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 1 Articular cartilage

Cartilage (from Cartilago (Latin), meaning gristle) is a stiff yet flexible connective tis-
sue found in many areas in the bodies of humans and other animals, including the 
joints between bones, the rib cage, the ear, the nose, the elbow, the knee, the ankle, 
the bronchial tubes, and the intervertebral discs. It is not as hard and rigid as bone, 
but is stiffer and less flexible than muscle1.

There are different types of cartilage, including fibrocartilage, elastic cartilage, and 
hyaline cartilage. Fibrocartilage contains a high proportion of type-I collagen and is 
found in the semilunar cartilages, the annulus fibrosis, and at the site of insertion of 
ligaments into the bone. Elastic cartilage contains a high proportion of elastin fibers 
and is found in the external part of the ear and the epiglottis. Hyalin cartilage (from 
Hyalos (Greek), meaning glass, which is “an avascular, aneural connective tissue, 
important in reducing friction between bones”) is found in articular surface of the 
joints. It is capable of distributing and absorbing stress by deforming under me-
chanical load, and thereby minimizing peak stresses on subchondral bone2. Hyalin 
cartilage has great durability since in most people it provides normal joint function for 
over eighty years or even longer. Articular cartilage consists primarily of a large extra 
cellular matrix with a sparse population of highly specialized cells (chondrocytes) 
distributed throughout the tissue. The primary components of the extracellular ma-
trix are water (65-80%), proteoglycans (4-7%), and collagens (10-20%), with other 
(glyco)proteins present in lower amounts. Proteoglycans are proteins to which are 
covalently attached one or more types of glycosaminoglycans. In cartilage, these 
glycosaminoglycans include hyaluronic acid, chondroitin sulphate, keratan sulphate, 
and dermatan sulphate3. The predominant proteoglycan in articular cartilage is ag-
grecan, which is a large aggregating monomer. The cartilage can be divided into four 
distinct zones, which vary in structure and function4-5 (Figure 1). 

Figure 1

The zonal structure of articular cartilage is visualized in this image.
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First, the superficial zone (10-20%) produces and secretes a lubricant called 
superficial zone protein, together with hyaluronic acid in the synovial fluid, creating 
an almost frictionless articulation. The middle/transition zone (40-60%) has less 
organization and serves as a transition between the superficial and deep zone. In 
the deep zone (30%) the collagen fibrils extend into the calcified zone to reinforce 
the bond between cartilage and bone. Finally, the deepest/calcified zone separates 
hyaline cartilage from subchondral bone and contains small cells and the tidemark.
Peripherally, cartilage gives way to the synovium, which is the soft tissue that lines 
the non-cartilaginous surfaces within the joint with cavities. The synovium not only 
lubricates the joint, but also maintains an aseptic environment (cartilage is extremely 
sensitive to proteolysis induced by contaminant bacteria). Furthermore, the synovium 
is the source of nutrition for the avascular cartilage.

Articular cartilage defects

Chondrocytes are capable of compensating for normal extracellular matrix loss 
during daily activity. Due to the limited capacity of these chondrocytes to migrate 
within this extracellular matrix (due to the tight network), and due to the avascular 
and aneural nature of the extracellular matrix, localized articular cartilage defect 
larger than 2 millimeter in diameter do not heal spontaneously. Cartilage defects 
might occur after a direct or indirect trauma, for example after an intra-articular 
fracture or following a ligament injury, or in the course of a congenital or metabolic 
diseases, like Paget’s disease, the Stickle syndrome, haemophilia or acromegaly6. 
A very large retrospective study reviewing knee arthroscopies of patients in all age 
groups reported chondral lesions in 63% of all patients, with a mean of 2.7 lesions per 
knee7. Localized articular cartilage defects of the knee are associated with disability 
and symptoms such as joint pain, locking phenomena, and reduced or disturbed 
function. Moreover, the defects predispose to the development of osteoarthritis 
(OA)8. However, many of the lesions are clinically silent at the time of detection and 
the incidence of these asymptomatic lesions in the general population is unknown9.

Current treatment strategies

There are two treatment strategies for the treatment of cartilage defects, conservative 
or surgical. The conservative treatments do not directly treat cartilage defects, but 
relieve symptoms, and therefore progression of the cartilage defect(s) into OA 
might still occur (disease continuum). The conservative therapies include patient 
education, lifestyle modification, weight reduction, regular exercise, physiotherapy, 
and the use of orthopaedic appliances (canes, insoles, braces)10. There are several 
surgical therapies. Simple exploratory arthroscopic procedures, which involve 
thorough rinsing of the joint, have been reported to alleviate pain in several patient 
populations11-12. Some investigators have reported the beneficial effects of lavage 
to persist for one year or more12. The placebo effect of this surgery is not to be 
underestimated11. 
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 1

Chondral shaving is generally carried out by arthroscopic intervention and aims 
at the mechanical removal of diseased chondral tissue using appropriate surgical 
instruments. Since no prospective randomized clinical trials have been undertaken, 
it is impossible to assess the usefulness of this intervention.

Debridement is a more drastic version of the shaving procedure, combining this 
latter undertaking with lavage, meniscectomy, the removal of loose bodies from the 
joint and the limited excision of osteofytes13. No prospective, double-blinded clinical 
trails have been carried out. An objective foundation for performing debridement is 
thus not available. 

The biological rationale behind the use of lasers in chondroplastic surgery is that 
they serve as gentle cutting instruments14, not that they induce articular cartilage 
repair, although questionable claims of a biostimulatory effect of laser radiation have 
been reported15. Although laser abrasion and chondroplasty have been used for over 
20 years now, no prospective clinical trials have been performed.
Abrasion chondroplasty involves surgical access to the bone-marrow spaces, 
which are consequently stimulated. This intervention leads to a spontaneous repair 
response, which is based upon therapeutically induced bleeding from the subchondral 
bone spaces and subsequent blood-clot formation8. 

Pridie drilling and microfracture have similar rationale as the abrasion chondroplasty. 
It was first described by Pridie16 in 1959 and later modified by Steadman17-18, who 
recommended that the very small micro-holes generated should be distributed 
across the entire articular cartilage lesion site, at a distance of 3-4 mm apart and 
down to a depth of 4 mm, thus yielding about 3-4 holes per cm2. The microfractured 
holes are considerable smaller (approximately 0.5-1.0 mm in diameter) compared 
to those created by Pridie drilling (approximately 2.0-2.5mm in diameter). The 
great advantage of the microfracture technique is that it can be performed by a 
minimally invasive arthroscopic approach, which requires no costly instrumentation 
and induces only minimal tissue damage. Clinical reports suggest that patients 
suffering from generalized arthritis derive the greatest benefit from Pridie drilling19. 
The microfracture technique has been applied chiefly in young athletes and in young 
individuals generally. In such individuals, good results (improved joint functionality 
and relief from pain in 75% of cases) have been reported20.

Autologous chondrocytes implantation (ACI) was one of the first techniques to 
introduce the principle of regenerative medicine. It is a two-step procedure with 
a cartilage harvest during arthroscopy and implantation of ex vivo-expanded 
chondrocytes during arthrotomy 4-5 weeks later21-22. While hyaline-like repair tissue 
and good long-term results have been demonstrated following conventional ACI23, 
some studies have shown ACI to be associated with the formation of fibrocartilage 
or mixed hyaline/fibrocartilage24-25. Expansion of autologous cells in conventional 
ACI leads to dedifferentiation and loss of chondrogenic capacity26-28. Characterized 
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Chondrocyte Implantation (CCI) has been developed to improve the results of articular 
regeneration with chondrocyte cell therapy through the use of a cell population 
capable of making stable hyaline-like cartilage in vivo, a feature that is determined 
by assessing a panel of molecular markers. Recently, a multicenter randomized 
controlled trial was performed comparing CCI with microfracture in patients with 
symptomatic cartilage defects of the femoral condyles29. CCI was associated with 
a tissue regenerate that was superior to the repair tissue after microfracture, which 
may result in an improved long-term clinical benefit with CCI. Short-term clinical 
outcome was similar for both treatments.

The osteochondral transplantation technique uses osteochondral transplants from 
other donor sites to fill a defect in an (weight bearing) area. One or more transplants 
are used to fill a defect. An analysis of clinical scores has shown good to excellent 
results in 92% of patients with femoral condylar implantations, 87% of tibial 
resurfacements, 74% of patellar and/or trochlear mosaicplasties and 93% of talar 
procedures with a follow-up period until 15 years30. Therefore, the authors of that 
study stated that according to their encouraging results in that increasingly large 
series, supported by similar findings from other centers, it seems that autologous 
osteochondral mosaicplasty may be an alternative for small and medium-sized focal 
chondral and osteochondral defects of weight bearing surfaces of the knee and 
other weight bearing synovial joints. Drawbacks of this procedure are the limited 
size that can be repaired and the donor site morbidity. When allogenic osteochondral 
grafts are used, the donor site morbidity is not an issue anymore, but than the 
potential infection and immunological problems arise. Although these biological 
repair modalities are well established19,31, there are still limitations. Often fibrous or 
fibrocartilaginous tissue is formed, which is frequently followed by progressive joint 
degeneration, often resulting in an indication for further surgical intervention, such as 
an osteotomy, joint distraction, a hemiarthroplasty or total joint replacement8. 

Alternative treatment modality using small metal implants

A promising alternative for the treatment of localized defects is the use of defect-size 
implants to fill the cartilage defect, thereby reestablishing the integrity of the joint 
surface. Although this treatment has been applied in humans after trauma of the knee, 
hip, and shoulder32-34, there is no experimental evidence suggesting its efficacy as an 
alternative to the more established surgical treatments. In the past, cartilage defect 
implants have been made of silicone rubber, carbon fiber, poly-L-lactid, porylytic 
carbon, titaniumpolyvnyl alcohol hydrogel, pure titanium or aluminium35-41. They were 
tested in different small and large animal models (rabbit and dog). Although the 
differences in animal model, follow-up period, size and shape of the implant, the 
common factor in their results was the opposing cartilage degeneration. Therefore, 
success of this approach depends on various factors. First, since localized implants 
will articulate against healthy unaffected cartilage, it is anticipated that the position of 
the implant in relation to the adjacent tissues will affect the articulating surfaces. As 
yet, it is not clear whether placing an implant flush with the surrounding cartilage, or 
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 1 rather slightly depressed is best in terms of articulating surface integrity. Secondly, 
the implant should be well-fixed in the joint to maintain articular congruity and limit 
subchondral alterations, and thus the materials used should allow for osseointegration 
of the implant. Finally, the material that is used should allow for an articulation with 
cartilage that is as frictionless as possible. Currently, several biomaterials are used 
in orthopaedic surgery, especially in joint replacements.

From implants in orthopaedic surgery to cartilage defect 
treatment

Total knee arthroplasy (TKA) is one of the most succesful and one of the most 
effective treatments for OA of the knee joint. On the basis of this success, TKA 
is being performed increasingly in younger and more active patients. Although the 
failure rate after TKA is low, it has been reported that 22,000 knee replacements 
are revised in the United States every year42. There are at least two problems in a 
young or active patient faces with regard to the prosthetic joint. First, the use of the 
implant is more intense and secondly the patient’s life expectancy is longer and the 
potential total number of loading cycles is increased proportionally10. Today, a large 
proportion of re-operations are done for loosening of the components, mostly caused 
by degradation of parts of the supporting bony structures initiated by polyethylene 
wear particles. Thus, further improvement of the success rates depends on the 
reduction or avoidance of wear particles10. A metallic cobalt-chromium alloy (CoCr) 
is the standard material for femoral components in TKA43 in combination with a poly-
ethylene tibial counter surface. Surfaces of retrieved CoCr total knee arthroplasty 
femoral component show evidence of roughening. In vitro studies have shown that 
scratches on the hard counterface, particular those at an angle to the direction of 
motion, can increase wear of polyethylene.

An alternative material, zirconia was developed to provide an improvement over 
CoCr in resistance to roughening, friction behavior, and biocompatibility. Therefore, 
interest has regained in such ceramic bearing materials for articulation in treatment of 
cartilage defects, joint trauma and early, localized osteoarthritis. A major disadvantage 
of ceramics is that they are brittle, so novel bearings such as oxidized zirconium 
(OxZr), aluminum oxide (Al2O3) and cobalt-chromium coated with ceramics, like 
titanium nitride (TiN) or titanium niobium (TiNb) oxynitride are being developed, 
which are not brittle. In particular, oxidized zirconium was shown to exhibit a number 
of relevant beneficial characteristics in vitro, such as better scratch resistance, less 
surface roughness after articulation against third body debris such as bone cement, 
a lower friction coefficient and more elasticity, while maintaining equivalent device 
fatigue strength43-48. OxZr components are produced from a wrought zirconium alloy 
(Zr-2.5% Nb) that is oxidized by thermal diffusion to create a zirconia surface that is 
about 5µm thick (Figure 2). The oxidized component is then polished to produce an 
articular surface at least as smooth as that of a CoCr component. Thus, the oxide 
is not an externally applied coating, but rather a transformation of the original metal 
surface into zirconium oxide ceramic. Among all the testing, a comparative friction 
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test showed that the coefficient of friction was lower for oxidized zirconium compared 
to the cobalt-chromium alloy when rubbed against bovine articular cartilage46, which 
was further confirmed by an in vitro pin-on-disk wear study demonstrating that 
cartilage thickness decreased to a smaller extent when articulated against oxidized 
zirconium compared to cobalt-chromium alloy49.

Due to these developments in the TKA research, the opportunity came to implement 
this knowledge into research concerning cartilage defects. It could be hypothesized 
that this new material (oxidized zirconium) would be suitable as an articulating surface 
in treatment of cartilage defects, joint trauma and early, localized osteoarthritis. 
Although cobalt-chromium alloy is already a frequently employed material for 
hemiarthroplasty bearing surfaces, and some downsides are described50-52. For 
example, failure of hemiarthroplasty hip prostheses was found, due to pain and 
the erosion of acetabular articular cartilage and bone. These might be the result of 
design specifications and/or the bearing material used46. Defect-sized metal implants 
should fill the cartilage defect, thereby reestablishing the integrity of the joint surface. 
Although this treatment has been applied in humans after trauma of the knee, hip, 
and shoulder34-36, there is no experimental evidence suggesting its efficacy as an 
alternative to the more established surgical treatments. Additionally, the postulated 
superiority of OxZr has not been proven in vivo, where not only articulation, but also 
osseointegration and surgical aspects define the functionality of an implant.

Central aims of this thesis

The central aim of this thesis is to better understand the role and limitations of using 
small metal (made of different materials) implants for the treatment of cartilage defects 
in the knee joint as well as to investigate the surgical possibilities for replacement of 
a larger cartilage surface (the medial tibial plateau). 

Figure 2
The oxidizing process of 
zirconium is visualized to 
create oxidized zirconium.
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 1 Specific aims of this thesis

1 Validated outcome tools

Since a metal implant filling a cartilage defect will articulate the opposite cartilage, 
the impact of this articulation should be evaluated. There are several parameters 
for analyzing cartilage quality and degeneration, like macroscopic evaluation, 
biochemical analysis and histological analysis. Thus, a validated outcome tool for 
histological analysis is essential for this research. 

Therefore, the goal of the investigation presented in Chapter 2 is obtain a validated 
histological outcome tool by examining the hypothesized advantage of the recently 
introduced Osteoarthritis Research Society International Osteoarthritis Cartilage 
Histopathology Assessment System (OOCHAS) as compared to the most frequently 
used Histological / Histochemical Grading System (HHGS).

Questions addressed:

Do the reliability, reproducibility, and variability differ between both systems 
when evaluating goat knee articular cartilage? 

Is there a substantial correlation between the two systems in goat knee 
articular cartilage?

2 Surgical positioning and implant material

As yet, it is not clear whether placing an implant flush with the surrounding cartilage, 
or rather slightly depressed is best in terms of articulating surface integrity. Second, 
an implant should be well-fixed in the joint to maintain articular congruity and limit 
subchondral alterations, and thus the materials used should not only be cartilage 
compatible, but also allow for osseointegration of the implant.

Therefore, the goal of the study presented in chapter 3 is to obtain information about 
the surgical positioning and the use of different materials by developing an in vivo 
small animal (rabbit) model in which a femoral tack implant is applied to a localized 
defect in a knee joint. 

Questions addressed: 

Are there any differences in performance between cobalt-chromium 
and oxidized zirconium when used as bearing materials for femoral tack 
implants?

Does varying implant positioning affect the opposing cartilage quality, 
biocompatibility, and osseointegration? 
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3 Defect age, follow-up period, and animal model

When studying the efficacy of treatment modalities for cartilage damage, one should 
realize that cartilage defects are rarely treated at the moment they occur. A disturbed 
intra-articular environment, i.e., altered joint homeostasis caused by one or more 
cartilage defects, has been found to negatively influences cartilage repair26. This 
might explain why animal studies, in which fresh cartilage defects are treated during 
the same surgical procedure when the defects are created, show superior outcomes 
compared with human clinical studies on the treatment of localized cartilage 
defects26. Thus, we consider it to be important to examine treatment of both fresh 
and established defects. Additionally, when examining a new treatment modality, 
the current goal standard therapy should be included as well. The microfracture 
technique is a frequently applied treatment modality. The rationale behind this 
technique is to stimulate a spontaneous repair reaction by creating small fractures in 
the subchondral bone layer and opening the subchondral bone layer. 

a) Old defect

After obtaining information of treatment of fresh defects in a small animal model 
(chapter 4), the goal of the investigation presented in chapter 4 is to obtain information 
about treatment of established defects with a short follow-up period by using the 
abovementioned in vivo small animal (rabbit) model, in which a femoral tack implant 
is applied to an established localized defect in the knee joint.

Question addressed:

Are there any differences in performance between by two cartilage tacks 
(CoCr and OxZr) and the commonly applied microfracture technique when 
treating an established defect?

b) Large animal model with long follow-up period

After obtaining information about treatment of fresh and established defects in a 
small animal model with a short follow-up period (chapter 3 and 4), the goal of the 
investigation presented in chapter 5 is to obtain information about treatment of fresh 
defects in a large animal model using a long follow-up period by developing an 
in vivo large animal (goat) model in which a femoral tack implant is applied to a 
localized defect in a knee joint.

 Questions addressed:

Does treatment of a fresh defect with a small metal implants made of either 
OxZr or CoCr perform superior compared to untreated defects in a large 
animal model using a long follow-up period?
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 1 Does OxZr confer an advantage over CoCr in terms of joint and cartilage 
integrity and implant fixation? 

c) Metal implants versus microfracturing

After obtaining information about implant positioning, osseointegration, differences 
in follow-up period and defect age (chapter 3, 4 and 5), the clinically most relevant 
experiment is to investigate the safety of, and the response of the opposing cartilage 
to, defect-sized femoral implants, and to compare them with microfracturing, in the 
treatment of established cartilage defects in a large animal (goat) model with a long 
follow-up period.

Therefore, the goal of the investigation presented in chapter 6 is to obtain information 
about the treatment of established defects comparing implants with microfracturing 
by using the abovementioned in vivo large animal (goat) model in which a femoral 
tack implant is applied to an established localized defect in the knee joint and to 
investigate the safety of, and the response of the opposing cartilage to, defect-sized 
femoral implants and microfracture.

Question addressed: 

Does an OxZr implant outperform microfracture when used as a treatment 
for established localized cartilage defects in a large animal model using a 
long follow-up period?

4 Tibial plateau replacement (uni-hemiarthroplasty)

When the knee cartilage has been degenerated extensively, for example after a 
(partial) meniscectomy, the knee might not benefit anymore from a localized treatment. 
Typically, the tibial cartilage suffers first and will degenerate27-28. Alternatively, the 
degenerated cartilage surface might be replaced by a metal prosthesis, in order to 
slow down the degeneration and conserve the opposing cartilage. 

Therefore, the goal of the investigation presented in chapter 7 is to explore the 
surgical possibilities for replacement of the medial tibial plateau, after a partial 
meniscectomy, by a CoCr implant in an in vivo large animal (goat) model.

 Question addressed:

What are the implications for the opposing cartilage when using such an 
implant in an in vivo goat model with a long follow-up period?
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 2 Abstract

Objective
For many years, the Histologic / Histochemical Grading System /(HHGS) for 
osteoarthritis monitoring has been used as a histological scoring system for the 
quality of cartilage. There are, however, some limitations using this grading system. 
The goal of the investigation presented in this paper was to examine the hypothesized 
advantage of the recently introduced OARSI Cartilage Histopathology Assessment 
System (OOCHAS) as compared to the most frequently used HHGS by means of 
reliability, reproducibility, and variability evaluation as well as the correlation analysis 
between the two systems in goat knee articular cartilage.

Methods
Nine hundred and thirty-six sections of Dutch Milk goat articular knee cartilage were 
scored using light microscopy. Three observers applied the HHGS for all sections 
and subsequently, the OOCHAS. The same scoring procedure was repeated after 
a minimum interval of one week. For each system the reliability, reproducibility and 
variability as well as the correlation between both systems were determined.

Results
The reliability of the OOCHAS was higher as compared to the HHGS. Both the HHGS 
as well the OOCHAS have an excellent intra- and interobserver reproducibility and 
variability and a good positive correlation between the scores.

Discussion
Although the HHGS has proven to be an excellent tool for histological scoring of 
cartilage quality, we recommend the OOCHAS as the premium choice while stressing 
the importance of further research investigating the correlation of the histological 
result to macroscopic and biochemical parameters.
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Introduction

A universally accepted system for the histopathologic grading of OA is an important 
prerequisite for the generation of histological, histochemical, and immunohistochemical 
data in cartilage research that can be compared between different laboratories1. 
For many years, the Histologic / Histochemical Grading System (HHGS) for OA 
monitoring as described by Mankin et al. 2 has been used as a histological scoring 
system for the quality of cartilage. This HHGS was initially developed for the grading 
of OA in human articular cartilage and has been used extensively in human studies. 
The system has been modified by several researchers and frequently used for the 
grading of articular cartilage in animal models. The system uses a 14 point score 
based on a combination of cellular changes, histochemical presence of Safranin 
O matrix staining and architectural changes (erosion, vascular penetration of the 
tidemark) (Table 1).

There are, however, some limitations using this grading system. First, the system 
was based on a study of specimens with very advanced OA2. Therefore, this system 
is not linear for mild or earlier phases of OA. Second, this is a grading system and 
lacks a staging component, which leads to difficulties when applying the system in a 
uniform way if variation of cartilage quality exists within the same section. Third, the 
inter- and intraobserver variability of this system has repeatedly been described to 
be high1,3,4. To overcome these limitations, the Cartilage Histopathology Assessment 
System was recently introduced by OARSI (OOCHAS). Their objective was to devise 
a more useful method to assess OA histopathology that would have wide application 
for OA assessment in clinical and experimental in vivo studies5. This system follows 
an analogy of the concept widely used in cancer pathology assessment. Increasing 
grade (OA depth progression into cartilage) indicates a more biologically aggressive 
disease; increasing stage (the horizontal extent of cartilage involvement within one 
side of a joint compartment irrespective of the underlying grade) indicates greater 
disease extent. The overall score is defined as assessment of combined OA grade 

Table 1  Histologic/Histochemical grading system as described by Mankin et al.2
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Figure 1 
A Digital photograph of the knee joint with 
the black lines indicating the standardized 
locations of the histological sections, usually 
through the maximal cross-section of the le-
sion in the plane of the section. 
B Schematic respresentation of the standard-
ized locations of the harvested cartilage sam-
ples at the goat knee joint as shown in A. The 
black area represents the tibial implant made 
up of cobalt-chromium.

B
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(0 - 6 points) and OA stage (0 – 4 points), representing a combined assessment of 
OA severity and extent (0 – 24 points) (Table 2 and 3). As depth and horizontal extent 
are simpler features to assess than differences amongst particular OA features, it 
is likely that the OOCHAS can be applied more consistently by less experienced 
observers than the HHGS. Therefore, it was anticipated that the OOCHAS results in 
less variation amongst observers and proportionally a wider range of scores in early 
or mild OA than the HHGS system5.
The goal of the investigation presented in this paper was to examine the hypothesized 
advantage of the recently introduced OOCHAS as compared to the most frequently 
used HHGS by means of reliability, reproducibility, and variability evaluation as well as 
the correlation analysis between the two systems in goat knee articular cartilage.

Figure 2 Examples of cartilage sections that were scored. Note that when only a part of the section is 
scored (as shown in B and D), this would not be truly a respresentative for the entire section. Therefore, 
the entire section were scored at both 40 x for overview and 100 x for cellular and tissue details.

A. Severely damaged femoral condyle.
B. Detail of section A.
C. Severely damaged tibial plateau.
D. Detail of section C.
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Materials and Methods

Experimental design
This research was approved by the Institutional Animal Care Committee of the 
Utrecht University (approval number DEC 04.07.057). In four adult female Dutch 
milk goats (average age 3.0 ± 0.25 years), the medial tibial plateau was replaced 
with a cobalt-chromium implant (right knee) for a separate study examining cartilage 
damage due to biomaterial articulation. The implants were provided by Smith & 
Nephew, Memphis, TN, USA. The knees were harvested after a follow-up period 
ranging from 1 to 2 months and cartilage tissue samples (n = 78) were obtained. The 
cartilage quality was blindly scored twice by microscopically evaluation for both the 
HHGS and the OOCHAS by three different observers.

Cartilage samples
Nine hundred and thirty-six sections of articular cartilage were analyzed. The tissue 
samples were harvested at three standardized locations in each compartment 
(medial and lateral tibial plateau and medial and lateral femoral condyle) (Figure 1). 
One section per sample was used for analysis,usually through the maximal cross-

Table 2 OARSI Osteoar-
thritis Cartilage Histopa-
thology Assessment Sys-
tem 3 -Advanced grading 
methodology-             
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section of the lesion in the plane of the section, so in total 9 of 12 sections per knee 
were included dependent upon the presence of a tibial implant.

Histological processing
The histological preparations were according to the OARSI guidelines 5. The samples 
were fixed in 4% buffered formalin immediately after harvesting and subsequently 
decalcified using Luthra’s solution (3.2% 11.7 M HCl and 10.0% formic acid) during 
48 hours. The decalcified tissue was dehydrated via 70 to 100 percent ethanol, 
rinsed with xylene and finally embedded in paraffin. Five µm thick paraffin sections 
were cut and stained with Safranin-O and Fast Green (Figure 2). 

Scoring
All samples were presented blinded with respect to tissue origin and location 
and examined twice in random order under direct light microscopy by each of the 
observers. While observers A and B were experienced in using the HHGS system, 
observer C was a first-time user. All observers were inexperienced in using the 
OOCHAS. Therefore, before examining the experimental cartilage samples, the 
observers were allowed to become familiar, by self-education, with each of the scoring 
systems using sections of relevant tissue not included in the current investigation. To 
determine the correlation between the two different scoring systems, the observers 
determined the HHGS and subsequently the OOCHAS for all sections. Separate 
observations were performed after a minimum interval of one week, repeating the 
same scoring procedure.

Reliability
This term encompasses the internal consistency of a scale, usually measured as 
Cronbach’s alpha, which measures the degree of correlation among items6. The 

Table 3a OARSI Osteoarthritis Cartilage Histopathology Assessment System 3 
-Stage assessment-       

Table 3b OARSI Osteoarthritis Cartilage Histopathology Assessment System 3

-Scoring, semi-quantitative method-
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 2 Cronbach’s alpha was determined for the mean of the scores from all three observers 
for both timepoint 1 and timepoint 2 for both scoring systems. A Cronbach’s alpha of 
0.7 is widely to be the cut off point to be acceptable, values between 0.7 and 0.9 are 
good and above 0.9 are excellent, but also may indicate redundancies in the scale7,8 
(table 4).

Reproducibility
Statistical methods used to analyze the reproducibility of each scoring system within 
the same observer were based on graphic techniques as described by Bland and 
Altman9; the difference of the two HHGS scores of each section against the mean of 
the two scores for that section as determined by each observer were plotted (Figure 
3A). In addition, in the Bland and Altman plots the upper and lower limits of agreement 
were indicated. These were calculated by adding and subtracting twice the standard 
deviation of the differences to and from the mean of the difference. Furthermore, 
the Bland and Altman plot was used to determine whether the accuracy of the scale 
would be dependent on the degree of cartilage damage by assessing whether a 
funnel or cone effect is observed when looking at the scatter of the points in the plot, 
as such an effect would imply a dependency. For the agreement within the same 
observer as well as between the different observers, the mean differences were 
calculated and we expected 95% of the differences to be within the 2SD interval9. 
The same was done for the OOCHAS (Figure 3 and Table 5A). The results for the 
mean difference and standard deviation for this study are compared to previous 
studies (Table 6).

Variability
The intra- and interobserver variability were determined by calculating the Intra-Class-
Coefficient (ICC)10 (Table 7). The ICC values were interpreted according to Fleiss11 
as follows: < 0.40 poor, 0.40 - 0.75 fair to good, and ≥ 0.75 excellent reproducibility. 

Floor and ceiling effects
The floor and ceiling range of HHGS and the OOCHAS were determined. The floor 
and ceiling effects were defined as the percentage of scores that scored, respectively, 
the minimum and maximum levels on that scale. Ideally, no more than 10% should 
fall at the bottom or top of the scale12. Higher floor/ceiling effects indicate insensitivity 
of the tool for improvement or respectively worsening of cartilage quality (Table 8).

Table 4 Reliability
The Cronbach’s alpha values for the mean of all three observers at both time points are higher for 
the OOCHAS as compared to the HHGS values, representing a higher internal consistency for the 
OOCHAS.
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Correlation
The non-parametric correlation between both scoring systems was determined by 
calculating the Spearman’s rank correlation coefficient (r) for the scores of the first 
observations and plotted in a graph13 (Figure 4 and Table 9). All correlations were 
tested for their significance (p < 0.01, two-tailed).

All statistical analyses were performed using SPSS® 11.0.4 software for Mac®.

Results

Cartilage samples
Macroscopically, there was considerable cartilage damage of the medial femoral 
condyle articulating against the cobalt-chromium implant, replacing the medial tibial 
plateau. Little damage of the lateral compartment of the experimental knee was 
found. The untreated contralateral knee displayed minor, if any, cartilage damage. 
Therefore, macroscopically the full range from normal to severely osteoarthritic 
cartilage was represented. 

Figure 3a and b
Reproducibility
The intra-observers repro-
ducibility for observer 
A, B and C for both the 
Histologic / Histochemical 
Grading System and the 
OARSI Osteoarthritis 
Cartilage Histopathology 
Assessment System was 
excellent. The difference 
between the first and 
second total scores is 
plotted against the average 
of the two scores. No 
funnel effect or skewing of 
the data is seen.



Reliability
The Cronbach’s alpha, representing the internal consistency of the HHGS was 0.634 
and 0.604 for, respectively, the first and second scoring time point. Higher Cronbach’s 
alpha values were found for the OOCHAS, respectively 0.772 and 0.830 (Table 4). 

Reproducibility
In the Bland and Altman plots no funnel effect or skewing of the data was observed, 
and therefore the accuracy appeared not affected by repeated scoring of both 
scoring systems. In addition, these plots demonstrate that the upper and lower limits 
of agreement were 3.65 and -3.99 for the HHGS and 6.17 and -6.35 for the OOCHAS 
(Figure 3A and 3B). 
For the HHGS, the average difference between the first and the second observation 
was very small, -0.009 (range -1.480 to 1.120). Standard deviation of the observations 
was 1.659 (range 1.248 to 1.923) within the 14 points in this scoring system. Overall, 
96.2 percent of all differences were within the 2SD interval (97.4% for observer A, 
97.4% for observer B, and 93.6% for observer C) (Table 5A). The average difference 
between the score of the observer and the average of all three observers was 0.017 
(range -0.426 to 0.517). Standard deviation of the observations was 0.885 (range 
0.833 to 1.015). Overall, 95.8 percent of all differences were within the 2SD interval 
(93.7% for observer A, 93.2% for observer B, and 97.5% for observer C) (Table 
5B).

Table 5b Reproducibility.
Intra- and inter-observer agreement of OARSI Osteoarthritis Cartilage Histopathology 
Assessment System
Values are in OARSI Osteoarthritis Cartilage Histopathology Assessment System points

D1 = Mean difference between first and second score

D2 = Mean difference between score of observer and average of
  three observers
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Table 5a Reproducibility.
Intra- and inter-observer agreement of Histologic / Histochemical Grading System
Values are in Histologic / Histochemical Grading System points
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For the OOCHAS, the average difference between the first and the second 
observation was very small, -0.264 (range -2.439 to 1.127). The standard deviation of 
the observations was 2.740 (range 2.471 to 3.095) within the 24 points in this scoring 
system. Overall, 94.8 percent of all differences were within the 2SD interval (94.9% 
for observer A, 96.1% for observer B, and 93.5% for observer C) (Table 5A). The 
average difference between the score of the observer and the average of all three 
observers was 0.000 (range -0.880 to 0.918). Standard deviation of the observations 
was 1.541 (range 1.308 to 1.883). Overall, 94.9 percent of all differences were 
within the 2SD interval (94.9% for observer A, 93.7% for observer B, and 96.2% for 
observer C) (Table 5A).

Variability
For the HHGS, the intra- and interobserver variability were low for all observers. 
The overall ICC intra-observer value was excellent; 0.79 (according to the criteria 
decribed by Fleiss11; 0.90 for observer A, 0.79 for observer B, and 0.68 for observer 
C). The overall ICC inter-observer value was excellent for all three observers 0.82 
(0.83 for observer A, 0.88 for observer B, and 0.75 for observer C) (Table 7).
For the OOCHAS, the intra- and interobserver variability were low for all 

Table 6 Reproducibility.
D1 = Overall mean difference between first and second score
D2 = Overall mean difference between score of observer and   
  average of other observer(s)
Comparison of intra- and interobserver Histologic / Histochemical Grading System 
results to previously published data. The data in the presented in this paper are 
comparable and even slightly better than previously published papers

Table 7 Variability.
For the both Histologic / Histochemical Grading System and the OARSI Osteoarthritis 
Cartilage Histopathology Assessment System, the intra- and interobserver variability 
were low for all observers, as indicated by excellent ICC values.
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observers. The overall ICC intra-observer value was excellent for the three 
observers 0.82 (0.86 for observer A, 0.82 for observer B, and 0.79 for observer 
C). The overall ICC inter-observer value was excellent for all three observers 
0.80 (0.80 for observer A, 0.77 for observer B, and 0.83 for observer C) (Table 7).

Floor and ceiling effects
A floor effect was seen for both scoring systems and was more outspoken for the 
OOCHAS (mean floor effect 14.35%) as compared to the HGGS (mean floor effect 
8.06%) (Table 8). A ceiling effect could not be demonstrated, since none of the 
samples received the maximal score.

Table 8 Floor and Ceiling effects.
The OARSI Osteoarthritis Cartilage Histopathology Assessment System showed a 
considerable floor effect, whereas the Histologic / Histochemical Grading System did 
not. A ceiling effect was not seen in either systems.

Figure 4: Correlation Histologic / Histochemical Grading System versus OARSI 
Osteoarthritis Cartilage Histopathology Assessment System.
The overall correlation between both scoring systems was good (rOverall = 
0.883).
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Correlation HHGS and OOCHAS
There was a good positive correlation between both scoring systems as indicated 
by the Spearman’s r. The overall correlation between both scoring 
systems was good (rOverall = 0.883) as well as for each observer individually 
(rObserver A = 0.823, rObserver B = 0.840, rObserver C = 0.725).  All correlations 
were significant at the 0.01 level (2-tailed) (Figure 4 and Table 9).

Discussion

This study showed that both the HHGS as well the OOCHAS have an excellent 
intra- and interobserver reproducibility and variability and a good positive correlation 
between the scoring systems. Although the reliability of the OOCHAS was higher 
as compared to the HHGS, the hypothesized advantage in terms of intra- and 
interobserver reproducibility and variability of the OOCHAS was not shown in this 
investigation.

When comparing the results for the reproducibility of the HHGS to previously 
published results, these turn out to be similar and even slightly better (Table 6). The 
reproducibility results for the OOCHAS cannot be compared to previous results since, 
to our knowledge, these were not published. However, these values were in the range 
of those found in previous papers describing histological scoring systems1,3,4,14.
This study also showed that all three inexperienced observers were able to reach 
an excellent intra- and interobserver variability using the OOCHAS, whereas intra-
observer variability seemed more dependent on experience, when using the HHGS. 
This suggests that experience could be less of an influential factor in proper application 
of th OOCHAS, whereas it is for the HHGS. This can be a benefit in both vlinical and 
experimental evaluations and implies that the OOCHAS outcome could be more 
robust to learner curve variations and that in the future, experienced OOCHAS users 
may show an even lower intra- and inter-observer variability compared to the present 
results.

The term reliability refers to the property of a measurement instrument that causes 
it to give similar results for similar inputs. This reliability was higher for the OOCHAS 
as compared to the HHGS, suggesting that the OOCHAS is a better tool. Floor and 
ceiling effects on the HHGS were not seen. However, a floor effect was seen in the 

Table 9 Correlation Histologic / Histochemical Grading System versus OARSI 
Osteoarthritis Cartilage Histopathology Assessment System.
Spearman’s non-parametric correlation between the Histologic / Histochemical 
Grading System and the OARSI Osteoarthritis Cartilage Histopathology 
Assessment System was good.
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 2 OOCHAS. This is probably the result of the inclusion of a relatively high number 
of healthy cartilage samples in our dataset, since it was seen for all individual 
researchers.

When comparing the two scoring systems in terms of applicability and value, it should 
be mentioned that an advantage of the HHGS is that the system is easy in use 
and researchers have frequently used it for many years, so many researchers can 
assess its outcome. Additionally, the HHGS’ results were previously correlated to 
macroscopic and biochemical results. However, a major drawback is that the system 
only consists of a grading and lacks a staging component, leading to difficulties when 
applying the system in a uniform way if variation of cartilage quality exists within the 
same section. This results in an under- and overestimation of cartilage quality and 
is probably influencing the reproducibility and variability. This effect is even worse in 
a situation where an artifact is not recognized, leading to incorrect high scores, less 
reproducibility and more variability.

On the other hand, the OOCHAS is easy to use as well and has clear instructions 
for first-time users. The staging provides insight in the extent of the osteoarthritic 
changes in the cartilage, and especially artifacts dot not have a major impact on the 
total score if not recognized. However, although the staging accounts for a substantial 
part of the total score, it is rather difficult to apply, since a precise estimation of the 
percentage of osteoarthritic cartilage is required. This is probably influencing the 
reproducibility and variability. Another disadvantage is the lack of research showing 
a correlation between macroscopic and biochemical scores. Moreover, the results 
presented here are based on evaluation of goat articular cartilage and cannot be 
stated with certainty, as with all animal research, that they can be extrapolated to a 
human setting.

The HHGS scores vary from 0 to 14 and the OOCHAS from 0 to 24, but the numbers 
7, 11, 13, 14, 17, 19, 21, 22 and 23 are not included in the OOCHAS, which may 
be the artificial cause of more variation in the higher numbers. This is a result of the 
design of the OOCHAS, where the grading and staging component are multiplied.
The OOCHAS has been introduced as a tool to overcome the limitations of the 
HHGS. In the current study the observers were shown to be able to reach excellent 
intra- and interobserver reproducibility and variability for the HHGS and the 
OOCHAS. However, the reliability of the HHGS was considerable less compared to 
the OOCHAS. Despite lack of data on correlation to macroscopic and biochemical 
scores for the OOCHAS, it showed a good correlation to the HHGS, which has been 
correlated to macroscopic and biochemical results. Although the HHGS has proven 
to be an excellent tool for histological scoring of cartilage quality, we recommend 
the OOCHAS as the premium choice, while stressing the importance of further 
research investigating the correlation of the histological results to macroscopic and 
biochemical parameters.
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Articular damage caused by metal plugs in a rabbit 
model for treatment of localised cartilage defects

Chapter 3
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 3 Abstract

Objective 
Currently, the surgical treatment of localized cartilage defects has limitations. 
Alternatively, localized cartilage defects may be treated with small biocompatible 
metal cartilage tacks. Our purpose was to investigate the applicability of defect-size 
femoral implants. Different bearing materials, cobalt-chromium (CoCr) and oxidized 
zirconium (OxZr) were tested to evaluate the effect on opposing cartilage quality and 
osseointegration at different insertion depths.

Methods
In eighteen adult female New Zealand White rabbits, a medial femoral condyle 
defect was filled with either an OxZr or CoCr implant (diameter articulating surface 
3.5 mm; fixating pin of 9.1 mm length), placed flush, 1 mm deep or 1 mm protruding 
with respect to the level of the surrounding cartilage. Animals were sacrificed after 
four weeks. Tibial cartilage quality was scored microscopically and osseointegration 
measured by automated histomorphometry.

Results
Considerable articulating cartilage erosion was found in all conditions. Tibial cartilage 
quality was least compromised when both implants were placed flush compared to 
deep (p = 0.01) or protruding position (p = 0.004) and was better for OxZr compared to 
CoCr (p = 0.011) when left protruding, while no differences found when placed deep 
of flush. Most bone formation around the fixating pin was observed in a protruding 
position (p = 0.01). In deep position, more bone-implant contact was observed with 
CoCr compared to OxZr (p = 0.02).

Conclusions
OxZr and CoCr implants showed good osseointegration when used as a localized 
cartilage defect treatment in the rabbit knee; however opposite cartilage damage 
was observed in all cases. Placement flush to the surrounding cartilage seems 
essential and when left protruding OxZr may be less erosive. In conclusion, caution 
is warranted using small metal implants for the treatment of localized cartilage in the 
human patient.
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Introduction

Localized cartilage defects are frequently associated with disability and with symptoms 
such as joint pain, locking phenomena and reduced or disturbed function. Moreover, 
such lesions are generally believed to progress to severe forms of osteoarthritis1. 

When conservative treatment options fail, there are several surgical possibilities. 
A localized treatment, which maintains the surrounding and opposite healthy 
cartilage is preferred. Currently, the surgical options for the treatment of localized 
cartilage defects are primarily aimed at biological repair, including joint lavage and 
débridement, subchondral drilling, osteochondral transplantation, and autologous 
chondrocyte transplantation. Although these biological repair treatment modalities 
are promising, currently limitations persist. Often fibrous or fibrocartilage tissue is 
formed, frequently followed by progress of joint degeneration and eventually result 
in an osteotomy, a hemiarthroplasty or a total joint replacement. 

A promising alternative for the treatment of localized defects is the use of defect-
size metal implants for localized cartilage defects, as have already been applied in 
trauma of the knee, hip, and shoulder2-4. The current implants consist of a titanium 
screw and a cap device. The success of this approach depends on various factors. 
First, since localized implants will articulate against healthy unaffected cartilage, it 
is anticipated that the position of the implant in relation to the adjacent tissues will 
affect the articulating surfaces. As yet, it is not clear whether placing an implant 
flush with the surrounding cartilage, or rather slightly depressed is best in terms of 
articulating surface integrity. Secondly, the implant should be well-fixed in the joint to 
maintain articular congruity and limit subchondral alterations, and thus the materials 
used should allow for osseointegration of the implant. 

Important in these considerations are the implant materials, in terms of effects on both 
articulation and osseointegration. A metallic knee hemiarthroplasty was introduced 
in the 1950s by MacIntosh and McKeever. Despite initial good to excellent results, 
this prosthesis never became popular5-6. Currently, cobalt-chromium (CoCr) alloy is a 
frequently employed material for hemiarthroplasty bearing surfaces, however, even 
given the wide implementation, some downsides are described7-9. For example, 
failure of hemiarthroplasty hip prostheses was found, due to pain and the erosion 
of acetabular articular cartilage and bone. These might be the result of design 
specifications and/or the bearing material used10.

Therefore, interest has regained in ceramic bearing materials for articulation in 
treatment of cartilage defects, joint trauma and early, localized osteoarthritis. A major 
disadvantage of ceramics is that they are brittle, so novel bearings such as oxidized 
zirconium (OxZr), aluminum oxide (Al2O3) and CoCr coated with ceramics, like titanium 
nitride (TiN) or titanium niobium (TiNb) oxynitride are being developed, which are 
not brittle. In particular, OxZr was shown to exhibit a number of relevant beneficial 
characteristics in vitro, such as better scratch resistance, less surface roughness 
after articulation against third body debris such as bone cement, a lower friction 
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 3 coefficient and more elasticity, while maintaining equivalent device fatigue strength10-

15. A comparative friction test showed that the coefficient of friction was lower for 
OxZr compared to the CoCr alloy when rubbed against bovine articular cartilage10, 
which was further confirmed by an in vitro pin-on-disk wear study demonstrating 
that cartilage thickness decreased to a smaller extent when articulated against OxZr 
compared to CoCr alloy16. However, the postulated superiority of this material has 
not been proven in vivo, where not only articulation, but also osseointegration and 
surgical aspects define the functionality of an implant. To this end, we developed 
an in vivo model in which a femoral tack implant is applied to a localized defect in 
a rabbit knee joint. In this model, opposing cartilage quality, biocompatibility, and 
osseointegration are studied with varying implant positions, comparing the commonly 
used CoCr with OxZr as bearing materials.

Materials and Methods

Experimental design
This research was approved by the Institutional Animal Care Committee of the 
Utrecht University (approval number DEC 04.07.057). In eighteen adult female New 
Zealand White rabbits, a standardized medial femoral condyle defect was filled with 
either an OxZr (left knee) or CoCr (right knee) press fit implant (diameter articulating 
surface 3.5 mm; length 9.1 mm). Implants were placed flush with the surface of the 
surrounding cartilage (n = 9), 1 mm deep (n = 5) or 1 mm protruding (n = 4). After 
four weeks the animals were sacrificed. Tibial cartilage quality was scored blinded by 
macroscopically and microscopically evaluation. Osseointegration was determined 
using histomorphometry. 

Animals
Eighteen adult female New Zealand White rabbits aged 34 weeks and weighing 3.8 
± 0.3 kilogram (mean ± standard deviation) were used. Food and water was given 
ad libitum. The animal general health and care conditions were recorded in a diary of 
well being for each rabbit separately and monitored by the laboratory animal welfare 
officer. 

Implants
Implants were custom-manufactured by Smith & Nephew, Memphis TN, USA. The 
OxZr components are produced from a wrought zirconium alloy (Zr-2.5%Nb) that is 
oxidized by thermal diffusion to create a zirconia surface, which is approximately 5 
µm thick, and then polished to produce an articular surface as smooth as that of a 
CoCr component (Ra < 0.03 µm). The CoCr components were produced from a cast 
CoCr alloy (ASTM F75) and polished afterwards. The size of the implant was 9.1 
mm in length with a 3.5 mm diameter-articulating surface. The articulating shape of 
the implant was designed after a study on cadaver knees and tested in a pilot study 
(Figure 1a and 1c).
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Figure 1
A. Femoral tack implant. Left is made of CoCr; right is 
made of OxZr.
B. Polyethylene heads were used to tamp the 
implants into the cartilage defect at different depths; 
a) Flush positioning; b) Protruding positioning; c) 
Deep positioning.
C. Technical drawing of the implant.

Surgery
After acclimatizing for at least two weeks in the animal care facility, one day prior 
to surgery, Baytril® (0.3 ml 2.5% enrofloxacin, Bayer, Leverkusen, Germany) was 
given. The rabbits were weighed pre-operatively. Surgery was performed on both 
knees, under general inhalation anesthesia and aseptic conditions. Pre-medication 
was given by an intramuscular injection of 4 mg acepromazinemaleate (Vetranquil®, 
Sanofi Sante BV, Maassluis, The Netherlands) and 4 mg methadone (methadone-
HCl). Anesthesia was initiated by an intravenous injection of 8-10 mg etomidate 
(Hypnomidate®, Janssen Pharmaceutica BV, Tilburg, The Netherlands).

All surgical procedures were carried out by the same surgeon (RC), who gained 
specific experience during a pilot study. The medial femoral condyle was exposed 
through a medial parapatellar incision, without dislocating the patella. After inspecting 
the joint and determining the location for implantation, an air-pressurized drill was 
used to insert a K-wire (diameter 1mm, depth 1 cm) creating a pilot hole perpendicular 
to the surface in all directions in the load bearing area. After removing the K-wire, 
a drill (diameter 3.5 mm) was used to create a standardized osteochondral defect 
(diameter 3.5 mm; depth 2.1 mm.). Although threads are present on the implant, 
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 3 these were designed for osseointegration after implantation, and not for rotation 
during the placement procedure. Therefore, the implants were placed either flush 
with (n = 9), one millimeter too deep (n = 5) or one millimeter protruding from the 
surface of the surrounding cartilage (n = 4), by hammering using a specially designed 
tamp with a polyethylene head (Figure 1b). The joint was lavaged and closed in three 
layers. After surgery, the rabbits stayed on the intensive care unit (ICU) during 24 
hours. Subsequently, the rabbits were placed in separate cages and were allowed to 
move freely. Until three days post-operatively Baytril® was given. 
The implants were visually inspected and manually tested for loosening. After four 
weeks, the animals were killed using an overdose of Euthesate® (pentobarbital). All 
rabbits were weighed post-mortem. The hind legs were disarticulated at the hip joint 
and taken to the orthopaedic laboratory. 

Radiographs
Pre-operatively, fluoroscopy was used in an anterior-posterior (AP) and a mediolateral 
(ML) direction to confirm the normal anatomy and the size of the bone. Immediately 
post implantation, fluoroscopy was used to confirm the desired depth positioning 
of each implant and examine surgical complications such as fractures. After killing 
the animals (day 28), fluoroscopy was used to check for implant malpositioning, 
loosening (sclerotic zones and radiolucency surrounding the implant), movement 
from original position, or other complications. Subsequently all joints were opened 
and the implant was manually checked for loosening and a possible implant bone 
interface.

Macroscopic cartilage evaluation
To evaluate the macroscopic cartilage damage of the tibial plateau, digital high-
resolution photographs were made of the tibial plateau, after removal of soft 
tissues. 

Macroscopic evaluation as described by Mastbergen et al.17 was done on photographs 
of the articulating surface for each compartment separately (the medial plateau, 
directly in contact with the implant and the lateral plateau, as part of the knee joint, 
but not directly in contact with the implant). Since this scoring system is relatively 
new, four different observers were asked to apply the scoring system on coded 
photographs, to compensate for possible novelty variation and providing a blinded 
grading of severity of cartilage damage (Figure 2). The scores of the four observers 
were averaged (maximum of 4) and outliers more than 1 point were scored again, 
until consensus was reached. This score was used as the representative score for 
each photograph and was used for statistical analysis.

Figure 2
Macroscopic cartilage score according to 
Mastbergen et al.17 This scoring system 
is used to determine the macroscopic 
cartilage quality. The higher the score, 
the more the cartilage is damaged.
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Microscopic cartilage evaluation
To evaluate cartilage damage by histology, all tibial plateaus (including subchondral 
bone) were fixed in 10% buffered formalin during 48 hours. The tissues were 
decalcified using Luthra’s solution (3.2% 11 M HCl, 10.0% formic acid in distilled 
water) during 48 hours. The decalcified tissue was dehydrated via 70 to 100 percent 
ethanol, washed with xylene and finally embedded in paraffin. Five µm thick paraffin 
sections were cut from the entire tibial plateau at four different levels from anterior 
to posterior and stained with Safranin-O and Fast Green (Figure 3). Histological 
sections were blinded and randomly presented (using FileMaker Pro® 6.0v1 for 
Mac®) to two readers who applied the Mankin score18 to determine the degree of 
cartilage degeneration for each compartment separately (page 29).

Evaluation of biocompatibility and osseointegration
After 48 hours of fixation in 10% buffered formalin, the medial femoral condyles were 
dehydrated via 70 to 100 percent ethanol, and embedded in polymethylmethacrylate. 
Ten µm thick sections were sawed in a longitudinal direction at the middle of the 
implant using the Leica® SP1600 Saw Microtome system and subsequently stained 
with basic fuchsin and eosin. Histomorphometry was performed with a PC-based 
system equipped with the KS400 version 3.0 software (Carl Zeiss Vision, Oberkochen, 
Germany). After pseudocoloring the bone, the articulating part of the implant was 
excluded. Subsequently, a rectangle was drawn around the outer diameter of the 
implant. First, the area of the rectangle minus the implant area was determined. 
The percentage of bone in this area was calculated and defined as the amount of 
bone around the implant. Secondly, the amount of bone in contact with the implant 
circumference was determined (Figure 4).

Statistical analysis
The mean and the standard error of mean were calculated for each of the different 
groups. For the macroscopic and microscopic cartilage analysis and for the 
osseointegration analysis, a two-tailed repeated measure with multiple analysis of 
variance (MANOVA) was used to assess the significance of the differences between 
the different depth positioning for the different knee compartments (medial and 
lateral), regardless bearing material. For analysis of the differences between the 
bearing materials, we calculated the osteoarthritic changes in the total knee joint 
and for each compartment separately. Metal was marked as a within-subject factor 
and the depth influence was marked as the between subject factor (using SPSS® 
11.0.4 software for Mac®). Post hoc tests were performed on depth and metal using 
Fisher’s Least Significant Difference (LSD) test. P < 0.05 was taken to indicate 
statistical significance.

Results

Surgery and animal health 
Surgery was performed without major complications. All animals recovered well after 
surgery, one rabbit received additional antibiotics during three days due to a clinically 
extra-articular infection of the left knee and recovered well. All rabbits were able to load 
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 3 Figure 3 
A. Example of tibial plateau with the black lines 
indicating the locations of the histological sections. 
B. Histology example of tibial plateau against flush 
OxZr.
C. Histology example of tibial plateau against 
protruding CoCr.

Figure 4
A. Example of a flush implanted OxZr implant in the 
medial femoral condyle.
B. Illustration of histomorphometrical analysis. 
C. First, the red area is the excluded “head” of 
the implant. The area within the black rectangle 
is the area used to calculate the amount of bone 
surrounding the implant. Secondly, the yellow line is 
the implant circumference and used to calculate the 
percentage of bone-implant contact.
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the limbs and move the knees without any limitations, which was comprehensively 
recorded in the diary of wellbeing.  The rabbits showed a maximal weight loss of 
5.0 ± 1.6% (mean ± standard deviation) after surgery. Visual inspection and manual 
palpation did not show any fibrotic changes, all implants were mechanically stable 
and were located in their original position. Pre-operatively, fluoroscopy confirmed 
normal knee joint anatomy for all rabbits. Post-operatively, fluoroscopy confirmed 
desired depth positioning of each implant (Figure 5a-c). After four weeks follow-up, 
fluoroscopy showed no signs of malpositioning, loosening or other complications 
(Figure 5d-f).

Figure 5
Examples of X-rays post-surgery. 
A. Implant is placed too deep. 
B. Implant is placed flush.
C.Implant is placed protruding. 
Examples of X-rays post-mortem. 
D. Implant is placed too deep.
E. Implant is placed flush.
F. Implant is placed protruding.

Macroscopic cartilage analysis
The macroscopic scores demonstrated considerable cartilage damage of the tibial 
plateau in direct contact with either implants irrespective of depth. The lateral plateau, 
not in contact with the implant, was damaged less compared to medial plateau at 
all implant positions and for both bearing materials (p < 0.001). When an implant 
was placed flush (medial plateau 1.47 ± 0.18, lateral plateau 0.14 ± 0.08) with the 
surrounding cartilage, there was significantly less cartilage damage compared to 
implants in the deep (medial plateau 2.00 ± 0.20, lateral plateau 0.14 ± 0.15) (p 
= 0.017), but not compared to the protruding position (p = 0.44). There was no 
significant difference comparing cartilage damage of the medial and lateral plateau 
of the protruding (medial plateau 1.81 ± 0.35, lateral plateau 0.25 ± 0.16) with the 
deep (p = 0.26) implants. There was no significant difference comparing OxZr to 
CoCr at all depth positions (Figure 6).



Figure 6
Macroscopic scores of the tibial cartilage quality (mean ± standard error of mean) as described 
by Mastbergen et al. The macroscopic scores demonstrated considerable cartilage damage 
of the tibial plateau in direct contact with either implants irrespective of depth.
 
A. Depth positioning implants. The lateral plateau, not in contact, was damaged less 
compared to medial at all implant positions and for both bearing materials (p < 0.001). 
When an implant was placed flush with the surrounding cartilage, there was significantly 
less cartilage damage compared to the implants in the deep (p = 0.017), but not compared 
to the protruding position (p = 0.44). There was no significant difference comparing the 
protruding to the deep and flush implants (p = 0.26).
B. Macroscopic score OxZr versus CoCr at different depths. There was no significant 
difference comparing OxZr to CoCr at all depth positions.
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Figure 7
Microscopic scores of the tibial cartilage quality (mean ± standard error of mean). The 
Mankin scores demonstrated considerable cartilage damage of the tibial plateau in direct 
contact with either implants irrespective of depth.

A. Depth positioning of implants. The lateral plateau, not in contact, was damaged less 
compared to medial. When an implant was placed flush to the surrounding cartilage, there 
was significantly less cartilage damage compared to the implants in deep (* p = 0.01) or 
protruding position (* p = 0.004). There was no significant difference (p = 0.84) comparing 
the deep and protruding implants.
B. Mankin score OxZr versus CoCr at different depths. 
The Mankin scores of the tibial plateau were significantly (# p = 0.01) better for OxZr 
compared to CoCr when the implant was  left protruding. When positioning flush (p = 0.46)  
and deep (p = 0.72), there was no significant difference comparing OxZr to CoCr.

#
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 3 Microscopic cartilage analysis
The Mankin scores demonstrated considerable cartilage damage of the medial tibial 
plateau in direct contact with either implants irrespective of depth (Figure 7a). The 
lateral plateau, not in contact, was damaged less compared to medial (p < 0.001). 
When an implant was placed flush (medial plateau 5.27 ± 0.36, lateral plateau 2.92 
± 0.27) with the surrounding cartilage, there was significantly less cartilage damage 
compared to the implants in deep (medial plateau 6.0 ± 0.46, lateral plateau 4.22 ± 
0.51) (p = 0.01) or protruding positions (medial plateau 7.02 ± 0.71, lateral plateau 
3.36 ± 0.45) (p = 0.004). There was no significant difference (p = 0.84) comparing 
the deep and protruding implants.
The Mankin scores of the total tibial plateau were significantly (p = 0.01) better for 
OxZr compared to CoCr when the implant was left protruding (4.6 ± 0.7 versus 5.8 
± 0.7). When positioned flush (4.1 ± 0.3 versus 4.1 ± 0.3) (p = 0.46) and deep (4.8 ± 
0.4 versus 5.7 ± 0.7) (p = 0.72), there was no significant difference comparing OxZr 
to CoCr (Figure 7b and 8). The Mankin scores of the cartilage of the lateral plateau 
considered separately were also significantly (p = 0.01) better for OxZr compared to 
CoCr when the implant was left protruding (2.15 ± 0.34 versus 4.34 ± 0.68). When 
the implants were placed flush (2.74 ± 0.32 and 3.09 ± 0.43) and deep (3.50 ± 0.38 
and 5.45 ± 1.16), there were no differences on the lateral plateau between OxZr and 
CoCr (p = 0.55 and p = 0.22). When the implants were placed deep (6.06 ± 0.48 
and 5.83 ± 0.91), flush (5.47 ± 0.52 and 5.08 ± 0.50) and left protruding (6.70 ± 0.92 
and 7.33 ± 1.11), there were no differences on the medial plateau between OxZr and 
CoCr (p = 0.82, p = 0.70 and p = 0.52).

.

Figure 8
Sections of implants under different insertion positioning. The threads allow for firm bone fixation. The 
curvature of the articular part of the implant is similar to the femoral condyle curvature. The bone is 
colored pink, the cartilage purple and the cartilage tidemark black.
A. Deep positioning (1 mm) compared to surrounding cartilage.
B. Normal (flush) positioning compared to surrounding cartilage.
C. Protruding positioning (1 mm) compared to surrounding cartilage.
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Figure 9
Bone histomorphometry (mean ± standard error of mean).
A. Amount of bone surrounding the implant at different insertion conditions. Bone formation 
around the implants was most extensive in a protruding position. This was significantly more 
compared to a deep position (p = 0.01). There were no significant differences comparing the 
flush position to the deep position (p = 0.18) or protruding position (p = 0.19). The amount 
of bone around each implant was the same for OxZr and CoCr at all depths. # Marks the 
significant difference between deep and protruding position (p = 0.01).
B. Percentage of bone-implant contact at different loading conditions. Bone contact was 
observed in all samples. There was 40 to 64 percent of bone contact with significantly more 
bone contact to CoCr compared to OxZr in a deep position as indicated with * (p = 0.02). 
However, in a flush and protruding position there were no differences.



Evaluation of osseointegration
Four implants (one flush OxZr, one protruding OxZr, and two flush CoCr) were 
lost during the sawing process and therefore excluded from further analysis. Bone 
contact was observed in all samples; loosening of the implants and inflammatory 
responses were not seen. Bone formation around the implants was most extensive in 
a protruding position (56.2 ± 3.2%). This was significantly more compared to a deep 
(44.7 ± 2.4%) position (p = 0.01). There were no significant differences comparing a 
flush (50.0 ± 2.7%) position to a deep position (p = 0.18) or a protruding position (p 
= 0.19). The amount of bone around each implant was the same for OxZr and CoCr 
at all depths (Figure 9). Significantly more bone contact was found for CoCr (64.0 ± 
3.7%) as compared to OxZr (39.6 ± 7.2%), in a deep position (p = 0.02). However, in 
a flush (59.1 ± 9.1 % versus 49.2 ± 7.3%) and protruding (55.2 ± 6.4% versus 56.0 
± 10.1%) position there were no significant differences.

Discussion

The goal of this study was to evaluate the in vivo use of defect-size metal implants 
as an alternative for the treatment of localized defects. First, the implants caused 
considerable tibial cartilage damage and degeneration was induced, regardless 
of the depth positioning or bearing material used. Second, both OxZr and CoCr 
implants showed good osseointegration after four weeks when used as a localized 
cartilage defect treatment in the rabbit knee and the absence of loosening and 
inflammation reactions around the implants indicated good biocompatibility of both 
bearing materials.

More cartilage damage was observed for the medial tibial plateau compared to the 
lateral plateau, irrespective of implant position or material. Medial and lateral tibial 
cartilage damage was less when implants were placed flush as opposed to deep 
or protruding, but if implants were protruding, OxZr caused less cartilage damage 
compared to CoCr. 

The cartilage damage of the medial tibial plateau was most likely caused through 
articulation of the implant directly against the tibial cartilage. Interestingly, the 
lateral tibial cartilage, which did not articulate directly against any implant, was also 
damaged, albeit significantly less compared to the medial tibial plateau. Also at this 
location damage was significantly related to implant positioning and bearing material 
placed in the medial compartment. This gradual decrease in cartilage quality was 
found before and may be explained by the concept of joint homeostasis as described 
previously19. Shortly, this concept describes that there are a number of mechanisms 
for the control of physiological equilibrium of the synovial knee joint. This equilibrium 
is maintained by the cartilage, subchondral bone, synovial fluid, intact menisci and 
ligaments. Cartilage damage of the medial tibial plateau directly articulating with the 
implants may have induced the release of inflammatory cytokines or matrix degrading 
proteases into the synovial fluid, thus affecting more remote areas in the joint. 
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Implant positioning appeared to be an important parameter for the extent of final 
cartilage damage.  Previously, a goat study20 using medial femoral condyle implants 
showed that cartilage damage of the tibial plateau was proportional to any elevation 
of the prosthesis above the adjacent cartilage surfaces, in line with our results for 
protruding implants. Although the former authors proposed positioning the surface 
of the prosthesis with its entire perimeter sunken 1 mm below the adjacent cartilage 
surface, we found that positioning the implant flush induces less tibial cartilage 
damage compared to placing them one millimeter below the surrounding cartilage 
surface. Altogether, this importance of implant placement has implications for 
surgical practice, where precision is highly dependent on the individual surgeon’s 
skills and experience. If implants might inadvertently be placed incorrectly, the use of 
OxZr implants seems to be more forgiving, as in the protruding implants this material 
resulted in less damage compared to CoCr. However, the only evidence for this is a 
lower Mankin score for protruding implants and the available literature describing a 
number of relevant beneficial characteristics in vitro10-16.

Osseointegration is of major importance for the success of any hard-tissue implant. 
In the current study, bone formation around the implants was most extensive in a 
protruding position, less in flush and the least in the deep position. Most likely this 
is due to the relatively high loading conditions likely to be associated with higher 
positions. 

The extent of bone-implant contact was high for both materials, varying between 
40 and 65 percent. In a deep position, there was significantly more bone contact to 
CoCr compared to OxZr. 

Bone-implant contact in the current study was 47.5 ± 4.7% for all depths for the 
OxZr implants. This is lower than that previously found in a rabbit study evaluating 
the bone response to zirconia ceramic implants, where bone-implant contact was 
68.4 ± 2.4%21. However, these implants were placed in the tibia, at non-articulating 
sites. The loading conditions are therefore different, influencing the amount of bone 
remodeling surrounding the implants and the amount of bone-implant contact. Others 
found 36 ± 4% for tibial OxZr implants22.

For CoCr, we found 59.6 ± 4.3% bone-implant contact, which was threefold more 
than the 19.7% found in a rabbit study comparing titanium alloy (Ti6A14V) and CoCr 
implants. As they used solid cylindrical rods without threads and placed these in the 
intercondylar notch of the distal femur, implants were non-weight bearing and thus 
probably would have less bone-implant contact23. Altogether, although OxZr implants 
may be more forgiving as they seem to result in less damage in protruding positions 
compared to the CoCr implants, OxZr implants were found to be less effective in 
maintaining bone contact in certain cases. Finally, regardless the differences in 
material properties found here, it should be borne in mind that these differences are 
likely to be negligible compared to the discrepancy in ‘material’ properties compared 
to normal cartilage or in the situation of early degeneration or osteoarthritis where 
these implants are applied. To what extent the damage found can be also partly 
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attributed to the process of opening the joint space, is not entirely clear, as no sham 
operated animals were included in the study. However, previous rabbit studies 
including sham-operated animal groups did not reveal any cartilage damage, even 
at shorter time intervals24-25.

In conclusion, in the current model, extensive damage is induced in the articulating 
cartilage surface by the presence of defect-size metal plugs, which can be slightly 
reduced by positioning the implant flush to surrounding cartilage. Both OxZr and 
CoCr implants showed a good osseointegration when used as a localized cartilage 
defect treatment in the rabbit knee. All in all, caution is warranted placing small 
metal implants for the treatment of localized cartilage defects in the medial femoral 
condyle. If implants are used, consideration should be given to implant position, 
condyle geometry, vascular changes and bearing material. Further development 
and fine-tuning of the application of defect-size implants is required to make this a 
therapy of choice for the treatment of local cartilage defects.

58

C
ha

pt
er

 3



59

S
urgical positioning and im

plant m
aterial

References

1 Hunziker EB. Articular cartilage repair: basic science and clinical progress. 
A review of the current status and prospects. Osteoarthritis and cartilage 
2002;10(6):432-463.

2 HemiCAPTM, made by Arthrosurface: www.arthrosurface.com
3 Global C.A.P.TM, made by DePuy: www.globalshoulder.com 
4 M.S. femoral head resurfacing device, made by Tornier, Saint Ismier, France: 

http://www.maitrise-orthop.com/corpusmaitri/orthopaedic/mo72_siguier/
index.shtml

5 MacIntosh DL. Hemi-arthroplasty of the knee using a space occupying 
prosthesis for painful varus and valgus deformities. Proceedings of the joint 
meeting of the orthopaedic associations of the English-speaking world. 
J Bone Jt Surg 1958;40(A):1431.

6 McKeever DC. Tibial plateau prosthesis. Clin Orthop Relat Res 1960;18:86-
95.

7 Nijhof MW, Saris DBF, van Rinsum C, Oner FC, Verbout AJ. Conserve 
resurfacing prosthesis for femoral head osteonecrosis: rapid acetabular 
chondrolysis. (Abstract) Annual meeting AAOS. Washington, DC. 2005;Feb 
23-27: podium presentation, paper 409.

8 Squire M, Fehring TK, Odum S, Griffin WL, Mason JB. Failure of femoral 
surface replacement for femoral head avascular necrosis. J Arthroplasty 
2005;20(7 Suppl 3):108-114.

9 Beaulé PE, Amstutz HC, le Duff M, Dorey F. Surface arthroplasty for 
osteonecrosis of the hip: hemiresurfacing versus metal-on-metal hybrid 
resurfacing. J. Arthroplasty 2004;19(8 Suppl 3):54-58.

10 Patel AM, Spector M. Tribological evaluation of oxidized zirconium using 
an articular cartilage counterface: a novel material for potential use in 
hemiarthroplasty. Biomaterials 1997;18(5):441-447.

11 Ries MD, Salehi A, Widding K, Hunter G. Polyethylene wear performance of 
oxidized zirconium and cobalt-chromium knee components under abrasive 
conditions. J Bone Jt Surg 2002;84(A):129-135. 

12 Spector M, Ries MD, Bourne RB, Sauer WS, Long M, Hunter G. Wear 
performance of ultra-high molecular weight polyethylene on oxidized 
zirconium total knee femoral components. J Bone Jt Surg 2001;83(A Suppl 
2 Pt 2):80-86.

13 Good V, Ries MD, Barrack RL, Widding K, Hunter G, Heuer D. Reduced 
wear with oxidized zirconium femoral heads. J Bone Jt Surg 2003;85(A 
Suppl 4):105-110.

14 White SE, Whiteside LA, McCarthy DS, Anthony M, Poggie RA. Simulated 
knee wear with cobalt chromium and oxidized zirconium knee femoral 
components. Clin Orthop Relat Surg 1994;309:176-184.

15 Mazzucco D, Spector M. The John Charnley Award Paper. The role of 
joint fluid in the tribology of total joint arthroplasty. Clin Orthop Relat Res 
2004;429:17-32.

16 Patel AM, Spector M. Oxidized zirconium for hemiarthroplasty: an in vitro 



assessment. Bioceramics 1995;8:169-175.
17 Mastbergen SC, Marijnissen AC, Vianen ME, Zoer B, van Roermund PM, 

Bijlsma JW, Lafeber FP. Inhibition of COX-2 by celecoxib in the canine 
groove model of osteoarthritis. Rheumatology 2005;45(4):405-413.

18 Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic 
abnormalities in articular cartilage from osteoarthritic human hips: II 
Correlation of morphology with biochemical and metabolic data. J Bone Jt 
Surg 1971;53(A):523-537.

19 Saris DBF, Dhert WJA, Verbout AJ. Joint homeostasis: the discrepancy 
between old and fresh defects in cartilage repair. J Bone Jt Surg 2003;85(Br 
7):1067-1076.

20 Kirker-Head CA, Van Sickle DC, Ek SW, McCool JC. Safety of, and biological 
and functional response to a novel metallic implant for the management of 
focal full-thickness cartilage defects: Preliminary assessment in an animal 
model out to 1 year. J Orthop Res 2006;24(5):1095-1108.

21 Scarano A, Di Carlo F, Quaranta M, Piattelli A. Bone response to zirconia 
ceramic implants: an experimental study in rabbits. J Oral Implantol 
2003;29(1):8-12.

22 Thomsen P, Larsson C, Ericson LE, Sennerby L, Lausmaa J, Kasemo B. 
Structure of the interface between rabbit cortical bone and implants of gold, 
zirconium and titanium. J Mater Sci Med 1997;8(11):653-665.

23 Jinno T, Goldberg VM, Davy D, Stevenson S. Osseointegration of surface-
blasted implants made of titanium alloy and cobalt-chromium alloy in a rabbit 
intramedullary model. J Biomed Mater Res 1998;42(1):20-29.

24 Messner K, Gillquist J. Synthetic implants for the repair of osteochondral 
defect of the medial femoral condyle: a biomechanical and histological 
evaluation in the rabbit knee. Biomaterials 1992;14(7):513-521.

25 Milentijevic D, Rubel IF, Liew AS, Helfet DL, Torzilli PA. An in vivo rabbit 
model for cartilage trauma: a preliminary study of the influence of impact 
stress magnitude on chondrocyte death and matrix damage. J Orthop 
Trauma 2005;19(7):466-473.

60

C
ha

pt
er

 3



61

S
urgical positioning and im

plant m
aterial





Cartilage damage caused by metal implants applied 
for the treatment of established localized cartilage 

defects in a rabbit model d

Chapter 4
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 4 Abstract

Objective
The purpose of the current study was to investigate the feasibility of the application 
of defect-size femoral implants in a rabbit model of established cartilage defects and 
compare this treatment to microfracturing.

Methods
In 31 New Zealand White rabbits, a medial femoral condyle defect was created in 
each knee. After four weeks three animals were killed for defect baseline values. 
In the other 28 rabbits, knees were sham-operated, treated with microfracturing, or 
treated by placing an oxidized zirconium (OxZr) or cobalt-chromium (CoCr) implant 
(Ø articulating surface 3.5 mm; fixating pin of 9.1 mm length). These animals were 
sacrificed four weeks after treatment. Joints were evaluated macroscopically. Implant 
osseointegration was measured by automated histomorphometry and cartilage 
repair was scored microscopically. Cartilage quality was analysed macroscopically, 
and microscopically. 

Results
Bone-implant contact was 63.2 ± 3.2 % for CoCr and 62.5 ± 3.2 % for OxZr. Cartilage 
defects did not show complete healing or during subsequent sham-surgery or 
microfracturing. For all treatments, considerable cartilage damage in the articulating 
medial tibia and degeneration of lateral tibial and femoral cartilage was observed (p 
< 0.05). Both CoCr and OxZr implant-treated defects showed an increase of cartilage 
degeneration compared to microfracturing and sham-operated defects (p < 0.05). 

Conclusions
Although only a single short-term follow-up period was investigated in this study, 
caution is warranted using small metal implants as a treatment for established 
localized cartilage defects, since even after four weeks in this model the metal 
implants caused considerable degeneration of the articulating surface.
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Introduction

Currently, the surgical options for the treatment of localized cartilage defects are 
primarily aimed at biological repair stimulation, including subchondral perforation, 
osteochondral transplantation, and autologous chondrocyte transplantation. 
In particular   the microfracturing technique, a modification by Steadman1 of the 
subchondral drilling first introduced by Pridie2 in 1959, is a frequently applied 
treatment modality. The rationale behind this technique is to stimulate a spontaneous 
repair reaction by creating small fractures in the subchondral bone layer and 
opening the subchondral bone layer. Although these biological repair treatment 
modalities are extensively described3,4, currently limitations persist. Often fibrous 
or fibrocartilaginous tissue is formed, frequently followed by progress of joint 
degeneration, often resulting in an indication for further surgical intervention, such 
as an osteotomy, a hemiarthroplasty or a total joint replacement5. 

A suggested alternative for the treatment of localized cartilage defects is the use 
of defect-size metal implants filling the cartilage defect, thereby re-establishing an 
articulating joint surface. Although this treatment modality has already been applied 
in trauma of the knee, hip, toe and shoulder6-8, there is insufficient information on 
safety and it remains unclear if this treatment improves joint pathology. In a study of 
six goats, merely the safety of and biological and functional response to, a metallic 
implant for the management of focal full-thickness cartilage defects was examined9. 
The authors concluded that expanded animal studies or preclinical human studies 
were justified based upon their results, which have not been published so far. 
However, in the latter study, possible cartilage degeneration caused by such implants 
was underexposed. 

When studying the efficacy of treatment modalities for cartilage damage, it should 
be realised that cartilage defects are rarely treated at the moment they occur, due 
to a diagnostic, patient’s and doctor’s delay. This might explain why animal studies, 
in which fresh cartilage defects are treated during the same surgical procedure the 
defects are created, show superior outcome compared to human clinical studies on 
treatment of localized cartilage defects10. 

The aim of the current study was to investigate the treatment of localized 
established cartilage defects by comparing two cartilage tacks (CoCr and OxZr) with 
microfracturing and a sham-operated control.
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 4 Materials and methods

Experimental design
This study was approved by the Institutional Animal Care Committee of the Utrecht 
University (approval number DEC 04.07.057). In 31 rabbits, a standardized medial 
femoral condyle defect was created in both knees. After four weeks (start-off point) 
three rabbits (six knees) were killed to provide baseline values for joint and cartilage 
degeneration and the other twenty-eight rabbits were randomly sham-operated (14 
knees), treated by microfracturing (14 knees) or with either an CoCr (14 knees) or 
OxZr (14 knees) press fit implant (diameter articulating surface 3.5 mm; length 9.1 
mm). All rabbits received one implant in the knee, with random treatment of the 
contralateral knee with either microfracturing or sham surgery.  The animals were 
killed four weeks after treatment to determine short time effects of this intervention 
on the opposing cartilage surface.

Macroscopic articular evaluation was performed immediately before creating the 
defect, preceding and after treatment. Implant osseointegration was measured 
by automated histomorphometry and defect healing (untreated defects and 
microfracturing, respectively) was scored by microscopicaly. Tibial and femoral 
cartilage quality was scored by macroscopic and microscopic analysis.

Animals
Thirty-one adult female New Zealand White rabbits (Harlan Netherlands B.V., Horst, 
The Netherlands) aged 29 ± 0.6 weeks and weighing 4.1 ± 0.3 kilogram (mean ± 
standard deviation) were used. Food and water was given ad libitum. The animal 
general health and care conditions were monitored by the laboratory animal welfare 
officer. 

Implants
Implants were custom-manufactured to our design specifications by Smith & 
Nephew (Memphis, TN, USA). The OxZr components were produced from a wrought 
zirconium alloy (Zr-2.5%Nb) that is oxidized by thermal diffusion to create a zirconia 
surface, which is approximately 5 µm thick, and then polished to produce an articular 
surface as smooth as that of a CoCr implant (Ra < 0.03 µm). The CoCr implants were 
produced from a cast CoCr alloy (ASTM F75) and polished afterwards. The size of 
the implant was 9.1 mm in length with a 3.5 mm diameter-articulating surface. The 
articulating shape of the implant was designed after a study on rabbit cadaver knees 
and tested in a previous study11.

Surgery
One day prior to surgery, Baytril® (i.m. 0.3 ml 2.5% enrofloxacin, Bayer, Leverkusen, 
Germany) was given. The rabbits were weighed pre-operatively. Surgery was 
performed on both knees (day 0), under general inhalation anaesthesia and 
aseptic conditions. Pre-medication was given by an intramuscular injection of 4 mg 
acepromazinemaleate (Vetranquil®, Sanofi Sante BV, Maassluis, The Netherlands) 
and 4 mg methadone (methadone-HCl). Anaesthesia was initiated by an intravenous 
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injection of 8-10 mg etomidate (Hypnomidate®, Janssen Pharmaceutica BV, Tilburg, 
The Netherlands).

All surgical procedures were carried out by the same investigator (RC), with 
specific experience in these procedures11. During the first procedure, the cartilage 
defect was created; the medial femoral condyle was exposed through a medial 
parapatellar incision, without dislocating the patella. After inspecting the joint and 
determining the location for implantation (the most accessible posterior part after 
full flexion of the joint), a drill (diameter 3.5 mm) was used to create a standardized 
(osteo)chondral defect (diameter 3.5 mm; depth 1 mm.). The tamp was designed 
for inserting the implants flush to the surrounding cartilage which is essential since 
surgical positioning is very relevant in histological outcome evaluation as described 
in a previous technical description11. Following lavage, the joint was closed in three 
layers. After surgery, the rabbits stayed on the intensive care unit (ICU) for 24 hours. 
Subsequently, the rabbits were placed in separate cages and were allowed to move 
freely. Baytril® was given until three days post-operatively.

Three animals were killed at day 28 to obtain information about the status of the 
joint prior to treatment (= defect baseline). On the knees of the remaining 28 rabbits 
a sequel arthrotomy was performed and the defects were randomly treated by a 
sham-operated, microfracturing or by placing either an OxZr, or a CoCr implant. 
Post-operatively, full weight-bearing was allowed, without casting or a bandage.
The implants were reproducibly placed flush by manual impaction using a specially 
designed tamp with a polyethylene head11. The implants were visually inspected 
and manually tested for loosening. After a subsequent period of four weeks, the 
28 animals were weighed and killed using an overdose of Euthesate® (200 mg/mL 
Pentobarbital-Natrium, Leva Sante Animale, Naaldwijk, The Netherlands).

Radiographs
Fluoroscopy was used at several stages of the experiment. Pre-operatively, 
fluoroscopy was applied in an anterior-posterior and a mediolateral direction to 
confirm the normal anatomy and the size of the bone. Immediately post-surgery, 
the osteochondral defect and/or positioning of each implant were visualized and 
possible surgical complications such as fractures were examined. After sacrificing 
the animals (day 56), the joints were checked for implant malpositioning, loosening 
(sclerotic zones and radiolucency surrounding the implant), movement from original 
position, or other complications. Subsequently all joints were opened and the implant 
was manually checked for loosening and a possible loose or fibrotic implant bone 
interface.

Evaluation of biocompatibility and osseointegration
After 48 hours of fixation in 10% buffered formalin, the medial femoral condyles 
including the implants were dehydrated via 70 to 100 percent ethanol, and 
embedded in polymethylmethacrylate. Approximately 10-20 µm thick sections were 
sawed in a longitudinal direction through the middle of the implant using the Leica® 
SP1600 Saw Microtome system and subsequently stained with basic fuchsin and 



Figure 1
Radiographic images and histological sections of both implants. The implants are located at the 
desired depth and direction. No radiographic loosening was observed for both materials.
A. Anterior-posterior view of CoCr implant.
B. Lateral view of CoCr implant. 
C. Anterior-posterior view of OxZr implant. 
D. Lateral view of OxZr implant. 
E. CoCr implant. The implant is placed flush to the surrounding implant and even some overgrowth is 
seen on the right side. The bone surrounding the implant shows sufficient contact and the treads on 
the implant prevent loosening. 
F. OxZr implant. This implant is also placed flush to the surrounding implant. Although the surrounding 
bone is still remodelling, sufficient bone-implant contact is observed.

Figure 2 The modified Macroscopic Articular Evaluation Parameters. 
The score of the joints immediately before creating the defect represents the value for healthy joints 
(short dashed line), the scores of the joints four weeks after creating the defect and immediately 
before treatment decreased significantly (p < 0.05), presented as the defect-baseline value (long 
dashed line). Upon sacrifice of the animals four weeks after surgical treatment, the scores had not 
increased after treatment (represented by the bars).

68

C
ha

pt
er

 4



Figure 3
Macroscopic images of each repair variant. Note that the differences between each 
group are minimal. Complete healing of the defect was not in each group. For each 
group the worst, mean and best healing variants are shown.
Defect-baseline (A: Worst; B: Mean; C: Best).
Sham-operation (D: Worst; E: Mean; F: Best).
Microfracturing (G: Worst; H: Mean; I: Best).
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 4 eosin. Histomorphometry was performed with a PC-based system equipped with 
the KS400 version 3.0 software (Carl Zeiss Vision, Oberkochen, Germany) as 
described previously11. In short, the percentage of bone surrounding the implant was 
calculated and the percentage of the implant circumference in contact with bone was 
determined.

General macroscopic articular evaluation
After opening of the joint space prior to creation of the defects (= healthy joint), 
prior to application of the treatments (= defect baseline) and post-mortem, the 
joint was inspected and evaluated by two observers (RC and MvR) according to 
the guidelines as described by O’Driscoll12-14 (page 86). Since it was not possible to 
score the ‘restoration of contour’ and ‘cartilage erosion of the graft’ for the implant 
groups, the Macroscopic Articular Evaluation Parameters were modified (scores 0 
- 6 instead of 0 - 10).

Macroscopic scoring of articular cartilage compartments
After removal of the soft tissues, macroscopic evaluation as described by Mastbergen 
et al.15 (page 48) was performed by two observers (RC and MvR) on coded high-
resolution photographs for each compartment separately (the medial plateau, 
directly in contact with the implant and the lateral plateau and condyle, as part of 
the knee joint, but not directly in contact with the implant). The scores of the two 
observers were averaged and outliers with a difference of more than 1 point were 
scored again, until consensus was reached. The higher the score, the more the 
cartilage is damaged.

Microscopic cartilage evaluation
To evaluate cartilage damage by histology, all femoral condyles (except the medial 
femoral condyles in which an implant was placed) and tibial plateaus (including 
subchondral bone) were fixed in 10% buffered formalin during 48 hours. The tissues 
were decalcified using Luthra’s solution (3.2% 11 M HCl, 10% formic acid in distilled 
water) during 48 hours. The decalcified tissue was dehydrated via 70 to 100 percent 
ethanol, immersed in xylene and finally embedded in paraffin. At four different levels, 
from anterior to posterior, 5 µm thick paraffin sections were cut from the entire lateral 
femoral condyle and from the entire tibial plateau and stained with Safranin-O and 
Fast Green according to the OARSI guidelines16. Histological sections were blinded 
and presented at random (using FileMaker Pro® 6.0v1 for Mac®) to two observers (RC 
and MvR). The OARSI Cartilage Histopathology Assessment System (OOCHAS) 
was applied to determine the degree of cartilage degeneration for each compartment 
separately16 (page 32-33). Likewise, histological sections were prepared to determine 
the degree of filling of the cartilage defects.  These sections were blinded and scored 
at random by two different observers (RC and MvR) using the criteria reported by 
O’Driscoll12-13 (page 90).

Statistical analysis
Values are given as mean and standard error of the mean. All statistical analyses 
were performed using SPSS® 11.0.4. For the macroscopic scoring of articular 
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cartilage compartments, a general linear model with repeated measurements was 
performed. For the analysis of the microscopic cartilage scores, each treatment group 
was analyzed separately, using a general linear model with repeated measurements 
and a split file layered by group, because there was an interaction between the 
treatment group and location. For the differences between the treatment groups 
per location, a one-way analysis of variance (one-way ANOVA) was performed. 
For the analysis of the general macroscopic articular evaluation, the microscopic 
cartilage repair scores, and the osseointegration, a one-way ANOVA was used to 
calculate possible differences between the groups. All results were corrected for 
multiple testing using a Bonferroni-correction. For all analyses, p ≤ 0.05 was defined 
as statistical significance difference.

Results

Surgery and animal health 
Two rabbits died after the second surgery due to anaesthesia-related complications 
and one rabbit was accidentally killed at a wrong follow-up period. These rabbits 
were excluded from further analysis (2x sham operation, 2x microfracturing, 2x 
CoCr). Three other rabbits received additional antibiotics during five days after the 
first surgery due to a clinical extra-articular infection of one knee (2x microfracturing 
and 1x sham operation). Two rabbits received additional antibiotics during three to 
five days after the second surgery, one due to an extra-articular infection of one 
knee (1x microfracturing) and one due to an intra-articular infection of the ankles 
(1x microfracturing and 1x OxZr). All these rabbits recovered well and as there were 
no signs of intra-articular infection, they were included in the analysis. All rabbits 
were able to load the limbs and move the knees without any limitations. The rabbits 
showed a maximal weight loss of 3.5 ± 0.44 % after the first surgery and 1.9 ± 0.99 
% after the second surgery. Visual inspection and manual palpation did not show 
any fibrotic changes / joint stiffness. Initial knee joint anatomy was normal for all 
rabbits, implant positioning was correct and after four weeks follow-up, no signs of 
malpositioning, loosening or other complications were evident (Figure 1A-D).

Biocompatibility and osseointegration
One implant (CoCr) was lost during the sawing process and therefore excluded from 
further analysis. Bone contact was observed in all samples; loosening of the implants 
and inflammatory responses were not seen (Figure 1E-F). Bone formation around 
the implants was 52.5 ± 4.0 % for CoCr and 44.7 ± 2.7 % for OxZr, which was not 
significantly different. Bone-implant contact was 63.2 ± 3.2 % for CoCr and 62.5 ± 
3.2 % for OxZr, which also was not significantly different.

General macroscopic articular evaluation
Healthy joints (scored during the first surgical procedure) showed a mean score of 
5.97 ± 0.03 (Figure 2). Four weeks after creating the defect, the scores decreased 
significantly to 4.09 ± 0.07 (p  < 0.05). This score is considered to be the defect-
baseline value from where the four treatments start. No statistically significant 
differences were found for the macroscopic scores compared to the defect-baseline 



value and between each treatment (sham-operation = 3.85 ± 0.36; microfracturing = 
3.92 ± 0.37; CoCr = 3.85 ± 0.39; OxZr = 4.21 ± 0.15) (p > 0.05).

Cartilage repair evaluation
As determined by the Cartilage Repair Score, four weeks after introduction of the 
defect, the healing was incomplete (= defect baseline). Four weeks after treatment 
with microfracturing, the healing (16.9 ± 0.7) did not differ from defect baseline        
(13.0 ± 1.8) or the sham-operated knees (14.1 ± 1.4) as indicated by the worst, mean 
and best macroscopic images (Figure 3) and corresponding histological sections 
(Figure 4).

Macroscopic evaluation of articular cartilage compartments
Macroscopically, four weeks after introduction of the defect, all medial and lateral 
tibia plateaus and lateral femoral condyles showed considerable damage (= defect 
baseline) (Figure 5). Four weeks after either treatment, the cartilage degeneration 
of the medial and lateral plateaus had progressed (p < 0.05). The medial plateaus, 
directly in contact with the (un) treated defect, were more degenerated compared to 
the lateral plateaus and lateral condyles (p = 0.001). Additionally, the lateral plateaus 
were more degenerated compared to the lateral condyles (p = 0.001). No differences 
in macroscopic scores were observed between sham-operated knees or knees 
treated with microfracturing, CoCr or OxZr implants. 

Microscopic cartilage evaluation
Microscopically, four weeks after introduction of the defect, all medial and lateral 
tibia plateaus and lateral femoral condyles showed considerable damage (= defect 
baseline) (Figure 6). Four weeks after treatment with a CoCr or an OxZr implant, 

Figure 4
Histological sections of each treatment group. In addition to the macroscopic images of each repair 
variant, the corresponding histological sections of the worst, mean and best variant from each repair 
variant are shown. Note that the differences between each group are minimal.
Defect-baseline (A Worst B Mean C Best).
Sham-operation (D Worst E Mean F Best).
Microfracturing (G Worst H Mean I Best).
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Figure 6 Microscopic Cartilage Scores. 
Four weeks after treatment with either implant, the medial tibial plateau cartilage degeneration 
progressed, whereas this was not observed after microfracturing or a sham-operation. Additionally, 
the CoCr implant caused more cartilage degeneration compared to sham-operation, and to 
microfracturing. The OxZr implant caused more cartilage degeneration compared to the sham-
operated joints (all *). 
In the joints treated with microfracturing, or treated with either implant, the medial tibial plateaus 
(directly in contact with the treated defect) were significantly more degenerated compared to the 
lateral plateaus and the lateral condyles, whereas this was not observed at baseline or in the sham-
operated joints. Additionally, the lateral condyles were more degenerated compared to the lateral 
plateaus after treatment with microfracturing or with an OxZr implant (all #). Statistical difference is 
marked using * and # (P < 0.05).

Figure 5 Macroscopic Cartilage Scores. 
Four weeks after all four treatments, the cartilage degeneration of the medial and lateral plateaus 
progressed (#). The medial plateaus, directly in contact with the (un) treated defect, were more 
degenerated compared to the lateral plateaus and lateral condyles (*). Additionally, the lateral plateaus 
were more degenerated compared to the lateral condyles (*). No differences were observed between 
sham-operated knees or knees treated with microfracturing, CoCr or OxZr implants. Statistical 
significance is indicated by # (p < 0.05) and * (P = 0.001). 

73

S
urgical positioning and im

plant m
aterial



in the medial tibial plateau (directly in contact with the treated defect), cartilage 
degeneration had progressed (p < 0.05) compared to baseline defect values, whereas 
this was not observed after microfracturing or a sham-operation. Additionally, the 
CoCr implant caused more cartilage degeneration in this compartment compared 
to sham-operation (p = 0.003) and to microfracturing (p = 0.038). The OxZr implant 
caused more degeneration compared to the sham-operated joints (p = 0.005). There 
were no differences observed between the treatments with respect to cartilage 
degeneration of the lateral plateau and the lateral condyles. In the joints treated with 
microfracturing, or treated with CoCr or OxZr implants, the medial tibial plateaus 
were significantly more degenerated compared to the lateral plateaus (p < 0.05) and 
the lateral condyles (p < 0.05), whereas this was not observed at baseline nor in 
the sham-operated joints. Additionally, the lateral condyles were more degenerated 
compared to the lateral plateaus after treatment with microfracturing (p = 0.009) or 
with an OxZr implant (p = 0.003).

Discussion

This study showed that treating established localized cartilage defects in the rabbit 
medial femoral condyle using small metal implants did not have any beneficial 
effects on joint cartilage integrity. None of the treatments was beneficial for cartilage 
morphology, moreover, in knees with implant-containing medial femoral condyles, the 
damage to the opposing articulating medial tibia plateau was increased compared to 
the sham-operated knees as demonstrated by the higher microscopic scores. The 
femoral defects caused cartilage degeneration of all compartments, which seemed 
to be progressive, as demonstrated by the elevated macroscopic cartilage scores of 
sham-operated knees. To what extent the damage found could be partly attributed to 
the process of opening the joint space or rather to naturally occurring degeneration, 
is not entirely clear, as no animals without defects, either or not sham-operated, were 
included in the study. However, previous rabbit studies including sham-operated 
animal groups did not reveal any cartilage damage in these groups, even at shorter 
time intervals17-18, suggesting that neither mechanism are likely to be a confounder 
in the current study.

Interestingly, elevated macroscopic and microscopic cartilage scores demonstrated 
that in the lateral compartments, although not articulating directly against the defect, 
cartilage degeneration had been induced by the presence of the defect in the medial 
femoral condyle had. This gradual decrease in cartilage quality of adjacent areas was 
found before11 and may be explained by the concept of joint homeostasis10. Briefly, 
this concept describes that there are a number of mechanisms for the control of the 
physiological equilibrium of the synovial (knee) joint. This equilibrium is maintained by 
the cartilage, subchondral bone, synovial fluid, menisci and ligaments, of which the 
components are likely to interact with each other. Thus the presence of joint trauma 
may have profound conditioning effects on all joint compartments. Indeed, in an in 
vivo goat model, it was shown that the treatment of fresh cartilage defects is more 
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successful compared with longer existing defects10. Therefore, cartilage damage of 
the medial tibial plateau directly articulating with the defect may have for example 
induced the release of inflammatory cytokines or matrix degrading proteases into 
the synovial fluid, thus affecting more remote areas in the joint. The findings from 
the current study are in line with previous data obtained in a rabbit model of fresh 
defects of the same size and with the same follow-up11, where considerable cartilage 
damage was induced in all compartments without major differences between the two 
bearing materials. In the latter study the Histologic / Histochemical Grading System 
(HHGS) was used to quantify the microscopic degree of cartilage degeneration, but 
as the HHGS and the OOCHAS used here were shown to correlate strongly19, the 
results of these two studies can be compared directly. Given the similar outcomes, 
the outcome of treatment with implants seems to be independent of whether the 
defect was or was not pre-established, at least for the period applied here.

Strikingly, microfracturing as generally accepted treatment for localized cartilage 
defects, was not able to prevent the deterioration of the joint and cartilage caused 
by the presence of the cartilage defect, demonstrated by the macroscopic and the 
microscopic cartilage scores. Possibly the follow-up period was too short for the 
microfracturing to induce any positive effects on defect healing compared to the 
natural course. Although even in such a relatively short time period considerable and 
clinically relevant damage to the opposing surface was found, a major drawback of 
this study is the single time point for follow-up.

In the current study, two different bearing materials were used. First, CoCr, since it is 
a frequently employed material for hemiarthroplasty bearing surfaces, however, even 
given the wide implementation, some downsides are described20-22. For example, 
failure of hemiarthroplasty hip prostheses was found, due to pain and the erosion of 
acetabular articular cartilage and bone. Second, OxZr was shown to exhibit a number 
of relevant beneficial characteristics in vitro, such as better scratch resistance, less 
surface roughness after articulation against third body debris such as bone cement, 
a lower friction coefficient and more elasticity, while maintaining equivalent device 
fatigue strength23-28.

Osseointegration is of major importance for the success of any articular implant. 
The current study showed that the bone-implant contact was high for both materials, 
varying between 60 and 65%. For the OxZr implants this is slightly more than found 
previously11, where implants showed a bone-implant contact of 49.2 ± 7.3 % upon 
implantation in a rabbit medial femoral condyle and considerably more compared to 
the 36 ± 4 % as observed in a rabbit study were zirconium implants were inserted 
in the tibia and analysed 1 and 6 months after implantation29. Although there are no 
threshold values for bone-implant contact, the percentage here is probably adequate, 
since none of the implants showed loosening or movement from its original location. 
The differences between the studies might be explained by the established defect 
model used in this study were the subchondral bone layer might have been thickened 
after creating the initial defect. Similar bone-implant contact values were found in 
a rabbit study evaluating the bone response to zirconia ceramic implants, where 
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bone-implant contact was 68.4 ± 2.4 %30. However, these implants were placed in 
the tibia and at non-articulating sites. The loading conditions are therefore different, 
influencing the extent of bone-implant contact. The bone contact with CoCr implants 
found here, was similar as found in a previous study in the rabbit medial femoral 
condyle (59.1 ± 9.1 %)11. 

All in all, although osseointegration of the implants is satisfactory and only a single 
short-term follow-up period was investigated in this study, the application of defect-
sized metal implants to local cartilage defects seems to result in considerable 
additional damage to the articulating cartilage. Therefore, caution is warranted using 
small metal implants as a treatment for established localized cartilage defects.
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Cartilage degeneration in the goat knee caused by 
treating localized cartilage defects with metal implants 

Chapter 5
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Objective 
The purpose of the current study was to investigate the feasibility of applying defect-
size femoral implants for the treatment of localized cartilage defects in a one-year 
follow-up model.

Methods
In 13 goats, a medial femoral condyle defect was created in both knees. Defects 
were randomly treated by immediate placement of an oxidized zirconium (OxZr) 
(n = 9) or cobalt-chromium (CoCr) implant (n = 9) or left untreated (n = 8). Six un-
operated knee joints served as a control. Animals were sacrificed at 52 weeks. Joints 
were evaluated macroscopically. Cartilage quality was analyzed macroscopically and 
microscopically and cartilage repair of untreated defects was scored microscopically. 
Glycosaminoglycan content, release and synthesis were measured in tissue and 
medium. Implant osseointegration was measured by automated histomorphometry.

Results
Cartilage repair score of the defects was 13.3 ± 3.0 out of 24 points (0 = no repair, 24 = 
maximal repair). Articular evaluation scores decreased (indicative of degeneration) in 
untreated defects and in defects treated with either implant (p < 0.05). Macroscopical, 
microscopical and biochemical analysis showed that the presence of untreated 
defects and the implants caused considerable degeneration of medial tibial plateau, 
and to a lesser extent of the lateral compartment. Mean bone-implant contact was 
extensive and not different between materials (39.5 ± 28.1% for OxZr and 42.3 ± 
31.5 % for CoCr) (p = 0.873).

Conclusions
Considerable cartilage degeneration was induced in the articulating cartilage of the 
medial tibial plateau one year after creating an osteochondral defect in the medial 
femoral condyle. Treating this defect with a small metal implant, made of either OxZr 
or CoCr, could not prevent this degeneration. Further optimization of defect-size 
implants and their placement is required to make this the therapy of choice for the 
treatment of local cartilage defects.
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Introduction

Localized cartilage defects in the knee are associated with disability and symptoms 
such as joint pain, locking phenomena and reduced or disturbed function. Moreover, 
these defects predispose to severe forms of osteoarthritis1. The surgical treatment 
of localized cartilage defects is usually aimed at stimulation of biological repair, 
including subchondral perforation2-3, osteochondral transplantation, and autologous 
chondrocyte transplantation. Although these biological repair treatment modalities 
are well established4-5, they have limitations. Often, fibrous or fibrocartilaginous 
tissue is formed, which is frequently followed by progressive joint degeneration, often 
resulting in an indication for further surgical intervention, such as an osteotomy, joint 
distraction1, a hemiarthroplasty or a total joint replacement1. 

A proposed alternative for the treatment of localized (osteo)chondral defects is the 
use of defect-size metal implants filling the cartilage defect, thereby re-establishing 
the integrity of the joint surface. Although this treatment modality has already been 
applied in humans after trauma of the knee, hip, toe and shoulder6-8, there is no 
experimental evidence suggesting its efficacy as an alternative to the established 
surgical treatments. In fact, in a rabbit model, defect-sized implants inserted in knee 
defects were found to induce considerable cartilage degeneration of the opposing 
articulating cartilage of the tibia9-10. However, this may have been due to the 
sensitivity of such a small animal model to small deviations in surgery procedures.  
The thickness of healthy adult rabbit knee cartilage thickness is 0.3 mm, whereas 
healthy goat knee cartilage is 0.7-1.5 mm thick11. Thus malpositioning of only 1 mm 
or less might have fewer consequences in a goat knee.

Vital in the application of non-degradable implants are their biomechanical and 
wear characteristics. Currently, CoCr alloy is a frequently employed material for 
hemiarthroplasty bearing surfaces, however, even given the wide implementation, 
some downsides are described12-13. For example, failure of CoCr hemiarthroplasty 
hip prostheses was found, due to pain and erosion of acetabular articular cartilage 
and bone14. Therefore, ceramic bearing materials such as OxZr have sparked 
renewed interest, based on in vivo properties such as better scratch resistance, less 
surface roughness after articulation against third body debris such as bone cement, 
a lower friction coefficient and more elasticity, while maintaining equivalent device 
fatigue strength15-21. Therefore, it could be hypothesized that this material would 
be suitable as an articulating surface in treatment of cartilage defects, joint trauma 
and early, localized osteoarthritis using defect-sized non-degradable implants. 
However, the postulated superiority of this material has not been proven in vivo, 
where not only articulation, but also osseointegration and surgical aspects define the 
functionality of an implant. To verify the applicability of local implants in the treatment 
of cartilage defects in a large animal model (in an effort to avoid the propensity of 
small animal models for suboptimal implant positioning) and to evaluate whether 
OxZr would confer an advantage over CoCr in terms of joint and cartilage integrity 
and implant fixation, we used an in vivo model in which a femoral tack (similar to the 
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 5 abovementioned rabbit studies) of either material was applied to a localized defect 
in a goat knee joint. 

Materials and Methods

Experimental design
This research was approved by the Institutional Animal Care Committee of the 
Utrecht University (approval number DEC04.07.057). In thirteen adult female Dutch 
milk goats, a standardized medial femoral condyle defect was created in both knees. 
The defects were randomly treated with either an OxZr (nine knees) or CoCr (nine 
knees) press fit implant (diameter articulating surface 5.0 mm; length 13.5 mm) 
or left untreated (eight knees). As a control group, the un-operated left knees of 
six goats (six knees) included in a separate study were used. The experimental 
animals were killed 52 weeks after surgery. Macroscopic articular evaluation was 
performed immediately before creating the defect and 52 weeks after treatment. 
Tibial and femoral cartilage quality was evaluated by macroscopic, microscopic, and 
by biochemical analysis. After 52 weeks, implant osseointegration was measured 
by automated histomorphometry and defect healing of the untreated defects was 
scored microscopically. All results are described as mean ± standard deviation.

Figure 1
A. Femoral tack implant made of CoCr (left) and 
OxZr (right). The OxZr components were produced 
from a wrought zirconium alloy (Zr-2.5%Nb) that was 
oxidized by thermal diffusion to create a zirconia 
surface, which is approximately 5 µm thick, and then 
polished to produce an articular surface as smooth as 
that of the CoCr component (Ra < 0.03 µm). The CoCr 
components were produced from a cast CoCr alloy 
(ASTM F75) and polished afterwards. The threads 
on the implants were designed for osseointegration.
B. Technical drawing of the implant.
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Animals
Thirteen adult female Dutch milk goats, aged 3.1 ± 0.28 years and weighing 66.4 ± 
8.7 kg were used for surgery. The un-operated left knees of six adult female Dutch 
milk goats aged 2.4 ± 0.28 years and weighing 65.6 ± 5.7 kg were used as a control 
group. These goats were used in a separate study (chapter 7; approval number 
DEC04.07.057). The number of animals needed for this study was determined by a 
power analysis. The power was 0.8 and a was 0.05. The data used for this analysis 
were obtained from biochemical analysis as described previously22. Food and water 
was given ad libitum. General health and care conditions were monitored by the 
laboratory animal welfare officer.

Implants
Implants were custom-manufactured to our design specifications by Smith&Nephew 
(Memphis, TN, USA). The size of the implant was 13.5 mm (length) by 5.0 mm 
(diameter-articulating surface). The articulating shape of the implant was designed 
after a study on goat cadaver knees and tested in a pilot study (Figure 1A-B).

Surgery
After acclimatizing for at least three weeks in the animal care facility, one day prior 
to surgery, a topical fentanyl application bandage was given as pain medication. The 
goats were weighed pre-operatively. Surgery was performed on both knees, under 
general inhalation anaesthesia using an isoflurane (2% in air) gas mixture (Abbott 
Laboratories, ASTPharma, The Netherlands) preceded by detomidine hydrochloride 
sedation (Pfizer, The Netherlands) and antibiotic prophylaxis (Augmentin®, 
GlaxoSmithKline, United Kingdom). All surgical procedures were carried out 
under aseptic conditions and by the same surgeon (RC), who had gained specific 
experience in the course of a pilot study. The medial femoral condyle was exposed 
through a medial parapatellar incision, without dislocating the patella. After inspecting 
the joint and determining the location for implantation, a drill (diameter 5.0 mm) 
was used to create a standardized full-thickness cartilage defect not penetrating the 
subchondral bone layer (2.0 mm deep). To place the implant, the defect was drilled 
deeper (3.0 mm) and subsequently, the implant was placed flush to the surrounding 
cartilage surface by tapping the implant into place using a specially designed tamp 
with a polyethylene head, as previously described9-10. After insertion, the implants 
were visually inspected and manually tested for fixation. Following lavage, the joint, 
subcutis and skin were closed in three layers using sutures. Additional post-operative 
pain relief was provided by buprenorphin (Schering-Plough, The Netherlands). Until 
5 days post-operatively, ampicillin (Albipen®, Intervet, The Netherlands) was given. 
Post-operatively, the goats were allowed to fully load their knees, without casting 
or bandages. After 52 weeks, the animals were weighed and euthanized using an 
overdose of pentobarbital (Euthesate®). 

Radiographs
Pre-operatively, fluoroscopy was applied in an anterior-posterior and a mediolateral 
direction to confirm the normal anatomy and the size of the bone. Immediately 
post-surgery, the positioning of each implant was visualised and possible surgical 
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 5 complications such as fractures were examined. After sacrifice of the animals (52 
weeks), the joints were checked for implant malpositioning (depressed or elevated 
compared to the surrounding cartilage), loosening (sclerotic zones and radiolucency 
surrounding the implant), and movement from the original position, or other 
complications (such as fractures).

General macroscopic articular evaluation
After opening of the joint space prior to creation of the defects (= healthy joint) and 
application of the treatments, as well as post-mortem, the joint was inspected blinded 
to the animal and treatment and evaluated by two observers (RC & MvR) according 
to the guidelines as described by O’Driscoll23-25. Since it was not possible to score 
the ‘restoration of contour’ and ‘cartilage erosion of the graft’ for the implant groups, 
the Macroscopic Articular Evaluation Parameters were modified (scores 0-6 instead 
of 0-10) (Table 1).

Table 1
Modified Macroscopic Articular Evaluation Parameters as described by 
O’Driscoll et al.21-23.
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Table 2  Macroscopic Cartilage Score as described by Mastbergen 
et al.24.

Cartilage explants harvest
Upon sacrifice, cartilage tissue samples were obtained from predefined locations 
under aseptic conditions (Figure 2). First, two full-thickness cartilage tissue explants 
were cut from the underlying subchondral bone layer, one just anterior and one 
just posterior from the most weight-bearing area of each femoral condyle and tibial 
plateau. Subsequently, each cartilage explant was cut into three or five separate 
pieces (depending on location), of which two or four were used for biochemical 
assays, respectively. One piece was used for histology (the most peripheral one). 
Furthermore, full cross-sectional osteochondral explants were harvested for histology 
from the middle of each location (medial and lateral tibial plateau, and medial and 
lateral femoral condyle), including the defect area or containing the implant.

Microscopic cartilage evaluation
Immediately after harvesting, all tissue explants used for microscopic analysis were 
fixed in 10% buffered formalin during 48 hours. Subsequently, all osteochondral 
tissue explants were decalcified using Luthra’s solution (3.2% 11M HCl, 10% formic 
acid in distilled water) over 48 hours. Non-decalcified and decalcified tissues were 
then dehydrated via 70% to 100% ethanol, immersed in xylene and embedded in 
paraffin. Embedded tissues were cut into 5 µm thick paraffin sections and stained 
with Safranin-O and fast green according to the (Osteoarthritis Research Society 
International (OARSI) guidelines27. The histological sections were blinded and 
presented at random to two observers (RC & MvR).
Osteochondral sections from the entire lateral femoral condyle and the tibial plateau 
from medial to lateral were evaluated using the OARSI Osteoarthritis Cartilage 
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Table 3A

Table 3A-C
Osteoarthritis Research Society International (OARSI) Osteoarthritis 
Cartilage Histopathology Assessment System (OOCHAS) as described by 
Pritzker et al.25-26 First, the grade is determined, then the stage, and finally, 
the grade is multiplied by the stage resulting in the final score.
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Table 3C

Table 3B

Figure 2
Scheme showing the areas of sample harvesting.
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Table 4
Cartilage Repair Score as described by O’Driscoll et al.21-22.
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Cartilage explants harvest
Upon sacrifice, cartilage tissue samples were obtained from predefined locations 
under aseptic conditions (Figure 2). First, two full-thickness cartilage tissue explants 
were cut from the underlying subchondral bone layer, one just anterior and one 
just posterior from the most weight-bearing area of each femoral condyle and tibial 
plateau. Subsequently, each cartilage explant was cut into three or five separate 
pieces (depending on location), of which two or four were used for biochemical 
assays, respectively. One piece was used for histology (the most peripheral one). 
Furthermore, full cross-sectional osteochondral explants were harvested for histology 
from the middle of each location (medial and lateral tibial plateau, and medial and 
lateral femoral condyle), including the defect area or containing the implant.

Microscopic cartilage evaluation
Immediately after harvesting, all tissue explants used for microscopic analysis were 
fixed in 10% buffered formalin during 48 hours. Subsequently, all osteochondral 
tissue explants were decalcified using Luthra’s solution (3.2% 11M HCl, 10% formic 
acid in distilled water) over 48 hours. Non-decalcified and decalcified tissues were 
then dehydrated via 70% to 100% ethanol, immersed in xylene and embedded in 
paraffin. Embedded tissues were cut into 5 µm thick paraffin sections and stained 
with Safranin-O and fast green according to the (Osteoarthritis Research Society 
International (OARSI) guidelines27. The histological sections were blinded and 
presented at random to two observers (RC & MvR).

Osteochondral sections from the entire lateral femoral condyle and the tibial plateau 
from medial to lateral were evaluated using the OARSI Osteoarthritis Cartilage 
Histopathology Assessment System (OOCHAS)27-28 to determine the degree of 
cartilage degeneration for each location separately. A score of 0 represents normal 
cartilage, whereas a score of 24 represents a severely degenerated joint surface 

Table 5
Modified HHGS as described by Mankin et al.27, and modified by Lafeber et al.28.
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Figure 3
Examples of medial femoral condyle after 52 weeks of follow-up.
A. Untreated defect. Note the repair tissue and cartilage degeneration surrounding the defect area.
B. OxZr implant. Some cartilage tissue has covered the implant surface. Note that the implant is surrounded 
by relative healthy cartilage.
C. CoCr implant. This implant is surrounded by relative healthy cartilage.

Figure 4
Examples of fluoroscopy of goat knees post-mortem.
A-B. Healthy control knee. No abnormalities are observed.
C-D. Untreated defect. Note that the defect area is not visible on these fluoroscopy images.
E-F. OxZr implant. Note that the implant is placed in the most weight-bearing area of the femoral condyle. 
Some radiolucency can be seen surrounding the threads of the implant.
G-H. CoCr implant. Note that this implant is placed correct and that no radiolucency can be observed.
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Figure 5
The modified Macroscopic Articular Evaluation Parameters (mean ± standard deviation). A score of six 
represents a healthy joint, whereas a score of 0 represents a severely degenerated, fibrillated, and fixated 
knee joint. The un-operated joints (long dashed line) are considered the healthy joints. The mean score 
of the joints immediately before creating the defect represents the value for pre-operative (long line). The 
mean score of the modified Macroscopic Articular Evaluation Parameters was 5.8 ± 0.4 (n = 6) for the 
un-operated healthy joints and 5.7 ± 0.5 (n = 24) pre-operatively for the operated knee joints (untreated 
defect, OxZr, and CoCr) (p = 0.44). Upon sacrifice, 52 weeks after creating the defect or inserting the 
implants, the scores had decreased significantly for all three operated groups to 4.4 ± 0.5 (n = 8) for the 
untreated defects (p = 0.009); 4.1 ± 0.8 (n = 8) for the OxZr implants (p = 0.009); 4.1 ± 0.8 (n = 8) for the 
CoCr implants (p = 0.015). No differences were observed between the untreated defects and defects 
treated with either implant (vs OxZr p = 0.48; vs CoCr p = 0.66).

Figure 6
Macroscopic cartilage score 52 weeks after surgery (mean ± standard deviation). The scores of the 
un-operated knee joints (n = 6) are represented by the white bars (control). 52 weeks after surgery, the 
untreated defects (n = 8), OxZr (n = 8) and CoCr (n = 8) implants had higher scores (ranging from fibrillated 
with shallow grooves to deep sharp grooves) at the medial tibial plateau compared to the untreated 
healthy knee joints (* control vs untreated defect p = 0.032, vs OxZr p < 0.001, vs CoCr p = 0.002). The 
lateral compartment (lateral tibial plateau and lateral femoral condyle) was only slightly fibrillated for 
all groups. The lateral plateau was more degenerated after inserting a CoCr implant compared to the 
untreated control knees (* p = 0.01)
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 5 (Table 3). These decalcified sections were also scored for the degree of filling of the 
untreated cartilage defects, blinded, at random by two different observers (RC & 
MvR) using the criteria suggested by O’Driscoll23-24 (Table 4).

In addition, the Histological/Histochemical Grading System (HHGS)29 was applied 
to the non-decalcified cartilage explants. Since in the latter explants bone was not 
included, the tidemark between cartilage and bone was not present. Moreover, due to 
the dissection method, pannus could not be demonstrated on the cartilage explants. 
Therefore, the maximum score that could be obtained was 11 instead of the 14, due 
to the omission of criteria ‘pannus’, ‘clefts to calcified zone’, and ‘tidemark crossed 
by blood vessels’ as described previously30 (Table 5).

Biochemical cartilage evaluation
For femoral condyles and tibial plateaus, cartilage proteoglycan (PG) content, 
synthesis, and release were determined of respectively eight and sixteen explants 
obtained from predefined locations. Two to four full-thickness cartilage slices, 
anterior and posterior from the most weight-bearing area, were weighed aseptically 
(range 5-20 mg) and cultured individually in 96-well round-bottom microtiter plates. 
Explants were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco 074-
01600, 0.81 mM SO4

2-, 24 mM NaHCO3) supplemented with ascorbic acid (85 µM), 
glutamine (2 mM), penicillin (100 IU/ml), streptomycin sulfate (100 µg/ml), and 10% 
pooled goat serum at 5% CO2, and 37° C (all from: Gibco, New York, USA). Ex 
vivo PG synthesis was determined at day 0 by measuring 35SO4

2- incorporation and 
implants were incubated for a subsequent 3-day period in the absence of label to 
determine PG release and PG content. Conditioned medium and cartilage samples 
were stored at -20°C until analysis.
 
PG synthesis
PG synthesis was determined by measuring 35SO4

2- incorporation into GAGs in the 
presence of 10 µCi/ml of 35SO4

2- (Na2
35SO4, carrier-free, NEX-041-H; DuPont, The 

Netherlands). Four hours after the addition of 35SO4
2-, the samples were washed 

three times for 45 minutes in fresh culture medium (37°C) and cultured for another 3 
days. Conditioned medium was collected and frozen at -20°C until analysis. Cartilage 
samples were digested in 3% papain buffer (dissolved in 0.5M phosphate buffer, 
20mM N-acetylcysteine and 20mM Na2-EDTA, pH6.5) at 65°C for 2 hours. Papain 
digests were diluted to the appropriate concentrations for analysis of PG synthesis 
rate and PG content/release as well as DNA content.

35SO4
2- incorporation into GAGs was measured by liquid scintillation counting (Tri-

carb 1900CA, Packard, USA) of cartilage papain digests and conditioned medium. 
The sum of 35SO4

2- radioactivity in the cartilage digests and conditioned medium after 
3 days of culturing represented 35SO4

2- incorporation on day 0. The rate of 35SO4
2- 

incorporation was expressed as nmoles of 35SO4
2- incorporated per hour per gram 

wet weight of the cartilage tissue.
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PG content and release
Alcian Blue (A-5268; Sigma) precipitation of GAGs in the papain digests and 
conditioned medium was determined as a parameter for total PG content and 
release, respectively. Staining for GAG was measured as the change in absorbance 
at 620 nm using chondroitin sulphate (C4383; Sigma-Aldrich, The Netherlands) as a 
reference. Results are expressed as mg GAG per gram wet weight of the cartilage 
explants and the initial GAG content on day 0 was calculated from the total amount 
of GAG released into the medium and the total GAG content of the explants after 
72 hours. 

Evaluation of biocompatibility and osseointegration
After 48 hours of fixation in 10% buffered formalin, medial femoral condyle tissue 
slices containing the implants were dehydrated via 70% - 100% ethanol, and 
embedded in polymethylmethacrylate. Approximately 10 – 20 µm thick sections were 
sawed in a longitudinal direction through the middle of the implant using the Leica® 
SP1600 Saw Microtome system and subsequently stained with methylene blue/
basic fuchsin. Histomorphometry was performed with a PC-based system equipped 
with the KS400 version 3.0 software (Carl Zeiss Vision, Germany) as described 
previously9-10. Briefly, the percentage of bone surrounding the implant within a fixed 
distance from the implant surface was calculated and the percentage of the implant 
circumference in contact with bone was determined.

Statistical analysis
Values are given as mean and standard deviation. Since there was more than one tissue 
sample analyzed per location for the histological and biochemical analysis, the mean 
of those scores per location were used as one statistical unit. For the macroscopic 
scoring of articular cartilage compartments, a general linear model with repeated 
measurements was performed. For the analysis of the general macroscopic articular 
evaluation, the histologic and biochemical cartilage scores, each treatment group 
was analyzed separately, using a general linear model with repeated measurements 
and a split file layered by group since there was an interaction between the treatment 
group and location. For the differences between the treatment groups per location, a 
one-way analysis of variance (one-way ANOVA) was performed. For the analysis of 
the histomorphometry a paired Student’s t-test was performed since an intra-animal 
comparison could be made. All results were corrected for multiple testing using a 
Bonferroni-correction, for each analysis separately. For all analyses, p < 0.05 was 
defined as statistical significant difference.

Results

Surgery and animal health 
Pre-operatively, fluoroscopy confirmed normal knee joint anatomy for all goats. 
Surgery was performed with one major complication: one goat developed an intra-
articular infection surrounding a CoCr implant and was euthanized after 3.5 months. 
This goat (CoCr and OxZr implant) was excluded from further analysis. All other 



Figure 7 

Safranin-staining of an untreated 
cartilage defect and a basic fuchsin 
and eosin staining of the sections 
including an implant.
A. Histological example of an 
untreated defect after 52 weeks of 
follow-up.
B. Histological example of an OxZr 
implant 52 weeks after implantation. 
The implant is positioned superior 
compared to the adjacent cartilage. 
This might be due to mispositioning, 
but could also be accounted for by 
cartilage degeneration surrounding 
the implant.
C. Histological example of a 
CoCr implant 52 weeks after 
implantation.

Figure 8
Histological examples of 
Safranin-O / fast green stained 
sections of tibial plateaus. 
A. Medial tibial plateau directly 
articulating an untreated defect. 
Note the cartilage degeneration 
(fissures, loss of matrix, and 
loss of staining).
B. Lateral tibial plateau. The 
medial tibial plateau was 
articulating an OxZr implant. 
Note the small fissures and 
surface irregularities.
C. Histological section of medial 
tibial plateau directly articulating 
a CoCr implant. Note the 
cartilage degeneration (fissures, 
loss of matrix, and loss of 
staining).
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goats were able to load their limbs and move the knees without any limitations. The 
goats showed a maximal weight loss (at the lowest level) of 5.5 ± 1.3% (n = 12) after 
surgery. At the end of the 52-weeks follow-up period, all implants were mechanically 
stable and were located in their original position (Figure 3). Fluoroscopy showed no 
signs of malpositioning, loosening or other complications (Figure 4).

General macroscopic articular evaluation
The pre-operative scores did not differ from the un-operated healthy knee joints 
(Figure 5). Upon sacrifice, 52 weeks after creating the defect or inserting the implants, 
the scores had decreased significantly in all three operated groups compared to pre-
operative and the un-operated healthy knee joints.  The reduced scores resulted 
from some decrease in range of motion, minor intra-articular fibrosis and an opaque 
cartilage appearance. No differences were observed between the untreated defects 
and defects treated with either implant.

Macroscopic evaluation of articular compartments
Fifty-two weeks after surgery, the knees with untreated defects, OxZr and CoCr 
implants had higher macroscopic scores (ranging from fibrillated with shallow grooves 
to deep sharp grooves) at the medial tibial plateau compared to the healthy knee 
joints (Figure 6). The lateral compartment (lateral tibial plateau and lateral femoral 
condyle) was only slightly fibrillated for all groups. In the knees treated with a CoCr 
implant, degeneration of the lateral plateau was more pronounced compared to the 
untreated control knees.Macroscopic Cartilage Repair Score
As determined by the Cartilage Repair Score, the healing of the untreated defects 
was only partly achieved (Figure 7A). The average score was 13.3 ± 3.0 (n = 8) out 
of the maximum of 24 points.

Microscopic cartilage evaluation 
According to the OOCHAS scores of the osteochondral samples, all compartments 
showed slight (intact surface with hypertrophy and /or oedema) to moderate (simple 
to complex fissures with PG washout) cartilage degeneration (Figure 8).

In general, the lower scores included mild PG washout and minor fissures, whereas 
the higher scores included moderate PG washout (i.e. less intense Safranin-O 
staining) and moderate fissures. Fibrillations were rarely seen. The medial tibial 
plateau was significantly more degenerated after articulating against the untreated 
defect or either implant compared to the un-operated healthy knee joints (Figure 
9). The OOCHAS scores did not differ significantly between treated and untreated 
defects for cartilage of the lateral tibial plateau and the lateral femoral condyle.
Analysis of the HHGS scores of the cartilage samples taken from locations anterior 
and posterior from the most weight-bearing area of all cartilage surfaces revealed 
that all compartments showed slight degeneration (surface irregularities with slight 
reduction of Safranin-O staining) without differences between treatments (Figure 
10).
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Figure 9
OOCHAS microscopic score of osteochondral tissue explants (mean ± standard deviation). The 
score of 0 represents normal cartilage, whereas a score of 24 represents a severely degenerated 
joint surface. All operated knees joints (n = 24) showed higher scores compared to the un-
operated (control) group (n = 6) at the medial tibial plateau, represented by * (control vs untreated 
defect p = 0.032, vs OxZr p = 0.023, vs CoCr p = 0.045). The lateral compartment also showed 
mild degeneration, however this was similar to the un-operated (control) group (all p > 0.05).

Figure 10
HHGS microscopic scores of cartilage explants taken from locations anterior and posterior from 
the most weight-bearing area of all cartilage surfaces (mean ± standard deviation). There were 
no differences between the untreated healthy (control) knees (n = 6) and the operated knees 52 
weeks after the creation of a defect (n = 8) or inserting an OxZr (n = 8) or CoCr (n = 8) implant (all 
p > 0.05).
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Figure 11
GAG content (A), release (B), and synthesis (C) of explants taken from locations anterior and posterior 
from the most weight-bearing area. Swelling is one of the first features in cartilage degeneration, 
indicating collagen damage. In turn this leads to a loss of tensile properties and to a loss of PGs (i.e. lower 
PG content, higher release), which is accompanied by an attempt to repair the cartilage (i.e. increased 
synthesis).
A. At the medial tibial plateau and the lateral femoral condyle, a significantly lower GAG content 
(represented by *) was measured (medial tibial plateau: control (n = 6) vs untreated defect p = 0.080 (n = 
8); vs OxZr p = 0.012 (n = 8); vs CoCr p = 0.003 (n = 8); lateral femoral condyl: control (n = 6) vs untreated 
defect p = 0.001 (n = 8); vs OxZr p = 0.012 (n = 8); vs CoCr p = 0.010 (n = 8); No differences were seen 
at other location in the joint. 
B. At the lateral tibial plateau and the medial femoral condyle, a significantly lower GAG release was 
measured in the un-operated healthy knee joints compared to the untreated defect and either implant (* 
lateral tibial plateau: control (n = 6) vs untreated defect p = 0.010 (n = 8); vs OxZr p = 0.002 (n = 8); vs 
CoCr p = 0.023 (n = 8); medial femoral condyle: control (n = 6) versus untreated defect p = 0.001 (n = 8); 
vs OxZr p < 0.0001 (n = 8); vs CoCr p = 0.018 (n = 8). No differences were seen at the other locations 
in the joint. 
C. At the lateral tibial plateau and the medial femoral condyle, a significantly higher 35SO4

2- incorporation 
(represented by *) were measured in the un-operated healthy knee joints compared to the untreated 
defect and either implant (lateral tibial plateau: control (n = 6) vs untreated defect p = 0.003 (n = 8); vs 
OxZr p = 0.025 (n = 8); vs CoCr p = 0.045 (n = 8); medial femoral condyle: control (n = 6) vs untreated 
defect p = 0.008 (n = 8); vs OxZr p = 0.46 (n = 8); vs CoCr p = 0.47 (n = 8). The other locations did not 
show any differences between treatments.
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Figure 12
Bone histomorphometry results of stained histological sections of the OxZr and CoCr implants 
(mean ± standard deviation). Bone-implant contact was 39.5 ± 28.1% for OxZr (n = 8) and 42.3 
± 31.5% for CoCr (n = 8), which was not different (p = 0.873). Bone formation was 51.0±11.4% 
for OxZr (n = 8) and 51.1 ± 16.2 % for CoCr (n = 8), which was not different (p = 0.992).

PG content and release
The GAG content (in µg/mg of wet weight) at the medial tibial plateau and the lateral 
femoral condyle was higher in cartilage explants harvested from knees with untreated 
defects and either implant compared to the healthy un-operated joints (Figure 11A). 
No differences were seen at the other locations in the joint. GAG release (in %) after 
these 72 hours of culturing was significantly higher at the lateral tibial plateau and 
the medial femoral condyle in the untreated defects and either implant compared to 
the healthy un-operated joints (Figure 11B). No differences were seen at the other 
locations in the joint. 

Metabolic cartilage activity
35SO4

2- incorporation showed significantly less incorporation at the lateral tibial 
plateau and the medial femoral condyle for the untreated defects and either implant 
compared to the un-operated healthy joints (Figure 11C). The other locations did not 
show any differences between treatments.

Biocompatibility and osseointegration
Two implants had subsided (1 x OxZr and 1 x CoCr) and were surrounded partly by 
bone and fibrous cartilaginous tissue. All other implants were firmly fixed in the bone 
(Figure 7B-C). Inflammatory responses were not seen (Figure 12).



Discussion

This study shows that the cartilage degeneration caused by a critical size untreated 
cartilage defect in the knee joint could not be prevented by our application of small 
OxZr and CoCr implants into these cartilage defects. This was illustrated both 
macroscopically and microscopically. Macroscopic joint evaluation demonstrated 
an increase of joint degeneration after either surgery, regardless whether the 
created defects were treated by either implant or not at all. Similar results were 
seen in the macroscopic cartilage surface scores, where the medial tibial plateau, 
directly articulating against the untreated defect or the implants, was significantly 
degenerated. This was also confirmed by histology of cartilage explants from the 
most weight-bearing area of the medial tibial plateau. Histology from locations more 
anterior and posterior from the most weight-bearing area of all cartilage surfaces 
did not show any differences between the operated and non-operated joints. 
Furthermore, the lateral compartment was slightly degenerated as well, albeit less 
than the medial compartment. This gradual decrease in cartilage quality of adjacent 
areas was found before9-10 and may be due to generalised intra-articular changes 
occurring as a consequence of local damage and negatively affecting more remote 
areas22. 

Although macroscopical and microscopical analyses revealed distinct signs of 
cartilage degeneration, the biochemical data on PG turnover were inconclusive, 
maybe because of biochemical variety within a single joint, due to different cartilage 
thickness and loading. In line with the macroscopic and microscopic results, cartilage 
degradation in the knees with treated and untreated defects was higher and synthetic 
activity was lower compared to un-operated knees. However, the GAG content was 
higher at the medial tibial plateau and the lateral femoral condyle of the untreated 
defects and either implant compared to the un-operated control knees.

Two of the sixteen analyzed implants were surrounded by fibrocartilaginous tissue, 
showed a subsidence and had only a very limited amount of bone-implant contact 
(3-5%). The other thirteen implants showed a good osseointegration and high bone-
implant contact (40-60%). Previously, rabbit studies showed similar bone-implant 
contact percentages ranging from 36 ± 4%31 to 47.5 ± 4.7%9 and 63.2 ± 3.2%10. 

This study was designed to evaluate the long-term effects of treating a localized 
“fresh” cartilage defect in the knee joint with a small metal implant. However, it has 
been described that a disturbed intra-articular environment, caused by one or more 
cartilage defects, negatively influences cartilage repair30. Recently, we published 
a goat study were the same OxZr implants were compared to microfracture in an 
established defect model32. A cartilage defect was created and after 10 weeks treated 
with either an OxZr implant or microfracturing with a follow-up period of 6 months. 
Both microfracture and the use of implants caused significant degeneration in the 
directly articulating cartilage as well as in more remote sites in the knee. However, 
metal implants caused less damage to the articulating cartilage than the marrow 
stimulation/microfracturing technique. To what extent this is due to the shorter follow-

101

Fresh defects in large anim
al m

odel



up or the immediate treatment of the defect is not clear.  The investigators of another 
goat study concerning similarly shaped implants concluded that the extent of the 
tissue damage was proportional to any elevation of the prosthesis above the adjacent 
cartilage surface33. They used an implant system that ensured accurate positioning 
of the implant, using custom-made implants shape-matched to the adjacent articular 
contour (measured at five locations). Although these authors proposed positioning 
the surface of the prosthesis with its entire perimeter sunken 1 mm below the 
adjacent cartilage surface, we previously found in a rabbit study that positioning the 
implant flush induces less tibial cartilage damage compared to placing them 1 mm 
below the surrounding cartilage surface9. Another in vitro study showed that elevated 
implantation results in increased peak contact pressure and might be biomechanical 
disadvantageous in an in vivo application34. Altogether, this importance of implant 
placement has implications for surgical practice, where precision is highly dependent 
on the individual surgeon’s skills and experience. The implants used in the rabbit9 
and the current goat study are relatively small compared to the size of the implants 
used in the former goat study33. It is possible that smaller implants load more focally 
than a larger implant and should therefore be placed flush, whereas a larger implant 
does not. Currently, only few studies are available about clinical application of metal 
implants used for cartilage replacement35-36.

The drawback of performing surgery on both knees is that the treatment of one knee 
might influence the outcome of the treatment of the contralateral knee. However, the 
intra-animal comparison results in fewer animals needed for the study. No sham-
operated animals without defects were included in the study. However, previous 
rabbit and larger OA model studies including sham-operated animal groups did not 
reveal any cartilage damage, even at shorter time intervals, suggesting that this 
is not likely to be a confounder in the current study37-39. As controls, un-operated 
knees were included in this study. Due to ethical considerations, these knees were 
obtained from goats that were used in a separate study where the medial tibial 
plateau of the contralateral knee was replaced by a CoCr implant. Therefore, this 
implant might have affected the quality of the analyzed contralateral ‘healthy’ knee 
due to increased weight bearing. However, by macroscopic articular evaluation, no 
evidence of difference was found for the un-operated control knees compared with 
the knees about to receive untreated defects or implant treatment. Moreover, any 
increased weight bearing for the un-operated knees used as controls in this study 
would have yielded worse rather than better cartilage quality compared to cartilage 
from completely untreated animals.

Conclusions

Altogether, considerable cartilage degeneration was induced in the articulating 
cartilage one year after creating a cartilage defect in the medial femoral condyle. 
Inserting a small metal implant in this defect, made of either CoCr or OxZr, could 
not prevent this degeneration. Therefore, further development and fine-tuning of 
the application of defect-size implants is required to make this the therapy of choice 
for the long-term treatment of local cartilage defects.
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 6 Abstract

Objective
Localized cartilage defects are frequently associated with joint pain, reduced 
function, and a predisposition to the development of osteoarthritis. The purposes 
of the current study were to investigate the feasibility of the application of defect-
size femoral implants for the treatment of localized cartilage defects and compare 
this treatment, in terms of joint degeneration, with the use of microfracture in a goat 
model of established cartilage defects.

Methods
In nine Dutch milk goats, a defect in the medial femoral condyle defect was created 
in both knees. After ten weeks, the knees were randomly treated by microfracture 
or by placement of an oxidized zirconium (OxZr) implant. At twenty-six weeks after 
surgery, the animals were killed. The joints were evaluated macroscopically. Implant 
osseointegration was measured by automated histomorphometry, and cartilage 
repair (after microfracture) was scored histologically. Cartilage quality was analyzed 
macroscopically and histologically. Glycosaminoglycan (GAG) content and release 
were measured by alcian blue assay, and the synthesis and release of newly formed 
glycosaminoglycans were measured by liquid scintillation analysis of the incorporation 
of 35SO4

2- in tissue and medium. 

Results
The mean bone-implant contact (and standard error) was appropriate (14.6 ± 5.4 %), 
and the amount of bone surrounding the implant was extensive (40.3 ± 4.0 %). The 
healing of the microfracture-treated defects was extensive, although not complete 
(mean 18.38 ± 0.43 points out of a maximum possible score of 24 points). The 
macroscopic cartilage evaluation did not show any significant differences between 
the treatments. On histologic evaluation, the cartilage of the medial tibial plateau 
articulating directly against the treated defects demonstrated significantly more 
degeneration in the microfracture-treated knees than the implant-treated knees (p 
< 0.05). This was in accordance with a significantly higher GAG content, higher 
synthetic activity, and decreased GAG release of the medial tibial plateau cartilage 
of implant-treated knees (p < 0.05 for all). On histological analysis, degeneration was 
also found in the cartilage of the lateral tibia plateau and condyle, but no significant 
difference was found between the treatments. 

Conclusions
Both microfracture and the use of implants as a treatment for established localized 
cartilage defects in the medial femoral condyle caused considerable (p < 0.05) 
degeneration of the directly articulating cartilage as well as in more remote sites 
in the knee. However, in the medial tibial plateau, the metal implants caused less 
damage than the microfracture technique.
Although this study shows that small metal implants may be more suitable than 
microfracture in the treatment of localized cartilage defects in the knee, the generalised 
degeneration found following both treatments should be addressed first.
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Introduction

Localized cartilage defects of the knee are associated with disability and symptoms 
such as joint pain, locking phenomena and reduced or disturbed function. Moreover, 
these defects predispose to the development of osteoarthritis1. The surgical treatment 
of localized cartilage defects is primarily aimed at the stimulation of biological repair 
and mechanisms including subchondral perforation, osteochondral transplantation, 
and autologous chondrocyte transplantation. In particular, the microfracture 
technique, which is a modification by Steadman2 of the subchondral drilling method 
first introduced by Pridie3 in 1959, is a frequently applied treatment. The rationale 
behind this technique is that it initiates a spontaneous repair response from the 
underlying bone marrow after creating small fractures in the subchondral bone layer. 
Although these biological repair modalities are well established4,5, there are still 
limitations. Often fibrous or fibrocartilaginous tissue is formed, which is frequently 
followed by progressive joint degeneration, often resulting in an indication for further 
surgical intervention, such as an osteotomy, joint distraction1, a hemiarthroplasty or 
total joint replacement.

A suggested alternative for the treatment of localized cartilage defects is the use 
of defect-size metal implants to fill the cartilage defect, thereby reestablishing the 
integrity of the joint surface. Although this treatment modality has been applied in 
humans after trauma of the knee, hip, toe and shoulder6-8, there is no experimental 
evidence suggesting its efficacy as an alternative to the more established surgical 
treatments. In fact, defect-sized implants inserted in knee defects in a rabbit model 
have been found to induce considerable cartilage degeneration9. 

Currently, cobalt-chromium alloy is a frequently employed material for hemiarthroplasty 
bearing surfaces; however, even given the wide implementation, some downsides 
have been described10-12. For example, hip hemiarthroplasty prostheses have 
failed because of pain and erosion of the acetabular articular cartilage and bone13. 
Therefore, ceramic bearing materials have sparked renewed interest. On the basis 
of in vivo properties such as better scratch resistance, less surface roughness after 
articulation against third-body debris (e.g., bone cement), a lower friction coefficient, 
and more elasticity while maintaining equivalent device fatigue strength14-19, it could 
be hypothesized that this material would be beneficial as an articulation in treatment 
of cartilage defects, joint trauma, and early, localized osteoarthritis.

When studying the efficacy of treatment modalities for cartilage damage, one should 
realize that cartilage defects are rarely treated at the moment they occur. A disturbed 
intra-articular environment, i.e., altered joint homeostasis caused by one or more 
cartilage defects, has been found to negatively influences cartilage repair20. This 
might explain why animal studies, in which fresh cartilage defects are treated during 
the same surgical procedure when the defects are created, show superior outcomes 
compared with human clinical studies on the treatment of localized cartilage 
defects20. 
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 6 The aims of the current study were to investigate the safety of, and the response of 
the opposing cartilage to, defect-sized femoral implants, and to compare them with 
microfracture, in the treatment of established cartilage defects in the goat knee.

Materials and Methods

Experimental design
This research was approved by the Institutional Animal Care Committee of the 
Utrecht University. In nine adult female Dutch milk goats, a standardized defect in 
the medial femoral condyle defect was created in both knees. After ten weeks, the 
defects were randomly treated with either marrow stimulation (microfracture) or the 
use of an OxZr press-fit implant. The animals were killed twenty-six weeks after 
treatment (thirty-six weeks after creation of the defect). Macroscopic evaluation of 
the articular compartments was performed immediately before creation of the defect 
as well as, before and after treatment. Implant osseointegration was measured by 
automated histomorphometry, and defect healing after microfracture was scored 
histologically. Tibial and femoral cartilage quality was scored after treatment by 
macroscopic, histologic and biochemical analysis. 

Animals
Nine adult female Dutch milk goats with a mean age (and standard deviation) of 2.0 
± 0.21 years and a mean weight of 57.1 ± 10.1 kg were used for surgery. The number 
of animals needed for this study was determined by a power analysis. The power was 
0.8 and a was 0.05. The data used for this analysis were obtained from biochemical 
analysis as described previously20. The minimum effect considered meaningful was 

Figure 1
Femoral tack implant made of 
OxZr.

15%. Given the two samples with normal distribution 
and equal variance, a double-sided power analysis was 
performed. The sample size was calculated to be eight 
animals per group. On the basis of these calculations, 
the number of animals used was nine (including one 
reserved for drop out). Food and water were given 
ad libitum. General health and care conditions were 
monitored by the laboratory animal welfare officer.

Implants
Implants were custom-manufactured to our design 
specifications by Smith & Nephew (Memphis, Tennessee, 
USA). The OxZr components were produced from a 
wrought zirconium alloy (Zr-2.5% Nb) that was oxidized 
by thermal diffusion to create a zirconia surface, which 
is approximately 5 µm thick, and then polished (Ra 
< 0.03 µm). The size of the implant was 13.5 mm in 
length with a 5.0 mm-diameter articulating surface. The 
articulating shape of the implant was designed after a 
study on goat cadaver knees and was tested in a pilot 
study (Figure 1).
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Figure 2
Scheme showing the areas of sample harvesting. HHGS = histologic and 
histochemical grading system, and OOCHAS = OARSI (Osteoarthritis 
Research Society International) Cartilage Histopathology Assessment 
System.

Surgery
After the goats were acclimatized for at least three weeks in the animal care facility, 
a topical fentanyl patch was given as pain medication one day prior to surgery. The 
goats were weighed prior to surgery. Surgery was performed on both knees, with 
the goat under general inhalation anaesthesia with the use of an isoflurane (2% in 
air) gas mixture (Abbott Laboratories, AST Pharma, Oudewater, The Netherlands) 
preceded by detomidine hydrochloride sedation (Pfizer, Capelle aan de IJssel, The 
Netherlands) and antibiotic prophylaxis consisting of intravenous administration 
of 500/100 mg amoxicillin-clavulanate potassium (Augmentin; GlaxoSmithKline, 
Brentford, Middlesex, United Kingdom). All surgical procedures were carried out under 
aseptic conditions and by the same surgeon (R.J.H.C.), who had gained specific 
experience during the course of a pilot study. During the first procedure, the cartilage 
defect was created; the medial femoral condyle was exposed through a medial 
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 6 parapatellar incision, without dislocating the patella. After the joint was inspected and 
the location for implantation was determined, a 5-mm-diameter drill was used to create 
a standardized full-thickness cartilage defect (2 mm deep) that did not penetrate the 
subchondral bone layer. Following lavage, the joint was closed in three layers. Post-
operative pain relief was provided by buprenorphine (Schering-Plough, Maarssen, 
The Netherlands). Until five days postoperatively, ampicillin (Albipen LA, Intervet, 
Boxmeer, The Netherlands) was given. After ten weeks, a second arthrotomy was 
performed and the defects were randomly treated by microfracture or by placement 
of an OxZr implant. During the microfracture technique, a 1.5-mm-diameter drill was 
used to perforate the subchondral bone layer at the middle of the defect until blood 
appeared (at a depth of 4 mm). To place the OxZr implant implant, the defects were 
inspected and drilled deeper (3.0 mm) and, subsequently, the implants were placed 
flush to the surrounding cartilage surface by tapping the implant into place with use 
of a specially designed tamp with a polyethylene head, as previously described9. 
The threads on the implants were designed for osseointegration. After insertion, the 
implants were visually inspected and manually tested for loosening. Postoperative, 
the goats were allowed to bear full weight, without casting or bandages. After a 
subsequent period of twenty-six weeks, the animals were weighed and killed with 
use of an overdose of pentobarbital (Euthesate; Willows Francis Veterinary, Crawley, 
United Kingdom). 

Radiographs
Fluoroscopy was used at several stages of the experiment. Preoperatively, fluoroscopy 
was used to confirm the normal anatomy and the size of the bone. Immediately 
after surgery, the osteochondral defect and / or positioning of each implant were 
visualised and surgical complications such as fracture were sought. After killing the 
animals (thirty-six weeks after creation of the defect), the joints were checked for 
malpositioning, loosening (sclerotic zones and radiolucency surrounding the implant), 
and movement of the implant from the original position or other complications. 

General macroscopic articular evaluation
After opening of the joint space prior to creation of the defects (the healthy joint), 
prior to application of the treatments (the defect-baseline), and post mortem, the joint 
was inspected and evaluated by two observers (R.J.H.C. and M.H.P.v.R.) according 
to the scoring system guidelines as described by O’Driscoll et al.21-23. This scoring 
system evaluates the joint with respect to range of motion, intra-articular fibrosis, and 
cartilage appearance. Since it was not possible to score the so-called restoration of 
contour and cartilage erosion of the graft for the implant groups, the macroscopic 
articular evaluation parameters were modified (scores 0 to 6 were used instead of 
0 to 10). A score of 6 represents a healthy joint, whereas a score of 0 represents a 
severely degenerated, fibrillated, and stiff knee joint.

Macroscopic scoring of articular cartilage compartments
After removal of soft tissues, macroscopic evaluation as described by Mastbergen 
et al.24 was performed on coded high-resolution photographs for each compartment 
separately (the medial plateau, which was directly in contact with the defect or 
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implant, and the lateral plateau and condyle, as part of the knee joint, but not directly 
in contact with the defect or implant) by two observers (R.J.H.C. and M.H.P.v.R.), 
who were blinded to the source of the photograph. This scoring system evaluates 
the cartilage surface with respect to fibrillation and grooves. The scores of the two 
observers were averaged, and outliers with a difference of > 1 point were scored 
again, until consensus was reached. The higher the score, the more the cartilage is 
damaged.

Cartilage explants harvest
Cartilage tissue samples were obtained from predefined locations under aseptic 
conditions (Figure 2). First, two full thickness cartilage tissue samples were cut from 
the underlying subchondral bone layer, one just anterior to and one just posterior 
to the greatest weight-bearing area of each femoral condyle and tibial plateau. 
Subsequently, each cartilage sample was cut into three or five separate samples 
(depending on location), of which two and four samples, respectively, were used for 
biochemical assays. One sample was used for histological analysis. Furthermore, full 
cross-sectional osteochondral samples were harvested for histological analysis from 
the middle of each compartment (the medial and lateral tibial plateau, and the medial 
and lateral femoral condyle), including the defect area treated by microfracture or 
containing the implant.

Evaluation of biocompatibility and osseointegration
After forty-eight hours of fixation in 10% buffered formalin, the tissue slices from the 
medial femoral condyle including the implants were dehydrated by means of 70% 
to 100% ethanol, and were embedded in polymethylmethacrylate. Approximately 10 
to 20-µm-thick sections were sawed in a longitudinal direction through the middle of 
the implant with the use of the Leica saw microtome (SP1600; Leica Microsystems, 
Rijswijk, The Netherlands) and subsequently stained with basic fuchsin and eosin. 
Histomorphometry was performed with a personal computer-based system equipped 
with the KS400 software (version 3.0; Carl Zeiss Vision, Oberkochen, Germany) as 
described previously9. Briefly, the percentage of bone surrounding the implant was 
calculated and the percentage of the implant circumference in contact with bone was 
determined.

Histologic evaluation of cartilage
Immediately after harvesting, all tissue samples used for histological analysis were 
fixed in 10% buffered formalin for forty-eight hours. Subsequently, all osteochondral 
tissue samples were decalcified with the use of Luthra solution (3.2% 11 M HCl and 
10% formic acid in distilled water) for forty-eight hours. Nondecalcified and decalcified 
tissues were then dehydrated by means of 70% to 100% ethanol, immersed in xylene, 
and embedded in paraffin. Embedded tissues were cut into 5-µm-thick paraffin 
sections and stained with Safranin O and fast green according to the Osteoarthritis 
Research Society International (OARSI) guidelines25. The histological sections were 
blinded and presented at random to two observers (R.J.H.C. and M.H.P.v.R.).
Osteochondral sections from the entire lateral femoral condyle and the tibial 
plateau from medial to lateral were evaluated with the use of the OARSI Cartilage 



Histopathology Assessment System (OOCHAS)25 to determine the degree of cartilage 
degeneration for each compartment separately. A score of 0 points represents 
normal cartilage, whereas a score of 24 points represents a severely degenerated 
joint surface. The degree of filling of the cartilage defects after microfracture in these 
decalcified sections was also scored, at random, with use of the criteria suggested 
by O’Driscoll et al.22-23, by two different observers (R.J.H.C. and M.H.P.v.R.) who 
were blinded to the treatment.
In addition, the histologic and histochemical grading system as described by Mankin 
et al.26 was applied to the nondecalcified cartilage samples. Since bone was not 
included in these specimens, the tidemark between cartilage and bone was not 
present in our cartilage samples. Also, because of the dissection method, cartilage 
samples could not be covered with pannus. Therefore, the maximum score that could 
be obtained was 11 instead of 14, because of the omission of criteria for ‘pannus’, 
‘clefts to calcified zone’, and ‘tidemark crossed by blood vessels’ as described by 
Lafeber et al.27. 

Biochemical cartilage evaluation
For femoral condyles and tibial plateaus, the cartilage proteoglycan content, synthesis, 
and, release were determined, respectively for eight and sixteen explants obtained 
from predefined locations. Two to four full-thickness cartilage slices, anterior and 
posterior to the greatest weight-bearing area, were weighed aseptically (range, 5 
to 20 mg) and cultured individually in ninety-six-well round-bottom microtiter plates. 
Explants were cultured in Dulbecco modified Eagle medium (74-01600; Gibco, 
Breda, The Netherlands), containing 0.81 mM SO4

2-; 24 mM NaHCO3, supplemented 
with ascorbic acid (85 µM), glutamine (2 mM), penicillin (100 IU/ml), streptomycin 
sulfate (100 µg/ml), and 10% pooled goat serum, at 5% CO2 and 37°C. Proteoglycan 
synthesis was determined at day 0 by measuring 35SO4

2- incorporation, and explants 
were incubated for a subsequent three-day period in the absence of label to determine 
proteoglycan release and proteoglycan content. Conditioned medium and cartilage 
samples were stored at -20°C until analysis. 

Proteoglycan synthesis
Proteoglycan synthesis was determined by measuring 35SO4

2- incorporation into 
glycosaminoglycans in the presence of 10 µCi/ml of 35SO4

2- (Na2
35SO4, carrier-

free; NEX-041-H; Dupont, Dordrecht, The Netherlands). Four hours after the 
addition of 35SO4

2- the samples were washed three times for forty-five minutes in 
fresh culture medium (at 37°C) and were cultured for another three days. Cartilage 
samples were digested in 3% papain buffer (dissolved in 0.5 M phosphate buffer, 
20 mM N-acetylcysteine, and 20 mM Na2-EDTA, pH 6.5) at 65°C for two hours. 
Papain digests were diluted to the appropriate concentrations for analysis of the 
proteoglycan synthesis rate and proteoglycan content as well as DNA content. 
The 35SO4

2--incorporation into glycosaminoglycans was measured by counting the 
cartilage papain digests and conditioned medium with use of a liquid scintillation 
counter (Tri-Carb 1900CA, Packard Instrument, Downers Grove, Illinois, USA). 
The sum of 35SO4

2--radioactivity in the cartilage digests and conditioned medium 
after three days of culturing represented 35SO4

2- incorporation on day 0. The rate of 
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35SO4
2- incorporation was expressed as nanomoles of 35SO4

2- incorporated per hour 
per gram wet weight of the cartilage tissue.

Proteoglycan content and release
Precipitation of glycosaminoglycans with alcian Blue stain (A-5268; Sigma-Aldrich, 
Zwijndrecht, The Netherlands) in the papain digests and conditioned medium was 
determined as a parameter for total proteoglycan content and release, respectively. 
Staining for glycosaminoglycan was measured as the change in absorbance at 620 nm 
with use of chondroitin sulphate (C4383; Sigma-Aldrich, Zwijndrecht, The Netherlands) 
as a reference. The results are expressed as milligrams of glycosaminoglycan per 
gram weight of the cartilage explants, and the initial glycosaminoglycan content on 
day 0 was calculated from the total amount of glycosaminoglycan released into the 
medium and the total glycosaminoglycan content of the explants after seventy-two 
hours. 

Cellularity
The DNA content of the cartilage tissue digests, as a measure of cell content, was 
determined in the cartilage digests with use of the fluorescent stain Hoechst 33258 
(382061; Calbiochem, La Jolla, California, USA). Calf thymus DNA (D4764; Sigma-
Aldrich) was used as a reference. The results are expressed as milligrams of DNA 
per gram wet weight of cartilage.
For all biochemical assays, the results of the four or eight cartilage explants per 
specific location in the joint were averaged, and this average was used for statistical 
analysis.

Statistical analysis
The values are given as mean and the standard error of the mean. For the 
nonparametric data (i.e., macroscopic articular evaluation parameters and 
macroscopic cartilage score), a Friedman test was used. For the parametric data 
(i.e., the histologic cartilage score, grade on the histologic and histochemical 
system and the OOCHAS system, glycosaminoglycan content and release, 35SO4

2- 
incorporation, and DNA content), a paired t-test was used to analyze the differences 
between treatments at each location.
All results were adjusted for multiple testing with use of a Bonferroni correction. For 
all analyses, p ≤ 0.05 was defined as a significant difference.
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Figure 3
Example of the medial femoral condyle at twenty-six weeks after treatment 
with an implant (A) and with microfracture (B). Note the fibrillation surrounding 
the microfracture-treated defect, which is not observed surrounding the OxZr 
implant.
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Figure 4
The modified macroscopic articular evaluation parameters. A score of 6 represents a healthy joint, 
whereas a score of 0 represents a severely degenerated, fibrillated, and stiff knee joint. The mean 
score for the joints immediately before the creation of the defect represents the value for healthy 
joints (the short dashed line). The mean score for the joints at ten weeks after the creation of the 
defect and immediately before treatment decreased significantly (p < 0.05) and is presented as the 
defect-baseline value (the long dashed line). At the time that the animals were killed at twenty-six 
weeks after surgical treatment, the mean scores (as represented by the bars) had increased after 
both treatments. The vertical lines indicate the standard error.

Figure 5
The mean macroscopic cartilage scores at twenty-six weeks after treatment. Although all 
compartment showed mild degeneration, no differences were observed between the treatments at 
each separate location. The vertical lines indicate the standard error.
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 6 Results

Surgery and animal health 
Surgery was performed without complications. All goats were able to load the limbs 
and move the knees without any limitations. The goats showed a mean maximal 
weight loss (and standard deviation) of 0.9% ± 1.7% after the first surgery and 2.1% ± 
4.1% after the second surgery. After the second surgery, visual inspection and manual 
palpation did not show any fibrotic changes and all implants were mechanically stable 
and were located in their original position (Figure 3). Preoperatively, fluoroscopy 
confirmed normal knee joint anatomy for all goats. After thirty-six weeks follow-up, 
fluoroscopy showed no signs of malpositioning, loosening, or other complications.

General macroscopic articular evaluation
The mean (and standard error) of the modified macroscopic articular evaluation 
parameters was 5.9 ± 0.11 for the uninvolved, healthy joints (Figure 4). The scores 
decreased to 3.9 ± 0.16 at ten weeks after creation of the defect (the defect baseline) 
(p < 0.05). When the animals were killed at twenty-six weeks after surgical treatment, 
the scores had increased to 4.89 ± 0.31 for the implants (p < 0.05) and, although not 
significantly different from the implant-treatment value, to 4.33 ± 0.33 for microfracture 
treatment. On macroscopic evaluation, no significant differences was seen between 
the microfracture treatment and treatment with an implant.

Macroscopic evaluation of articular compartments
Macroscopically, twenty-six weeks after treatment of the defect, all compartments 
showed mild degeneration, ranging from slightly fibrillated to fibrillated with shallow 
grooves. When the compartments were analyzed separately, no significant difference 
was detected between the knees treated with microfracture and those treated with an 
implant, although in all compartments the mean scores for the implant—containing 
knees were lower (Figure 5).

Histologic cartilage repair score
As determined by the cartilage repair score, the healing of the microfracture-treated 
defects was extensive although not complete (Figure 6a). The average score (and 
standard error) was 18.38 ± 0.43 points out of a maximum possible score of 24 
points.

Biocompatibility and osseointegration
Five of the nine analyzed implants showed limited bone-implant contact, and the 
other four implants showed moderate bone-implant contact, with the remainder of 
the implant surface being covered by fibrous tissue (Figure 6b). This resulted in a 
mean bone-implant contact (and standard error) of 14.6 ± 5.4 % and bone formation 
surrounding the implant of a mean of 40.3 ± 4.0 %.

Histologic cartilage evaluation 
According to the OOCHAS scores of the osteochondral tissue samples, all   
compartments showed slight (intact surface with hypertrophy and/or edema) 



to moderate (simple to complex fissures with proteoglycan washout) cartilage 
degeneration (Figure 7). In general, the lower scores showed mild proteoglycan 
washout and minor fissures, whereas the higher scores showed moderate 
proteoglycan washout (i.e., less intense Safranin-O staining) and moderate fissures. 
Fibrillations were rarely seen histologically. The microfracture treatment was 
associated with significantly more degeneration of the medial tibial plateau compared 
with the implant treatment (p < 0.05). The lateral tibial plateau and lateral femoral 
condyle showed no significant difference between the two treatments (Figure 8).
Analysis of the scores on the histologic and histochemical grading system for the 
cartilage samples taken from locations anterior and posterior to the greatest weight-
bearing area revealed that all compartments showed slight degeneration (surface 
irregularities with slight reduction of Safranin-O staining), with no difference found 
between treatments (p > 0.05).

Proteoglycan content and release
The glycosaminoglycan content (in micrograms per milligram of wet weight) was 
significantly less for medial tibial plateau cartilage in joints treated by microfracture 
(mean and standard error, 22.41 ± 2.10) compared with those treated with implants 
(34.87 ± 3.76) (p < 0.05) (Figure 9a). No differences were seen at the other locations 
in the joint. The glycosaminoglycan release after seventy-two hours of culturing was 
significantly higher at the medial tibial plateau in the knees treated with microfracture 
(mean and standard error, 9.90% ± 1.09%) compared with implant-treated knees 
(6.18% ± 0.49%) (p < 0.05) (Figure 9b). No differences were seen at the other 
locations in the joint.

Metabolic cartilage activity
The 35SO4

2- incorporation (in nanomoles per hour per gram of wet weight) after four 
hours showed significantly less incorporation in the medial tibial plateau cartilage in 
knees treated with microfracture (mean and standard error, 7.35 ± 1.27) compared 
with cartilage from knees treated with an implant (14.83 ± 2.12) (p < 0.05) (Figure 
9c). The other locations did not show any differences between the treatments. 

Cellularity
Cartilage DNA content (in microgram per milligram of wet weight) after seventy-two 
hours of culturing was significantly lower in the medial tibial plateau in knees treated 
with microfracture (mean and standard error, 0.035 ± 0.005) compared with those 
treated with implants (0.049 ± 0.003) (p < 0.05). The other locations showed no 
difference between treatments. 119
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Figure 6
A. Photomicrograph of specimen from a defect at twenty-six weeks after microfracture 
(Safranin O and fast green, x40).
B. Photomicrograph of a specimen from an OxZr implant at twenty-six weeks after 
implantation (basic fuchsin and eosin, x40).

Figure 7
Photomicrographs of specimens at different magnifications (Safranin O and fast green; x12.5 in 
column 1, 2: x40 in column 2, and x100 in column 3).
A. Medial tibial plateau in a microfracture-treated knee. Note the cartilage degeneration (fissures, 
loss of matrix, hypercellularity, and loss of staining) at the middle of the tibial surface.
B. Medial tibial plateau in knee treated with an OxZr implant. Note the fissures and surface 
irregularities at the surface. 
C. Lateral tibial plateau in a knee treated with microfracture. Note the small fissures in the middle 
of the surface.
D. Lateral tibial plateau in knee treated with an OxZr implant. Note the surface irregularities.
E. Lateral femoral condyle in a microfracture-treated knee. Note the cloning of chondrocytes.
F. Lateral femoral condyle in a knee treated with an OxZr implant. Note the relatively intact cartilage 
surface.
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Figure 7
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Figure 8
OOCHAS (OARSI [Osteoarthritis Research Society International] Cartilage Histopathology 
Assessment System) histologic score for the osteochondral tissue samples. A score of 0 
represents normal cartilage, whereas a score of 24 represents a severely degenerated joint 
surface. The microfracture treatment resulted in significantly more degeneration of the medial 
tibial plateau compared with insertion of an implant. An asterisk indicates a significant differences 
(p < 0.05). The vertical lines indicate the standard error.

Discussion

This study shows that small, OxZr implants used as a treatment for established 
localized cartilage defects in the goat medial femoral condyle are associated with less 
cartilage degeneration than is treatment with a marrow stimulation, or microfracture 
technique. However, generalised cartilage degeneration is found throughout the 
joint with either treatment. Histologic scores for the cartilage of the medial tibial 
plateau showed that there had been significantly more degeneration after direct 
articulation with the defect treated with microfracture compared with articulation with 
an OxZr implant. This was confirmed by the significantly higher glycosaminoglycan 
content, lower glycosaminoglycan release, and higher incorporation of 35SO4

2- into 
glycosaminoglycans of the medial tibial plateau cartilage after articulating against 
the OxZr implants compared with articulation with the microfracture-treated defect. 
Proteoglycan synthetic activity was higher and cartilage degradation was less 
in the cartilage tissue articulating against the implants. This was reflected in the 
glycosaminoglycan content of the cartilage, which was in line with the more intense 
Safranin-O staining of the histologic sections of the cartilage in the implant-treated 
knees. Interestingly, the macroscopic and histologic cartilage scores demonstrated 
that, in the lateral compartments, which had not articulated directly against the 
microfracture-treated defect or the implant, the cartilage degeneration had been 
induced by the presence of the defect in the medial femoral condyle. Although an 
effect of the surgical procedure cannot be ruled out completely, the presence of joint 
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Figure 9
Glycosaminoglycan (GAG) content (A), release (B), and synthesis (C) 
of explants obtained from areas anterior and posterior to the greatest 
weight-bearing area. At the medial tibial plateau, a significant higher 
glycosaminoglycan content, a lower glycosaminoglycan release and a 
higher incorporation of 35SO4

2- was measured after treatment with an implant 
compared with that after treatment with microfracture. An asterisk indicates 
a significant difference (p < 0.05). The vertical lines indicate the standard 
error.



trauma in itself is likely to have an effect on all joint compartments. A key mediator 
in this process is probably synovial fluid. Synovial fluid from joints with several 
pathologies has been shown to negatively affect in vitro cartilage metabolism28-29. 
In vivo evidence for the role of synovial fluid in mediating degenerative signals to 
remote areas in the joint was provided in a previous rabbit study focussing on the use 
of metal implants for the treatment of localised defects9. In that study, the positioning 
of the implants in the medial femoral condyle was shown to have profound effects 
on the integrity of the opposing cartilage, with flush placement of implants causing 
the least degeneration compared with that caused by deep or protruding positioning. 
Interestingly, exactly the same pattern of results was found for the degeneration of 
the lateral tibia plateau and lateral condyle. Here, an effect of surgery could thus 
be excluded, as the surgery procedure was the same for all implant locations. The 
most likely candidate for mediating generalised degenerative changes, therefore, is 
the synovial fluid, which travels freely between the compartments and is known to 
contain (inflammatory) cytokines or matrix degrading proteases. To what extent the 
degeneration found in the treated joints could also be attributed to the process of 
opening the joint space or to naturally occurring degeneration, is not entirely clear, 
as neither animals without defects nor animals treated with a sham operation were 
included in the study. However, previous rabbit studies including animal groups 
that had a sham operation did not reveal any cartilage damage, even at shorter 
time intervals, suggesting that neither mechanism is likely to be a confounder in the 
current study30-31. 

The differences in cartilage degeneration between the treatments might be explained 
by the fact that the implant fills the cartilage defect, thereby reestablishing the integrity 
of the joint surface and, to a certain extent, its biomechanics, whereas after treatment 
with microfracture, the defect geometry still exists, leading to incongruity with the 
opposing cartilage surface, causing damage to the opposing tibia. This mechanical 
difference might be due to abrasion from the edges or the fibrillated aspect of the 
microfracture-induced repair tissue and the differences in stress shielding. This 
explanation is supported by the results of a previous rabbit study, where similar OxZr 
implants were placed in a localized cartilage defect in the medial femoral condyles 
at different insertion heights9. The defects into which the implants were inserted 1 
mm too deep with respect to the surrounding surface had significantly more tibial 
cartilage degeneration compared with implants that were placed flush with the 
surrounding cartilage (p < 0.05). However, that study9 also showed considerable 
cartilage damage when similar implants were placed flush. These differences might 
be explained by the differences in animal models. The relative size of cartilage 
thickness compared with the implant size and the implant size compared with the 
size of the femoral condyle varied, as implants of the same size were used for both 
models. In addition, the follow-up period of the latter study was only four weeks 
compared with twenty-six weeks in the current study. Finally, the goats maintain their 
knees in a more extended position (similar to a human knee) during walking, resulting 
in different loading of the implant, thereby decreasing the influence of the higher 
stiffness of the implant compared with the surrounding cartilage, which might have 
caused the tibial cartilage damage in the rabbit study. Therefore, in the goat knee, 
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even less opposing tibial degeneration might occur when the implants are located 
below the surrounding cartilage as suggested previously32. When these interspecies 
differences are evaluated, it might be concluded that animal studies should include 
longer follow-up periods. The effectiveness of the established localized cartilage 
defect model introduced in this study was confirmed by the macroscopic articular 
evaluation parameters. These parameters decreased significantly ten weeks after 
the defects were created, and twenty-six weeks after treatment with microfracture, 
the parameters increased again, but not to the values of a healthy joint scored prior 
to the first surgery. Therefore, the 5-mm defects initially created can be considered 
to be of a critical size, which is also supported by a previous study showing that 
osteochondral defects with a diameter of 4 mm in the medial femoral condyle of goat 
do not heal spontaneously after three months of follow-up33. 

Although a non-weight bearing regimen, which is normally included in a postoperative 
human protocol after microfracture, was not included in this study and has never 
been used, as far as we know, in a study of the medial femoral condyle of a goat, 
we still found considerable healing of the defects twenty-six weeks after marrow 
stimulation as measured by microscopic cartilage repair scores.

Despite the promising results with respect to cartilage integrity, the amount of bone-
implant contact was rather low for the OxZr implants. Previously, rabbit studies have 
shown a mean bone-implant contact ranging from 36 ± 4 %34 to 47.5 ± 4.7%9. These 
differences might be explained by the differences in species, but also the follow-up 
period, which was four weeks for the rabbits. On the other hand, there are no data 
concerning threshold values for bone-implant contact; therefore, the percentage of 
contact in the present study may have been adequate, since none of the implants 
showed loosening or movement from the original location. This is supported by a 
study32 in which a similar femoral condyle implant (made of a combination of cobalt-
chromium and titanium) was used. Although it was not quantified, those implants 
were described as being sufficiently well fixated in the subchondral bone after a 
follow-up period of one year.

In conclusion, the use of small ceramic-metal implants, as a treatment for localized 
cartilage defects in the knee seems to be an alternative treatment modality to 
microfracture in the treatment of small, established cartilage defects in the weight 
bearing area. However, on the basis of the generalised degeneration found in this 
study, it seems necessary to gather additional information on this process first. The 
information gathered in this intermediate-term in vivo evaluation can be helpful in the 
design of such studies to evaluate the efficacy of implants and other treatments for 
localized cartilage defects in the knee.
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Replacement of the medial tibial plateau by a metal 
implant in a goat model

Chapter 7
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Objective
The purposes of the present study were to explore the surgical possibilities for 
replacement of the medial tibial plateau by a metal implant in a large animal model 
and to examine the implications for the opposing cartilage.
 
Methods
In six goats, the medial tibial plateau of the right knee was replaced by a cobalt-
chromium implant, using polymethylmethacrylate bone cement for fixation. The 
un-operated left knee served as a control. At twenty-six weeks after surgery, the 
animals were killed. Joints were evaluated macroscopically. Cartilage quality was 
analyzed macroscopically and histologically. Glycosaminoglycan content, synthesis, 
and release were measured in tissue and medium.

Results
All animals were able to move and load the knees without any limitations. 
Macroscopic articular evaluation scores showed worsening twenty-six weeks after 
inserting the implant (p < 0.05). Macroscopic and histologic scores showed more 
cartilage degeneration of the opposing medial femoral condyle in the experimental 
knee compared to the control knee (p < 0.05). Higher glycosaminoglycan synthesis 
was measured at the medial femoral condyle cartilage in the experimental knees (p 
< 0.05). 

Conclusions
This study clearly shows that the medial tibial plateau can be technically successfully 
replaced by a cobalt-chromium implant in a large animal model. However, considerable 
femoral cartilage degeneration of the medial femoral condyle was induced, suggesting 
that care must be taken introducing hemiarthroplasty devices in a human clinical 
setting for the treatment of post-meniscectomy cartilage degeneration of the medial 
tibial plateau.
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Introduction

The knee menisci are wedge-shaped, semilunar discs of fibrocartilage, interposed 
between the tibia and the condyles of the femur. Damage to, or removal of, the 
menisci alters static load transmission, shock absorption, joint lubrication and 
stabilization of the knee joint1-4 and is associated with degeneration of the articular 
cartilage of the knee5-6. In the medial knee compartment, the degenerative changes 
appeared to be directly proportional to the amount of menisci removed and the post-
operative period. Several in vivo studies have demonstrated that chondral lesions 
appear earlier and more intensively in the tibial plateau than in the femoral condyle7-

8. Therefore, a medial meniscectomy in animals is frequently used as a model for 
osteoarthritis of the knee9. Currently, there are a growing number of strategies 
available to replace menisci that have been irreversibly damaged or that have been 
operatively removed. Although such replacement therapies are very promising, these 
are not completely protective for cartilage degeneration10. When the tibial cartilage 
degeneration has progressed extensively, the knee joint might not benefit anymore 
from a meniscus replacement. Alternatively, the degenerated medial tibial plateau 
might be replaced by a metal prosthesis, in order to slow down the degeneration and 
conserve the femoral condyle cartilage. Therefore, the purposes of the current study 
were to explore the surgical possibilities for replacement of the medial tibial plateau, 
after a partial medial meniscectomy, by a cobalt-chromium (CoCr) implant and to 
examine the implications for the opposing cartilage using an in vivo goat model. The 
contralateral un-operated knees were used as controls.

Methods

Experimental design
This research was approved by the Institutional Animal Care Committee of the 
Utrecht University. In six adult female Dutch milk goats, the right medial tibial plateau 
was replaced by a CoCr implant (fixed using polymethylmethacrylate bone cement), 
removing the anterior part of the medial meniscus and leaving the cross ligaments 
and the collateral medial ligament intact. The un-operated left knees served as a 
control group. The animals were killed twenty-six weeks after surgery. Macroscopic 
evaluation of the articular compartments was performed immediately before 
replacing the medial tibial plateau and twenty-six weeks after treatment. Tibial and 
femoral cartilage quality was evaluated by macroscopic, histologic, and biochemical 
analysis. 

Animals
Six adult female Dutch milk goats with a mean age (and standard deviation) of 2.4 
± 0.28 years and a mean weight of 56.6 ± 8.4 kg were used for surgery. Food and 
water were given ad libitum. General health and care conditions were monitored by 
the laboratory animal welfare officer.



Implants
Implants were custom-manufactured to our design specifications by Smith & Nephew 
(Memphis, Tennessee, USA). The CoCr components were produced from a cast 
CoCr alloy (ASTM F75) and the articulating part was polished afterwards (Ra < 0.03 
µm). The articulating shape of the implant was designed after a study on cadaver 
knees and tested in a pilot study (Figure 1). The implant was designed as a one-fits-
all device, which did not include the volume of the partially removed meniscus.

Surgery
Surgery was performed on the right knee, with the goat under general inhalation 
anaesthesia with use of an isoflurane (2% in air) gas mixture preceded by detomidine 
hydrochloride sedation and antibiotic prophylaxis consisting of intravenous 
administration of 500/100 mg amoxicillin-clavulanate potassium. All surgical 
procedures were carried out under aseptic conditions and by the same surgeons 
(D.B.F.S. and R.J.H.C.), who had gained specific experience during the course of 
a pilot study. The medial tibia plateau was exposed through a medial parapatellar 
incision, and the anterior part of the meniscus was removed. A Kirschner-wire (diameter 
1.5 mm) was inserted 7 mm below the tuberositas tibiae perpendicular to the tibial 
surface. The medial tibial plateau was removed perpendicular to the Kirschner-wire, 
leaving the cruciate and medial collateral ligaments intact. Subsequently, a hole was 
drilled in the tibia, creating a place for the caudal part of the implant. This part of the 
implant was designed for preventing anterior-posterior and medial-lateral movement 
and rotation. The implant was fixated to the tibial bone using polymethylmethacrylate 
bone cement containing 0.5 mg gentamicin. The implants were visually inspected 
and manually tested for loosening. Following lavage and inspection for cement in the 
joint space, and the joint was closed in layers. Postoperative, the goats were allowed 
to fully weight bear, without casting or bandages. After twenty-six weeks, the animals 
were weighed and killed with use of an overdose of pentobarbital.

Figure 1
Tibial implant made of 
CoCr. The shape was de-
signed after a cadaver 
study (the medial tibial pla-
teau of a goat has a differ-
ent anatomy from human). 
The tibial plateau is highest 
at the middle and slopes 
laterally.
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Radiographs
Fluoroscopy was used at several stages of the experiment. Preoperatively, 
fluoroscopy was used to check for joint abnormalities, such as fractures, osteofytes 
or arthritis. Postoperatively, the positioning of each implant was visualised and 
surgical complications such as fractures were noted. Post-mortem, the joints were 
checked for implant malpositioning, loosening (sclerotic zones and radiolucencies), 
and migration or other complications.

General macroscopic articular evaluation
After opening of the joint space prior to inserting the implant (the healthy joint) and 
post-mortem, the joint was inspected and evaluated by two observers (R.J.H.C. and 
M.H.P.v.R.) according to the scoring system as described by O’Driscoll et al.11-13. This 
scoring system evaluates the joint with respect to range of motion, intra-articular 
fibrosis and cartilage appearance. Since it was not possible to score the so-called 
restoration of contour and cartilage erosion of the graft for the implant groups, the 
macroscopic articular evaluation parameters were modified (scores 0 to 6 were used 
instead of 0 to 10). A score of 6 represents a healthy joint; a score of 0 represents a 
severely degenerated, fibrillated, and stiff knee joint.

Macroscopic scoring of articular cartilage compartments
After removal of soft tissues, macroscopic evaluation as described by Mastbergen 
et al.14 was performed on blinded coded high-resolution photographs for each 
compartment separately (the medial femoral condyle, which was directly in contact 
with the implant, and the lateral plateau and condyle, as part of the knee, but not 
directly in contact with the implant) by two observers (R.J.H.C. and M.H.P.v.R.). This 
scoring system evaluates the cartilage surface with respect to fibrillation and grooves 
on a five-point scale. The scores of the two observers were averaged, and outliers 
with a difference > 1 point were scored again, until consensus was reached. Only 
one image required this consensus procedure. The higher the score, the more the 
cartilage is damaged.

Cartilage explants harvest
Cartilage tissue samples were obtained from predefined locations under aseptic 
conditions15 (Figure 2). First, two full thickness cartilage tissue explants were cut 
from the underlying subchondral bone layer, one just anterior and one just posterior 
to the greatest weight-bearing area of each femoral condyle and lateral tibial 
plateau. Subsequently, each cartilage sample was cut into three or five separate 
samples (depending on location), of which two or four samples, respectively, were 
used for biochemical assays. One sample was used for histological analysis. Also, 
full cross-sectional osteochondral samples were harvested for histology from the 
middle of each compartment (the medial and lateral femoral condyle, and lateral 
tibial plateau).
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Histologic cartilage evaluation
Immediately after harvesting, all tissue samples used for histological analysis were 
fixed in 10% buffered formalin for forty-eight hours. Subsequently, all osteochondral 
tissue samples were decalcified with the use of Luthra solution (3.2% 11 M HCl, 10% 
formic acid in distilled water) for forty-eight hours. Tissues were then dehydrated 
by means of 70% to 100% ethanol, immersed in xylene, and embedded in paraffin. 
Embedded tissues were cut into 5-µm-thick paraffin sections and stained with Safranin 
O and fast green according to the Osteoarthritis Research Society International 
(OARSI) guidelines16. The sections were blinded and presented at random to two 
observers (R.J.H.C. and M.H.P.v.R.).
Osteochondral sections from the entire femoral condyles and the lateral tibial plateau 
from medial to lateral were evaluated with use of the OARSI Cartilage Histopathology 
Assessment System (OOCHAS)15-16 to determine the degree of cartilage degeneration 
for each compartment separately. A score of 0 points represents normal cartilage, 
whereas a score of 24 points represents a severely degenerated joint surface. In 
addition, the histological and histochemical grading system (HHGS) as described 
by Mankin et al.17 was applied to the nondecalcified cartilage samples. Since bone 
was not included in these specimens, the tidemark was not present in our cartilage 
samples. Also, because of the dissection method, cartilage samples could not be 
covered by pannus. Therefore, the maximum score that could be obtained was 11 
instead of 14, because of the omission of criteria ‘pannus’, ‘clefts to calcified zone’, 
and ‘tidemark crossed by blood vessels’ as described by Lafeber et al.18. 

Biochemical cartilage evaluation
For femoral condyles and tibial plateau, cartilage proteoglycan content, synthesis, 
and release were determined, respectively for eight and sixteen explants obtained 
from predefined locations. Two to four full-thickness cartilage slices, anterior and 
posterior to the greatest weight-bearing area, were weighed aseptically (range 5 to 
20 mg) and cultured individually in ninety-six-well round-bottom microtiter plates. 
Explants were cultured in Dulbecco modified Eagle medium (74-01600; Gibco, Breda, 
The Netherlands), containing 0.81 mM SO4

2-, 24 mM NaHCO3, supplemented with 
ascorbic acid (85 µM), glutamine (2 mM), penicillin (100 IU/ml), streptomycin sulfate 
(100 µg/ml), and 10% pooled goat serum, at 5% CO2, and 37° C. Proteoglycan 
synthesis was determined at day 0 by measuring 35SO4

2- incorporation, and explants 
were incubated for a subsequent three-day period in the absence of label to determine 
proteoglycan (PG) release and proteoglycan content. 

Proteoglycan synthesis
PG synthesis was determined by measuring 35SO4

2- incorporation into 
glycosaminoglycans (GAG) in the presence of 10 µCi/ml of 35SO4

2- (Na2 35SO4, carrier-
free; NEX-041-H; DuPont, Dordrecht, The Netherlands). Four hours after the addition 
of 35SO4

2 the samples were washed three times for forty-five minutes in fresh culture 
medium (37°C) and cultured for another three days. Cartilage samples were digested 
in 3% papain buffer (dissolved in 0.5 M phosphate buffer, 20 mM N-acetylcysteine 
and 20 mM Na2-EDTA, pH 6.5) at 65°C for 2 hours. Papain digests were diluted to 
the appropriate concentrations for analysis of PG synthesis rate and PG content 



as well release as well as DNA content. The 35SO4
2- incorporation into GAGs was 

measured by counting the cartilage papain digests and conditioned medium with 
use of a liquid scintillation counter (Tri-carb 1900CA, Packard Instrument, Downers 
Grove, Illinois, USA). The sum of 35SO4

2- radioactivity in the cartilage digests and 
conditioned medium after three days of culturing represented 35SO4

2- incorporation 
on day 0. The rate of 35SO4

2- incorporation was expressed as nanomoles of 35SO4
2- 

incorporated per hour per gram wet weight of the cartilage tissue.

Proteoglycan content and release
Precipitation of GAGs with alcian Blue (A-5268; Sigma-Aldrich, Zwijndrecht, The 
Netherlands) in the papain digests and conditioned medium was determined as a 
parameter for total PG content and release, respectively. Staining for GAGs was 
measured as the change in absorbance at 620 nm with use of chondroitin sulphate 
(C4383; Sigma-Aldrich, Zwijndrecht, The Netherlands) as a reference. The results 
are expressed as milligram of GAG per gram wet weight of the cartilage explants, 
and the initial GAG content on day 0 was calculated from the total amount of GAG 
released into the medium and the total GAG content of the explants after seventy-
two hours. 

Cellularity
The DNA content of the cartilage tissue digests, as a measure of cell content, was 
determined in the cartilage digests with use of the fluorescent stain Hoechst 33258 
(382061; Calbiochem, La Jolla, California, USA). Calf thymus DNA (D-4764; Sigma-
Aldrich, St. Louis, MO, USA) was used as a reference. The results are expressed as 
milligram of DNA per gram wet weight of cartilage. For all biochemical assays, the 
results of the four or eight cartilage explants per specific location in the joint were 
averaged, and this average was used for statistical analysis.

Statistical analysis
Values are given as mean and standard error of the mean. For the non-parametric 
data (i.e., macroscopic articular evaluation and macroscopic cartilage score), a 
Friedman test was used. For the parametric data (i.e., histologic cartilage score, 
grade on HHGS and the OOCHAS system, GAG content and release, PG synthesis, 
and DNA content), a paired t-test was used to analyze the differences between 
treatments at each location. All results were adjusted for multiple testing using a 
Bonferroni-correction; p ≤ 0.05 was defined as a significant difference.

Results

Surgery and animal health 
Surgery was performed without complications. All goats were able to load the limbs 
and move the knees without any limitations within one week after surgery. The goats 
showed a maximal (at the lowest level) mean weight loss (and standard deviation) of 
4.8% ± 4.6% around two weeks after surgery, after which their weight returned to their 
preoperative levels. Visual inspection and manual palpation showed that all implants 
were mechanically stable, were located in their original position, and no cement had 
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entered the joint space. Preoperatively, fluoroscopy confirmed healthy knee joint 
anatomy for all goats. After twenty-six weeks follow-up, fluoroscopy showed no signs 
of malpositioning, loosening or other complications (Figure 3).

General macroscopic articular evaluation
The mean (and standard error) of the modified macroscopic articular evaluation 
parameters was 5.8 ± 0.2 for experimental joints (scored during the surgical 
procedure). When the animals were killed at twenty-six weeks after surgery, the 
scores decreased to 2.3 ± 0.2 in the experimental knee (p < 0.05). The un-operated 
(control) knees had scores (5.8 ± 0.2) similar to the pre-operative scores of the 
experimental knees (p > 0.05) (Figure 4A). 

Macroscopic evaluation of articular compartments 
Twenty-six weeks after surgery, severe macroscopically cartilage degeneration 
(ranging from slightly fibrillated to deep sharp grooves) was induced in the 
experimental knee at the medial femoral condyle and the lateral tibial plateau 
compared to the control knee (p < 0.05) (Figure 4B). The lateral femoral condyle 
was only slightly fibrillated in both the control as well as the experimental knees. The 
control joints also showed minor damage, mainly characterized by light fibrillation, in 
all compartments.

Histologic cartilage evaluation 
According to the OOCHAS scores of the osteochondral tissue samples, all 
compartments showed slight (intact surface with hypertrophy and / or oedema) 
to moderate (simple to complex fissures with proteoglycan washout) cartilage 
degeneration (Figure 5 and 6A). In general, lower scores included mild proteoglycan 
washout and minor fissures, whereas the higher scores included moderate 

Figure 3
Fluoroscopy example of right 
knee after inserting the implant. 
The left images were taken post-
operatively; the right images 
twenty-six weeks later.
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Figure 4
A Modified O’Driscoll score. A score of 6 represents a healthy joint, a score of 0 represents a severely 
degenerated, fibrillated, and fixated knee joint. The mean score during surgery was 5.83 ± 0.17. The 
mean scores decreased to 2.33 ± 0.21 after twenty-six weeks in the experimental knee (p<0.05). 
B More cartilage degeneration was induced at the medial femoral condyle and lateral tibial plateau of 
the experimental knees compared to the control knees (p<0.05).
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proteoglycan washout (i.e., less intense Safranin-O staining) and moderate fissures. 
The medial femoral condyle was significantly more degenerated after articulating 
against the implant compared to the un-operated control knees (p < 0.05). Also, an 
increase was found in the OOCHAS of the lateral plateau and the lateral femoral 
condyle, although not statistically significant. Analysis of the HHGS for the cartilage 
samples taken from locations anterior and posterior to the greatest weight-bearing 
area revealed that all compartments showed cartilage degeneration ranging 
from surface irregularities and some hypercellularity to superficial clefts, diffuse 
hypercellularity and slight reduction in the Safranin-O staining. The cartilage of the 
medial and lateral femoral condyles, as well as the lateral tibial plateau, was more 
degenerated in the experimental knee joint compared to the control knee joints (p < 
0.05) (Figure 6B). Similar to the results of the macroscopic evaluation, the histologic 
analysis with use of both scoring systems demonstrated some minor damage in all 
compartments of the control joints.

Proteoglycan content and release
The GAG content (in micrograms per milligram of wet weight) was not different 
between the experimental and the control knee joints at any of the sampled locations 
(p > 0.05) (Figure 7A), although a slight decrease was found in the lateral femoral 
condyle and tibial plateau. Although an increase was found for the lateral femoral 

Figure 5
A Medial femoral condyle of an un-operated joint.
B Medial femoral condyle of an experimental joint. Note cartilage and subchondrial bone damage 
caused by articulating directly with the implant.
C Lateral tibial plateau of an unoperated joint.
D Lateral tibial plateau of an experimental joint. Note cartilage degeneration (fissures, loss of 
Safranin-O staining).
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Figure 6
(A) A score of 0 represents normal cartilage, a score of 24 represents a severely degenerated joint. 
The medial femoral condyle was more degenerated in the experimental compared to the control 
knees (p<0.05).
(B) The cartilage of the condyles and the lateral tibial plateau was more degenerated in the experi-
mental knee compared to the control joints (p<0.05)
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Figure 7
Glycosaminoglycan (GAG) content (A), release (B), synthesis (C), and DNA content of explants 
from areas anterior and posterior to the greatest weight-bearing area. 
(A) No differences were seen at all locations (p>0.05).
(B) No differences were seen at all locations (p>0.05).
(C) PG synthesis rate increased in the medial femoral condyle in the experimental compared to 
control knees (*p<0.05). No differences were seen at the other locations (p<0.05).
(D) No differences were seen at all locations (p>0.05).

condyle and tibial plateau in GAG release (in %, normalized to the GAG content) 
after seventy-two hours of culturing, this was not different between the experimental 
and the control knee joints at any of the locations (p > 0.05) (Figure 7B).

Metabolic cartilage activity
The synthesis rate showed a significant increase in the medial femoral condyle for 
the experimental knees compared to the control knee joints (p < 0.05) (Figure 7C). 
The other locations did not show any differences between both knee joints.

Cellularity
DNA content (in microgram per milligram of wet weight) was not different between 
the control and experimental knee joints (p > 0.05) (Figure 7D).
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 7 Discussion

This study shows that the medial tibial plateau can be technically successfully 
replaced by a CoCr implant. The anterior part of the medial meniscus was dissected 
during surgery, the implants were firmly fixed to the underlying bone and the animals 
were able to move and load the knee joint after surgery. However, extensive femoral 
cartilage degeneration was induced after surgery, demonstrated by comparison of the 
macroscopic and histologic cartilage scores from the experimental joints compared 
to the healthy un-operated knee joints. Additionally, an increased PG synthesis rate 
of the medial femoral condyle cartilage in the experimental knee joint was found, 
probably as a reactive repair response to the occurring degeneration. As the control 
group consisted of the contralateral, un-operated healthy joints, no distinction 
could be made between implant- or meniscectomy-induced cartilage degeneration. 
Meniscectomy induces extensive cartilage degeneration8. Although including a 
meniscectomy control group would have been capable of demonstrating purely 
implant-related damage, hemiarthroplasty is typically done on joints with damaged 
or removed menisci and always includes total meniscectomy, hence minimising the 
clinical relevance of such a control. 

What factors would be responsible for in particular implant-related degeneration is 
also unclear and could be both related to the implant material or to the design of 
the implants. In this respect, the implants were designed to replace the medial tibial 
plateau only. Possibly inclusion the volume of the partially removed meniscus would 
be beneficial to the integrity of the opposing cartilage. 

The concept of a metal articulation in the knee is not new. Two options exist for 
restoring functionality of the medial tibial plateau, a hemiarthroplasty and an 
interpositional device. A hemiarthoplasty includes the resection of bone, while an 
interpositional device does not require the resection of bone, but merely serves as 
an interposition between two articulating surfaces. Several studies have described 
the results of hemiarthroplasty. MacIntosh reported good early results in 72 out of 
103 knees after short-term follow-up. A similar unilateral hemiarthroplasty of the 
knee was introduced by McKeever in the late 1950s19. This implant was made of 
a cobalt-chromium-molybdenum alloy (Vitallium®, Howmedica, Rutherford, New 
Jersey, USA), which roughly simulates the shape of the tibial plateau. The inferior 
surface of the implant had a T-shaped keel that allows for fixation to the tibia either 
with or without cement. Despite encouraging early reports20-21, the procedure did 
not gain widespread acceptance. Recently, the authors of a study (21 patients with 
23 implants) stated that the McKeever tibial hemiarthroplasty continues to be a 
reasonable surgical option for patients who are not candidates for osteotomy and 
are too young or too active for a uni-compartimental or total knee arthroplasty22. 
In contrast, another research group, showed unfavourable results (7 dislocations) 
after treating 34 patients (37 implants) with uni-compartimental osteoarthritis using 
an un-cemented interpositional device called UniSpacerTM (made of CoCr). The 
authors did not recommend the UniSpacer for the treatment of degenerative arthritis 
of the medial compartment of the knee23. Other knee interpositional devices are the 
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recently introduced iForma Knee Interpositional Device24 and the NuSurface25. In 
the abovementioned studies, no attention was paid to the integrity of the opposing 
cartilage. Although animal studies can never be fully extrapolated to the human 
situation, the results of the current study calls for some caution in the application 
of hemiarthroplasty devices in clinical practice and of the evaluation of data from 
clinical studies performed with these implants.

A limitation of the current study is the small number of animals used. On the other 
hand, the significant differences in histologic and macroscopic parameters observed 
nonetheless between the experimental and control knee joints suggest the robustness 
of the model. Nevertheless, increasing group size may have resulted in even more 
statistically significant differences, e.g. in DNA and PG content. 

In conclusion, this study showed that the current animal model used might be a 
viable tool in the evaluation of the applicability of defined hemiarthroplasty implants. 
Since only one bearing material was investigated in this study, it remains unclear 
whether the model is sensitive enough to discriminate between candidate materials. 
The implant was firmly fixed and allowed for unlimited weight bearing and movement 
of the knee, but considerable opposing cartilage degeneration was induced, which 
raises caution as to its application in the human setting.
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 8 Summary

The central aim of this thesis was to better understand the role and limitations 
of using small metal (made of different materials) implants for the treatment of 
cartilage defects in the knee joint as well as to investigate the surgical possibilities 
for replacement of a larger cartilage surface (the medial tibial plateau). This was 
evaluated using different materials in different animal models by applying validated 
outcome tools.

Histological grading of cartilage
Since we considered the histological grading of cartilage quality to be of major 
importance, we evaluated two histological scoring systems. 
This was addressed in chapter 2 by examining the hypothesized advantage of the 
recently introduced OOCHAS as compared to the most frequently used HHGS. 
Nine hundred and thirty-six sections of Dutch milk goat articular knee cartilage were 
examined using light microscopy. Both the HHGS as well the OOCHAS showed 
to have an excellent intra- and interobserver reproducibility and variability and a 
good positive correlation between the scores, but the reliability of the OOCHAS was 
higher as compared to the HHGS. 

Implant positioning and fixation
Since localized implants will articulate against the opposing cartilage, it is anticipated 
that the position of the implant in relation to the adjacent tissues will affect those 
articulating surfaces. As yet, it is not clear whether placing an implant flush with the 
surrounding cartilage, or rather slightly depressed is best in terms of articulating 
surface integrity. Furthermore, the implant should be well-fixed in the joint to maintain 
articular congruity and limit subchondral alterations, and thus the materials used 
should not only be cartilage compatible, but also allow for osseointegration of the 
implant. 
This was addressed in chapter 3 by developing an in vivo small animal (rabbit) model. 
In eighteen adult female New Zealand White rabbits, a medial femoral condyle defect 
was filled with either an OxZr or CoCr implant, placed flush, 1 mm deep or 1 mm 
protruding with respect to the level of the surrounding cartilage. Animals were analysed 
after four weeks. Opposite cartilage damage was observed in all conditions. The 
opposing cartilage quality was least compromised when both implants were placed 
flush compared to deep or protruding position and was better for OxZr compared 
to CoCr when left protruding, while no differences were found when placed deep 
of flush. Most bone formation around the fixating pin was observed in a protruding 
position. In deep position, more bone-implant contact was observed with CoCr 
compared to OxZr. Both OxZr and CoCr implants showed good osseointegration. All 
in all, placement flush to the surrounding cartilage seems essential.

Implant material: OxZr versus CoCr
Based on recent in vitro testing, OxZr showed a number of relevant benficial 
characteristics, compared to the most commonly used CoCr, when used for articulating 
cartilage. However, the postulated superiority of OxZr has not been proven in vivo. 
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This was addressed in chapter 3 (rabbit study) and 5 by developing an in vivo large 
animal (goat). In thirtheen goats, a medial femoral condyle defect was created in 
both knees. Fresh defects were randomly treated by immediate placement of an 
OxZr or CoCr implant or left untreated. Six un-operated knee joints served as a 
control. Animals were analysed after 52 weeks. Similar to the rabbit studies, the 
cartilage repair of the untreated defects was only partial. Although either implant 
was well osseointegrated, considerable cartilage degeneration was induced in the 
opposing as well as more remote cartilage due to a cartilage defect in the medial 
femoral condyle. Treating this defect with a small metal implant, made of either OxZr 
or CoCr, could not prevent this degeneration. In conclusion, the rabbit as well as the 
goat studies did not show any differences in osseointregration as well as opposing 
cartilage degeneration. Only when left protruding OxZr may be less erosive.

Fresh versus established defects
Since, a disturbed intra-articular environment, i.e., altered joint homeostasis caused 
by one or more cartilage defects, has been found to negatively influences cartilage 
repair, we considered it to be important to examine treatment of both fresh and 
established defects. 
This was addressed in chapter 4 by developing an in vivo small animal established 
defect model. In thirty-one NZW rabbits, a medial femoral condyle defect was created 
in each knee. After four weeks three animals were analysed for defect baseline 
values and in the other twenty-eight rabbits, knees were sham-operated, treated 
with microfracture, or treated by placing an OxZr or CoCr implant. These animals 
were analysed four weeks after treatment. Cartilage defects did not show complete 
healing or during subsequent sham-surgery or microfracturing. For all treatments, 
considerable cartilage damage in of the opposing cartilage was observed. Both CoCr 
and OxZr implant-treated defects showed an increase of cartilage degeneration 
compared to microfracture and sham-operated defects. All in all, the implants caused 
opposing cartilage degeneration when used for established defects, similar as seen 
when used for fresh defects.

Implant versus microfracture
When examining a new treatment modality, the current goal standard therapy should 
be included as well. Today, the microfracture technique is a frequently applied 
treatment modality and could therefore be considered as the gold standard. 
This was addressed in chapter 6 by developing an in vivo large animal established 
defect model. In nine Dutch milk goats, a defect in the medial femoral condyle defect 
was created in both knees. After ten weeks, the knees were randomly treated by 
microfracture or by placement of an OxZr implant. Twenty-six weeks after surgery the 
animals were analysed. Both microfracture and the use of implants as a treatment 
for established localized cartilage defects in the medial femoral condyle caused 
considerable degeneration of the directly articulating cartilage as well as in more 
remote sites in the knee. However, in the medial tibial plateau, the metal implants 
caused less damage than the microfracture technique.



Tibia implant 
When the knee cartilage has been degenerated extensively, for example after a 
(partial) meniscectomy, the knee might not benefit anymore from a localized 
treatment. Alternatively, the degenerated cartilage surface might be replaced by a 
metal prosthesis, in order to slow down the degeneration and conserve the opposing 
cartilage. 
This was addressed in chapter 7 by developing an in vivo large animal model. In 
six goats, the medial tibial plateau of the right knee was replaced (after a partial 
meniscectomy) by a CoCr implant, using polymethylmethacrylate bone cement 
for fixation. The un-operated left knee served as a control. Twenty-six weeks after 
surgery, the animals were analysed. This study clearly showed that the medial tibial 
plateau could be technically successfully replaced by a CoCr implant in a large 
animal model. However, considerable femoral cartilage degeneration of the medial 
femoral condyle was induced.

Discussion

In the current thesis, the central goal was to better understand the role and limitations 
of using small metal (made of different materials) implants for the treatment of 
cartilage defects in the knee joint as well as to investigate the surgical possibilities 
for replacement of a larger cartilage surface (the medial tibial plateau). 
Since these small implants articulate the opposing cartilage, it was anticipated that the 
surface should as frictionless as possible, to avoid damage to this opposing cartilage. 
To avoid loosening, the implant should be well integrated in the subchondral bone 
layer. Both aspects are dependent on the materials used. As yet, it was not clear 
whether placing an implant flush with the surrounding cartilage, or rather slightly 
depressed is best in terms of articulating surface integrity.
As a fallback procedure, the tibial implant was examined. Such an implant was 
developed for situations, were the cartilage defects are too extensive for a small 
implant; the complete surface needs to be replaced. This is a brigde between a small 
implant and a total joint replacement. 

Implant positioning and fixation
Placement flush to the surrounding cartilage seems essential. However, a drawback 
is that the implant positioning was only examined in rabbits, and not in goats, or even 
humans. In vitro, elevated implantation results in increased peak contact pressure 
and might be biomechanical disadvantageous in an in vivo application1. The use of 
similarly shaped implants applied in a goat model indeed showed that the extent 
of the tissue damage was proportional to any elevation of the prosthesis above 
the adjacent cartilage surface2. These authors proposed positioning the surface of 
the prosthesis with its entire perimeter sunken 1 mm below the adjacent cartilage 
surface. Altogether, this importance of implant placement has implications for surgical 
practice, where precision is highly dependent on the individual surgeon’s skills and 
experience. The implants used in the rabbit and the goat studies in this thesis are 
relatively small compared to the size of the implants used in the former goat study2. 
It is possible that smaller implants load more focally than a larger implant and should 
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therefore be placed flush, whereas a larger implant does not. Therefore, further 
research is needed to examine the correct implant positioning in a human setting.
In terms of fixation, no osseointegration differences were observed between both 
materials in the rabbit as well as the goat model. Although there are no threshold 
values for bone-implant contact, the percentage here is probably adequate, since 
none of the implants showed loosening or movement from its original location in the 
rabbit and goat studies. The bone-implant contact was similar as found in literature3-

4. The osseointegration differences between the studies might be explained, first by 
the small animal with short follow-up versus large animal with long follow-up period, 
and second by the fresh versus established defect model used in this thesis, were the 
subchondral bone layer might have been thickened after creating the initial defect. 
Other materials have been examined for their use as a cartilage defect implant. 
For example, a carbon fibre rod was used in a rabbit study5. This material did not 
allow for osseointegration, however, quantitative bone-implant contact data are not 
available. Hard silicone rubber implants used for a similar purpose did not show any 
loosening in a rabbit knee, but no quantitative data are available as well6. In a dog 
study, a cartilage defect was created in the lateral tibial plateau and an implant was 
inserted in the opposing lateral femoral condyle7. The implant was made of CoCr 
or pyrolytic carbon. Although loosening of the implant was not described, the bone-
implant contact was not measured. An implant made of the combination titanium/
CoCr was examined in a goat study8. The articulating part of the implant was made 
of CoCr, while the part that was used for subchondral fixation, was made of titanium. 
These implants were firmly fixated to the subchondral bone, however, the bone-
implant contact was not quantified. The results of these studies indicate that there 
are several materials that are suitable for fixation in bone under loading conditions 
in a joint.

Implant material: OxZr versus CoCr
Due to the promising results of the in vitro testing of OxZr, it was proposed that 
implants made of OxZr would outperform CoCr implants when used for articulation 
against articulating cartilage. However, both the rabbit and goat studies demonstrated 
that there were only minor differences in performance after a short as well as a 
long follow-up period, which is rather disappointing and not in line with the in vitro 
testing. When placed flush or left protruded, no differences were seen between 
OxZr and CoCr in both the rabbit and goat studies. Only, when left protruding, OxZr 
might be less erosive compared to CoCr as demonstrated in the rabbit study (fresh 
defects, small animal model, different implant positioning) described in chapter 3. 
Based on this result, OxZr was used in the goat study comparing an implant to 
microfracturing in an established defect, long-term follow-up, large animal model 
(chapter 6). Possibly, OxZr and CoCr are such hard materials, that the implant 
caused opposing cartilage degeneration, irrespective of their friction characteristics. 
Therefore, it may be judicious to examine implants that are less hard, but have 
at least equal friction characteristics compared to OxZr or CoCr, although it is not 
clear whether such materials exist. For example, a hard silicone rubber implant 
was used to treat a cartilage defect in the rabbit knee6. Although only very briefly 
described and not quantified, this study demonstrated, that osteoarthritis developed 
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after implantation. This hard silicon rubber is probably less hard than OxZr or CoCr, 
but has less favourable friction characteristics and therefore also causes opposing 
cartilage degeneration. A carbon fibre implant was examined as well in a rabbit 
cartilage defect model. However, the opposing cartilage quality was not described5. 
The authors of the dog study concluded that opposing surface cracks were present 
in a greater percentage of specimens in the CoCr implant group, compared to the 
carbon implants7. The goat study examining the combined CoCr/titanium implant 
demonstrated proximal tibial plateau foci of articular cartilage fibrillations or erosions 
in 83.3 %8. 

Fresh versus established defects
When studying the efficacy of treatment modalities for cartilage damage, one should 
realize that cartilage defects are rarely treated at the moment they occur. A disturbed 
intra-articular environment, i.e., altered joint homeostasis caused by one or more 
cartilage defects, has been found to negatively influences cartilage repair9. This 
might explain why animal studies, in which fresh cartilage defects are treated during 
the same surgical procedure when the defects are created, show superior outcomes 
compared with human clinical studies on the treatment of localized cartilage 
defects9.
Therefore, we examined the opposing cartilage after treatment of fresh as well as 
established defects. It was anticipated that the friction component in an established 
defect situation would be of major importance, since the opposing cartilage is already 
degenerated. However, the small animal studies showed that both the treatment of 
a fresh as well as an established defect caused considerable opposing cartilage 
degeneration. Probably, the implants caused such a degeneration of the opposing 
cartilage that the differences in settings of joints with fresh versus established defects 
are of minor importance. 

Implant versus microfracture
Strikingly, microfracturing as a generally accepted treatment for localized cartilage 
defects was not able to prevent the deterioration of the joint and cartilage caused by 
the presence of the cartilage defect. This aspect of microfracturing has not been given 
full attention in previous research10-13. We found that the use of small ceramic-metal 
implants, as a treatment for localized cartilage defects in the knee, seems to be an 
alternative treatment modality to microfracture in the treatment of small, established 
cartilage defects in the weight bearing areas of the joint. The differences in cartilage 
degeneration between the treatments (implant versus untreated or microfractured 
defect) might be explained by the fact that the implant fills the cartilage defect, 
thereby re-establishing the integrity of the joint surface and, to a certain extent, its 
biomechanics, whereas after treatment with microfracture, the defect geometry still 
exists, leading to incongruity with the opposing cartilage surface, causing damage 
to the opposing tibia. This mechanical difference might be due to abrasion from the 
edges or the fibrillated aspect of the microfracture-induced repair tissue and the 
differences in stress shielding. This mechanical difference might be due to abrasion 
from the edges or the fibrillated aspect of the microfracture-induced repair tissue and 
the differences in stress shielding. This explanation is supported by the results of 
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both rabbit and goat studies. However, on the basis of the generalised degeneration 
found, it seems necessary to gather additional information on this process first. The 
information gathered in the long term follow-up in vivo goat evaluation could be 
helpful in the design of such studies to evaluate the efficacy of implants and other 
treatments for localized cartilage defects in the knee. A significant disadvantage 
of the implant as a treatment is that this requires an open procedure. Until now, 
it is unknown whether it is possible to insert an implant through an arthroscopic 
procedure. Additionally, we did not examine how the implant could be removed. 
The safe removal is essential when an implant is positioned incorrect during a first 
procedure, or (after a while) when a total joint replacement is indicated. Arthroscopic 
placement and a safe removal should be investigated in future studies. Finally, the 
implants used in this thesis are not commercially available, but the costs of treatments 
using an implant are probably higher compared to the microfracture technique. This 
is still to be evaluated.

Tibia implant 
The goat study showed that the current animal model used might be a viable tool in 
the evaluation of the applicability of defined hemiarthroplasty implants. Since only 
one bearing material was investigated in this study, it remains unclear whether the 
model is sensitive enough to discriminate between candidate materials. The implant 
was firmly fixed and allowed for unlimited weight bearing and movement of the knee, 
but considerable opposing cartilage degeneration was induced, which raises caution 
as to its application in the human setting. The control group consisted of the healthy 
contralateral knee, perhaps if a partial meniscectomy was performed, the differences 
in cartilage degeneration might have been less.

Generalised cartilage degeneration irrespective of treatment
A major finding in the current thesis is the generalised cartilage degeneration 
irrespective of the treatment. Currently, there are only few papers describing the use 
of metal implants as a treatment for a localized cartilage defects. Most of the studies 
are descriptive and not do quantify the osseointegration and the opposing cartilage 
degeneration. This generalized cartilage degeneration was also observed after 
treatment with the microfracture technique. Although the microfracture technique is a 
well-accepted and frequently used treatment modality for localized cartilage defects 
in a human knee, this is not a new finding. It is already known that none of the current 
biological treatments can prevent progression of the joint degeneration14. However, 
most of the investigators of studies concerning the biological treatment of localized 
cartilage defects examine the quality of the repair tissue within the defect, but do not 
examine the opposing cartilage10-13. The studies described in this thesis reveal that 
generalized cartilage degeneration is already present four weeks after the creating 
of a defect. A biological repair of this defect is not finished within this time limit, and 
therefore, this is probably the reason why the current biological treatment modalities 
are not able to prevent the progression of the cartilage degeneration.
Interestingly, the lateral tibial cartilage, which did not articulate directly against any 
implant, untreated or microfractured defect, was also damaged in all studies, albeit 
significantly less compared to the medial tibial plateau. Also at this location, damage 

155

S
um

m
ary, discussion and future prospects



was significantly related to implant positioning and bearing material placed in the 
medial compartment. This gradual decrease in cartilage quality was found before 
and may be explained by the concept of joint homeostasis as described previously15. 
Cartilage damage of the medial tibial plateau directly articulating with the implants may 
have induced the release of inflammatory cytokines or matrix degrading proteases 
into the synovial fluid, thus disturbing homeostasis and affecting more remote areas 
in the joint. To what extent the damage found could be partly attributed to the process 
of opening the joint space or rather to naturally occurring degeneration, is not entirely 
clear, as no animals without defects, either or not sham-operated, were included in 
the study. However, previous rabbit studies including sham-operated animal groups 
did not reveal any cartilage damage in these groups, even at shorter time intervals, 
suggesting that neither mechanism are likely to be a confounder in the current 
studies16-17.

Future prospects

Both rabbit and goats studies investigating the femoral condyle implant showed 
encouraging results and raise other research questions. First, the implants of either 
material were firmly osseointegrated and biocompatible. It was shown that a flush 
positioning is essential in a rabbit knee, but this has not been investigated in a goat 
knee. Perhaps a larger sized implant in a goat (or human) knee should be placed 
different. This is still to be investigated. In the current studies, it was not investigated 
how to safely remove an implant, for example after an incorrect positioning during 
the procedure, or after a while, when a total joint replacement is required. This 
should be investigated. Additionally, the placement of an implant requires an open 
procedure, versus an arthroscopic approach for microfracturing. The arthroscopic 
insertion of an implant as well as the costs should be evaluated as well, in order to 
be competitive to the microfracture technique. Furthermore, it remains unclear which 
bearing material is the best performer against the opposing cartilage when used as 
a small implant, although previous in vitro studies were favorable to OxZr. Perhaps, 
the femoral condyle implant model is not sensitive enough to differentiate. Other, 
less hard materials (with equivalent friction characteristics) should be investigated as 
well. All in all, caution is warranted when using small metal implants as a treatment 
for localized cartilage defects in a human knee joints.

The current tibial plateau replacement model might be a viable tool in the 
evaluation of the applicability of defined hemiarthroplasty implants. Since only 
one bearing material was investigated in this study, it remains unclear whether 
the model is sensitive enough to discriminate between candidate materials. The 
implant was firmly fixed and allowed for unlimited weight bearing and movement 
of the knee, but considerable opposing cartilage degeneration was induced, which 
raises caution as to its application in the human setting.
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De botten die de gewrichten vormen in het menselijk lichaam zijn bekleed met 
kraakbeen om een goede verdeling van de krachten te bewerkstelligen en het 
bewegen zo wrijvingsloos mogelijk te maken. Dit kraakbeen heeft dus een zeer 
belangrijke functie in het steun- en bewegingsapparaat. Een zeer nadelige 
eigenschap van dit kraakbeen is dat het niet spontaan herstelt bij relatief kleine 
beschadigingen (in mensen vanaf een diameter van 2 mm), omdat het geen eigen 
bloedvoorziening heeft en geen zenuwen bevat. De voeding van het kraakbeen 
wordt verzorgd door de gewrichtsvloeistof. Kraakbeendefecten in de knie kunnen 
ontstaan door een direct trauma, ten gevolge van een ander letsel in de knie 
(bijvoorbeeld een ruptuur van de voorste kruisband), door een aangeboren of 
metabole ziekte, of andere oorzaken. Een lokaal kraakbeendefect in de knie is 
geassocieerd met gebreken en symptomen als gewrichtspijn, slotklachten en een 
verminderde of gestoorde functie van de knie. Het is zelfs zo dat dergelijke defecten 
kunnen leiden tot gegeneraliseerde kraakbeenschade, hetgeen ook wel artrose 
wordt genoemd. Er zijn momenteel twee behandelopties voor kraakbeendefecten, 
namelijk conservatief en chirurgisch. De conservatieve behandeling bestaat uit 
onderwijs, leefstijlaanpassingen, gewichtsreductie, fysiotherapie en het gebruik van 
orthopaedische hulpmiddelen. De chirurgische mogelijkheden zijn talrijk. Men kan 
de knie middels een arthroscopie inspecteren en vervolgens eenvoudige procedures 
uitvoeren, zoals het spoelen van het gewricht of het verwijderen of bijschaven van 
losse kraakbeenflarden. Een andere, veelvuldig toegepaste techniek is het maken 
van kleine fracturen in het blootliggende subchondrale bot, ook wel microfracture 
techniek genoemd. Hierbij kunnen stamcellen uit het bot het kraakbeendefect gaan 
opvullen en zo een kraakbeenachtig weefsel vormen. Deze techniek heeft bewezen 
dat de klachten van patiënten aanzienlijk verminderen. Een andere chirurgische optie 
is de autologe chondrocyten-transplantatie. Hierbij worden kraakbeencellen (van de 
rand van het gewricht) weggehaald gedurende een operatie en in een laboratorium 
gekweekt en daarmee vermenigvuldigd. Gedurende een tweede operatie worden 
deze gekweekte cellen in het kraakbeendefect aangebracht. Verscheidene studies 
hebben aangetoond dat ook na deze procedure een groot deel van de patiënten 
minder klachten ervaart. 

Echter, hoe succesvol deze operatieve ingrepen ook zijn, zij kunnen geen van alle 
volledig normaal gewrichtskraakbeen vormen of het artroseproces voorkomen 
danwel vertragen. Uiteindelijk leidt dit tot de indicatie tot een nieuwe chirurgische 
interventie, waarbij vaak een correctie van de stand van het gewricht (osteotomie) of 
een totale gewrichtsvervanging nodig is.

Een hoopgevend alternatief voor een kraakbeendefect behandeling is mogelijk het 
plaatsen van een klein, metalen implantaatje precies ter grootte van het defect. Hierbij 
wordt de anatomie van het gewrichtsoppervlak hersteld en daarbij de integriteit 
van het gewricht. Alhoewel dergelijke kraakbeenimplantaten al worden toegepast 
in mensen, is er geen goed wetenschappelijk bewijs voor hun werkzaamheid. Het 
succes van een klein, metalen implantaat is afhankelijk van enkele factoren. Ten 
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eerste is onduidelijk hoe diep een implantaat zou moeten worden geplaatst. Moet 
deze bijvoorbeeld precies gelijk met het omringende kraakbeen worden geplaatst 
of juist iets dieper? En wat gebeurt er met het tegenoverliggende kraakbeen als het 
implantaat toch wat uitsteekt? Verder moet het gebruikte materiaal stevig vastgroeien 
in het bot en biocompatibel zijn. Tenslotte moet het deel van het implantaat dat 
het gewrichtsoppervlak gaat vervangen zo wrijvingsloos mogelijk zijn om het 
tegenoverliggende kraakbeen niet te beschadigen. 

Er worden op dit moment al enkele biomaterialen gebruikt in de orthopaedische 
chirurgie, met name bij de gewrichtsvervangende implantaten. De totale knieprothese 
is een van de meest succesvolle en meest effectieve behandeling van artrose van de 
knie. Daardoor wordt deze steeds vaker en op steeds jongere leeftijd geplaatst. Daar 
staat echter tegenover dat een dergelijke prothese maar een beperkte levensduur 
heeft, omdat deze ook slijt. Het vervangen van een totale knieprothese is echter geen 
eenvoudige ingreep. Daarom wordt intensief onderzoek gedaan naar materialen die 
beter zijn dan de huidige en langer mee kunnen gaan. Op dit moment wordt cobalt-
chroom (CoCr) veelvuldig gebruikt als onderdeel van de totale knieprothese. Een 
ander materiaal is ontwikkeld, genaamd geoxideerd zirconium (OxZr), dat volgens 
in vitro testen minder snel slijt dan CoCr en minder wrijving heeft met kraakbeen. 
Geoxideerd zirconium valt in de groep keramieken: het metaal zirconium wordt verhit 
tot 500 graden Celsius in combinatie met O2 en krijgt zo een keramische toplaag, 
die enorm hard, glad en krasvast is. Bij het beschikbaar komen van dit materiaal 
werd gesuggereerd dat dit OxZr mogelijk geschikt zou zijn als een kraakbeendefect-
implantaat. Hoewel dit OxZr in vitro over betere eigenschappen beschikt dan CoCr 
wanneer het articuleert tegenover kraakbeen, is dit nooit in vivo aangetoond.

Centrale doelstelling 

Op basis van deze achtergrond is de centrale doelstelling van dit proefschrift om 
beter inzicht te verkrijgen in de rol en beperkingen van de toepasbaarheid van een 
klein, metalen implantaat dat een kraakbeendefect in de knie kan opvullen. Tevens 
zal de chirurgische optie worden onderzocht om een groter metalen implantaat in de 
knie te plaatsen, waarbij niet alleen een defect wordt opgevuld, maar een groter deel 
van het gewrichtoppervlak wordt vervangen.

Specifieke doelen

Gevalideerde scoringssystemen
Aangezien een metalen implantaat het kraakbeendefect zal opvullen en een 
bewegend contact zal hebben met het tegenoverliggende kraakbeen, is het 
essentieel de gevolgen voor dit tegenoverliggende kraakbeen nader te onderzoeken. 
Er zijn verschillende manieren om de kwaliteit van kraakbeen te onderzoeken, 
zoals bijvoorbeeld macroscopisch, biochemisch en histologisch. Gevalideerde 
scoringssystemen zijn dan ook essentieel. Het eerste specifieke doel van dit 
proefschrift is dan ook om een gevalideerd histologisch scoringssysteem te verkrijgen. 
Jarenlang is het Histological / Histochemical Grading System (HHGS) gebruikt om 
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namelijk het Osteoarthritis Research Society International Osteoarthritis Cartilage 
Histopathology Assessment System (OOCHAS), waarvan wordt gesuggereerd dat 
dit beter is dan de HHGS. Om dit te onderzoeken worden de betrouwbaarheid, de 
reproduceerbaarheid en variabiliteit vergeleken. Tevens wordt de correlatie tussen 
beide scoringssystemen vergeleken. Hiervoor wordt gebruik gemaakt van kraakbeen 
uit een geitenknie.

Positionering en materiaalkeuze voor het implantaat 
Zoals gesteld, is het tot op heden onbekend of een kraakbeendefect-implantaat 
precies gelijk met het omringende kraakbeen of juist iets dieper moet worden 
geplaatst. En wat gebeurt er met het tegenoverliggende kraakbeen als het implantaat 
toch wat uitsteekt? Verder moet het gebruikte materiaal stevig vastgroeien in 
het bot en biocompatibel zijn. Tenslotte moet het deel van het implantaat dat 
het gewrichtsoppervlak gaat vervangen zo wrijvingsloos mogelijk zijn om het 
tegenoverliggende kraakbeen niet te beschadigen. Het tweede specifieke doel van 
dit proefschrift is dan ook om inzicht te verkrijgen in de chirurgische positionering van 
het implantaat en het gebruik van verschillende materialen. Hiervoor wordt gebruik 
gemaakt van een in vivo konijnenmodel, waarin een implantaat wordt geplaatst in 
een kraakbeendefect in de mediale femurcondyl. Er worden twee verschillende 
materialen gebruikt, namelijk CoCr en OxZr. 

Oud defect
Wanneer de effectiviteit van een kraakbeendefect-behandeling onderzocht wordt 
is het belangrijk te beseffen dat een kraakbeendefect zelden wordt behandeld 
op het moment dat het ontstaat. De gewrichtshomeostase verandert doordat 
er een kraakbeendefect aanwezig is. Daarom zal de behandeling van een vers 
kraakbeendefect een ander (in het algemeen beter) resultaat opleveren dan de 
behandeling van een kraakbeendefect dat al langer bestaat. Wij vinden het dan ook 
essentieel om niet alleen verse kraakbeendefecten te behandelen, maar ook al langer 
bestaande defecten. Het derde specifieke doel van dit proefschrift is dan ook om 
inzicht te verkrijgen in de behandeling van een al langer bestaand kraakbeendefect 
met een korte follow-up periode. Hiervoor wordt gebruik gemaakt van een in vivo 
konijnenmodel, waarin een implantaat wordt geplaatst in een kraakbeendefect in 
de mediale femurcondyl. Er worden hierbij twee verschillende materialen (OxZr en 
CoCr) vergeleken met de microfracture techniek.

Groot diermodel met lange follow-up periode
Nadat we informatie hebben gekregen over de behandeling van zowel verse als 
langer bestaande kraakbeendefecten in een klein diermodel met een korte follow-up 
periode is het vierde specifieke doel van dit proefschrift om inzicht te verkrijgen in 
de behandeling van een vers kraakbeendefect in een groot diermodel met een lange 
follow-up periode. Hiervoor wordt gebruik gemaakt van een in vivo geitenmodel met 
een follow-up periode van één jaar, waarin metalen implantaten gemaakt van OxZr 
en CoCr worden vergeleken met de microfracture techniek.
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Metalen implantaten versus microfracture
Om de behandeling met een metalen implantaat in perspectief te plaatsen, willen 
we ook een gouden-standaardbehandeling toevoegen als referentie. Aangezien er 
geen duidelijke gouden standaard voor de behandeling van een kraakbeendefect 
bestaat, gebruiken wij de microfracture techniek, een behandeling die zeer veelvuldig 
wordt toegepast en algemeen geaccepteerd is als een goede kraakbeendefect-
behandeling. Het vijfde specifieke doel van dit proefschrift is dan ook het klinisch 
meest relevante experiment. Nadat er inzicht is verkregen in de positionering, de 
bot-ingroei, de verschillen in follow-up periode en defectleeftijd, is onderzocht wat 
het effect is van de behandeling van een langer bestaand kraakbeen defect in de 
knie in een groot diermodel met een lange follow-up periode. Hiervoor wordt gebruik 
gemaakt van een in vivo geitenmodel met een follow-up periode van een half jaar, 
waarin een implantaat gemaakt van OxZr wordt vergeleken met de microfracture 
techniek.

Tibia-plateauvervanging (uni-hemiarthroplastiek)
Wanneer het knie-kraakbeen al dusdanig ernstig is beschadigd, bijvoorbeeld na 
een (gedeeltelijke) meniscusverwijdering, heeft de knie waarschijnlijk niet zoveel 
baat meer bij een klein kraakbeen defect implantaat. Als alternatief zou het gehele 
kraakbeen oppervlak aan één zijde van het gewricht kunnen worden vervangen, om 
het nog intacte kraakbeen in de rest van het gewricht ongemoeid te laten. Het zesde 
specifieke doel van dit proefschrift is om inzicht te verkrijgen in de chirurgische 
mogelijkheden om het mediale tibiaplateau te vervangen door een metalen 
implantaat in een groot diermodel. Hiervoor wordt gebruik gemaakt van een groot 
in vivo geitenmodel met een follow-up periode van een half jaar, waarbij een CoCr 
implantaat het mediale tibiaplateau vervangt.

Resultaten

Gevalideerde scoringssystemen
Het eerste specifieke doel is om een gevalideerd histologisch scoringssysteem 
te verkrijgen. Hierbij is de al zeer lang gebruikte HHGS vergeleken met de recent 
ontwikkelde OOCHAS. Hiervoor is gebruik gemaakt van histologische geiten-
kraakbeencoupes. Zowel de HHGS als de OOCHAS blijken een zeer goede intra-
observer als inter-observer reproduceerbaarheid en variabiliteit de hebben. Tevens 
blijkt er een goede correlatie te bestaan tussen beide scoringssystemen. Echter, de 
betrouwbaarheid van de OOCHAS is hoger dan die van de HHGS.

Implantaat positionering en fixatie in bot
Aangezien het nog onduidelijk is hoe het implantaat gepositioneerd zou moeten 
worden, is het tweede specifieke doel van dit proefschrift om inzicht te verkrijgen 
in de chirurgische positionering van het implantaat en het gebruik van verschillende 
materialen. Hiervoor werd gebruik gemaakt van een klein in vivo diermodel. In achttien 
volwassen New Zealand White konijnen werden kraakbeendefecten gemaakt in 
de mediale femurcondyl van beide knieën. In deze defecten werden implantaten 
geplaatst van OxZr of CoCr. De implantaten werden 1 mm te diep geplaatst, gelijk met 
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werden de knieën geanalyseerd. Kraakbeenschade aan de tegenoverliggende 
zijde werd bij alle posities waargenomen. Het tegenoverliggende kraakbeen is het 
minst beschadigd wanneer de implantaten gelijk met het omringende kraakbeen zijn 
geplaatst vergeleken met te diep plaatsen of laten uitsteken. Wanneer een implantaat 
uitsteekt, veroorzaakt het OxZr-implantaat minder schade dan een CoCr-implantaat. 
De meeste nieuwbotvorming vindt plaats bij de implantaten die uitsteken. Zowel het 
OxZr- als het CoCr-implantaat vertonen een goede botingroei. Alles bij elkaar lijkt het 
belangrijk om het implantaat niet te diep te plaatsen of te laten uitsteken.

Implantaat materiaal: OxZr versus CoCr
In vitro onderzoeken lieten zien dat OxZr een aantal eigenschappen bezit die beter 
zijn dan CoCr wanneer dit materiaal tegen kraakbeen zou bewegen. Dit is echter 
nooit in vivo onderzocht. Daarom werd in een konijnen- (derde specifieke doel in 
hoofdstuk 3) en geitenstudie (vierde specifieke doel in hoofdstuk 5) onderzocht 
of dit in vivo ook zo is. In dertien geiten werd een kraakbeendefect gemaakt in de 
mediale femurcondyl van beide knieën. De defecten werden in eenzelfde operatie 
behandeld met een implantaat van OxZr of CoCr. Een aantal defecten werden 
niet behandeld. De niet geopereerde knieën van een ander onderzoek werden 
gebruikt als controle groep. Na een jaar werden de knieën geanalyseerd. In zowel 
de konijnen- als de geitenstudie blijkt dat de onbehandelde defecten slechts deels 
herstel vertonen. Hoewel de implantaten stevig vastgroeien in het bot, is er toch 
behoorlijke kraakbeenschade aan de tegenoverliggende zijde, vergelijkbaar met een 
onbehandeld defect. Tevens ontstaat er kraakbeenschade elders in het gewricht. 
Alles bij elkaar, is er een goede botingroei van de implantaten, maar veroorzaken 
deze wel kraakbeenschade zowel aan de tegenoverliggende zijde als elders in 
het gewricht, vergelijkbaar met een onbehandeld defect. Verschillen tussen beide 
materialen worden niet waargenomen.

Vers versus langer bestaand defect
Aangezien de gewrichtshomeostase verandert door een kraakbeendefect, hebben 
wij niet alleen verse maar ook langer bestaande kraakbeendefecten onderzocht 
(hoofdstuk 4). In 31 konijnen werd een kraakbeendefect in de mediale femurcondyl 
van beide knieën gemaakt. Na vier weken werden drie konijnen geanalyseerd als 
een startpunt voor de behandeling van langer bestaande defecten. De overige 28 
konijnen werden opnieuw geopereerd. De kraakbeendefecten werden behandeld 
met een OxZr- of CoCr-implantaat, met behulp van de microfracture techniek 
of niet behandeld. Na vier weken werden ook deze knieën geanalyseerd. De 
kraakbeendefecten zijn slechts ten dele hersteld na zowel de microfracture techniek 
als zonder behandeling. Bij alle behandelingen wordt vergelijkbare kraakbeenschade 
aan de tegenoverliggende zijde geconstateerd. De OxZr- en de CoCr-implantaten 
vertonen zelfs een toename van kraakbeenschade vergeleken met de microfracture 
techniek en de onbehandelde defecten. Alles bij elkaar is voorzichtigheid dus 
geboden bij het gebruik van metalen implantaten zowel bij verse als langer bestaande 
defecten.
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Implantaat versus microfracture
Het vijfde specifieke doel van dit proefschrift is het klinisch meest relevante 
experiment. Nadat er inzicht is verkregen over de positionering, de botingroei, de 
verschillen in follow-up periode en defect leeftijd, is onderzocht wat het effect is van 
de behandeling van een langer bestaand kraakbeen defect in de knie in een groot 
diermodel met een lange follow-up periode (hoofdstuk 6). Hiervoor werd in negen 
geiten een kraakbeendefect gemaakt in de mediale femurcondyl van beide knieën. Na 
tien weken werden de knieën behandeld met een OxZr-implantaat of de microfracture 
techniek. Na een half jaar werden de knieën geanalyseerd. Zowel de microfracture 
techniek als het OxZr-implantaat veroorzaken schade aan het tegenoverliggende 
kraakbeen en in de rest van het gewricht. Echter, het tegenoverliggende kraakbeen 
was minder beschadigd na de behandeling met een OxZr-implantaat dan na de 
behandeling met de microfracture techniek.

Tibia implantaat
Wanneer het knie-kraakbeen al ernstig is beschadigd, bijvoorbeeld na een 
(gedeeltelijke) meniscusverwijdering, heeft de knie waarschijnlijk niet zoveel baat 
meer bij een klein implantaat. Als alternatief zou het gehele kraakbeenoppervlak aan 
een zijde van het gewricht kunnen worden vervangen, om het nog intacte kraakbeen 
in de rest van het gewricht ongemoeid te laten. Daarom is het zesde specifieke 
doel van dit proefschrift inzicht te verkrijgen in de chirurgische mogelijkheden om 
het mediale tibiaplateau te vervangen door een metalen implantaat in een groot 
diermodel. In  zes geiten (hoofdstuk 7) werd het mediale tibiaplateau vervangen 
voor een CoCr-implantaat. De andere, niet geopereerde knie diende als controle. 
Na een half jaar werden de knieën geanalyseerd. Deze studie demonstreert dat het 
chirurgisch-technisch haalbaar is om het mediale tibiaplateau te vervangen door 
een metalen implantaat, maar dat er toch behoorlijk veel schade optreedt aan het 
tegenoverliggende kraakbeen.

Discussie

Het centrale doel van dit proefschrift is om meer inzicht te verkrijgen in de rol en 
beperkingen van de toepasbaarheid van een klein, metalen implantaat dat een 
kraakbeendefect in de knie kan opvullen. Tevens wordt de chirurgische optie 
onderzocht om een groter metalen implantaat in de knie te plaatsen, waarbij niet 
alleen een defect wordt opgevuld, maar een groter deel van het gewrichtoppervlak 
wordt vervangen. Aangezien deze kleine, implantaten bewegen tegenover 
kraakbeen, moet deze beweging zo wrijvingsloos mogelijk zijn om kraakbeenschade 
aan de tegenoverliggende zijde te beperken. Om te voorkomen dat het implantaat 
gaat zwerven in het gewricht is een goede botingroei essentieel. Tot slot is het 
onduidelijk of een dergelijk implantaat gelijk of juist iets dieper dan het omringende 
kraakbeen moet worden geplaatst en wat de gevolgen zijn voor het laten uitsteken. 
Om dit te onderzoeken werden twee verschillende metalen gebruikt, namelijk OxZr 
en CoCr. Wanneer het kniekraakbeen al ernstig is beschadigd, bijvoorbeeld na 
een (gedeeltelijke) meniscusverwijdering, heeft de knie waarschijnlijk niet zoveel 



baat meer bij een klein kraakbeendefect-implantaat. Als alternatief, zou het gehele 
kraakbeenoppervlak aan een zijde van het gewricht kunnen worden vervangen, 
om het nog intacte kraakbeen in de rest van het gewricht ongemoeid te laten. 
Dit implantaat kan dienen als een brug tussen een klein implantaat en een totale 
knieprothese.

Implantaatpositionering en fixatie in het bot
De plaatsing van het implantaat gelijk met het omringende kraakbeen lijkt essentieel. 
Echter, deze positionering is alleen onderzocht in een konijnenknie en niet in geiten 
of mensen. Eerder beschreven andere onderzoekers al dat een dergelijk implantaat 
in een geitenknie juist iets dieper moet worden geplaatst, om ook per ongeluk 
uitsteken te voorkomen. Tevens zijn de implantaten gebruikt in dit proefschrift 
relatief klein ten opzichte van de implantaten die door de andere onderzoekers zijn 
gebruikt. Het zou kunnen dat kleine implantaten iets meer lokaal druk uitoefenen, 
dan de grotere implantaten en daardoor ook meer schade veroorzaken aan het 
tegenoverliggende kraakbeen. Het lijkt dan ook verstandig om de positionering ook 
in een groter diermodel te onderzoeken. Met betrekking tot de botingroei kan worden 
gesteld dat zowel de konijnen- als de geitenexperimenten laten zien dat er een 
stevige botingroei is van de implantaten en dat loslating niet aan de orde was. Er is 
echter geen grens bekend voor een minimale ingroei van implantaten in bot. Er zijn 
door andere onderzoekers ook andere materialen, zoals titanium, siliconenrubber 
en carbonfibers getest met betrekking tot botingroei. Het blijkt dat deze materialen 
ook stevig kunnen ingroeien in botweefsel.

Implantaat materiaal: OxZr versus CoCr
Vanwege de hoopvolle in vitro testen met het bewegen van OxZr tegen kraakbeen 
lijkt het waarschijnlijk dat OxZr minder schade dan CoCr veroorzaken wanneer 
dit tegen kraakbeen in vivo beweegt. Dit wordt echter niet bevestigd in zowel de 
konijnen- als de geitenexperimenten met verse en langer bestaande defecten met 
een korte en lange follow-up periode. Het enige verschil dat tussen OxZr en CoCr 
wordt waargenomen, is dat er bij de konijnen minder schade wordt veroorzaakt 
door OxZr wanneer de implantaten uitsteken. Het is wellicht zo dat zowel OxZr als 
CoCr dusdanig harde materialen zijn, dat de implantaten zoveel kraakbeenschade 
veroorzaken, dat de onderlinge wrijvingsverschillen relatief ondergeschikt zijn. Het 
is daarom interessant om andere materialen te testen die minder hard zijn dan OxZr 
en CoCr, maar wel vergelijkbare botingroei en wrijvingskenmerken met kraakbeen 
hebben als OxZr. Het is onbekend of een dergelijk materiaal überhaupt bestaat. In 
het verleden is al eens een harde siliconenrubber implantaat getest. Dit materiaal is 
weliswaar minder hard dan OxZr, maar heeft een minder gunstige wrijvingscoëfficiënt, 
waardoor het eveneens tegenoverliggende kraakbeenschade veroorzaakt. 

Vers versus langer bestaand defect
Aangezien bekend is dat een kraakbeendefect een verandering in de 
gewrichtshomeostase veroorzaakt en daarmee in de behandeluitkomst, hebben wij 
niet alleen verse defecten onderzocht, maar ook al langer bestaande. Het is mogelijk 
dat de wrijvingscoëfficiënt met name in een langer bestaand defect van groter 

168

N
ed

er
la

nd
se

 s
am

en
va

tti
ng



belang is, aangezien het kraakbeen al deels beschadigd is. Echter, er worden geen 
verschillen waargenomen tussen de behandeling van verse en langer bestaande 
defecten. Waarschijnlijk veroorzaken metalen implantaten al dusdanig veel schade 
dat het verschil tussen verse en oudere defecten van relatief ondergeschikt belang 
is.

Implantaat versus microfracture
Hoewel de microfracture techniek een algemeen geaccepteerde behandeloptie 
is voor een kraakbeendefect, kan deze behandeling verdere schade aan het 
gewrichtskraakbeen niet voorkomen. Dit aspect van microfracture techniek is 
niet eerder in de literatuur beschreven. Het onderzoek in dit proefschrift laat 
zien dat het plaatsen van een OxZr-implantaat in een al langer bestaand lokaal 
kraakbeendefect een goed alternatief kan zijn voor de microfracture techniek. De 
verschillen in kraakbeenschade veroorzaakt door een OxZr-implantaat vergeleken 
met de microfracture techniek in een oud defect in een geitenknie kunnen mogelijk 
worden verklaard door het feit dat een implantaat een defect meteen opvult, 
terwijl de microfracture techniek een herstelreactie van het kraakbeen moet 
induceren, iets dat uiteraard meer tijd vergt. De onregelmatigheid die door het 
defect wordt veroorzaakt kan mogelijk mechanische schade veroorzaken aan het 
tegenoverliggende kraakbeen, iets dat wordt voorkomen door de goede plaatsing 
van een implantaat. Deze veronderstelling wordt gesteund door zowel de konijnen- 
als de geitenexperimenten. Een aanzienlijk nadeel van het plaatsen van een 
implantaat is dat dit een open procedure vergt, terwijl de microfracture techniek via 
een arthroscopie kan worden verricht. Tevens is niet onderzocht of een implantaat 
ook veilig kan worden verwijderd, terwijl dat zeker nodig is wanneer een implantaat 
niet correct is geplaatst of wanneer bijvoorbeeld een totale knieprothese moet 
worden geplaatst in een later stadium. Tot slot is het belangrijk om te realiseren 
dat de kosten voor het plaatsen van een implantaat niet vergeleken zijn met de 
microfracture techniek. 

Tibia implantaat
De geitenstudie met het tibia plateau-implantaat laat duidelijk zien dat dit een 
geschikt model is om een dergelijk implantaat te onderzoeken. Aangezien maar 
één materiaal werd onderzocht blijft het onduidelijk of het ook een geschikt model 
is om verschillende materialen met elkaar te vergelijken. Het implantaat is stevig 
gefixeerd in het gewricht en staat een ongehinderde belasting van de knie toe. 
Echter, forse kraakbeenschade wordt veroorzaakt door dit implantaat en daarom 
is voorzichtigheid geboden om een dergelijk implantaat in een humane knie te 
plaatsen. Een verzachtende omstandigheid is dat de controlegroep bestaat uit de 
niet geopereerde knieën, terwijl er bij de implantaatknie een partiële meniscectomie 
werd verricht, waardoor de schade veroorzaakt door het implantaat wellicht minder 
groot is dan nu lijkt.

Gegeneraliseerde kraakbeenschade ongeacht behandeling
De belangrijkste conclusie die kan worden getrokken uit dit proefschrift is het feit dat 
er gegeneraliseerde kraakbeenschade ontstaat, ongeacht de behandeling. 
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Tot op heden zijn er slechts enkele onderzoeken beschreven die het gebruik van kleine 
metalen implantaten voor een kraakbeendefect onderzoeken. Echter, deze studies 
zijn uitsluitend beschrijvend wat betreft de kraakbeenschade en niet kwantitatief 
vastgelegd. Wij hebben ook kraakbeenschade gezien na de behandeling met de 
microfracture techniek. Hoewel deze techniek niet nieuw is en algemeen geaccepteerd 
is als een goede behandeling, is deze geobserveerde kraakbeenschade geen nieuwe 
bevinding. Het is namelijk al bekend dat geen enkele biologische kraakbeendefect-
behandeling het artroseproces kan voorkomen. Een belangrijk fenomeen komt 
nu opnieuw aan het licht, namelijk dat onderzoekers die een kraakbeendefect 
willen herstellen, voornamelijk gericht zijn op de kwaliteit van het weefsel dat zich 
bevindt in het behandelde defect en weinig aandacht hebben voor de kwaliteit van 
het tegenoverliggende kraakbeen. Het onderzoek in dit proefschrift laat zien dat 
vier weken na het ontstaan van een defect al gegeneraliseerde kraakbeenschade 
optreedt in het gewricht. Als er dan een kraakbeendefect behandeling plaatsvindt, 
is de schade al ontstaan elders in het gewricht en kan geen enkele behandeling dit 
proces omkeren. Dit is waarschijnlijk ook de reden dat geen enkele kraakbeendefect-
behandeling tot op heden erin slaagt om het proces van kraakbeendegeneratie te 
voorkomen. 

Zoals eerder genoemd, treedt er ook kraakbeenschade (wel in mindere mate) 
op andere plaatsen in het gewricht dan op de plek waar het defect zich bevindt 
en waar dit tegenaan beweegt. Dit graduele verloop van kraakbeendegeneratie 
is eerder beschreven en kan mogelijk worden verklaard door het fenomeen van 
gewrichtshomeostase. Een gewricht is namelijk een complexe structuur waarin een 
nauwkeurig samenspel tussen bot, kraakbeen, meniscus, banden en ligamenten, 
kapsel en gewrichtsvocht bestaat, waardoor beweeglijkheid, stabiliteit, kracht en 
souplesse mogelijk wordt. Het regulatiemechanisme dat in deze complexe omgeving 
normaal evenwicht nastreeft noemen we homeostase. Dergelijke systemen bestaan 
voor het reguleren van bloeddruk en lichaamstemperatuur, maar ook voor het 
zuurstof- en suikergehalte van het bloed en vele andere biologische processen. 

Toekomstperspectieven

Zowel de konijnen- als de geitenstudies laten interessante resultaten zien, maar 
werpen ook nieuwe vragen op. Ten eerste wordt duidelijk dat de implantaten van 
beide materialen stevig vastgroeien in het bot. Verder blijkt dat een goede plaatsing 
van het implantaat essentieel is. Het kan echter zo zijn dat een iets diepere plaatsing 
in een mensenknie wenselijk is. Dit moet verder onderzocht worden. Verder is niet 
onderzocht hoe een dergelijk implantaat veilig verwijderd kan worden, bijvoorbeeld 
na een foutieve plaatsing of in een later stadium wanneer een totale knie prothese 
noodzakelijk is. Op dit moment is het nog niet mogelijk om een implantaat via een 
arthroscopie te plaatsen, terwijl dit bij de microfracture techniek wel mogelijk is. 
Dit aspect moet verder worden ontwikkeld om competitief te kunnen zijn met de 
microfracture techniek. De kosten voor het plaatsen van een implantaat zijn op dit 
moment niet bekend. 
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Alhoewel OxZr minder kraakbeen schade veroorzaakt dan CoCr wanneer het 
implantaat uitsteeke, is het niet duidelijk welk materiaal het beste kan worden 
gebruikt voor het implantaat. Andere materialen moeten ook worden onderzocht. 

Alles bij elkaar kan worden gesteld dat voorzichtigheid wenselijk is wanneer een klein, 
metalen implantaat wordt gebruikt als behandeling van een kraakbeendefect in de 
knie. Tenslotte liet de studie met het tibia plateau-implantaat zien dat het technisch 
mogelijk is om een dergelijk implantaat te plaatsen, maar dat het onduidelijk is welk 
materiaal het beste kan worden gebruikt. Het blijft onduidelijk of dit model geschikt 
is om materialen met elkaar te vergelijken. Alhoewel het implantaat stevig vastzit in 
het bot, veroorzaakt het wel forse schade aan het tegenoverliggende kraakbeen, 
waardoor terughoudendheid wenselijk is bij het plaatsen van een dergelijk implantaat 
in een humane knie.  
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