could not be found to support this claim, the subchondral 

cortical bone of the ovine femur is qualitatively known to be relatively harder than human bone.  

The higher required forces during navigated chiselling may influence the accuracy of the 

procedure by virtue of the fact that greater exertion on behalf of the surgeon is required.    
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Chapter 3 

Methods 

3.1 Tool Development 

A set of Mosaicplasty chisels, tamps, drills and drill guides was acquired from Smith and Nephew 

Inc. (Andover, USA).  Tools were selected to transplant 3.5 and 4.5 mm grafts.  A Polaris 3D 

camera was acquired from NDI (Waterloo, Canada).  The camera was a hybrid system, capable of 

seeing both active and passive infrared targets.  Its translational accuracy was ±1 mm and its 

rotational accuracy was ± 1°.  A Hybrid Polaris Spectra tool kit for the optical navigation system 

was acquired from NDI (Waterloo, Canada).  This kit comprised a set of active and passive 

targets, special clamps for affixing the targets, and a calibrated touch probe.  The passive targets 

consisted of an aluminum cross with a small post at the end of each point of the cross.  A 

reflective sphere was snap-fit on each post, resulting in a coplanar array of spheres that could be 

seen by the infrared camera, establishing the position and orientation of the array in three 

dimensional space.  The calibrated touch probe consisted of an aluminum shaft and plastic handle 

that had been fitted with three reflective spheres.  The active targets possessed a rectangular array 

of four infrared light emitting diodes (IREDs), and were affixed to the distal femur during 

surgery.   

Special brackets were developed to connect the passive targets to the harvest chisels.  The arrays 

were delicate, and past experience has shown that the spheres could dislodge from their posts if 

handled violently. When harvesting grafts, a surgeon is obliged to violently hammer the chisel 

into the subchondral bone of the patient.  If the array were rigidly fixed to the chisels, they would 

experience violent shock loads from the blows of the hammer. 
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Brackets were developed in such a way that they could de-couple from the chisel upon impact.  

The brackets consisted of a fixed ring that would clamp to the chisel rigidly, and a sliding ring 

that was attached to the array.  The two rings were capable of sliding away from one another on a 

pair of pins.  When the chisel was struck by the hammer, the chisel would be violently thrust 

forward by the impulse of the hammer blow, but the force of the impact would not be translated 

to the sliding ring of the bracket, and hence, the reflective array.   

 

Figure 3-1: Assembled Mosaicplasty Tool with Breakaway bracket. 

 

 

 

The bracket consisted of 
two parts: a fixed part that clamped the shaft of the chisel, and a sliding part that decoupled from 
the clamped part during a hammer blow, protecting the sensitive DRB (not shown).  The sliding 
part could be returned to its original position after receiving a hammer blow, preserving the 
tool’s calibration. 
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The pins only allowed translation along the longitudinal axis of the tool. When the mating 

surfaces of the two rings were brought back into contact with one another, the original position 

and orientation of the array with respect to the tool was restored.  

The sliding ring had a screw that could be adjusted to set a small amount of lateral preload on the 

pins.  This was used to control the amount of friction between the sliding parts of the assembly. 

The bracket incorporated a toothed pivot point to allow us the surgeon to reorient the array with 

respect to the longitudinal axis of the tool.  This was incorporated to allow the surgeon a broader 

range of possible tool orientations interoperatively.  Note that any change of the pivot angle of the 

bracket changed the relationship between the target and the tool tip, and required the tool to be 

recalibrated. 

 

Figure 3-2: Mosaicplasty Tool, Bracket, and Reflective Array. 

 

 

The reflective spheres on 
the DRB snapped into place for service.  Heavy hammer blows have dislodged the spheres 
during use.   
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A custom calibration fixture was developed to allow the Polaris system to establish the transform 

that related the origin of the passive target on a given tool to that tool’s tip.  During calibration, 

the tool being calibrated would fit into a specially machined groove in the calibration fixture, 

locking the tool in a known position and orientation with respect to a second target that was 

permanently fixed to the calibration fixture.    The position and orientation of the tool’s target and 

the calibration fixture’s target were measured, allowing the transform that related the tool’s target 

to the tool’s tip to be calculated.  Applying this transform to the position and orientation data 

gathered during the use of the tool therefore located the tip of the tool in three dimensional space. 

A set of patient-specific templates was constructed for each template guided surgery by Dr. 

Manuela Kunz (Queen’s University, Human Mobility Research Centre) using techniques similar 

to those outlined in her other works [128].  The interior concave surfaces of the templates were 

created to exactly mirror the surfaces of the femoral condyle and trochlea of each subject’s stifle 

joint much like the surfaces of a mold cavity mirror the surfaces of a molded part.  Due to the 

irregular shape of the femoral condyle and trochlear ridge, the template was assured to fit onto the 

exposed surfaces of the distal femur in a known way, registering the template to the patient’s 

femur.  Tool guiding cylinders were built into the templates at known trajectories, which were 

therefore also registered to the sample’s femur by the fit of the template. 

Stereolithography (STL) surface models were produced for each of the test samples.  Originally 

patented by Charles Hull in 1986, STL models describe surfaces as a series of triangles, which are 

themselves described by their three vertices and a normal vector in 3D space [129]. Surgically 

accessible surfaces on the trochlea and distal medial femoral condyle were identified on the 

surface models.  The triangles that comprised these convex surfaces-of-interest were retained, 

while all other superfluous triangles were deleted.  The remaining triangles were virtually flipped 

inside-out by reordering their vertices.  These new concave surfaces were used as a base upon 
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which the rest of the tooling was referenced.  Using the commercially available rapid prototyping 

software Magics (Materialise Group, Leuven, Belgium), the reference surface was given 

thickness, and tubular structures were built off of this platform to guide the surgeon’s tools down 

a planned trajectory.  The upper surface of these tubular structures on the harvesting templates 

was used as a mechanical “hard stop”, that prevented the surgeon’s harvesting chisel from 

penetrating too far into the patient’s bone and cartilage. 

Once the template had been designed, it was physically built using a Dimension SST rapid 

prototyping machine.  This machine manufactured the parts using a fused deposition process of 

ABS.  The positional accuracy of the machine was =/- 0.1 mm. 
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Figure 3-3: Patient-Specific Templates. 

 

 

3.2 In Vitro Study 

3.2.1 Definition of Groups 

An in-vitro study was conducted to compare the difficulty and accuracy of two computer assisted 

methods for executing a mosaic arthroplasty surgery.  Eight porcine cadaver legs (four left legs 

and four right legs) were dissected immediately after harvesting from the host animal.  They were 

randomized into two groups of four samples each: Group O, which would receive an optically 

Numbered templates for the recipient site are shown, 

along with custom sized collars that served as a “hard stop” that limited the drilling depth at the 

recipient site. 
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navigated osteochondral grafting surgery, and group T, which would receive a template guided 

osteochondral grafting surgery.   

3.2.2 Preoperative Geometry 

A CT scan of each dissected joint was taken using a GE Light-Speed Plus CT (GE Healthcare, 

Waukesha, USA) in axial mode, with a slice thickness of 0.625 mm, at 140 kpV.  A threshold-

based segmentation was performed on the CT volume, differentiating the regions of bone, 

cartilage, and surrounding air. The cartilage and underlying subchondral bone were segmented 

using the commercially available software package Amira (Visage Imaging, Inc., Carlsbad, CA, 

USA).  The output of this process was a volumetric dataset that mapped out the three dimensional 

structure of the distal femur of each test subject.  The volumetric data was converted to a surface 

model using the proprietary algorithms in Amira.  Isosurface models for bone and cartilage were 

created and stored in the .stl file format. 

3.2.3 Surgical Reconstruction Planning 

The CT data and the isosurface models created above were entered into custom designed surgery 

planning software (Dr. Manuela Kunz, Human Mobility Research Centre, Queen’s University).  

The software facilitated the creation of virtual grafts, whose height, diameter, and surface angle 

could be specified by the user, and whose position and orientation were expressed in the 

coordinate system of the datasets.  The software superimposed the virtual grafts over three 

orthogonal views of the CT data, as well as the isosurface models, and allowed the user to move 

them around the virtual 3D space manually.  Using the multiple views to visualize the problem 

from all angles, the user could create a mosaic of grafts that they judged would optimally restore 

the natural curvature of the cartilage at the defect site.  This was achieved by using the software 

to create avatars of plugs, with a geometry specified by the user, and using the software controls 
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to position the avatars in space relative to the surfaces of the models.  Since this was an in-vitro 

study on samples without defects, the user simply aligned the surface of the donor grafts with the 

surface of the cartilage at the recipient site.  The software created identical copies of the grafts 

used in the mosaic, and allowed the user to position these copies manually at potential harvest 

sites.  Once the user was satisfied that they had found the harvest sites with the best cartilage 

thickness and curvature, the position, orientation, and shape parameters for each graft were saved. 

For each sample, four donor grafts of 4.5 mm diameter were planned to be harvested from the 

trochlear ridge and transplanted to the recipient site on the medial condyle of the distal femur 

with a slightly overlapping plug pattern.  Initial harvest and recipient sites were planned by a 

skilled technician (Manuela Kunz).  Final plans were approved or refined by the surgeon (Mark 

Hurtig) prior to plan transfer. 

 

Figure 3-4: Custom Planning Software. 

 

The custom-designed planning software allowed the 
user to create a series of virtual grafts, specifying the graft’s geometry, position, and orientation 
with respect to the cartilage and bone surface models in 3D space.  Axial, coronal, and sagittal 
views of the CTA images were provided simultaneously with a view of the STL surface models. 
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Once the plans for groups O and T had been created and saved, the plans were transferred to the 

mechanism that would allow the surgeon to execute the surgery. 

For the Optically Navigated group, the surgical plans were input to a proprietary software 

platform called Virtual Surgery System, or VSS (IGo, Kingston, Canada).  This software would 

read in the surface model of the patient’s anatomy, as well as the position and orientation of the 

planned grafts.  The software would display the surface model, and selectively display avatars for 

the grafts at the request of the user.  It would communicate with a Polaris 3D camera, allowing 

surgical tools tracked with this camera to be registered to the coordinate system of the patient’s 

anatomy.  It would track the surgeon’s tools as they conducted the surgery, displaying the 

positional and angular errors between the surgeon’s tools and the planned grafts both visually and 

in numerical format.   

 

Figure 3-5: VSS User Interface.  

 

The VSS interface displayed the STL models of the cartilage and 
bone, as well as the location of the graft (the purple circle). An avatar of a calibrated probe (the red 
and green line) is being tracked in real time and displayed for visual reference.  The blue line served 
as a reference for rotation about the longitudinal axis. Positional and angular deviations from the 
prescribed plan are shown in the upper-right corner.  
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For the Template Guided group, the individualized, patient-specific surgical plans were used to 

create rapid prototyped plastic templates for each repaired stifle joint, as discussed previously.  

The preparation of the templates eliminated the need for registration steps or tracking during the 

surgery, due to the templates’ unique shape. 

3.2.4 Surgical Execution 

Optical Navigation 

For the execution of the Group O surgeries, the femur was clamped securely with a bench top 

vise.  The surgeon affixed an infrared target (NDI ) to the femur to serve as a dynamic reference 

body.  It was attached to the femur using two 4.5 mm diameter Schanz (Synthes Canada) screws 

(one on the femoral shaft, just proximal to the patellofemoral groove of the trochlea, and the other 

on the medial aspect of the trochlea) on a crossbar.  The square target was rigidly clamped to this 

crossbar using with a specially designed clamp (NDI, Waterloo, Canada).   

The sample’s distal femur was registered to the surface models of the cartilage and bone by 

acquiring 10 to 16 anatomical points with the tracked probe and fitting the points to the model 

using a combined pair-point and surface matching algorithm [130].  After the sample had been 

registered, the surgeon used a calibrated pointer to touch several points on the anatomy, using the 

visual feedback from the software to verify that the probe was contacting the surface properly and 

that the registration had been successful. 

Once the sample had been registered to the model, the harvest chisel was prepared by attaching a 

passive marker to its shaft.  After the marker had been attached and adjusted to yield the best 

visibility for harvesting grafts, the tool was put into its designated location on the calibration 

fixture and calibrated. 
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The tool was put in position to harvest the first graft using the visual and numeric feedback from 

the software.  The chisel was gently tapped into the cartilage at the harvest site, and then 

retracted.  The surgeon then used a sterile pen to mark a dot on the circumference of the circle, in 

a position of shown to him by the display of the software.  This dot served as a reference point for 

establishing rotation about the longitudinal axis of the graft.  Once this dot was placed, the chisel 

was set back into the grooves already cut by the first taps on the chisel, its orientation was 

corrected using the feedback from the software, and the chisel was driven in to the planned depth.  

Depth was gauged using the 1 mm graduations on the harvesting chisel, as in a conventional 

surgery, because it provided  accuracy superior to that afforded by the optical navigation system.  

All of the grafts were harvested sequentially in this manner, and stored temporarily in lactated 

Ringer’s solution. 

Once the grafts had been harvested, the drill guide was fitted with a passive marker, adjusted for 

best visibility, and calibrated.  The drill guide was set on the anatomy in the region of the defect 

site and a drill was inserted into it.  The drill guide, and hence, the drill, was positioned by the 

surgeon using feedback from the software until the error was as low as possible, and then the 

recipient hole was drilled to a depth suitable for receiving the donor graft, as measured by the 

graduations etched on to the drill bit.  Note that, in some cases, the harvested graft was shorter 

than the planned harvest graft.  Because of this, the depth to which the surgeon would drill the 

recipient site was always calculated interoperatively.  In some cases, where the grafts harvested 

were too long, the surgeon would trim them to a known length with a scalpel.     

Once the recipient site had been drilled, the surgeon gently impacted with it with a dilator.  The 

surgeon removed the dilator, holding the drill guide in place.  The surgeon placed the harvested 

graft into the drill guide, aligning the marked dot on the circumference of the graft to the anatomy 

as he judged from the display of the software.  He tapped the graft into place using a depth-
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adjustable tamp.  When the surgeon removed the drill guide, he tapped the graft further into the 

recipient site as required to get the smoothest surface.  This process was repeated until all grafts 

had been placed. 

Template Guidance 

For the Group T surgeries, the guidance was accomplished by means of the specially prepared 

templates.  The surgeon located the first template over the femoral condyle and medial trochlea. 

A  series of small holes in in the template allowed the surgeon to make a series of dots on the 

articular surface of the trochlear ridge cartilage that served a registration marks for subsequent 

templates and as indicators for the rotation of the grafts later in the surgery. 

After this array of points had been created, the surgeon fit the first harvest template to the 

anatomy and secured it using two 2 mm Kirscher wires.  Once the template had been secured, the 

surgeon inserted his chisel into the template’s tool guide, and impacted the chisel into the 

cartilage of the trochlea to the prescribed depth.  The graft was harvested, its length was verified 

with a conventional ruler, and it was hydrated with lactated Ringer’s solution until it was 

delivered to the recipient site.  This process was repeated until all grafts had been harvested. 

After the grafts had been harvested, the first of the recipient templates was fit to the distal femur.  

The appropriate drill guide was inserted into the cylindrical tool guide on the template, and the 

drill was inserted into the drill guide.  The recipient site was drilled to the depth permitted by the 

drill guide, and then gently impacted with a dilator.  The dilator was removed and the graft was 

placed in the drill guide.  The surgeon aligned the dot that had been marked on the circumference 

of the articular cartilage with a reference dot that had been created on the template during its 

design to account for rotation of the graft during planning.  The graft was pressed into place with 

an adjustable tamp.  The template was removed and the height of the graft above the natural 
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curvature of the surrounding cartilage was inspected by the surgeon.  Grafts that had not been 

pressed far enough into their recipient holes were carefully tapped further into the recipient hole 

until their cartilage surface was flush with neighboring healthy cartilage, or until the graft had 

bottomed out against the bottom of the recipient hole.  All of the harvested grafts were placed in 

this manner.   

3.2.5 Measures 

The surgeries were manually timed for both groups using a stopwatch. 

All samples were re-imaged using the same CT protocol as in section 3.2.2.  Surface models were 

also created using the same methods as above.  The following analysis was performed using the 

commercially available software package IMInspect (InnovMetric Software Inc, Quebec City, 

Canada).  Each pair of models that had been generated from the segmented preoperative and 

postoperative CT scans were registered to one another using the ICP algorithm [109] on the bone 

surface models.  The RMS error between the preoperative cartilage surface and the postoperative 

cartilage surface was calculated for each pair (defined as the root mean squared of the shortest 

distance between the each of the vertices of the post-healing surface and the pre-operative 

surface).  The region of measurement was limited to the site of repair only.  The cylindrical 

harvest and recipient sites were also segmented from the postoperative images, and surface 

models were created from the segmentations.  Cylindrical primitives were fit to the chisel and 

drill paths using the ICP algorithm.  The deviation of the position, orientation, and depth of the 

paths from the plans, which were calculated by the IMInspect software, were recorded. 
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Figure 3-6: RMS Error. 

 

 

 Statistical analysis was performed using the software packages Excel (Microsoft Corporation, 

USA) and Analyse-It (Analyse-It Software Ltd., Leeds, UK). A non-paired Student t test was 

used to evaluate significant differences between groups.  For all tests, p<0.05 was considered 

statistically significant. 

3.3 In Vivo Study 

The study comprised four phases: phase I, wherein the preoperative geometry of both of the ovine 

stifle joints was acquired, phase II, wherein a single focal articular cartilage defect was created on 

the weight-bearing articular portion of the medial femoral condyle of each  stifle joint, phase III, 

wherein the geometry of the medial femoral condyle of each treatment joint was restored using 

one of three surgical techniques, and phase IV, wherein the final geometry of the healed joint was 

For each of the vertices in the upper surface, distances to all points in 
the lower surface are calculated.  The shortest distance (shown in green) is retained.  Longer 
distances (shown in red) are discarded.  The average of these minima over the area of evaluation is 
reported. 
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acquired and compared to the original preoperative geometry.  Clinical outcome measures were 

also taken as a part of phase IV, and related to differences in preoperative versus postoperative 

geometry.  

3.3.1 Definition of Groups 

Twenty four female Arcott sheep were divided into three groups of eight sheep each:  group C, 

which would receive a conventional, non-assisted osteochondral grafting reconstruction surgery, 

group O, which would receive an optically navigated osteochondral grafting surgery, and group 

T, which would receive a template guided osteochondral grafting surgery. Of these original 

twenty four sheep, three from each group were used for training purposes to minimize the effect 

of the learning curve associated with each method.  The remaining fifteen sheep were divided into 

groups of five for evaluation purposes.  The sheep were evenly distributed into each of the three 

groups by body mass to avoid any bias from joint loading and size.  The sheep were fully mature 

(two to seven years old), and not exhibiting any signs of disease or lameness at the 

commencement of the study. All animal studies were approved by an institutional animal care 

committee and compliant with the guidelines of the Canadian Council on Animal Care.  

3.3.2 Preoperative Geometry 

Images of the stifle joints of each sheep were acquired using CT with the sheep under general 

anesthesia.  For each joint, a CT scan was performed immediately after an intra-articular injection 

of a contrast agent (Cysto-Conray� -II, 9 mL, IOTHALAMATE MEGLUMINE INJECTION 

U.S.P. 17.2%., Mallinckdrodt, St. Louis, USA). All CT arthrograms were obtained with a Light-

Speed Plus CT (GE Healthcare, Waukesha, USA) in axial mode, with a slice thickness of 

0.625mm at 140 kpV. The sheep were positioned supine for the scan, with their hind leg 
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penetrating the imaging plane of the CT scanner hoof-first.  The resolution in the imaging plane 

was 0.191 mm by 0.191 mm. 

 

Figure 3-7: Preparing for CT Arthrogram 

Three-dimensional surface models for bone and cartilage were segmented using the commercially 

available software package Amira (Visage Imaging, Inc., Carlsbad, CA, USA). An initial 

threshold segmentation was performed on the CT volume, wherein the dense regions occupied by 

bone and contrast medium were differentiated from the relatively less dense regions occupied by 

cartilage and soft tissues. In some regions, the contrast in Hounsfield units between the contrast 

medium and cortical bone was low, and a segmentation based purely on a threshold failed to 

separate the contrast medium and bone into two distinct regions.  Where this occurred, the 

segmentation was manually refined by trained technicians who were familiar with structure of the 

ovine stifle joint.  The volumetric data were converted to a surface model using the proprietary 

algorithms in Amira.  Isosurface models for bone and cartilage were created and stored in the .stl 

file format. 
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3.3.3 Defect Creation  

Surgical procedures were performed under general anesthesia using diazepam (0.5 mg/kg, Sabex, 

PQ), ketamine (2.2 mg/kg Biamedia-MTC Animal Health, ON), and isoflurane (0.5– 

2.5%, Lavatrie, PQ) with aseptic technique used throughout. All sheep underwent minimally 

invasive bilateral knee joint arthrotomies using a 2cm medial infrapatellar incision to the middle 

weight-bearing third of the medial femoral condyle. The exposed cartilage was kept hydrated 

with lactated Ringers solution.  Once it was ascertained that the joint surface was normal the 

following steps were taken. 

One defect was created on the distal medial femoral condyle of each stifle joint of each sheep. 

Briefly, they were contusive impact injuries to the middle weight-bearing third of the medial 

femoral condyle using a spring-loaded impact device equipped with a 6.0-mm diameter flat 

aluminum indenter tip [123].  Calibration of  the impactor device was done with an in line load 

cell (2230N,  MLP-500, Transducer Techniques, Temecula, CA) located between the impactor 

and indentor tip to allow data collection by a personal computer equipped with data acquisition 

software (LabVIEW, National Instruments, Austin, TX) using a 5000- Hz acquisition rate. To 

create an injury that would create a centrifugally-expanding full thickness chondral defect the 

surgeon applied a 50 MPa impact injury while an assistant stabilized the flexed knee joint with 

sand bags with the shaft of the femur vertical and fully supported.  The defects were roughly 

circular, and created partial or full thickness chondral defects.  This model of cartilage injury and 

subsequent arthritic progression has been validated specifically for the femorotibial joint of sheep 

in previous works [123]. Standardized descriptions and digital photographs were taken of the 

resulting injury before routine closure of the joints. 
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After photo documentation, the incisions were routinely closed in three layers (joint capsule, 

fascia, and subcutaneous tissue) using 0 and 2-0 absorbable Biosyn™ (Tyco Healthcare, Montreal 

QC ) suture.  The skin was closed with sterile stainless steel surgical staples (Covidien Canada, 

Pointe-Claire, QC).  

The sheep were given a non-steroidal analgesic Flunixin 1.1 mg/kg (Schering Plough Animal 

Helath, Pointe-Claire, QC) and antibiotics as penicillin sodium (20000 IU/kg) (Novopharm 

Limited, Toronto, ON).  Fentanyl transdermal patches (100 mcg/h)  (Jansen-Ortho Inc. Markham, 

ON) were applied to the medial side of one forearm for 48 hours postoperatively for analgesia.  

Flunixin (1.1 mg/kg) (Schering Plough Animal Helath, Pointe-Claire, QC) was administered 

every 3-5 days as required. Skin staples were removed 10 days after surgery. 

The sheep were kept in groups of 8-12 sheep in 3 by 4 meter pens which allowed them to 

ambulate but limited running. Assessment of lameness, joint swelling, incisional complications 

and appetite was done daily. Stocking density in the pens was reduced during the second and 

third month to allow running and more activity.  

After the defects had been induced, the sheep were tended for a period of three months, to allow 

the defects to form larger degenerate chondral and osteochondral defects in the medial femoral 

condyle.  The extent of the lesions was characterized with another CT arthrogram as described in 

the next section.  

3.3.4 Surgical Reconstruction Planning 

Three months after inducing defects, the stifle joints of each sheep were again scanned using the 

CT protocol described in section 3.3.2.   

The CT data for groups O and T were segmented using the commercial software package Amira 

(Visage Imaging, Inc., Carlsbad, CA, USA). Careful attention was paid to segmenting the defect 
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area, which was made visible by a bright pool of contrast medium.  Isosurface models of the bone 

and cartilage were created and saved. 

 

Figure 3-8: CT Arthrogram, Segmentation, and Surface Models 

 

 

The surgeon was not shown the CT data for group C.  These data sets were not segmented, but 

they were retained for archival purposes. 

Similar to the in-vitro study, the CT data and the isosurface models were entered into the custom 

designed surgery planning software.  The skilled technician created a mosaic of grafts that they 

judged would optimally restore the natural curvature of the cartilage at the defect site, using grafts 

of 3.5 and 4.5 mm.  Initial harvest and recipient sites were planned by a skilled technician 

(Manuela Kunz).  Final plans were approved or refined by the surgeon (Mark Hurtig) prior to 

plan transfer.  Once both were satisfied that they had found the harvest sites with the best 

cartilage thickness and curvature, the position, orientation, and shape parameters for each graft 

were saved.  

The bright band of 
cortical bone, the dimmer band of the articular surface, and the relatively dark band of 
cartilage can be seen in the source images.  The bright anomaly in the cartilage layer, 
segmented in blue, is a pool of contrast agent sitting in the defect site. 
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Once the plans for groups O and T had been created and saved, the plans were transferred to the 

mechanism that would allow the surgeon to execute the surgery (VSS and patient-specific 

templates, respectively, as described above in the in-vitro study). 

3.3.5 Surgical Execution  

3.3.5.1 Non-Assisted Surgical Execution 

For group C, the surgeon performed the repair surgeries conventionally.  The treated joint was 

opened with a 3 cm medial parapatellar arthrotomy to expose the femoropatellar and medial 

femorotibial joints.  The extent of the cartilage lesion was assessed visually by the surgeon.   

Using the harvesting tools as guides, the surgeon mapped out what he believed to be the best 

array of grafts at the recipient site.  The surgeon was able to select grafts that were 3.5 mm or 4.5 

mm in diameter.  The surgeon was given the freedom to select any number of each size of graft, 

up to a maximum of four grafts total.  This limit on the maximum number of grafts was set to 

reduce the probability of breaking out the medial ridge of the trochlea during harvesting.  

The required grafts were harvested from the medial ridge of the patello-femoral groove of the 

trochlea.  The surgeon attempted to harvest the grafts perpendicular to the cartilage surface at the 

selected donor sites using a surgical mallet and tubular harvesting chisel resulting in grafts 

approximately one centimeter long.   

The recipient sites were prepared by tapping a drill guide into the articular surface and drilling to 

a depth just slightly greater (~1 mm) than the length of the graft. This was followed by use of a 

slightly tapered dilator/depth gauge.  The graft was fed into the drill guide and pressed into place 

with an adjustable delivery tamp. The drill guide was removed.  Final depth alignment was 

achieved by lightly tamping the surface of the graft until it was flush with the articular surface. 
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After the osteochondral reconstruction had been completed, the joint surface and soft tissues were 

lavaged to remove debris.  Intraoperative notes regarding the quality of the reconstructed surface 

were recorded and photographs of the reconstructed joints were taken. The incision was routinely 

closed in three layers using 0 and 2-0 biosyn suture. The skin was closed with sterile surgical 

staples. 

3.3.5.2 Navigated Surgical Execution 

The surface models and the surgical plans were loaded into the custom VSS application. 

The joint was opened similarly to the non-assisted surgical execution.  Once the donor and 

recipient sites had been exposed, the surgeon affixed an infrared target (NDI) to serve as a 

dynamic reference body.  Similarly to the in-vitro studies, it was attached to the femur using two 

4.5 mm diameter Schanz (Synthes Canada) screws (one on the femoral shaft, just proximal to the 

patellofemoral groove of the trochlea, and the other on the medial aspect of the trochlea) on a 

crossbar.  The square target was rigidly clamped to this crossbar using with a specially designed 

clamp (NDI, Waterloo, Canada).  In this case, however, the physical space for the attaching the 

apparatus was limited, due to the smaller size of the ovine stifle joint relative to the porcine joint, 

and due to the fact that the surgeon was trying to keep the incision as small as possible. 

The remainder of the surgery was conducted similarly to the navigated in-vitro study, using the 

same tools, techniques, registration procedures, and calibration procedures.  It should be recalled, 

however, that for these surgeries, the plans could call for grafts of either 3.5 or 4.5 mm diameter, 

and they could use two, three or four grafts to optimally restore the surface of the distal femur, as 

judged by the surgeon. 

After the mosaic had been completed, the incision was closed as in the previous section. 
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3.3.5.3 Template Guided Surgical Execution 

The joint was opened in the same manner as the conventional or optically navigated surgeries.  

Again, the Group T surgeries for the in-vivo study were conducted using the same tools, 

techniques and procedures as for the in-vitro studies.  Again, the plans could call for grafts of 

either 3.5 or 4.5 mm diameter, and they could use two, three or four grafts to optimally restore the 

surface of the distal femur, as judged by the surgeon. 

Once all grafts had been placed, the wound was closed as in the previous section. 

 

Figure 3-9: Preoperative defect site. 
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Figure 3-10: Postopertive defect site. 

3.3.6 Measures 

3.3.6.1 Surface Quality Immediately Post-Surgery 

Once all of the grafts had been placed for each surgery, the surgeon assessed the congruity of 

each plug to the surrounding chondral surface.  Congruity was assessed by eye at the medial, 

lateral, proximal and distal quadrants on the circumference of each graft and recorded in the 

surgical notes. 

3.3.6.2 Recovery (Weight, Pain, and Lameness) 

The sheep were kept in small pens with limited exercise for three weeks, followed by a three 

month recovery period in larger pens that did not restrict movement.  Each sheep was followed 

daily for three months. Weight, pain and lameness were documented. Pain was graded on a scale 

of 1 to 3 as a combination of lameness, respiration, attitude, and appetite. Lameness was graded 
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on a scale of 1 to 5, with 1 being “weight bearing but slight limp” and 5 being “not weight 

bearing, leg lifted or cannot get up” [123].  At the end of this period, the sheep were euthanized 

with a 15 mL dose of pentobarbital Euthanol (Schering Plough Animal Health, Pointe-Claire, 

QC).  The stifle joints were harvested immediately by disarticulation at the hip joint.  

3.3.6.3 Surface Quality Post-Healing 

The CT arthrogram was repeated as in previous sections on the intact stifle joint.  Segmentation 

of the CT data was performed, and three dimensional surface models of the cartilage and bone 

were created as in previous sections.   

Each pair of models that had been generated from the segmented preoperative and post-healing 

CT arthrograms were registered to one another using the bone surface models and the Iterated 

Closest Point Algorithm [109].  The RMS error between the preoperative cartilage surface and 

the post-healing cartilage surface was calculated for each pair (defined as the root mean squared 

of the shortest distance between the each of the vertices of the post-healing surface and the pre-

operative surface).   

The joints were dissected to expose the articular surface for the remainder of the postoperative 

healing measures.  

The femur was isolated to allow microCT imaging at 95 micron isotropic pixel resolution in air 

within a humidified chamber to allow assessment of the articular surface and subchondral bone.  

3.3.6.4 Subchondral Architecture (Cyst Formation) 

Cysts that had appeared in the subchondral bone of the medial condyle were segmented from the 

post-healing microCT data.  The volumes of these cysts, which were calculated by multiplying 

the segmented voxels by the voxel size, were tabulated.   
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3.3.6.5 Graft Overlap 

The relative amount of overlap of the plugs was captured by segmenting out each of the grafts 

from post-operative photos using overlapping circular patterns of a known pixel diameter.  The 

total pixels in the mosaic could then be divided by the total number of pixels in the patterns to 

obtain the relative amount of overlap 

3.3.6.6 ICRS Macroscopic Score and Guelph Qualitative Assessment Score Post Healing 

After dissection, the joint was photographed with a digital single lens reflex camera equipped 

with a macro lens. A scale bar was included in the photographs for comparison.  Trained 

technical staff blind to the treatments assessed the results of the repairs using the ICRS 

Macroscopic Score (Table 3-1: ICRS Macroscopic Score) for cartilage repair with osteochondral 

grafts [131]. 
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Table 3-1: ICRS Macroscopic Score 

 

 

In addition, the reflectivity, colour, and any irregularities in the cartilage surface were noted.  

Clarity/colour, surface roughness, the presence of osteophytes and synovial abnormalities were 

graded numerically on a scale of 0 to 3, and the scores from five locations (the medial femoral 

condyle, lateral femoral condyle, the medial tibial plateau, lateral tibial plateau, and the trochlear 

ridge) were summed. The unweighted sum of all of these measured comprised the Guelph 

Qualitative score.  The defects were mapped in a series of sketches. After these assessments, 

[145]. 

Used with permission of the author. 
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India ink was used to stain the articular surface and reveal any excoriation or damage to the 

cartilage surface.  Photographs were taken of the stained anatomy.  

3.3.6.7 Post-Healing Histology 

Immediately after harvesting, imaging, and macroscopic evaluation of the knees, the following 

tissue samples were obtained for histological evaluation: Synovial membrane intercondylar area, 

medial aspect; osteochondral blocks from the medial femoral condyle, the tibia plateau, and the 

medial trochlea. All samples were stored in formalin, decalcified in formic acid, and embedded in 

paraffin blocks from which six micron thick sections were created. Sections were stained with 

hematoxylin and eosin (H&E) and safranin-O/fast green. Sections from the repair site were 

examined by two independent reviewers using the ICRS II Histological Score, consisting of 14 

parameters scored using a visual analogue scale of 1400 [132]. This system is an integrated 

evaluation of tissue and cell morphology with emphasis on restoration of normal cartilage and 

subchondral bone plate architecture as well as integration of the grafts and intergraft repair tissue 

with the surrounding host tissue.  The specific parameters of the scale are outlined in the table 

below. 
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Table 3-2: ICRS II Histological Score Parameters 

 

 

 

3.3.6.8 Data Analysis 

Statistical analysis was performed using the software package Analyse-It (Analyse-It Software 

Ltd., Leeds, UK). For parametric data, a one-way ANOVA was performed, followed by post hoc 

Tukey’s range tests to evaluate significant differences between groups. For nonparametric score 

results, differences were evaluated by performed using Kruskal-Wallis tests, followed by post hoc 

the Mann-Whitney U test. For all tests, p<0.05 was considered statistically significant. 

  

[132] 

Used with permission of the publisher. 
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Chapter 4 

Results 

4.1 In Vitro Porcine Study 

The results for surgical time and plan deviation, (the difference between the planned position, 

orientation and plug length from the planned values, and RMS error of the achieved cartilage 

surface and the planned cartilage surface over the defect area) are summarized in Table 4-1:  In 

Vitro Pilot Study Results, below.   

Table 4-1:  In Vitro Pilot Study Results 

 Group T 

(Template Guided) 

Group O 

(Optically Navigated) 

Significance 

(p) 

Surgical Time  35 minutes (12 

minutes) 

38 minutes (9 minutes) 0.73 

Position (*) 0.6 mm (StDev 0.3 

mm) 

2.0 mm (StDev 1.5 

mm) 

< 0.05 

Orientation (*) 2.8° (StDev 1.5°) 4.6° (StDev 2.8°) < 0.05 

Plug Length (*) 3.5 mm (StDev 1.5 

mm) 

5.2 mm (StDev 2.2 

mm) 

< 0.05 

RMS Error 0.415 mm (StDev 0.03 

mm) 

0.435 mm (StDev 0.21 

mm) 

0.85 

 

In the above table, the surgical time stated includes only those elements of the surgeries that 

differ.   Preparatory steps and closing tasks that are common to both surgeries are not included in 

All figures quoted as average (standard deviation).  “*” denotes a statistically significant difference 

(p < 0.05). 



76 

 

the time stated.  All measures for the in vitro pilot study were compared using the Student’s T-

Test.  Significant differences were found in the position, orientation and plug length measures 

(p<0.05in each case).  In each case, the optically navigated surgeries had the higher mean 

deviation from plan. 

However, no significant differences were found in the RMS Error of the repaired defect site 

(p=0.85).  Furthermore, no significant difference was found in the times to complete the surgeries 

(p=0.73).  

4.2 In Vivo Ovine Model 

Successful surgeries were conducted for all 15 sheep.  There was one case of superficial wound 

infection in the conventional group after the reconstructive surgery, which was treated 

successfully with antibiotics. For one sheep in the optically-guided group, a mechanical lameness 

due to an intermittently luxated patella was diagnosed one week following the cartilage repair 

surgery. 

4.2.1 Surface Quality Immediately Post Surgery 

Figure 4-1 and Figure 4-2 plot the mean values and standard deviations for recessed and proud 

surface for all three groups, as recorded in the intraoperative notes immediately following 

surgery. A one-way ANOVA revealed a significant difference between groups (p<0.05).  A post 

hoc Tukey’s HSD test indicated that the percentage of proudly reconstructed cartilage surface 

was significantly smaller for the template-guided group compared to the conventional group.  In a 

similar analysis the difference between the optically-guided group and the conventional group 

was not significant (p=0.06), but the borderline p value suggested a trend toward smaller values 

for the optically-guided group. For the percentage of recessed surface, no significant differences 

between the groups were found (p=0.12). 
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Figure 4-1: Percentage of Proud Surface Area by Surgical Group. 

 

 
Figure 4-2: Percentage of Recessed Surface Area by Surgical Group. 
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The “*” denotes a 
significant difference.  The “#” denotes a trend towards significance. 

No significant 
differences were found between groups. 
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4.2.2 Recovery (Body Weight, Pain and Lameness) 

Table 4-2 contains the results for body weight, pain and lameness.  One way ANOVAs revealed 

no significant differences between groups for weight gain of the sheep (p=0.67), and that the 

duration of pain and lameness were not significantly greater for any of the groups (p=0.19 and 

p=0.57 respectively). Kruskal-Wallis tests were performed on the non-parametric scores.  

Significant differences were not found in the lameness scores (p=0.15).  The pain intensity scores 

did not show significance between groups, but the low p value trended toward significance 

(p=0.10).  A post hoc Mann-Whitney U test indicated that the template-guided group was 

trending towards being greater than the optically-guided group (p=0.05).  

Table 4-2: Weight, Pain and Lameness 

  Conventional  Optically-  
guided  

Template-  
guided  

Weight in kg  Preoperative  59 (3.8)  59.6 (5.7)  63.2 (6.6)  
 3-month 

postoperative  
66.6 (5.9)  65.3 (5.4)  69.3 (4.9)  

Pain  Length (Days)  4 (4.1)  2.4 (2.3) 6.2 (2.6) 
 Intensity (Scale)  2.0 (2.1)  1.0 (0.8)#  2.6 (1.4)#  
Lameness  Length(Days)  12 (4.7)  26.6 (35.5)  18.8 (8.5)  
 Intensity (Scale)  11.3 (7.3)  39.62 (54.5)  23.64 (8.0)  
 

 

4.2.3 Surface Quality Post Healing 

We compared the models of the cartilage surfaces of the defect site before defect creation and 

after healing.  There was an RMS error of 0.33 mm ± 0.1 for the conventional group, 0.44 mm ± 

0.14 for the optically-guided group, and 0.29 mm ± 0.25 for the template-guided group.  There 

was no significant difference between the three groups (p=0.40).   

All figures are quoted as average (standard deviation).  The “#” denotes a trend towards 
significance (0.05 �  p �  0.10). 



79 

 

4.2.4 Subchondral Architecture (Cyst Formation) 

Figure 4-3 plots the average and standard deviation for cyst volume, as observed in the CT scans 

3-months post-healing in the medial condyle, divided by the grafted surface area of each mosaic 

to compensate for the overall magnitude of the repair. There were no significant differences 

between the groups, but the one way ANOVA and follow up Tukey’s HSD test revealed a trend 

toward a significant difference between the template guided and conventional groups (p=0.09).   

 
Figure 4-3: Cyst Volume in the Medial Condyle Post Healing.  

 

 

4.2.5 Graft Overlap 

The relative amount of overlap of the plugs, expressed as a percentage of the total surface area of 

the mosaic, was compared against the ICRS Macroscopic Score, the ICRS II Histological Score, 

cyst volume, and surface congruity.  No significant correlations could be found between the 

percentage of graft overlap and any of these measures.  The significance levels are as follows: 
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Table 4-3: Correlation Significance of Graft Overlap Across All Groups. 

Value Signficance 

ICRS Macroscopic Score 0.80 

ICRS II Histological Score 0.65 

Cyst Volume 0.13 

Surface Congruity (Proud) 0.43 

Surface Congruity (Recessed) 0.37 

 

4.2.6 ICRS Macroscopic Score and Guelph Qualitative Assessment Score Post Healing 

Table 4-4 contains the ICRS Macroscopic Scores, which were evaluated when the joints were 

harvested, 3 month post-repair. There were no significant differences found in either the ICRS 

Macroscopic Score or the Guelph Qualitative Score between all three groups (p=0.26 and p=0.83 

respectively). 

Table 4-4: ICRS Macroscopic Score and Guelph Qualitative Assessment Score After 

Healing 

 Conventional  Optically-guided  Template-guided  
ICRS Macroscopic Score 6.0 (2.7)  5.0 (1.8)  8.0 (1.8)  
Guelph Qualitative 
Assessment Score 

15.5 (3.6)  16.0 (5.0)  17.0 (4.0)  

4.2.7 Post Healing Histology 

Figure 4-4, Figure 4-5, and Figure 4-6 display the averages and standard deviations of the 

histology scores for all three groups.  Firstly, it is important to note that all groups demonstrated a 

positive treatment effect at the repair site, indicating that, irrespective of technical approach, the 

mosaic arthroplasty surgery had a beneficial outcome.   For the medial condyle, a one way 
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ANOVA revealed a significant difference between groups (p<0.05).  A follow up Tukey’s HSD 

test indicated that the treatment effect was significantly better in the optically-guided group than 

in the conventional group (p<0.05). It also showed that the treatment effect in the template-

guided group was also significantly better than in the conventional group (p<0.05).  

For the tibial condyle, there was no statistically significant difference in the scores between 

groups (p=0.21).  Furthermore, no significant differences in the histology score were found for 

the surrounding tissue for all three groups (p=0.68).  

 

Figure 4-4: ICRS II Histological Scores for the Medial Femoral Condyle.  
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Figure 4-5: ICRS II Histological Scores for the Tibial Plateau.  

 

 

Figure 4-6: ICRS II Histological Scores for the Surrounding Tissue.  
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A significant Spearman’s rank correlation was found (� =-0.639, p < 0.01) between the ICRS II 

treatment effect for the medial condyle and the intraoperative estimated percentage of proudly 

reconstructed articular surface for all 15 sheep. Figure 4-7 displays the scatter plot. 

 

Figure 4-7: Scatter plot of ICRS II Treatment Effect and Percentage of Proudly 

Reconstructed Surface 
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Chapter 5 

Discussion 

5.1 In Vitro Porcine Study 

The purpose of the in vitro porcine study was to compare the optically navigated surgical 

technique to the template guided technique to see if there were any meaningful differences in 

their suitability to faithfully recreate the pre-defect cartilage surface.  This builds upon the work 

of Koulalis, who found that optically navigated mosaic arthroplasty results in greater accuracy 

and precision than freehand techniques [133].  The primary finding of the in vitro porcine study 

was that, for the purposes of the principle research questions posed in section 1.2, optically 

navigated techniques and template guided techniques offered comparable results.    The use of 

patient-specific templates did improve the fidelity of the position, orientation, and plug length 

measures compared to the optically navigated technique, but it was the sum of these 

components—the congruity of the final joint surface—that was being measured against surgical 

outcome, and there was no statistically significant difference between the two techniques in this 

regard.  The apparent superiority of the template guided system with respect to the position, 

orientation, and plug length measures could be attributed to two factors: the inherent resolution of 

the two surgical systems, and the mechanical support provided by the template guided system.  

Recall that the positional accuracy of the optical navigation system was ± 1 mm and the rotational 

accuracy was ± 1º.  The depth of the operation was measured using the 1 mm graduations etched 

into the chisels and drill bits, resulting in a measurement error of ± 0.5 mm.  By contrast, the 

positional accuracy of the rapid prototyping machine that produced the templates was ± 0.1 mm, 

a full order of magnitude finer.  Considering that the drill paths built into templates were 

approximately 40 mm long, the angular error is believed also to be at least an order of magnitude 

finer.  The hard stop governing the depth of the template guided tools was also superior in terms 
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of its resolution (± 0.1 mm).  Assuming that other sources of error common to both surgeries (ie: 

segmentation error) are equal, the template guided method appears to be a more precise method 

of executing a surgical plan. 

It is interesting that the superiority of the template guided system with respect to the three spatial 

components of plug transfer did not deliver a measurably superior repaired surface.  A number of 

factors may have worked together to confound the analysis.  First, it is important to note that one 

of the surgeon’s techniques for improving surface congruity on delivery is to gently tamp the 

surface of the delivered graft after it has been placed, forcing slightly proud plugs to be driven 

further into their holes.  This technique was common to both types of surgeries and may have 

eliminated differences between the two groups.  In addition to this, it is important to note the 

limitations of the CT data used to generate the surface models that were being compared.  The 

voxel size of the CT scans used was 0.195 mm x 0.195 mm x 0.625 mm.  The RMS error for each 

of the surfaces was approximately 0.4 mm.  The RMS error detected by each of these surgical 

techniques appears to be limited by the resolution of the CT scan.  A more accurate system is 

required to measure differences smaller than this. 

5.2 In Vivo Ovine Study 

The focus of the ovine study was to measure how well the repair mosaic recreated the pre-defect 

cartilage surface using conventional free-hand, optically navigated, and template guided 

techniques, and to correlate the geometric results to post-operative healing measures.  The 

principal finding is that both computer assisted techniques had a statistically significant and 

beneficial treatment effect, though not in all measures. 
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5.2.1 Surface Quality Immediately Post Surgery 

As with the in vitro pilot study, the two computer assisted techniques did not appear to yield 

significantly different results.  However, both of the computer assisted techniques appeared to 

outperform the conventional approach when using measures based on the percentage of proudly 

reconstructed surface area.  The template-guided technique resulted in clinically superior surface 

congruity than the conventional technique immediately post-surgery by reducing the percentage 

of proudly transplanted material. The optically guided method trended toward similarly better 

surface congruity compared to the conventional technique, with p=0.06.  This result agrees with 

the aforementioned study by Koulalis, who found that optically navigated mosaic arthroplasty 

results in greater accuracy and precision than freehand techniques [133].  Interestingly, the results 

did not show a significant correlation between surface congruity immediately after reconstruction 

and the ICRS Macroscopic Score of the cartilage at three months postoperatively. Similarly, no 

correlation was found between the congruity of the articular surface immediately after 

reconstruction and the surface congruity measured on the CT scan taken three months 

postoperatively. The lack of correlation suggests that a change in mosaic morphology occurred: 

proud plugs subsided and recessed plugs filled in. This is consistent with the observations of other 

researchers.  Pearce and Hurtig studied joint repairs in two groups of sheep: a group that had 

grafts transplanted flush with the native cartilage surface at the recipient site, and a group that had 

grafts transplanted proud of the native cartilage.  Post healing assessment showed that grafts in 

the proud group became level with the surrounding articular surface through repositioning after 

weight bearing [89].  Sgaglione also found that grafts, when unsupported can subside and become 

covered with fibrous tissue [90].  Nakagawa found that recessed plugs underwent a filling of the 

depressed area by fibrocartilage-like tissue, resulting in a smooth surface [134].  If these same 
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phenomena happened to the specimens in our study, the severity of joint incongruity would have 

been reduced during the three month healing period. 

5.2.2 Recovery (Body Weight, Pain and Lameness) 

No significant differences were found in measures of pain duration, lameness, weight, and 

macroscopic scores after healing between the optically-guided and conventional techniques.  The 

invasive attachment of the DRB’s to the femur did not appear to have a significant effect on these 

scores, suggesting that they were well tolerated. 

However, the intensity of postoperative pain found between the template-guided group and the 

optically-navigated group trended toward significance.  This difference might be explained by the 

reduced invasiveness of the optically-guided technique: While the arthotomies in both groups 

were the same, the insertion of the template required more soft tissue retraction, which would 

have imparted more stress on and could have caused more damage in these tissues.  If that were 

the case, this could have led to higher levels of capsulitis and synovitis.  Furthermore, the fitting 

of the template to the distal femur and the forces inherently imparted on the mating surfaces 

during use (particularly when limiting any angular deviations and when limiting the depth of 

harvest with a mechanical hard stop) may have also been a source for tissue damage and 

concomitant pain.  This effect may have been exacerbated by the fact that the templates fabricated 

by the rapid prototyping machine have a very slight roughness to their surface, as a result of the 

resolution of the deposition process (0.1 mm). 

5.2.3 Surface Quality Post Healing 

As mentioned above, no significant differences were found between groups with respect to the 

surface quality after the three month healing period.  The results suggest that a change in mosaic 

morphology had occurred in the repaired joints, wherein proud grafts subsided and recessed grafts 
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filled in, obscuring any joint incongruity that might have been present immediately after surgery.  

This evening of the articular surface could have happened as a result of gross plug motion in the 

recipient hole or it could be attributed to the phenomenon of cartilage flow.   Bruns et al. 

observed clear evidence of cartilage flow in an ovine model that used perichondrial grafts to 

repair cartilage lesions, though the extent to which it contributed to defect smoothing appeared to 

be small [135].  

  It should also be noted that the average RMS error of all 15 samples was 0.352 mm.  Contrasting 

this, the voxel resolution of the CT data from which the models were created was 0.195 mm x 

0.195 mm x 0.625 mm.  If there were relatively small differences between groups, the resolution 

limitations of the source data would not permit these differences to be seen. 

5.2.4 Subchondral Architecture (Cyst Formation) 

While there were no statistically significant differences between the three groups for cyst volume, 

the three month post-reconstruction micro-CT images revealed a trend toward larger cyst volume 

in the conventional group when compared to the template-guided group.  Areas affected by 

subchondral cysts are significantly weaker than surrounding healthy cancellous bone, being 

generally filled with a gelatinous or sometimes fibrous material [136].  Furthermore, Rechenberg 

et al. found that the fibrous tissue present in the cystic lesions produces local mediators and 

matrix degrading enzymes, and can cause bone resorption in vitro, possibly promoting cyst 

enlargement [137]. Serious complications, such as a collapse of the graft into the recipient hole, 

can be seen as a result of cyst formation [138]. Cyst creation during healing might be larger for 

the conventional technique due to the significantly higher percentage of proud plugs found in the 

conventional technique. This is consistent with results from Pearce et al. [89], who observed in a 

study significantly more cyst creation with plugs placed proud with respect to the articular surface 

than with �ush placed plugs. Those authors suggested that micromotion of the plugs could lead to 
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an increase in synovial �uid penetrating normal subchondral bone, which in turn might 

predispose the development of subchondral cysts. Landells found that bone cysts had a 

communication with the joint space through a violation of the cartilage layer, and noted further 

that the cysts were rounded and enclosed in a sclerotic layer, supporting the hypothesis that they 

were caused by elevated fluid pressure of synovial fluid that had penetrated into the bone [139]. 

Tytherleigh-Strong et al. [140] also discussed the possibility of synovial �uid penetration into the 

gap between the graft and the surrounding, normal subchondral bone to create subchondral cysts. 

The template-guided technique may provide a more tightly fitting plug because the harvest chisel 

and drill guides are held more rigidly inside the template during harvest and recipient site 

preparation. With the conventional and opto-electronically guided techniques, the tools are 

handheld, without external support, and can result in a tool path that is less cylindrical.   Duchow, 

Hess, and Kohn compared the pull-out strength of grafts harvested using a levering technique 

compared to a purely turning technique.  They demonstrated a significant reduction in failure load 

when grafts were harvested with a tool that was levered [141].  The reduction in cyst formation 

could also be explained by a reduction in micromotion of the plug and synovial fluid penetration 

into the recipient site.  

Conversely, Ondrouch proposed that the cause of cyst formation lies in localized mechanical 

overloading of cancellous bone [136].  Proudly grafted plugs have been shown to bear high 

surface contact pressures at the articular surface [142].  It is possible that high mechanical loads 

were transmitted through the plug to the base of the recipient site, causing cysts to form. 

5.2.5 Graft Overlap 

No significant correlations were found between the percentage of graft overlap and the ICRS 

Macroscopic Score, the ICRS II Histological Score, cyst volume, and surface congruity.  The 
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percentage of graft overlap does not appear to have had a large influence on these healing 

measures.  The measure that came closest to statistical significance was that of cyst formation 

(p=0.13).  Cyst formation was a concern for mosaics that had experienced a high degree of graft 

overlap.  It was feared that overlapping the plugs would compromise the mechanical stability of 

the plug during loading, leading to the micromotion and synovial fluid penetration that seems to 

promote cyst growth. In the literature, a decrease in the primary stability of overlapped plugs 

versus non-overlapped plugs had previously been seen in an in vitro study by Haklar et al. [143]. 

In Haklar’s study, the most striking differences were between groups that had no overlap 

compared to groups that had some overlap.  Three groups (0% overlap, 15% overlap and 30% 

overlap) were studied for insertion forces to prescribed depths.  For primary stability, the 0% 

group was significantly different to both the 15% group and the 30% group, but there was no 

significant difference between the 15% and the 30% groups.  While the moderately low p value 

from the present study indicates that the data were generally moving toward a correlation, the 

results fall short of the limits set for statistical significance.  Note that, in all cases, some amount 

of graft overlap was present in the reconstructed mosaic.  The specific case of zero graft overlap 

was not explored.  It appears that the decision whether to overlap the grafts or not to overlap the 

grafts is has more of an impact than the relative degree of overlap.  Further studies with larger 

sample sizes are required to study this relationship in more depth.   

As a contrast to this study, Fitzpatrick noted in a canine study that graft mosaics that did not 

completely cover the lesion (such as those that employ non-overlapping circular grafts), filling of 

the spaces between the grafts with fibrous scar tissue was evident [144].  The tissue was 

consistently softer than surrounding grafted hyaline cartilage and mildly distorted the articular 

surface.  By all measures taken, the tissue appearance was consistent with fibrocartilage.  As 

mentioned above in Chapter 2, the formation of mechanically inferior fibrocartilage is generally 
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associated with poorer joint performance.  These observations suggest that a low amount of plug 

overlap could have an influence on mosaic healing, and hence, the ICRS scores. Unfortunately, 

these results cannot be directly compared to the present study, because the degree of plug overlap 

was not captured in Fitzpatrick’s study, and he used the modified Outerbridge scoring system, not 

the ICRS Macroscopic Score or the ICRS II Histological Score. 

5.2.6 Macroscopic ICRS Score Post Healing 

As mentioned above, there were no significant differences in the ICRS Macroscopic Score of the 

three groups after the three month healing period.  This result is congruent with the findings of 

the morphology of the articular surface three months after healing, which did not find a 

significant difference between the three groups.  It has been proposed that a morphological 

change took place during the three month healing period over which proud plugs subsided and 

depressions in the articular surface from recessed plugs filled in. 

Contrasting this result, significant differences were found in the histological scores of the three 

different groups.  This may be explained by work of Mainil-Varlet et al., who found that the 

ICRS II grading system demonstrated lower inter- and intrareader variability compared to the 

ICRS Macroscopic Score [132]. The inherently lower reproducibility of the ICRS Macroscopic 

Score may have obscured significant results.  Furthermore, it is important to note that the two 

scores are measuring two different groups of phenomena.  For the ICRS Macroscopic Score, graft 

survival, integration at the border zone, and overall appearance are the only methods considered 

[145].  As the name would indicate, these are macroscopic properties of the general health of the 

grafted material.  The ICRS II Histological Score takes a closer look at the properties of the 

cartilage at the cellular level [132].  As discussed in Chapter 2, violation of the cartilage and 

subchondral bone initiates an immediate healing response, which manifests itself in altered 

cellular morphology and activity.  It is possible that the healing response that would influence the 
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measures in the ICRS II scoring system is out of phase with the properties rated by the ICRS 

Macroscopic Score, with the latter lagging the former.  In that case, duration of the three month 

healing period was likely long enough to expose differences between groups on the ICRS II 

system, but it was not long enough to reveal distinctions based on the ICRS Macroscopic score.  

Lastly, it is important to mention the effect that cartilage flow may have had on the articular 

surface quality before and after healing, and its consequences on the ICRS scores.  Cartilage flow 

appears to be a mechanically induced process that has the capacity to fill small defects [135].  It is 

possible that it smoothed the incongruities seen in the mosaic immediately post-surgery, which 

would explain why there was no statistically significant difference between groups after the 

healing period, in spite of significant difference before the healing period.  It is also possible that 

the smoothing effect of cartilage flow yielded more evenly distributed scores in terms of 

integration and overall appearance in the ICRS Macroscopic Score, while the its influence on the 

ICRS II score was limited, explaining the significant differences found in the ICRS II Score, and 

the lack of significance found in the ICRS Macroscopic Score. 

5.2.7 Post Healing Histology 

The results of the ICRS II grading for the medial condyle indicated that both the optically 

navigated and template guided groups exhibited a treatment effect that was superior to the 

conventional group, outscoring the conventional method by more than 50%. 

An important finding is the significant correlation between the articular surface congruity 

immediately after the operation and the histology of the cartilage three-months postoperatively. 

The results showed that proud plugs are associated with poorer healing in the short term. The 

poorer healing could be the effect of increased peak pressure on the proud grafts. In an in vitro 

porcine study, Koh et al. [142] observed a significant increase in peak pressures when the plug 
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was proud. Increased loads on the grafts’ cartilage could damage the tissue.  In humans, 

Nakagawa observed fissuring and fibrillation in plugs that were proud of the articular surface 

[134].   

The results did not show a correlation between recessed plugs and short-term cartilage healing. 

This is in agreement with a study conducted with rabbits [146] in which marginally recessed 

plugs did not adversely affect outcomes. Also, during a sheep study [147] it was observed that 

plugs recessed up to 1 mm had a good survival rate. In Nakagawa’s paper mentioned in the 

preceding paragraph, recessed plugs did not appear to cause any negative symptoms [134].  

We did not find any significant differences in the ICRS-II score in the surrounding tissues 

between the template-guided and conventional techniques, which suggests that the placement and 

fixation of the templates did not have a negative effect on the tissue in the first three months 

postoperatively.  This is in agreement with the pain and lameness scores, which were relatively 

low for the optical group. 

Finally, it is worth mentioning that, as evidenced from the positive treatment effects in all groups, 

mosaic arthroplasty has been demonstrated to be an effective surgical intervention, irrespective of 

computer assisted or non-computer assisted approach. 

5.2.8 Qualitative Observations (Complexity, Ergonomics, Adaptability) 

Complexity 

In qualitative terms, the conventional surgery was the least complex to execute, as it required no 

further apparatus than the traditional tools required for mosaic arthroplasty.  Furthermore, there 

was no requirement for acquiring CT data, segmenting CT data, making surface models and 

developing surgical plans, as with the computer-assisted surgeries.  The importance of this should 

not be overlooked.  These additional steps increase the burden of treatment on the patient.   They 
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increase the cumulative radiation dose experienced by the patient.  They provide sources for 

error, miscommunication, or delay.  They also increase the workload of surgeons and technicians, 

driving up the cost of treatment.  For computer assisted mosaic arthroplasty to be useful, its 

benefits must outweigh its costs. 

Both of the computer-assisted approaches were considerably more complex.  Focusing solely on 

surgical execution in the operating room, the template guided surgeries appeared to be easier to 

execute than the optically navigated surgeries.  The template guided surgeries required the careful 

fitting of the templates to the joint surface in order to accomplish registration.  They also required 

marking of the graft to verify indicate rotation about the graft’s longitudinal axis.  Other elements 

of registration were built in to the unique shapes of the templates themselves.  By contrast, the 

optically navigated surgeries required a sophisticated set of tools, and additional staff to operate 

it.  The tools required intraoperative calibration.  In some cases, the repeated blows of the 

surgeon’s hammer on the tool caused relative motion between the tool and optical array, 

prompting the surgeon to recalibrate the tool.  However, it is also important to note that, while the 

template guided surgeries themselves were less complicated to execute than the optically 

navigated surgeries, the template guided surgeries required significant preparatory work to 

fabricate and sterilize the guides.  In that sense, the complexity of the template guided surgery is 

not mitigated, it is simply shifted to preparatory, pre-surgical steps. 

Ergonomics 

The surgeon found that it was difficult to hold the position and orientation of the tool according to 

the opto-electronically guided computer display during impacts. This was likely because the 

hardness of the sheep bone required more manipulation to harvest osteochondral plugs than 

would be necessary in normal human bone.  On the other hand, the template-guided technique 
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provided mechanical support to the surgical tools because the template was stabilized in the 

registered position using wires. This might explain the better surface reconstruction for the 

template-guided group. We speculate that the problem of holding the optically-guided chisel will 

not arise in human patients unless the subchondral bone was sclerotic. 

There was a learning curve associated with early training cases of the optical navigation system.  

The surgeon initially had a difficult time reconciling the movement of the tool avatars seen on the 

screen with what he felt in the real world.  This phenomenon is not uncommon when first 

adopting surgical navigation technology [111].  This generally lead to difficultly aligning the tool, 

and increased time for executing surgical tasks. 

Finally, the optically navigated surgeries suffered from line-of-site issues.  Harvesting from the 

trochlea and delivering to the medial femoral condyle required the design of the brackets to 

accommodate high levels of adjustability.  The standing locations of the surgeon, support staff, 

and the camera were revised several times to minimize the frequency of losing sight of the 

DRB’s.  Even after much trial-and-error, losing sight of the markers was fairly common. 

Adaptability 

One element that should be mentioned is that of adaptability.  Due to the manufacturing process 

of the templates, which typically takes a day at least from model generation to sterilization, 

adapting the surgical plan to accommodate unexpected conditions during surgery is simply not 

possible.  The surgeon’s only option is to discard the guides and continue the surgery without 

assistance.  By contrast, a modified surgical plan for the optical navigation system could be 

created and loaded into the VSS software during surgery if required. 

Following on this line of thought, future work could focus on using freehand laser scanners to 

capture the geometry of the distal femur.  This would eliminate the radiation dose associated with 
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the extra CT scan that the computer assisted protocols currently require.  Also, accuracy of these 

systems far exceeds the voxel resolution of a clinical CT scanner.  The geometry of the repair 

mosaic could also be scanned immediately post-surgery.  This scheme would not be possible with 

patient specific templates due to their manufacturing requirement.  It would be possible with 

optical navigation technology. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

The purpose of this thesis was to investigate the influence of applying computer-assisted surgical 

techniques to the task of mosaic arthroplasty.  The objectives were to measure the quality of the 

surfaces that resulted from conventional surgeries, optically navigated surgeries and patient-

specific, template-guided surgeries, and correlate the quality of the resulting surfaces to the 

surgical outcome.  An in vitro pilot study and an in vivo animal trial were performed. 

In the in vitro pilot study, the primary finding was that the two candidate computer-assisted 

techniques being studied yielded statistically similar surface quality, as measured by the RMS 

error between the pre-operative surface and the post-operative surface.  The surgical times for 

each procedure were also comparable.  An interesting secondary finding is that the mean errors in 

the position, orientation, and plug length measures were all higher in the navigated case when 

compared to the template guided case.  In spite of these deviations, both techniques are 

considered viable candidates for further mosaic arthroplasty research. 

In the in vivo animal trial, the primary finding was that both of the computer assisted surgical 

techniques yielded a statistically significant and beneficial effect on surgical outcome.  The 

percentage of proudly reconstructed cartilage was significantly less in the template-guided group 

than in the conventional group, and the percentage of proudly reconstructed cartilage trended 

toward being less (p=0.06) in the navigated group than in the conventional group.  The 

histological scores of the template guided group also reflected a beneficial effect: the scores for 

both of the computer assisted methods were significantly better than the score for the 

conventional method.   Furthermore, a significant linear correlation was found between the ICRS 
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II treatment effect for the medial condyle and the percentage of proudly reconstructed articular 

surface. The surface quality after the three month healing period, as defined by the RMS error 

between the pre-defect cartilage models and the post-healing cartilage models, was similar 

between all three groups, suggesting that a remodelling process within the cartilage and 

underlying bone had taken place.  The three month post-reconstruction micro-CT images revealed 

a significantly larger cyst volume in the conventional group than in the template-guided group.  

One detrimental effect that was found was a significant increase of the length and intensity of 

postoperative pain in the template-guided group compared to the optically-guided group, perhaps 

due to the relative invasiveness of using the templates and the concomitant damage to 

surrounding soft tissues.   

In conclusion, both template guided surgeries and optically navigated surgeries have produced 

better surgeries both in terms of surface congruity and surgical outcome in the short term.  

Significant effort is required, on part of the surgeon, the support staff, and the patient to execute 

these types of surgeries.  In order for computer assisted mosaic arthroplasty to be useful, the 

benefit to the patient and the surgeon must outweigh these increased demands.  Further studies 

are required to prove the long-term efficacy of these methods, and whether or not the patient is 

better off in the long run. 

6.2 Recommendations 

The animal trial was limited by the type and quantity of animals used.  The use of larger samples 

from physically larger animals (such as pigs), is recommended to minimize problems associated 

with statistical power and voxel resolution.   

Further work needs to be carried out to make the development of the anatomical models and the 

surgical plan faster, more accurate, and less onerous to produce.  Segmentation of the images was 
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very time consuming.  Effort should be invested in optimizing the imaging protocol to get the 

highest quality source images. Further study could then be focused on computational strategies to 

identify anatomical boundaries more accurately, more robustly and more autonomously. Atlases 

have been built to automate the segmentation process for MRI [100].  Future studies could either 

use MRI, our build similar tools for CTA.  Subsequent to this study, automated surgical planning 

software was developed that maintained accuracy, reduced variability and reduced the amount of 

time taken to create the surgical plan [101]. 

A deeper understanding is required of the acceptable limits of cartilage surface congruity in 

humans.  It appears from this and previous works that proud plugs prematurely degenerate, and 

recessed plugs are often acceptable. The correlations between geometry, macroscopic appearance, 

histological score, and the remodeling process that may take place in the event of minor 

incongruity need further clarification.  The voxel resolution of current CT scanners may be too 

coarse to measure morphological changes to the required level of accuracy. Better methods of 

capturing cartilage geometry interoperatively could be developed to more accurately quantify 

cartilage congruity for further study. 

One of the drawbacks of using patient specific templates was that they caused an increase in the 

duration and intensity of pain, likely because they required more soft tissue retraction than the 

other techniques.  Further effort could be invested to research smaller, less invasive templates, to 

see if pain scores could be reduced without compromising guidance accuracy. 
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The following series of images describes the method for deriving the deviation between initial 

pre-defect and final post-healing cartilage surfaces. 

 

Figure A- 1: Close up of bone and cartilage surface models.  

 

 

The image above is a bone 

surface model (grey) and a cartilage surface model (pink mesh) of the distal medial femoral 

condyle.  A bone and cartilage model was produced for the pre-defect and post-healing stages. 
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Figure A- 2: Aligning the bone models. 

 

The IMInspect software used the ICP algorithm to align 

the post-healing bone model to the pre-defect bone model.  An identical transform was used on the 

post-healing cartilage model, bringing it into the same coordinate system as the pre-defect bone 

and surface models. 
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Figure A- 3: evaluating the cartilage deviation. 

 

The IMInspect software calculated the 

deviation of the post-healing cartilage surface from the pre-defect cartilage surface by determining 

the minimum distance between each of the vertices of the post-healing surface from the vertices of 

the pre-healing surface.  Only the cartilage surface at the defect site was evaluated.  
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