
 

 

ABSTRACT 

The replacement of the arthritic human knee joint by an artificial implant (or total 

knee arthroplasty) is currently a very successful medical intervention. A large 

majority of the patients enjoys relief of pain and restoration of function for at least ten 

to fifteen years. As a consequence, it has also become a very popular treatment that is 

now considered as the treatment of choice in almost all patients with severe knee 

problems. Thus the number of knee replacements increases from year to year. 

However, even in the most successful medical intervention, such as total knee 

arthroplastie, some failures will always occur. In view of the large number of patients 

involved, even small failure rates amount to large numbers of people experiencing a 

disappointing result and even undergoing a revision operation.  

Since failure of a knee prosthesis will usually become apparent by a phenomenon 

called “aseptic loosening”, one of the design issues that obviously needs further 

attention is the fixation of the prosthesis to the underlying bone. One of the ideas is 

the fixation of knee prostheses by bone growing into a porous coating. Current 

research on joint replacements therefore focuses on the solution of the problem of 

bone ingrowth. In this thesis, the results are presented of some experiments that 

contribute to this endeavours. 

The requisites for bone ingrowth are quite challenging. It seems that bone ingrowth is 

only possible when the prosthesis is rigidly fixed to the bone initially or else that the 

coating material for the prosthesis has bioactive capacities.  

In order to improve the initial stability of implants, one must obviously be able to 

measure relative movements of the prosthesis with respect to bone. Therefore, the 

development of a set-up for in vitro tests that enables a complete three-dimensional 

analysis of the relative movement of a prosthesis subjected to physiological loads was 

the first goal of the experimental part of this thesis. We used this set-up to analyse a 

clinically used knee implant and to evaluate the influence of fixation aides and bone 

quality on the initial stability. 

One of the so-called bioactive materials that stimulate bone ingrowth even in the 

absence of optimal mechanical conditions is hydroxyapatite. We used the sheep as an 

animal model to investigate the influence of hydroxyapatite on bone ingrowth in a 

knee prosthesis.  
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INTRODUCTION. 

Once passed the age of 50 years, more and more people start suffering from joint 

problems. Around that age, the wear and tear of daily loading becomes visible as 

erosion of the articular cartilage that normally provides smooth, almost frictionless 

movement of the joints. This leads to a painful and disabling disease such as arthritis. 

There is currently no treatment available to repair this damage and in the end, the only 

valid option still is a replacement of the joint by an implant. 

The replacement of the arthritic human knee joint by an artificial implant (or total 

knee arthroplasty) is currently a very successful medical intervention. A large 

majority of the patients enjoys relief of pain and restoration of function and this for at 

least ten to fifteen years. As a consequence, it has also become a very popular 

treatment. While a knee replacement was only performed with some reserve twenty 

years ago and mostly in the older population, it is now considered as the treatment of 

choice in almost all patients with severe knee problems even in people younger than 

60 years. Thus the number of knee replacements increases from year to year. 

However, even in the most successful medical intervention, some failures will always 

occur. This is also the case with total knee arthroplasty. In view of the large number 

of patients involved, even small failure rates amount to large numbers of people 

experiencing a disappointing result and even undergoing a revision operation. Great 

efforts are therefore put into further improvement of the knee prosthesis design, the 

surgical technique and rehabilitation procedures. Indeed, the failure of a knee 

arthroplasty is a multifactorial process and preventing it requires improvements in all 

aspects of the intervention. 

Since failure of a knee prosthesis will usually become apparent by a phenomenon 

called “aseptic loosening”, one of the design issues that obviously needs further 

attention is the fixation of the prosthesis to the underlying bone. Although loosening 

of the prosthesis usually occurs after several years of service, there are indications that 

it is only the end result of a complicated process that starts probably immediately after 

the operation. Unfortunately, not all details of the loosening process are currently 

understood and there remains some controversy as to its exact causes. Nevertheless, 

there is general agreement that a better fixation of the prosthesis to the bone 

immediately after the operation, would help to prevent loosening. 
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In the majority of patients, fixing the prosthesis to bone is nowadays still done with 

bone cement. It is essentially the same technique that became popular due to the 

successes of Sir J. Charnley in hip arthroplasty in the late 50’s (although the technique 

has been optimised since then). Cement has some disadvantages, though, some of 

which may play a role in loosening of the prosthesis. Elimination of bone cement is 

therefore an intensely researched objective. One of the alternatives is fixation of knee 

prostheses by bone growing into a porous coating. 

The rationale for this is quite clear: if bone can be made to react to the presence of an 

implant by regenerating, just like in fracture healing, this is an indication that the 

implant is accepted by the body tissues. Bone would then be able to grow into a 

porous coating and thus anchor the prosthesis. Ideally, even a direct contact between 

bone and the prosthesis should arise (osseointegration). Such a reaction could be 

considered as a guarantee for long-term survival of the prosthesis. Indeed, if a bony 

interface can be realised in the first weeks or months after the operation in the 

presence of functional loading, why would the interface transform into something else 

afterwards? Unless interfering factors, e.g. the appearance of large quantities of wear 

particles leading to osteolysis, destroy the precarious equilibrium, of course.  

Osseointegration of foreign bodies in bone can be realised and is not just an illusion, 

as the experiences in dentistry have shown, where it is considered the norm. The 

requisites for bone ingrowth or osseointegration are quite challenging though. Animal 

experiments have shown that the implants must be almost motionless with respect to 

the underlying bone. Such conditions are hard to realise in a joint that is subject to 

considerable forces even shortly after the operation. It is hardly surprising then that 

retrieval studies of cementless human knee implants have shown very little bone 

ingrowth and no osseointegration at all.  

Thus, the following paradoxical situation emerges: in order to achieve the bone 

ingrowth necessary for successful cementless fixation, a degree of initial stability is 

needed that up till now has only been achieved with the use of bone cement. Current 

research on cementless fixation of joint replacements focuses on the solution to this 

paradox. First of all, knee prosthesis manufacturers look for fixation aides and implant 

designs that improve the initial stability of their prosthesis. Secondly, new materials 

are being investigated that lower the barrier for bone ingrowth to occur. In this thesis, 

the results are presented of some experiments that contribute to both endeavours.  
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It should be noted, however, that, apart from prosthesis design, numerous other 

parameters also determine the success or failure of cementless implants. These are 

patient-related factors such as the loading of the prosthesis and surgery-related factors 

such as the accuracy with which the replacement is performed. These factors will be 

briefly discussed in some introductory chapters, but they are not the topic of the 

experimental work. 

In order to improve the initial stability of implants, one must obviously be able to 

measure relative movements of the prosthesis with respect to bone. Therefore, the 

development of a set-up for in vitro tests that enables a complete three-dimensional 

analysis of the relative movement of a prosthesis subjected to physiological loads was 

the first goal of the experimental part of this thesis. We used this set-up to analyse a 

clinically used knee implant and to evaluate the influence of fixation aides and bone 

quality on the initial stability. The description and validation of the set-up and the 

results of the measurements are given in chapter 4. 

One of the so-called bioactive materials that stimulate bone ingrowth even in the 

absence of optimal mechanical conditions is hydroxyapatite. We used the sheep as an 

animal model to investigate the influence of hydroxyapatite on bone ingrowth in a 

knee prosthesis. Thus, a second goal of the experimental work was to work out an 

anaesthetic and surgical protocol for this animal model and to develop the necessary 

evaluation techniques. We used these techniques afterwards in an animal study on 

forty sheep that received a cementless knee prosthesis to evaluate the clinical result, 

the migration of the prosthesis, the amount of bone ingrowth and the mechanical 

stability of the knee replacements. A description of the techniques and the results of 

the animal study can be found in chapter 6. 

Before these experiments and results are discussed, however, some chapters are 

devoted to a general introduction and to a justification of this work. In order to 

understand the reaction of the body to the presence of an implant, it is obviously 

helpful to know both the structure and properties of the main material in the skeleton, 

bone, as well as the anatomy and biomechanics of the knee joint. These topics will be 

presented in the first chapter. In a first supplement, we will also tackle them from a 

somewhat unusual approach, the evolutionary history, because this will put into 

perspective the relation between the two joints used in this study (the human knee and 

the sheep stifle). The evolutionary point of view also makes clear why our joints 
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suffer from degenerating disorders when we grow old and why we need knee 

prostheses (as mentioned in the first paragraph). 

The following two chapters will then cover the state of the art in the research on knee 

implants in general and cementless prostheses in particular. A brief discussion of the 

concept of osseointegration and its relation to the surface characteristics of an implant 

is inserted as a separate chapter before the report on the animal experiments. A second 

supplement is devoted to the history of orthopaedics and of knee implants. This is 

included firstly because it is an interesting topic in its own right (upon which not 

much literature is available), but also because it helps to put current developments 

into perspective. Orthopaedics is a field that is somewhat susceptible to fashions. 

Keeping an eye on history may help to avoid repeating the errors of the past. 
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CHAPTER 1  

STRUCTURE OF BONE AND ANATOMY OF THE KNEE JOINT. 

1.1. Introduction. 

A study about the fixation and stability of knee prostheses must obviously start with a 

discussion about the structure and properties of the material onto which the prosthesis 

is to be fixed. This is all the more so, since the material in question, bone, is certainly 

not like most manmade materials. First of all, bone is carefully manufactured by bone 

cells, even on a molecular scale. Its structure and its mechanical properties are thus 

optimally tuned to the mechanical solicitations that it has to withstand. Secondly, the 

bone cells also seem to maintain this optimality continuously by adapting the structure 

of bone to changing demands. This process is called functional adaptation. 

Since the presence of an implant changes the stress distribution in a bone, the bone 

tissue will also adapt to the new situation (although mechanical factors are certainly 

not the sole determinants of the bone reaction). In order to understand the interaction 

between bone and a knee prosthesis, it is therefore necessary to take a closer look at 

the structure of bone tissue and its mechanical properties and at the mechanism of 

functional adaptation. The first part of this chapter is devoted to these topics. Both 

human and sheep bone will be considered, since these are the two models of interest 

for the thesis.  

The adaptation of bone to mechanical loading not only leads to changes in the internal 

structure of bones, but it also modifies the outer geometry of the bone. Thus, the 

anatomy of a joint like the knee is also optimally suited to the loads working on it. 

Again, replacement of the knee joint by an implant inevitably changes these loads, 

leading to a bone response. Therefore, knowledge of the anatomy and loads of the 

knee is obviously also important to understand the biological reaction to the presence 

of an implant. These topics will be discussed in the second part of this chapter. Again, 

the differences and similarities between the knees of men and sheep will be 

highlighted.  

Finally, a word of caution is necessary here. Although functional adaptation to 

mechanical loads is clearly a very important aspect of bone biology, it is certainly not 

the only determinant of bone structure. Indeed, despite the evident differences in way 

of life (and thus loads on the bones) of man and sheep, the general architecture of 
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their limbs is very similar. Apart from functional adaptation, clearly another 

mechanism must be at work that determines the form and architecture of bones too. 

The genes seem to control the basic body plan of vertebrates to a large extent. While 

differences in the anatomy between individuals of the same species are mainly the 

consequence of loading differences and the functional adaptation that goes with it, 

differences in the anatomy between species will be caused mainly by evolutionary 

(and thus slow) changes in the genetic material and natural selection. A short 

overview of what is known about the origin and evolution of bone and limbs is 

therefore given in a first supplement. 

 

1.2. Bone structure [1, 2]. 

1.2.1. The constituents of bone. 

Bone can not simply be considered as a “material” as defined in traditional materials 

science. It is to be considered rather as a system and the structure of bone must 

therefore be described on several dimensional levels.  

On the lowest, molecular, level we can describe bone as a composite of mineral, cells, 

proteins and other macromolecules (lipids, sugar, etc.), and water. The mineral or 

inorganic phase accounts for (on average) 60 to 70% of the tissue mass, water 

accounts for 5 to 8% and the organic matrix makes up the remaining 22 to 35%. 

Approximately 90% of the organic phase is collagen, and only 5% is made up of non-

collagenous proteins (with cell signalling and activation functions). We will now 

briefly describe the most important ingredients of bone. 

 

1.2.1.1. The cells of bone. 

Cells are certainly not the main constituent of bone in terms of mass or volume, but 

they confer on bone its dynamical character and therefore deserve it to be considered 

first. There are four types of cells present in bone, each of which has a different 

function: bone lining cells, osteoblasts, osteocytes, and osteoclasts.  

A large fraction of the adult bone surface is in fact inactive at any one moment (in 

terms of remodelling, not necessarily physiologically inactive). Most cells are located 

at these surfaces and they are called bone-lining cells. Other names have been used to 

describe them too: e.g. pre-osteoblasts or resting osteoblasts. Although bone-lining 
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cells thus cover most of the bone surface in the adult skeleton, remarkably little is 

known about them. They certainly are of a distinct phenotype than the other bone-

cells and there is some evidence that these cells may be also producing enzymes and 

enzyme-regulating proteins that are involved in the process of bone matrix 

degradation. 

Osteoblasts [3, 4, 5] are situated at the bone-surface (both periosteally and endosteally) 

in a monolayer of cells, interconnected by gap junctions, at sites that are actively 

being remodelled. These are the bone-forming cells. They produce the organic matrix 

(mainly collagen type I) at a rate of 0.5 to 1.5 µm per day and they are involved in its 

mineralisation afterwards. Osteoblasts are differentiated cells that stem from 

mesenchymal progenitor cells (just like fibroblasts, chondrocytes,…). The exact 

mechanism that stimulates osteoblast differentiation is not yet clear, although some 

controlling factors (Runx2, Osx) have been identified in recent years using knock-out 

mice that had a cartilaginous skeleton with complete absence of osteoblasts.  

Matrix production by osteoblasts is probably regulated both hormonally (with e.g. 

leptin as a likely inhibitor) and mechanically. The mechanical signal is believed to 

stem from the osteocyte network that senses strain within the bone, but the exact 

mechanism is not yet known (cf. infra). Furthermore, osteoblasts (unlike osteoclasts) 

have receptors for the main hormones stimulating bone resorption: parathyroid 

hormone (PTH) and 1,25-dihydroxyvitamin D. When these hormones bind to their 

receptor, the osteoblast synthesises and secretes molecules (RANKL, OPG) that 

initiate and control osteoclast differentiation. Osteoclast activity, however, is not 

directly influenced by osteoblasts. During matrix production, some of the osteoblasts 

(approximately one out of thirty) become embedded (in the so-called lacunae) and 

subsequently transform into osteocytes. 

Once an osteoblast has become an osteocyte, matrix production practically ceases and 

many (as many as 60) long cellular processes are formed (by elongation of the pre-

existing gap-junctions), which run through canaliculi in the bone matrix. The function 

of the cell processes is twofold: it enables the osteocytes to be fed and stay alive, and, 

secondly, it enables the cells to communicate with each other, the osteoblasts and 

bone-lining cells. This dense communication network within bone (estimates range 

from 12.000 to 20.000 cells/mm³ in cortical bone [6]) is thought to form a strain 

sensor, which regulates the bone resorption and formation process.  
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Last but not least there are the osteoclasts [4, 7, 8]. Their primary function is the 

resorption of bone. These multinucleated giant cells stem from a different lineage than 

the three other types of bone cells, which are in fact differentiated mesenchymal 

(connective tissue) cells. Instead, osteoclasts are fused cells from the 

monocyte/macrophage lineage. The mechanism of osteoclastogenesis has only 

recently been elucidated, with the pivotal role therein of a stimulatory molecule called 

RANKL, which is produced by osteoblasts, and M-CSF. Osteoclasts may form in 

response to an increased calcium demand by the body (via hormonal stimuli received 

via osteoblasts, stimulating RANKL production), in pathological circumstances such 

as implant loosening (increased levels of TNF leading to RANKL production by 

osteoblasts) or autoimmune diseases (RANKL produced by activated T-lymphocytes). 

Mechanical factors may also play a role, as is shown below.  

The resorption process consists of several steps. First, the osteoclast seals off a small 

region of the bone. It then releases H+ and lytic enzymes (TRAP and CATK) lowering 

the pH to values between 2 and 4, and consequently dissolving the bone mineral. 

Finally, the organic matrix is degraded (by other enzymes) and eaten (by 

endocytosis). Osteoclasts are much more efficient than osteoblasts, eroding bone at a 

rate of tens of micrometers per day. Bone remodelling in the equilibrium situation 

(equal amounts of bone are resorbed and formed) requires some 450 osteoblasts for 

each osteoclast. 

 

1.2.1.2. The components of the bone matrix. 

Collagens [9, 10] are the most abundant structural proteïns used for construction of 

extra-cellular matrix in the animal kingdom. They are also a very important 

constituent of the organic matrix of bone, where they confer tensile strength and 

toughness to the bone tissue. Some nineteen collagen types have been identified up till 

now, which all share their triple helical structure, formed by three intertwining helical 

polypeptide chains. Each of the three chains in the collagen molecule consists of 338 

repeating units of three amino acid residues leading to a molecule 300 nm long and 

1.5 nm thick (Figure 1-1). Bone almost exclusively contains collagen type I, and some 

type V (both produced by the osteoblasts). These collagen types aggregate into 

collagen fibrils, which feature periodical bands of 65-67 nm due to quarter staggering 

of the molecules. Thus the collagen fibril network forms a mineralisable matrix. It has 
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indeed been shown that initial mineral deposition occurs in the gap regions of the 

fibrils.  

 

Figure 1-1: The structure of collagen and its assembly in fibrils (from [11]). 

Ten to fifteen days after the organic matrix has been laid down, it begins to 

mineralise. The mineral phase in bone is responsible for its stiffness and compressive 

strength. It occurs in just the right amount in the tissue to ensure a proper balance 

between both. Most of the mineral in bone is an analogue of the naturally occurring 

mineral calcium hydroxyapatite (HA), Ca10(PO4)6(OH)2. The apatite crystals form by 

heterogeneous nucleation on and within the collagen fibrils or by homogeneous 

nucleation in matrix vesicles (secreted by the osteoblast cells). They then grow into 

small, plate-like crystals, 20 to 80 nm long and 2 to 5 nm thick, with their 

crystallographic c-axis parallel to the long axis of the fibrils. Though their overall 

composition corresponds with that of Ca10(PO4)6(OH)2, the crystals can contain 

abundant impurities, such as carbonate, which can replace the phosphate groups, or 

chloride and fluoride, which can replace the hydroxyl groups, or potassium, 

magnesium, strontium and sodium, which can replace calcium.  
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1.2.2. Microscopical and macroscopical bone structure. 

1.2.2.1. Woven bone and lamellar bone. 

On the light microscopic level, we find that bone can have a woven or lamellar 

appearance [12]. Sometimes an intermediate type is recognised too (parallel-fibred 

bone). The difference is due to the arrangement of the collagen fibre bundles. Woven 

bone matrix is made of coarse and loosely packed collagen fibres of varying sizes and 

distributed without any ordered spatial arrangement. Its mineral content varies but it 

generally has a higher relative degree of mineralisation than lamellar bone. The cells 

in woven bone are dispersed haphazardly. Woven bone is considered immature bone. 

It is normally found in the embryo and the newborn, in fracture callus and in the 

metaphyseal region of growing bone. This type of fibrillar matrix organisation is 

associated with a high rate of osteogenesis. 

Lamellar bone in contrast has a highly ordered cell and collagen fibre organisation. 

The lamellar appearance is due to the alternating fibre orientation in neighbouring 

matrix layers, called lamellae. It is a more mature type of bone that results from the 

remodelling of woven or previously existing bone. Lamellar bone is associated with a 

low rate of osteogenesis. The thickness of the lamellae depends on their growth rate 

(usually it is almost 5 µm) and statistical analysis shows that it is relatively uniform at 

a given site (at least in mammals) [13]. The lamellae (and the collagen fibres within) 

are frequently aligned according to the strain distribution (in long bones: parallel to 

the longitudinal axis). In this way, lamellar bone enhances the mechanical competence 

of the skeleton and its invention offered an evolutionary advantage to the animals in 

which it is found: they can achieve larger size without the burden of carrying around 

massive bones. 

Mammalian bones offer many histological variations of tissue structure. Primates 

have compact bone tissue where lamellar, poorly vascularised periosteal bone tissue is 

often well developed. In large, long-living species, notably apes and man, the lamellar 

bone in adults chiefly occurs in the form of vascular channels surrounded by 

concentric lamellae of bone matrix. These so-called “osteons” run more or less 

parallel to the longitudinal axis of the bone along a slightly spiral course. They can be 

several millimetres long and their diameter varies between 200 and 300 µm (with a 

central canal between 20 and 50 µm thick and walls of up to 80 µm) [14]. Bone with 
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this architecture is called Haversian, and it is the most complex type of compact bone 

(Figure 1-2). 

 

Figure 1-2: Schematic view of Haversian bone structure (from [17]). 

Other types of less complex lamellar bone are also found. In small animals the 

lamellae are not organised around a vascular channel, thus not forming osteons, and 

appear simply as parallel layers. In large animals that experience rapid growth, layers 

of lamellar bone are interspersed with woven bone in a structure called plexiform 

bone. The vascular channels are mainly situated in the woven bone. In the ungulates 

(hoofed animals), bone is deposited as regular well organised, densely vascularised 

fibro-lamellar tissues. Large artiodactyls (like sheep) often form plexiform patterns 

[15, 16]. Haversian bone can be quite developed, though, ultimately forming the main 

component of compact bone in the large species. 
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1.2.2.2. Cancellous and cortical bone. 

Finally, on a macroscopic, or structural, level, a distinction can be made between 

cancellous (or trabecular) and compact (or cortical) bone. Both cancellous and 

compact bone can have a woven or lamellar structure. 

Cancellous bone constitutes approximately 20% of the total skeletal mass. It is 

primarily found in the meta- and epiphysis of long bones and in the vertebral bodies. 

The tibial component of knee prostheses rests mainly, though not exclusively, on this 

type of bone. Hence, a good understanding of its structure and properties is 

indispensable for the design of well functioning knee implants. 

The tissue of trabecular bone is organised in a three-dimensional framework of bone 

plates and rods (also called trabeculae, with a typical thickness between 80 and 

200 µm), surrounding marrow filled interconnected holes with a diameter between 

200 and 1500 µm. The so-formed structure has a porosity between 75 and 95%. The 

trabeculae are not oriented randomly, but seem to follow the principal stress 

trajectories that the average physiological load would produce in a homogeneous 

structure with the same geometry. Thus, trabecular bone is optimally adapted to 

withstand the physiological loads with minimal use of material.  

Compact bone constitutes 80% of the skeletal mass. It is situated in the shaft of long 

bones and the envelope of cuboïd bones (such as the vertebrae). In the proximal tibia 

only a very thin layer of cortical bone encapsulates the trabecular bone. Nevertheless, 

it is important that the tibial component of a knee prosthesis covers the entire tibial 

cross-section, including the thin cortical bone shell, to prevent subsidence of the 

component. 

The metabolic turnover of cortical bone is eight times smaller than that of trabecular 

bone, due to its smaller surface area (the porosity of cortical bone is of the order of 5 

to 10%). Nevertheless, it is also subject to remodelling and functional adaptation just 

like trabecular bone. The form and thickness of the shaft of long bones reflects 

therefore also the loads that these bones must bear. 
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1.3. Mechanical properties of bone [17]. 

1.3.1. Functional adaptation of bone. 

Since H. Meyer (in 1867) and J. Wolff (in 1870) reported the correspondence between 

the preferred directions of the bone struts in the thighbone at the hip joint and the 

orientation of the stress trajectories in a similar homogeneous structure, it is well 

known that a feedback mechanism exists in bone which is called “functional 

adaptation”. In this process, mechanical factors influence the form or structure of the 

bone tissue directly. Local mechanical stress in bones may stimulate or suppress 

formation of novel bone at that site. Thus, the skeleton tunes the amount of bone 

tissue to the requirements at every location and in every direction. In other words: the 

mechanical function of bones determines their form and structure. 

One of the difficulties of explaining how functional adaptation works is the fact that 

in vivo strains in bone fall in the range of 0.04 to 0.3 percent, while the strains needed 

to produce cell reaction are between 1 and 10 percent. The flow of intracellular fluid 

through the canaliculi that is caused by deformation of the bone might be a 

mechanism to bridge this gap, as was shown by Cowin et al. [18]. Another mechanism 

to convert the rather low strains in bone to biochemical signals might be the 

development of microdamage. Microcracks are stress risers and the high mechanical 

stresses in their neighbourhood might well damage osteocytes, which then undergo 

apoptosis (cell death). The biochemical signals that are released by these osteocytes 

ultimately reach the osteoblasts and osteoclasts, and lead to bone resorption and 

subsequent repair [19]. 

Thus, the activity of bone forming and resorbing cells present at the surface of the 

bone realigns the trabecular bone struts when loading conditions change and 

maintains their optimal direction for load bearing. Computer simulations have indeed 

shown that such a simple and local phenomenon might be able to produce an overall 

structure that aligns and realigns itself to existing or changing stress trajectories. 

Looking at a frontal cross-section of the proximal tibia, for example, it is obvious that 

the trabeculae are oriented mainly in the vertical and horizontal direction, both in 

sheep and in man. Since the tibia is primarily loaded in compression in stance, as it 

supports the weight of the body and is situated only some centimetres laterally to its 

centre of gravity, this is also the orientation of the lines of stress. 
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1.3.2. Mechanical properties of cortical bone. 

Since bone has such an intricate structure and is produced by living organisms (in a 

far from reproducible way), its strength and stiffness depend on a host of factors: the 

donor species, the age of the donor, the anatomical location of the specimen, its 

density, �. The exact experimental procedure also influences the stiffness and 

strength measured. Specimen preservation and preparation, and the strain rate are only 

the most obvious parameters to be mentioned. An enormous amount of data has been 

collected in literature in an attempt to elucidate this complex matter. Here, only some 

average values will be given to put loads and mechanical parameters mentioned in the 

rest of the thesis in perspective. 

Cortical bone has an average density of 1.9 g/cm³. It is usually considered to be a 

transversely isotropic material (or, in more advanced studies, as orthotropic, requiring 

nine elastic constants instead of five). This means that its elastic properties in the 

longitudinal direction (more or less parallel to the osteons) are different from those in 

the transverse directions.  

Since bone can be considered as a composite of a mineral phase (primarily HA) and 

an organic phase (primarily collagen type I), its mechanical properties (more 

specifically its stiffness) could in principle be derived from the mechanical properties 

of its main constituents. Sasaki [20] calculated values for the tangential and radial 

modulus of human, femoral cortical bone, using as the Young’s modulus of HA 

EH = 114 GPa, and as that of collagen EC = 1.47 GPa (although he later measured 

EC = 2.9 GPa [21]). He found values between 6.9 and 14.4 GPa, which are lower than 

the true values. 

Experimental values for the mean elastic moduli, ultimate strengths and strains of 

fresh human femoral cortical bone in tension, compression and shear are given in 

Table 1-1 (data from [6, 22]). Cortical bone is both weaker and somewhat more brittle 

in the transverse directions. 

Knets et al. [23] found comparable values for the cortical bone in the tibia, except for 

the stiffness in the transverse direction, which is somewhat lower (between 6.9 and 

8.5 GPa). These are values for the normal physiological range of strain rates (usually 

less than 0.01 sec-1). The visco-elastic nature of bone is rather modest, a million-fold 

increase in strain rate (from 0.0001 to 1000 sec-1) leads to a threefold increase in 

ultimate tensile strength and a twofold increase in elastic modulus [17]. 
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Table 1-1: Mechanical properties of human, femoral cortical bone. 

Direction Loading Stiffness [GPa] Strength [MPa] Ultimate strain 

tensile 133 0.0293 

compressive 
17 

193 0.0220 Longitudinal 

shear 3.51 68 0.33 

tensile 51 0.0324 
Transverse 

compressive 
11.5 

133 0.0462 

 

During ageing, the quality of bone diminishes. Between the age of 25 and 85, both 

ultimate strength and stiffness fall about 2%/decade. 

 

1.3.3. Mechanical properties of trabecular bone. 

Trabecular bone is of course weaker and less stiff than cortical bone. This is due both 

to differences in the tissue properties and, above all, to its lower density. The tissue 

properties of trabecular bone seem to be 20 to 30% lower than those of cortical bone 

[24]. The difference is usually attributed to subtle differences in mineralisation and 

microstructure, though it is not clear what these differences are. Turner et al. [25] 

claim, however, that they found similar elastic tissue properties for trabecular and 

cortical bone using acoustic microscopy and nanoindentation techniques. 

Apparent trabecular bone density typically ranges between 0.1 g/cm³ and 1.3 g/cm³. 

Extensive mechanical tests on trabecular bone specimens have led to the conclusion 

that apparent density is the main determinant of the mechanical properties of 

trabecular bone in a given direction. The reason for this could be that density is 

related to other structural parameters like connectivity, pore size, thickness of 

trabeculae, etc. to a large extent. Gibson [26] assumed that low density trabecular bone 

(volume fraction less than 0.13) has an open-celled, rod-like architecture (either cubic 

or hexagonal), while trabecular bone with a higher density (volume fraction over 0.2) 

is more close-celled and plate-like (again either cubic or hexagonal). Based on these 

assumptions and on experimental data she could determine the mode of deformation 

and failure (buckling or yielding) and derive power laws that correspond quite well 

with experimental results. The following simple power relations are sufficiently 

accurate in the context of this thesis: 

�c = 60.�²      (1) 
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    E = 2.915. �³      (2) 

where �c is compressive strength in MPa, E is stiffness in GPa, and � is apparent 

density in g/cm³. 

Equations (1) and (2) suggest that, unlike in other materials, strength and stiffness of 

trabecular bone are related. A correlation has indeed been found, not only for 

trabecular bone, but for cortical bone as well [27]. This is explainable from an 

evolutionary point of view. Indeed, it is the balance between weight and strength of 

bone that determines the chances for survival of an animal. But since strength can not 

be measured without destruction of the material and thus can not be under direct 

biological control, it is the deformation (hence stiffness) of bone that is used by the 

bone cells as input for bone modelling. Obviously, the use of stiffness as a control for 

a mechanism to achieve sufficient strength can only work out if there is a relation 

between both. This implies that the main parameter controlling failure of bone might 

be the maximum level of strain [24]. Fyhrie [27] found following relations (both �C and 

E in MPa): 

bovine cortical bone:   �C = 0.006.E – 10.92 (R² = 0.92)    (3) 

human trabecular bone:  �C = 0.0063.E – 0.058 (R² = 0.89)   (4) 

Particularly relevant for our work are data for the trabecular bone in the proximal 

human and sheep tibia. For human tibiae, the elastic modulus of trabecular bone and 

its ultimate compressive strength can reach values up to 500 MPa [28, 29] and 

11.64 MPa [29], respectively. Goldstein et al. [28] showed that the modulus in the tibial 

metaphysis can vary as much as 100-fold from one location to another (Figure 1-3), 

with the stiffer bone situated in the contact areas of the medial and lateral condyles, 

presumably because the loads are concentrated in these areas.  

Table 1-2 shows the numerical data for the Young’s moduli of trabecular bone in the 

most proximal section of five human tibiae that he obtained. Goldstein also found a 

good correlation (R² = 0.89, p<0.001) between stiffness and strength of the trabecular 

bone: 

    �C = 0.0265.E      (5) 
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Figure 1-3: The stiffness of trabecular bone in the tibial metaphysis 

(M = medial, L = lateral, A = anterior, P = posterior). 

 

Table 1-2: Young’s modulus (and standard deviations) in MPa of 

trabecular bone of the proximal tibial metaphysis. 
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The amount of trabecular bone in the sheep tibia is substantially smaller than in the 

human tibia (it extends only about 10 mm below the articular surface). QCT analysis 

showed that it is much denser and consequently harder in the most proximal region, 

although the distribution of the mineral phase looks qualitatively similar: a soft 

intercondylar region and a medial condyle that is harder than the lateral condyle. 

Figure 1-4 shows a typical QCT-analysis of both a human and a sheep tibia, at the 

resection level for a knee implant (10 and 4 mm respectively). The mineral density of 

M L

A

P
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the human bone is 165 mg/cm³ (Noble et al. found a range of 91 to 151 mg/cm³ in six 

normal and four osteoporotic tibiae [30]) and the mineral density of the sheep bone is 

347 mg/cm³. Nafei et al. [31] recently published a report with some information about 

the mechanical properties of ovine trabecular bone. They investigated cubes of 4.2 

mm from the centre of the medial tibial condyle of skeletally mature sheep and found 

an apparent density of 610 mg/cm³, E-modulus of 1192 MPa and ultimate 

compressive stress of 21.4 MPa. 

 Medial 

Lateral  

Figure 1-4: Typical QCT analysis of a human and a sheep tibia. 

 

1.4. The anatomy of the knee. 

The knee is the largest joint in the human body and probably one of the most 

complicated. Although it macroscopically seems to function like a simple hinge, its 

detailed kinematics and biomechanics are much more complicated. Both are 

determined by the geometry of the bones that articulate with each other in the knee 

(tibia, femur and patella) and the soft tissue links that hold the knee together (the 

ligaments, the tendons, the capsule and the menisci). Each of these components will 

be described in the following paragraphs. Whenever appropriate, the differences and 

similarities with the sheep stifle joint will be discussed too. Literature about the 

anatomy of the sheep stifle is sparse, however. The article by M.J. Allen and the PhD 
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thesis by J. Bellemans about its surgical anatomy and biomechanics were particularly 

helpful in this respect [32, 33] 

Before going into more detail, however, it is necessary to explain some commonly 

used geometrical terms in the field of anatomy. The three perpendicular planes that 

can be defined with respect to the body are the median plane, which divides the body 

in two similar halves; the frontal plane (or coronal plane), which is perpendicular to 

the former and parallel to the forehead; and the transversal plane, which is 

perpendicular to the previous two. They are shown in Figure 1-5. Planes that are 

parallel to the median plane are also called sagittal planes.  

A longitudinal axis is an axis perpendicular to the transversal plane, a sagittal axis is 

perpendicular to the frontal plane and a transversal axis is perpendicular to the sagittal 

plane. Associated with these axes are the six directions. On the longitudinal axis, the 

proximal side is the one closest to the trunk, while the distal side is the one furthest 

from the trunk. With respect to the sagittal axis, “anterior” means to the front of the 

body, and “posterior” means to the back of the body. Finally, with respect to the 

transversal axis, the medial direction is towards the middle of the body, and the lateral 

direction is towards the side of the body. 

 

Figure 1-5: Names of the major anatomical planes, axes and directions 

with respect to the body (from [34]). 
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Rotations around the three axes are called respectively: flexion or extension for 

motion around the transversal axis, abduction or adduction for motion around the 

sagittal axis, and internal or external rotation for motion around the longitudinal axis. 

When the lower leg is abducted with respect to the upper leg, the knee joint is put in 

valgus, when the lower leg is adducted with respect to the upper leg, the knee joint is 

put in varus.  

Finally, the long bones of the body are divided in three compartments: the diaphysis 

(or the shaft), the epiphysis and the metaphysis. The inner surface is called the 

endosteum and the outer surface the periosteum.  

 

1.4.1. The bones of the knee [34, 35, 36]. 

1.4.1.1. The tibia and fibula. 

The tibia (or shinbone, Figure 1-6) is the most important of the two long bones in the 

lower leg. Together with the fibula (which is only vestigial in sheep), it connects the 

ankle and the knee joint. It is approximately 50 cm long in humans (in sheep its length 

is only about 20 cm). The shaft, the cross-section of which is roughly triangular in the 

middle with the sharp edge toward the front of the leg, consists mostly of cortical 

bone. Towards the joint surfaces, the tibia considerably widens (the medio-lateral 

width ranges from 6 to 9 cm in humans, 4 cm in sheep). The cortical bone is much 

thinner in this region (thickness is about 0.7 - 0.9 mm at 1 cm below the articular 

surface [37]) and mainly the trabecular bone must support the compressive joint 

forces. On top of the thin cortical shell a layer of articular (hyaline) cartilage enables 

smooth and almost frictionless movement (friction coefficient between 0.003 and 

0.06) in the healthy knee. The thickness of this layer is about 1.5 mm in the medial 

condyle and 2 mm in the lateral condyle, but it is very variable among individuals and 

within the knee [38]. The cross-section of the articulating tibial surface is more or less 

elliptic and consists of two parts: the medial and lateral condyles, separated by the 

intercondylar ridge. The articular surface of the tibia is usually approximated by a 

plane tilted posteriorly at an angle of 9° with the horizontal plane and perpendicular to 

the tibial axis in the frontal plane. In reality, the medial condyle is slightly convex and 

the lateral slightly concave (both in humans and in sheep). The posterior slope of the 

tibial articular surface is larger in sheep. Allen [32] determined an average slope of 

20°, while Bellemans [33] measured a value between 10° and 14° (Figure 1-8). There 
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is therefore a tendency for anterior translation of the tibia with respect to the femur, 

which must be counteracted by the stabilising structures (mainly the anterior cruciate 

ligament (ACL), but also the anterolateral capsule and the patellar tendon). The sheep 

stifle is thus a slightly ACL-dependent joint.  This is, however, also the case in most 

other animal models like dogs or pigs [39].  

Another important difference between sheep and human tibiae is the presence in the 

former of a depression in the front of the lateral tibial condyle for passage of the 

tendon of the extensor digitorum longus muscle [40, 32]. In humans this tendon inserts 

on the proximal part of the tibia.  

a b

c

 

Figure 1-6: The tibia. Frontal (a), lateral (b), and top view (c). 

 

1.4.1.2. The femur and patella. 

The femur (or thighbone, Figure 1-7) has two articular surfaces that contact the tibia 

in the medial and the lateral condyles. Their outer surfaces have the appearance of 

tori, standing parallel to each other and fused together at the front of the knee, where 

they form the facies patellaris. At the back they are separated by the intercondylar 

fossa. The lateral condyle is slightly smaller than the medial, resulting in a tibio-

femoral angle of approximately 11° (7° according to [41]) in valgus in the frontal 

plane. In contrast, in sheep the lateral femoral condyle is larger than the medial one 
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(both in the medio-lateral and antero-posterior direction) [32]. Both femoral condyles 

are slightly curved around a sagittal axis and have a pronounced curvature (which 

increases towards the posterior side) around the transversal axis. The particular form 

of the femoral articular surface is a consequence of the kinematics of the knee as will 

be discussed hereafter. The femoral condyles too mainly consist of trabecular bone 

covered by a thin cortical shell with an articular cartilage layer on top of this 

(thickness: 1.7 mm on the medial and lateral condyle, 2.1 mm in the femoral trochlea 

[38]).  

fossa
intercondylaris

a b  

Figure 1-7: The femur (a). Frontal and bottom view. The patella (b). Frontal and back view. 

To the anterior side, the third bone of the knee joint, the patella (or kneecap, Figure 

1-7), articulates with the femur. The patella serves to enlarge the lever arm of the 

quadriceps muscle, the main knee extensor. Thus, the quadriceps tendon attaches to 

the patella superiorly and the patellar tendon joins the distal part of the patella to the 

tibia at the tibial tuberosity. The patella is the biggest sesamoïd bone in the body. It is 

flat and, in the frontal plane, triangular in form with the top of the triangle pointing 

distally. Its articular surface consists of two facets, one medial and one lateral, both 

covered with a thick layer of articular cartilage (up to 6 mm, on average about 2.6 mm 

[38]). In humans, the patello-femoral joint surface partly overlaps the femoro-tibial 

surface. The part of the femoral articular surface that articulates with the tibia when 

the knee is extended or slightly flexed, articulates with the patella during deep flexion 
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of the knee. In sheep and other animals, this is not the case. The femoral articular 

surface as seen in a sagittal projection clearly consists of two separate parts. This is 

possible because the stifle joint in most animals is never fully extended (Figure 1-8). 

Tibia

FemurPatella

 

Figure 1-8: The bones of the sheep hind leg. 

 

1.4.2. The menisci, the ligaments and the muscles of the knee. 

Since the articulating surfaces of the tibia and the femur are nearly flat and spherical 

respectively, their contact areas would be very small. Thus, the knee joint needs both 

additional structures to be stabilised and to limit the stresses in the cartilage and the 

bone. 

The two menisci (Figure 1-9) achieve the latter aim (though they add some stability to 

the knee too). One is situated medially, the other laterally in between the tibial and 

femoral joint surfaces and fixed to them. They can be roughly described as two soft 

tissue (fibrocartilage) rings, crescent-shaped when viewed from the top and wedge-

shaped in cross-section. When femur and tibia are pressed together, the menisci are 

squeezed in between them and, thus, enlarge the contact area and reduce the stresses. 

Maquet [35] performed some elegant measurements of the magnitude of the contact 
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area in cadaveric knees and showed that there is indeed a significant reduction when 

the menisci are removed. The normal contact area varied between 11.5 cm² (in 90° of 

flexion) and 20 cm² (in extension), after removal of the menisci it dropped to 5.7 cm² 

(in 90° of flexion) and 12.4 cm² (in extension). Fukubayashi found somewhat smaller 

values: from 7.65 cm² to 11.5 cm² in the natural knee and approximately 5.2 cm² after 

meniscectomy [42]. The removal of the menisci also influences the impact load 

transmission of the knee joint, as was shown by Fukuda et al. [43]. 

 

 

Figure 1-9: The menisci, cruciate ligaments and collateral ligaments. 

The cruciate ligaments, the collateral ligaments, the joint capsule and the muscles 

ensure the stability of the knee. 

The anterior and posterior cruciate ligaments (ACL and PCL resp., Figure 1-9) are 

situated approximately in the middle of the knee joint, and lying in a sagittal plane. 
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The ACL is the longest and weakest of both. It is connected to the tibial plateau 

anteriorly and somewhat to the medial side and runs upward and slightly laterally 

toward the femur where it is fastened posteriorly. The PCL is connected to the tibial 

plateau posteriorly and somewhat to the lateral side and runs upward and slightly 

medially toward the femur where it is fastened anteriorly. In this way, the two 

ligaments coöperate to stabilise the knee against internal rotation and they also 

provide stability against antero-posterior translation. Together with the tibial plateau 

and the line that connects their two insertion points on the femur, they form a so-

called crossed four-bar linkage that determines the kinematics of the knee joint to a 

large extent. 

The two collateral ligaments (Figure 1-9) connect tibia and femur externally, at the 

medial and lateral side. While the medial collateral ligament (MCL) is tilted 

somewhat posteriorly, the lateral collateral ligament (LCL) is tilted in the other 

direction. Thus, they stabilise the knee against external rotation and also against 

antero-posterior and proximo-distal translation.  

Both sets of ligaments (primarily the ACL and MCL) contain specialised nerve 

endings that play a role in proprioception to prevent excessive loading and, 

consequently, damage or even rupture. The collateral ligaments are slack when the 

knee is flexed and tightened when the knee is extended, while it is the other way 

round with the cruciate ligaments. 

Finally, two sets of muscles produce the most important active movements of the 

knee: the extensors and the flexors (Figure 1-10). Mainly the quadriceps and to a 

lesser extent the tensor fasciae latae extent the knee joint. As much as seven muscles 

flex the knee: the semi-membranosus, the semi-tendinosus, the biceps femoris (these 

three are also called the hamstrings), the sartorius, the gracilis, the gastrocnemius and 

the popliteus. Most of these are bi-articular muscles: the first five also cross the hip, 

the gastrocnemius is also an ankle extensor. Only the popliteus is mono-articular. 

The soft tissue structures of the sheep stifle joint are largely equivalent with these of 

the human knee, apart from the already mentioned intra-articular tendon of the 

extensor digitorum longus muscle. There are some more subtle differences too, which 

are not essential within the scope of this text. 
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Figure 1-10: Flexors and extensors of the knee joint. 

 

1.5. Biomechanics of the knee. 

1.5.1. Kinematics of the knee. 

Macroscopically, at first sight at least, the knee seems to function like a simple two-

dimensional hinge. Its detailed kinematics, however, is much more complicated, 

which is why the knee joint cannot be replaced by an ordinary hinged prosthesis. In 

reality the movement of the tibia with respect to the femur, when the knee flexes or 

extends, is complex and three-dimensional. In fact, the exact kinematics of the knee 

(especially in vivo) is still not entirely resolved. 

Motion occurs predominantly in the sagittal plane and is a combination of rolling and 

sliding of the tibia with respect to the femur. The cruciate ligaments are the main 

determinants of this behaviour. Together with both bones, they are usually modelled 

as a so-called crossed four-bar linkage [36, 44]. Although this model is not entirely 

exact [45, 46], it is sufficiently accurate for our purposes and it is valid for the sheep 

stifle too, as is shown by Bellemans [33].  

As a consequence of this construction, the insertion points of both ACL and PCL are 

obliged to describe circles during flexion or extension of the knee. The instantaneous 

centre of rotation of the tibia (when the femur is fixed) is then always situated at the 

intersection of the cruciate ligaments. Since this is a moving point (shifting posteriorly 
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with increased flexion), the tibia does not simply rotate around the femur, but 

describes a complex combination of rotation and translation (or rolling and sliding) 

with respect to the femur. The shape of the femoral condyles (specifically the 

posterior portion) reflects this kinematic behaviour.  

Obviously, the insertion points of the collateral ligaments must remain on circles too. 

This is only possible for a restricted set of insertion points situated on the so-called 

Burmester curves, and it can be shown that the collateral ligaments are indeed always 

inserted in points lying on these curves.  

The insertion points of the cruciate ligaments on the femur lie on a line at 40° with the 

longitudinal femoral axis. As a result, the human knee can describe an arc of almost 

150° (from hyperextension of 5° up to active flexion of 120° and further passive 

flexion to 145°). The location of the insertion points of the cruciate ligaments in the 

sheep stifle makes full extension impossible and limits its range of motion to 73° 

(from flexion of 35° up to 108°) according to Allen [32]. 

In reality, the movement of the knee joint is of course not limited to the sagittal plane. 

During flexion, there is in fact a greater rollback of the femoro-tibial contact of the 

lateral compartment as compared with that of the relatively stable medial 

compartment. This means that flexion of the knee from –5° to 120° is accompanied by 

an internal rotation of the tibia of 20° [47]. The same phenomenon occurs also in the 

sheep stifle. The external rotation of the tibia that occurs during the last 10° of 

extension is also called “screw-home”. Some other authors dispute its existence in the 

loaded knee (e.g. during weight-bearing), however [48] 

The kinematics of the knee during frequently occurring activities, like walking or 

ascending and descending stairs, has been thoroughly studied. Flexion-extension 

movement is obviously most important in everyday life, but there is also always some 

adduction-abduction and internal-external rotation present too. Some values are given 

in Table 1-3 [49] and a typical flexion-extension curve during a single stride is shown 

in Figure 1-11 [50]. Equivalent data for the sheep stifle are not available in the 

literature, unfortunately, at least not to our knowledge. 

 

1.5.2. Loads and stresses in the knee joint. 

A simple free-body diagram of the tibia and femur in single legged stance shows that 

the femoro-tibial contact force R amounts to 2.16 times bodyweight (BW), as was 
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shown by Maquet [35]. In this situation, the knee functions as the fulcrum of a lever 

loaded on the medial side with the weight of the body (minus the lower leg) and on 

the lateral side with the force of the iliotibial tract. 

Table 1-3: Maximal angles of the knee during walking, stair ascending and descending, 

cycling. 

 Flexion Extension Adduction Abduction Int. rot. Ext. rot.

Walking 57° - 65° -3° - 0° 2° - 18° 0° - 7° -5° - 10° 5° - 20° 

Stair ascending 80° -5° 15° 5° -5°  

Stair descending 90° -5°     

Cycling 110°      
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Figure 1-11: Flexion-extension of the knee during a single stride (from [50]). 

In walking, the load on the knee is obviously even larger, due to out-of-plane forces 

(particularly when the knee is flexed) and inertial effects. A thorough analysis by 

Maquet showed that the femoro-tibial contact force varies between 1 and 6 times BW 

(and even up to 11.4 x BW, in some instances). Sheldon et al. [49] report values 

between 1.2 and 7.7 times BW. Most other authors consider peak forces up to 4 times 

BW during level walking (Figure 1-12), but the femoro-tibial force can easily attain 
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values up to 8 times BW during e.g. downhill walking [51, 52] or rising from a chair. 

This load is not shared equally by both condyles, but almost 70% of it is sustained by 

the medial compartment of the knee. Maquet also estimated that the load results in 

contact-stresses of approximately 2 MPa (comparable to the stresses in the hip joint), 

Inaba et al. measured contact pressures of up to 4 MPa (with menisci) and about 7 

MPa (without menisci), applying loads of 2700 N [53]. During walking, there is also 

an appreciable force parallel to the tibial surface varying between 10% and 60% of 

BW, which must be carried by the ligaments, capsule and tendons. The patello-

femoral contact force ranges between 0.56 and 3.73 x BW according to Maquet, and 

between 0.7 and 2 x BW according to Collier [54]. 

Unfortunately, there are no comparable data available for the sheep stifle joint. 

Bergmann et al. measured hip joint forces in sheep during various activities, using a 

telemeterized hip implant [55]. They showed that the forces are comparable with those 

in the human hip regarding their direction, but are about three times smaller during 

walking than in humans (typically 65-140% of BW), a good guess would thus be that 

the same ratios also hold for the stifle joint.  
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Figure 1-12: Knee contact force during walking (from [56]). 
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CHAPTER 2  

STATE OF THE ART OF KNEE IMPLANTS. 

2.1. Introduction. 

Millions of years of evolutionary tinkering and natural selection have resulted in 

skeletal structures and materials that are almost optimally suited for their task. This is 

no mean feat! A well-functioning knee joint withstands high stresses and strains on a 

day to day basis for several decades. Nevertheless, knee joints do suffer from wear and 

tear, and some fail. This is no surprise because of two reasons. First of all, the 

evolutionary process simply has not had the chance to optimise our lower leg joints for 

the loads they have to withstand since our species developed its modern bipedal gait, 

approximately two million years ago. Secondly, our joints are simply not designed to 

last for more than 50 years. 

The articular cartilage is the component of the joint that degrades mostly and this leads 

usually to pain, stiffness or instability of the joint. In the first part of this chapter we will 

discuss the incidence of knee problems, the causes for failure and the treatment options 

that were developed. 

If conservative treatment does not produce satisfactory results, a replacement of the 

joint by a knee implant is frequently the only solution left. Total (or tricompartmental) 

knee arthroplasty (TKA) is currently a surgical procedure that usually offers both quick 

pain relief and recovery and fair long-term functionality of the joint. Nevertheless, there 

is room for improvement of the implant designs and of the operative procedure. In the 

second part of this chapter, we will give an overview current knee implant designs, and 

the problems that are associated with their implantation. 

 

2.2. Disorders of the knee joint. 

The United Nations has coined the current decade 2000-2010 as “The Bone and Joint 

Decade”. This is certainly justified, since joint diseases affect millions of patients 

throughout the world, causing pain and disability. It is estimated that at least 12% of the 

adult American population suffers from symptomatic osteoarthritis (OA) [1], with the 

prevalence of radiographic OA even higher than that of symptomatic OA, and more 

than 25% suffers from some form of rheumatoid arthritis (RA). A more specific look at 
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knee problems has shown that about 8% of the population aged 55 and over suffer from 

chronic pain in the knees [2]. Using the same ratios for Belgium leads to an estimate of 

2.5 million sufferers of arthritis and almost 225.000 patients with knee problems. 

Consequently, the economic costs of joint disorders are considerable. In 1993, social 

security payments in Belgium amounted to 63 billion francs (1.5 billion Euro). 

Moreover, the number of patients is bound to increase in the years to come due to 

ageing. Since the number of individuals over the age of 50 is expected to double 

between 1990 and 2020, the global burden of joint diseases will probably increase 

dramatically. 

Osteoarthritis and rheumatoid arthritis are the most frequently occurring joint ailments. 

Together they account for 96% of all knee implantations (85% OA, 11% RA for 

implantations between 1988 and 1997), with OA gradually taking a larger share (87% 

OA and 9% RA for implantations between 1993 and 1997) [3]. The other 4% are due to 

trauma (2%) and several other reasons (2%). Data for later periods are not yet available. 

Each of these diseases leads to destruction of the articulating surfaces and one or more 

of the following symptoms: pain, stiffness and instability of the joint.  

 

2.2.1. Osteoarthritis. 

Osteoarthritis is the most common clinical problem within the domain of orthopaedics. 

It hits proportionately more women than men (66% vs. 34%) [3]. In terms of years lived 

with disability, it ranks second for women and fourth for men in the industrialised 

countries, and eighth in the whole world. It is a slowly progressive disorder, usually 

mono-articular and associated with ageing, and it affects both load bearing and weight 

bearing joints (shoulders, hands, hips and knees) [4]. Its exact cause is currently not 

known. In fact, the disorder has no single cause and follows no common final pathway, 

but by a variety of means reaches a common end stage, which is shown in Figure 2-1. 

Nevertheless, recent research has shown that around 30% of the risk to develop OA is 

genetically determined [5]. 

The following working definition of OA was published in 1995 [6]: 

“OA diseases involve all of the tissues of the diarthrodal joint. Ultimately, OA diseases 

are manifested by morphologic, biochemical, molecular and biomechanical changes of 

both cells and matrix, which lead to a softening, fibrillation, ulceration, loss of articular 

cartilage, sclerosis and eburnation of subchondral bone, osteophytes, and subchondral 

cysts. When clinically evident, OA diseases are characterised by joint pain, tenderness, 
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limitation of movement, crepitus, occasional effusion, and variable degrees of 

inflammation without systemic effects.” 

 

Figure 2-1: Appearance of the articular cartilage in an osteoarthritic knee (right) 

compared with normal cartilage (left). Magnification: 3000. 

Obviously, this is more like a description of the course and the symptoms than an 

explanatory model of OA.  

Frequently, the onset of OA has been associated with injury of the articular cartilage 

due to mechanical loads. In that case the disorder is referred to as osteoarthrosis. Recent 

research has indeed shown that joint loads are related to the radiographic (joint space 

narrowing) and clinical assessment of OA. For instance, radiographic disease severity of 

medial compartment knee OA is significantly correlated with the subject’s peak knee 

adduction moment during gait [7]. In this scenario, when the articular cartilage is 

damaged, the collagen network that encapsulates the negatively charged proteoglycans, 

loses its holding power. As a result, the cartilage swells and softens and proteoglycans 

escape into the joint space. This leads in turn to hardening of the underlying bone (and 

more cartilage damage) and chronic inflammation of bone, capsule and ligaments. The 

end result is a painful, swollen, deformed and stiff joint that gravely disables the patient. 

 

2.2.2. Rheumatoid arthritis. 

Rheumatoid arthritis (RA) is a chronic, progressive disease, in which inflammatory 

changes occur throughout the connective tissues of the body [8, 9]. It is the second most 

important skeletal disease that leads to replacement of the joint (11% of knee 

replacements in the Swedish Knee Arthroplasty Register (SKAR) [3]). RA is 2.7 times 

as common in women as in men and afflicts at least 0.81 percent of the population in 
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the developed nations [10]. It is generally believed that the occurrence of RA does not 

vary amongst people of Northern European origin and it appears to be less frequent in 

southern Europe. The onset is most common between the ages of 25 and 50, but it also 

appears in childhood and among the elderly. Its frequency increases from the third 

decade, reaching 5% or more of the population aged 70 and over. There is a tendency 

observed of diminishing prevalence of RA in women, but not in men since the 1950s. 

A gradual onset seems to be most characteristic of rheumatoid arthritis, though the 

course of the disease varies greatly from person to person. Most characteristically, the 

process attacks joints of the hands, feet, wrists, knees, hips, or shoulders. The disease 

involves the small joints before the large joints usually in a symmetric and poly-

articular fashion. Pain and stiffness in one or more joints are generally followed by 

swelling and heat and are accompanied by muscle pain. The end result of RA is 

comparable to that of OA, though its etiology is entirely different. RA is an autoimmune 

disease, meaning that destruction of the articular cartilage in this case is caused by the 

patient’s own immune system gone awry. There is a genetic predisposition for the 

disease. 

Rheumatoid arthritis starts with microvascular injury and an inflammation of the 

synovial membranes (the membranes that encapsulate the fluid that lubricates the 

joints), which become red and swollen. With continuing inflammation of the joints, a 

layer of roughened scar tissue is formed that protrudes over the surface of the cartilage. 

Under this scar tissue the cartilage is eroded and destroyed. Large areas of bone may be 

denuded of cartilage, so that adhesions form between the articular surfaces and the 

osteoclasts start to resorb the subchondral bone. The joints become fixed (ankylosed) by 

bands of adhesion, which also may cause displacement and deformity of the joints.  

In the 1980’s R. Maini and M. Feldmann discovered that one key inflammatory 

molecule, called tumour necrosis factor (TNF), drives much of the progressive joint 

decay that characterizes the disease [8]. They pioneered clinical trials of molecules that 

block TNF, spawning a generation of widely used drugs. 

 

2.2.3. Treatment of knee disorders. 

Since articular cartilage is a tissue which, “once destroyed, is not repaired” [11], OA and 

RA cannot be cured (at least for now). Therefore, the orthopaedic surgeon, usually tries 

to slow down their progression at first (and certainly in younger patients) by 
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conservative treatment (medication, physio-therapy,…). If this does not help any longer, 

surgical intervention can be considered. But even then, several options remain 

available [12]:  

- osteotomy: correction of leg alignment and load imbalance by removing bony 

wedges from femur and/or tibia,  

- arthrodesis: fusion of the distal femur to the proximal tibia, thus effectively 

removing the knee joint and  

- arthroplasty: replacing the natural articulating surfaces by an implant.  

In the 1970s and early 1980s when knee replacement was widely considered to be a 

poor operation, which was to be avoided in the younger patients, osteotomy and even 

arthrodesis were valid alternatives. Nowadays, however, knee arthroplasty has become 

an intervention with a high success rate. Optimistic reviews achieve survival rates of 

95% after ten years and 85-90% after fifteen years. But even if one considers all patients 

that were lost to follow up as failures, survival is still 85% after thirteen years [13]. 

There is now general agreement that the treatment of choice for patients aged 55 and 

over with severe pain and disability of knee arthritis is arthroplasty. Consequently, 

osteotomies and arthrodeses are much less performed. 

Pain and disability consistent with the need to consider knee arthroplasty occur in 2% of 

the population aged 55 and over. Of these people, 0.4% suffer from extreme 

disability [2]. Again, in Belgium this leads to circa 55.000 potential candidates for knee 

arthroplasty, 11.000 of who are extremely disabled (based on population figures of 

2000). At least 11.000 knee arthroplasties should have been performed in 2000 to cover 

this need, while 9.326 knee arthroplasties were actually carried out (Figure 2-2). 

However, in most other countries the gap between the number of knee implants and the 

need is even larger. In England, for example, at least 56.000 would be needed, while 

only 40.927 were performed in 2000 [14]. Some numbers for other countries are given in 

Table 2-1. Experience has shown that about 40% of the patients, who are eligible for 

this type of surgery, refuse it. Mostly this is because of a reputation of bad results of 

knee replacement (with respect to hip replacement) in the past. Demographic changes 

(ageing, but also overweight) are likely to increase demand for TKA by 30 - 40% over 

the next 30 years, unless an effective preventive treatment or different remedies are 

developed [13, 15]. 
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Table 2-1: Number of TKA’s and population in England, Sweden, Belgium and USA in 2000 

(compiled from data of [15, 16, 17]).  

 Sweden Belgium England USA 

TKA’s performed 5.647 9.326 40.927 299.000 

Population 8.873.000 10.242.000 49.575.000 282.339.000 

Population > 45 yr. 3.780.000 4.174.000 19.317.000 97.506.000 
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Figure 2-2: Number of total knee arthroplasties and revisions in Belgium [17]. 

 

2.3. Knee implants. 

2.3.1. Modern knee implants. 

The Total Condylar Prosthesis (Figure 2-3), dating from 1974 and developed in the 

Hospital for Special Surgery in New York, can be considered as the prototype of most 

knee prostheses currently in use [18]. The earliest design consisted of a one-piece 

metallic femoral component, a polyethylene tibial tray with a central peg, and a 

polyethylene patellar component. Both cruciate ligaments were sacrificed necessitating 

relatively tight joint conformity and all components were fixed with cement. 
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Figure 2-3: The Total Condylar knee. 

Nowadays, typical knee prostheses consist of three components:  

1. A femoral replacement. It replaces both femoral condyles and features a patello-

femoral flange. The outer surface closely mimics the natural form of the femoral 

articular surface. It is made out of metal (stainless steel 316L or Co-Cr-alloy ASTM 

F-75) with a polished surface or of ceramic (Al2O3 or ZrO2). The bone-facing 

surface consists of several straight planes for easy preparation of the implantation 

bed. Fixation in bone can be achieved by bone cement (PMMA) or by bone 

ingrowth into a porous surface (layered beads, wire mesh,…), sometimes coated 

with a bio-active material like hydroxyapatite (HA) or other calcium-phosphates. 

Pegs or an intramedullary stem ensure initial fixation. 

2. A tibial replacement usually assembled of a UHMWPE insert mounted on top of a 

metallic base plate in stainless steel, Co-Cr-alloy or Ti (commercially pure (ASTM-

67) or Ti-6Al-4V (ASTM F-136)). It replaces both tibial condyles and, usually, 

allows retention of the PCL (but not the ACL). It rests on the tibial cortical rim and 

the trabecular bone at a depth of 10 mm below the articular surface. The 

polyethylene insert is eight to ten mm thick and features a shallow depression in 

both condyles to provide some stability. If the PCL is sacrificed, a cam axis that 

forces rollback of the femoral component is present too (so-called posteriorly 

stabilised prostheses). The insert is mostly secured on the base plate by a snap lock, 
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but in the so-called mobile (or meniscal) bearing prostheses it is able to slide on the 

polished surface of the base plate. The tibial replacement is fixed to the bone by 

bone cement or bone ingrowth into a porous surface (with or without bioactive 

coating). A variety of devices have been used to ensure initial fixation: pegs, posts, 

fns, keels, an intramedullary stem, bone screws, … A nice flat cut of the bone bed is 

of course the determinant factor of a good initial fixation. 

3. A UHMWPE patellar component. Its outer surface matches the patellofemoral 

flange of the femoral component and is designed to restore the patellar tracking of 

the intact knee. The bone-facing surface is flat. Some pegs are usually present for a 

good initial fixation. It is usually cemented. 

All these components are available in four or more sizes to enable sufficient coverage of 

the bone and (for the tibial component) obtain support from the cortical rim. 

 

2.3.2. Objectives and design considerations in TKA [19]. 

Looking back on the evolution of knee prostheses and with so much more knowledge, it 

is probably easier for us to see what the rationale should be behind knee prosthesis 

design than for our predecessors, who, by trial and error, with every new design solved 

problems raised by earlier designs.  

Pain and loss of function (mostly a severely limited range of motion) due to OA or RA 

are the main indications for replacement of the knee joint. Thus, in present day 

orthopaedics, the main objectives that one hopes to achieve with total knee arthroplasty, 

are twofold: relief of pain and restoration of functionality of the knee joint, in terms of 

stability, as well as mobility and load-bearing capacity. 

Apart from this, the prosthesis must also fulfil some other requirements. The surgeon 

for instance wants the prosthesis (and the instruments going with it) to be reliable, i.e. 

as easy to implant as possible and also forgiving for surgical inadequacy. Finally, the 

prosthesis-bone system that is assembled during surgery should be durable: the relief of 

pain and functionality has to be long lasting. 

In order for a biomedical engineer to design a prosthesis that can realise these 

objectives, they must be converted into more quantifiable criteria. These criteria must be 

based on our knowledge of the processes that occur in the body after implantation and 

that determine the outcome of the implantation to a large degree. Since this knowledge 

is by no means complete yet, the design of knee prostheses is still a matter of educated 
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guesswork. Moreover, not all objectives are compatible and different designs can result 

from the compromises that are made when weighing the importance of incompatible 

objectives. The coexistence of linked and resurfacing knee prostheses is an illustration 

of the fact that different solutions are possible for the conflicting demands of stability 

and restoration of kinematics. 

 

2.3.2.1. Pain. 

Pain in an arthritic knee mainly stems from the destruction of the articular cartilage and 

resulting bone on bone articulation. This source of pain is eliminated when the joint 

surfaces are replaced. Experience with knee replacement has learned that leaving the 

patellar cartilage in place ultimately leads to its destruction and new pain. Therefore, 

most surgeons now resurface the patella at once (hence the name tricompartmental or 

total knee arthroplasty, TKA).  

After surgery, pain can be the result of tension in the ligaments and other soft tissues. 

To avoid this both the design of the prosthesis and the surgical technique should restore 

the normal laxity of the ligaments and normal kinematics of the joint. This is important 

to obtain an acceptable range of motion too. Relative movement between the prosthetic 

components and the underlying bone has also been considered as a source of 

postoperative pain since this kind of pain does not occur with cemented fixation of the 

components, which are better fixed. Another explanation would be that cement is a very 

efficient way to prevent stress concentrations underneath the tibial baseplate. In the end, 

of course, though pain is an important parameter for the patient to judge the success or 

failure of a joint replacement, it remains a subjective feeling and therefore often difficult 

to interpret and prevent.  

 

2.3.2.2. Mobility vs. stability. 

Mobility and stability are separated functions in a normal knee. The articular surfaces 

provide smooth, almost frictionless, motion, while the soft tissues (ligaments, muscles) 

provide stability in the frontal and sagittal planes. Ideally, a knee implant should thus be 

designed such that it restores the normal kinematics of the knee, while allowing a 

surgical technique that retains the stabilising function of the ligaments and muscles. 

Since the normal kinematics of the knee, the position of the ligament attachments and 

the form of the femoral and tibial condyles are intimately linked, the geometry of the 
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articular surfaces of the prosthesis can not deviate too far form the geometry of the joint. 

This rule applies for the geometry of the patello-femoral surface too. It should be such 

that the normal patellar tracking is possible. If the form of the articular surfaces differs 

too much from the natural geometry, high stresses will occur in the ligaments and 

interfaces, which can result in pain and/or loosening of the prosthesis.  

In order to obtain a sufficiently large flexion range (e.g. rising from a chair without 

support from the arms requires more than 90° of flexion, kneeling and squatting even 

more than 120°), some posterior translation of the femur should be possible to avoid 

impingement with the tibia. Apart from the normal flexion-extension range, the 

prosthesis geometry should also allow axial rotation (certainly in the flexed position) 

and some abduction-adduction movement. These considerations led to the development 

of the unconstrained designs, with a round on flat geometry. 

Unfortunately, in the severely arthritic patient, the soft tissues are also affected and the 

implant may be called upon to impart stability too. This is usually achieved by an 

increased conformity of the tibial and femoral surfaces. If the PCL is sacrificed, a cam 

axis that forces rollback of the femoral component is usually fitted on the tibial 

component. When the collateral ligaments are deficient, varus-valgus stability must be 

provided by the prosthesis design too. 

 

2.3.2.3. Load bearing capacity. 

The magnitudes of the loads that occur in the knee joint are more or less known, at least 

during everyday activities, and they don’t represent exceptional challenges for the 

currently available engineering materials. Fracture of prosthesis components is therefore 

a rarely occurring cause of implant failure, nowadays. However, it should be kept in 

mind that the prosthesis must withstand these loads during long periods of time (up to 

twenty years at 1.5 to 2 million cycles per year [20]) and in a rather corrosive biological 

environment. Together with the requirement of biocompatibility, this limits the list of 

materials that can be used for implants considerably. On top of this, all the materials 

used in implants must undergo a sterilisation treatment, which can influence their 

mechanical properties. The UHMWPE inserts e.g. are usually treated with �-irradiation 

that causes oxidation and cross-linking of the molecules making the material more 

brittle. 
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Presently, the most important persistent problem linked to mechanical failure of implant 

materials is the problem of wear of the polyethylene insert. In modern non-conforming 

implants, the contact area between the femoral condyles and the insert is much smaller 

(between 0.8 and 3 cm²) than that in a normal knee leading to stresses on the insert that 

are close to or even sometimes higher than the yield stress for polyethylene (around 20 

MPa) [21]. Even everyday activities can thus lead to damage of the polyethylene and the 

production of wear particles. A lot of researchers in the orthopaedic field believe that 

long-term loosening of the implant is caused by the inability of the body to remove 

these particles which then cause bone resorption. Consequently, a lot of research efforts 

are devoted presently to document and prove this hypothesis, to unravel the biological 

mechanisms behind this scenario and to try to block them. Even if it turns out that wear 

is not the main reason for loosening, however, it is a problem that should be solved 

since it compromises the durability of the insert.  

A notable attempt to reduce wear of the insert was the design of mobile bearings. The 

Oxford knee was originally designed by Goodfellow and O’Connor to reproduce the 

kinematics and stability of the knee better than with conventional prostheses [22]. The 

insert is not rigidly fixed to the base plate, but can slide over its polished surface 

(usually along a predetermined path). In so doing, the femoral and tibial articular 

surfaces can be made conforming without compromising the natural kinematics of the 

joint. The larger contact area (10 cm² or more) also reduces the interface stresses (from 

25 MPa to 5 MPa or even less) and, consequently, the amount of wear. Thickness 

measurements of retrieved inserts and tests in joint simulators seem to indicate that wear 

in these implants is indeed very low [23, 24], although these results are not conclusive 

yet.  

More significant than the strength of the prosthesis materials themselves, is probably the 

strength of the interface that develops between the implant and the underlying bone. 

This is particularly important in the case of cementless implants, where fixation of the 

prosthesis is dependent on bone ingrowth into a porous coating. If the relative 

movement of the implant with respect to the bone is too large, a weak soft tissue 

interface is formed instead of a bony interface. Loading of the prosthesis can then lead 

to failure of the interface and, ultimately, loosening and failure of the knee replacement. 

The initial fixation of the prosthesis is thus very important in this respect and can be 

improved with a careful surgical technique as well as enclosure of the polyethylene 

insert in a metal tray and fixation devices such as stems, screws, …. A coating with a 
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bioactive material like hydroxyapatite might stimulate bone formation and thus enhance 

the quality of the interface.  

Even with cemented implants, where initial fixation of the prosthesis is usually good, 

the necrotic bone (caused by sawing and maybe also exothermal cement curing) is 

ultimately resorbed and replaced by soft tissue. Moreover, bone cement is the weakest 

material used in joint replacement (see Chapter 3). The suspicion that failure of bone 

cement might be the cause of long-term loosening was one of the reasons to consider 

the possibilities of cementless implants once again, despite the undeniable success of 

cement fixation.  

 

2.4. The results of total knee arthroplasty. 

2.4.1. Complications. 

What can a patient expect nowadays after his or her knee has been replaced with a 

TKA? To begin with the eventual problems, there are two major complications that can 

occur after an operation: deep wound infection and thromboembolism. Both are serious 

complications, the incidence of which has fortunately been reduced significantly in 

recent years. 

Presently, deep wound infections occur in less than 2% of the knee replacements [25, 

26], but it is responsible for 25% of revisions of a prosthesis within 2 years 

postoperatively [27] and even 38% of revisions within 5 years postoperatively [28]. It is 

harder to solve than to prevent, so a lot of efforts is dedicated to the prevention of deep 

wound infection: pre-operative use of antibiotics, ultra-filtered air and vertical laminar 

flow in operating theatres, body exhaust suits, etc.  

During a 20-year surveillance program, Saleh et al. [26] found that the formation of 

haematoma and persistent post-operative drainage increased the risk of a superficial 

surgical site infection, which strongly correlated with the development of deep wound 

infection. Thus, monitoring patients for these symptoms can probably lower the risk of 

deep wound infection even more. If it happens nevertheless, infection very often leads 

to removal of the prosthesis, the presence of which can hinder proper treatment of the 

infection. 

Thromboembolism [29] is a combination of two pathologies. It starts with a deep vein 

thrombosis which results in a, potentially fatal, pulmonary embolism (resulting from the 

obstruction of the pulmonary artery by a clot). Although deep vein thrombosis is a 
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rather frequent phenomenon in TKA (as many as 80% of patients), resulting fatal 

pulmonary embolisms are much rarer (incidence of less than 1%). Thromboembolism is 

prevented by prophylactic regimes of heparin (which decreases coagulation) or warfarin 

(which inhibits activation of clotting factors).  

 

2.4.2. Patient satisfaction and general health. 

Infections and thromboembolism are consequences of the fact that TKA is a very 

invasive procedure and they have nothing to do with the design of the knee prosthesis 

per se. Their occurrence can thus be considered as a failure of the surgical procedure 

rather than a failure of the implant. Thus, apart from complications and early failures, 

the question remains: how can the degree of benefit of a TKA be assessed? Several 

evaluation criteria and methodologies are conceivable and have been used and reported 

on in the literature. 

One obvious and very simple possibility is to just ask the patient whether he or she is 

very satisfied, satisfied, uncertain or dissatisfied. It is a simple technique, but also very 

general and vague. A more quantitative but also more laborious method is to make the 

patient answer existing and psychometrically validated questionnaires such as SF36 and 

WOMAC to compare his general health (SF36) or disease-specific status (WOMAC) 

before and after the operation or with age-matched healthy subjects.  

The SF36 consists of 36 questions concerning 8 domains: body pain, physical 

functioning, vitality, general health, social functioning, role-physical, role-emotional, 

and mental health. The scores in these domains can be transformed in two weighted 

summary scores: the physical component summary and the mental component 

summary. The weights are determined so that an average population will give a score of 

50 for each of the two components and that a score change of 10 points represents one 

standard deviation. The WOMAC consists of 24 questions with check boxes ranging 

from 0 to 4. It can be broken down in 3 domains: pain, stiffness and physical function. 

Scores range from 0 to 20 for pain, 0 to 8 for stiffness, and 0 to 68 for physical function. 

A score of 0 represents the best possible state of health. 

Hawker et al. [30], Heck et al. [31] and Dunbar [32] have performed extensive surveys of 

patient satisfaction and published their results. These studies conclude that a large 

majority of patients are pleased with the result of their knee arthroplasty. Hawker found 

that after knee replacement 85% of 469 patients was satisfied, 4% was neutral and 11% 
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was dissatisfied after a follow-up between 3 and 7 years. Heck found that 88% of 291 

patients from 25 institutions of Indiana, USA were satisfied, 3% were neutral and 9% 

were dissatisfied at minimum two years postoperatively. Dunbar found very similar 

results: 81% of 27372 responding patients from the Swedish Knee Arthroplasty Register 

were satisfied or very satisfied, 11% were uncertain and 8% were dissatisfied after a 

mean follow-up of 6 years (range: 2-17 years). Moreover, the proportions remained the 

same, even for the patients with longer follow-up periods (up to 15 years) as long as 

they had no revision. These results are of course encouraging, though they still leave 

some room for improvement.  

However interesting these results may be, they tell nothing at all about the reasons for 

satisfaction or dissatisfaction. Thus, the same authors have also performed a more 

explicit evaluation of outcomes using SF36 and WOMAC. Heck found an improvement 

in the physical component summary of the SF36-score from 27.4 at baseline to 37.7 at 2 

years post-operatively. The average increase was 10 points; 81% of the patients showed 

an improvement, but the physical well being of 19% of the patients declined. Factors 

that correlated best with an improvement of the score were bad preoperative knee 

function and good preoperative mental state. The mental component summary of the 

same patients remained essentially unchanged (52.5 vs. 54.4). Dunbar again found very 

similar results: the physical component summary of the SF36 of 779 patients who 

completed the questionnaire was equal to 33.3 after a mean follow up of 7 years, their 

mental component summary was equal to 47.9.  

Both results show that, although the general health of knee patients improves after 

TKA, the average patient does not return to the normal health and knee function of an 

age-matched population (physical and mental component summary equal to 50). This is 

also confirmed by other publications [33, 34, 35]. In his study, Dunbar also showed that 

there was a good correlation between degree of satisfaction and the domains in the SF36 

that related to pain and physical function. Thus, when knee patients say that they are 

satisfied with their knee prosthesis, they mainly refer to the fact that they enjoy pain 

relief and gained functionality. This is precisely what one wants to achieve when 

implanting a knee prosthesis.  

Unfortunately, these authors only reported scarce data on correlations between 

satisfaction and scores on the one hand and specific knee designs on the other. Dunbar 

showed that slightly less patients with TKA were dissatisfied or uncertain than patients 

with unicompartmental knee replacements and that there was a correlation between 
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SF36 scores and uni- or tricompartmental knees. Also, patients who had their patella 

resurfaced were more satisfied than patients who had not. Heck showed that patients 

who were treated with a cruciate retaining device had better improvement of the SF36 

physical component summary than those who received a posterior stabilised implant. 

Finally, it is worth mentioning that Dunbar found that co-morbidities had a significant 

effect on all outcome questionnaires, so it is not possible to isolate the knee, even not 

with a questionnaire such as the Oxford-12 that is specifically designed for knee 

arthroplasty patients. 

 

2.4.3. Clinical scores. 

The previous questionnaires have the disadvantage that they solely include information 

obtained from the patient and not from the surgeon and convey little objective 

information. A recent study by Walker et al. [36] showed that self-reported ambulatory 

activity does not necessarily reflect actual ambulatory activity. While patients reported a 

significant increase in their mobility at three months post-op and a slight decline 

between three and six months, measurements actually showed a slight increase at three 

months and a significant increase after six months (+79%). Probably, subjects self-

reporting of many items (e.g. also pain) does only relate to their most recent experiences 

and not to the more distant past. Schai et al. [37] obtained similar results when 

evaluating kneeling ability after TKA: although 56% of a group of 70 patients perceived 

inability to kneel according to a questionnaire, 80% of the patients showed easy 

kneeling ability on observed assessment. More objective information is thus also needed 

to evaluate the true outcome of knee arthroplasty. 

When surgeons assess the results of their interventions themselves, they mostly use 

clinical scores. Several scoring methodologies have been developed, but the most 

frequently used systems are the HSS-score (Hospital for Special Surgery), the KSS 

(Knee Society’s Clinical and Functional Scoring system), the Brigham and Women’s 

Hospital or the BOA (score of the British Orthopaedic Association).  

They all use a form that assigns points for several aspects of knee function and patient 

condition and that is completed by the surgeon. HSS for example assigns 30 points for 

lack of pain, 22 points for function, 10 points for strength, 10 points for stability, 10 

points for lack of flexion deformity and 18 points for range of motion on a total of 100. 
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These systems are used widely and are also considered efficient techniques (requiring 

little time and resources) to evaluate the performance of a knee replacement.  

In the orthopaedic literature the results of clinical scores are usually given to report 

about the outcome of TKA and evaluate improvement of the patient with respect to his 

pre-operative condition. They are supplemented with X-ray images to monitor the 

alignment of the implant and the presence of radiolucencies at the interface (indicative 

of bone resorption).  

Unfortunately, up till now, little research has been done to test and validate these scores. 

Tillman et al. [38] has tried to evaluate the validity (how well do they measure what they 

are designed to measure) and the reliability (what is their test-retest stability) of three 

different scoring methods (HSS, Brigham and BOA). He showed that they give 

different results even when used by one surgeon on one patient at the same moment 

(100 primary total knees were evaluated). The differences between the HSS and 

Brigham scores and between the HSS and BOA scores were statistically significant 

(p<0.001). The disparity became even more pronounced when the results were 

subdivided in categories such as excellent, good, fair and poor (which is frequently done 

in clinical literature). The main reason for this phenomenon is that scores assign 

different weights to aspects such a pain, ability to walk, etc. On top of this, when 

different surgeons independently evaluated the same patient with the same scoring 

method, the end result could be quite different. This is due to the fact that pain, which is 

of course a subjective parameter, counts for 50% of the overall score in the Brigham 

score and for 30% in the HSS score. Thus, both the validity of several scoring methods 

and their reliability are less than optimal. Ryd et al. came to the same conclusion, boldly 

stating that “knee scores are exceedingly unreliable” [39]. 

Scores completed by the surgeon are also prone to bias. Lieberman et al. [40] compared 

patients’ and physicians’ evaluations of hip arthroplasties on an analog scale and found 

a significant difference between ratings for pain (with the surgeon rating pain lower 

than the patients). The disparity became much larger when they looked at the ratings of 

patients that performed worst. The pain rating by surgeons was half that of the patients 

and their evaluation of overall satisfaction was almost double that of the patients. Hoher 

et al. [41] found similar effects after knee surgery. 

Nevertheless, other researchers report much more favourite results when comparing 

different scoring systems. Binazzi et al. [42] evaluated 235 knee arthroplasties with five 

different scoring systems (among which again the HSS, Brigham and BOA) and found 
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that all of them gave almost identical results. Lavernia et al. [43] preoperatively assessed 

227 patients that underwent a primary knee replacements and 81 scheduled for a 

revision using the KSS, HSS, SF36 and WOMAC. They found an excellent correlation 

of the HSS with the function and pain domains of the SF36 and with all domains of the 

WOMAC. KSS correlated well with the SF36 physical domain and the WOMAC 

functional domain. 

Since clinical scores are so important in the medical literature, an example of their use is 

shown in Table 2-2. As the Total Condylar is more or less considered as a reference 

prosthesis in the field of TKA, we selected three articles reporting on long-term results 

with this prosthesis (one is a study of patients younger than 55 at the time of operation). 

The table summarises the materials, scores, radiographical results and survival rates.  

 

2.4.4. Kinematics and dynamics of knee implants. 

A third possibility to evaluate outcome of knee replacements is of a more biomechanical 

nature. One could consider the possibility to examine knee function (stability, 

kinematics and dynamics) during representative activities and compare them with the 

kinematics and dynamics of intact knees. The closer the prosthetic knee mimics the 

performance of an intact knee in this respect, the better it achieves the goal of 

restoration of functionality. In fact, the use of this criterion to evaluate outcome of knee 

arthroplasty implicitly assumes that restoration of the kinematics and dynamics of the 

knee is also a guarantee for longevity of the implant.  

Unfortunately, this is much easier said than done. Although we have some idea of the 

normal kinematics and dynamics of the knee during activities like walking, running and 

doing stairs, it is also clear that there is a large variability depending on the exact 

anatomy of the knee at hand. Thus, the best we can do is to ask whether the knee 

replacement reproduces the normal average kinematics and dynamics of human knees. 

Even this kind of analysis is very difficult to carry out and it is thus limited to research 

goals (evaluating the impact of design features) and not suitable for routine clinical 

follow-up.  

Functional analysis of knee prostheses has been performed on cadaveric knees as well 

as in vivo during level walking, stair climbing, deep knee bends, using techniques such 

as gait analysis [44], fluoroscopy [45], dynamic röntgen stereophotogrammetric analysis 

(RSA) [46] and even instrumented implants [47]. The main topics that were considered 
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are the influence of surgical error, the sacrifice or retention of the PCL, and the use of 

mobile or fixed bearings. With increasing computer power, finite element analyses and 

computer simulations of knee joints have become possible too [48]. 

Table 2-2: Summary of long-term clinical results for the Total Condylar. 

 Gill et al. [49] Rodriguez et al. [50] Duffy et al. [51] 

Implantation period 1976 - 1982 1976 - 1979 1977 - 1983 

# Knees 159 220 86 

# Patients 139 164 62 

# Knees available last f.u. 72 45 74 

# Patiens available last f.u. 63 30 54 

Average age at operation 61 yr. 65 yr. 43 yr. 

Gender 67% F, 33% M ? 65% F, 35% M 

Diagnosis 94% OA, 4% RA 50% OA, 50% RA 16% OA, 64% RA 

Average follow-up (range) 16 (16-21) yr. 20 (18-24) yr. 12.6 (10-17) yr. 

PCL Retained Sacrificed Mixed 

Patella Resurfaced Resurfaced Resurfaced 

Cemented Yes Yes Yes 

KSS 

     pre-op knee score 

     pre-op function score 

     post-op knee score 

     post-op function score 

 

40.1 

44.8 

88.4 

56.7 

 

? 

? 

88 

58 

 

36 

45 

84 

60 

Radiolucencies 

     femoral 

 

     tibial 

 

no 

 

in 2 

 

in 17 mostly ant. and post., 

in 2 circumferential 

in 22, in 4 circumferential 

 

7 with > 1 mm, all 

incomplete 

10 with > 1 mm, all 

incomplete 

Survival rate  

(endpoint = all revisions). 

98.6% at 10 yr. 

98.6% at 15 yr. 

98.6% at 20 yr. 

100% at 10 yr. 

95% at 15 yr. 

85% at 20 yr. 

99% at 10 yr. 

95% at 15 yr. 

? 

One thing became very clear in all this research: no existing knee design is able to 

completely restore the function of a normal knee. Although patients may not perceive 

the difference and clinical scores may be good initially, the abnormalities might well 

increase the stresses and strains in the soft tissues and at the bone-prosthesis interface. 

This could cause gradually accumulating damage, ultimately leading to failure of the 

implant in the long run.  
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Another lesson that functional analysis of prostheses teaches is that surgical technique is 

certainly as important as the design of knee prostheses. The fact that the controversy 

regarding retention or sacrifice of the PCL is still not settled illustrates this point. 

Although retention of the PCL is theoretically certainly preferable, in practice its benefit 

is uncertain due to the fact that the PCL requires precise tensioning in order to perform 

its normal function. The same holds for mobile bearing prostheses. Despite their 

intellectually pleasing concept, no study has yet been able to conclusively show their 

clinical or functional superiority to fixed bearing prostheses [24]. 

 

2.4.5. Survival rates of knee prostheses. 

Finally, the ultimate judge of knee arthroplasty, like so many other things, is time. The 

proportion of knee prostheses that remains in the body for a given amount of time 

without the need for revision is frequently used as an indicator for success or failure of a 

specific design or to compare the performance of surgeons or institutions.  

Survival studies are an interesting way to evaluate total knee arthroplasty for two 

reasons. First of all, because revision is a relatively straightforward endpoint that can be 

detected objectively. Thus, one gets rid of the subjectivity and bias that influence other 

outcome measures. Secondly, the decision to revise the prosthesis reflects a consensus 

between the surgeon and his patient that the first operation did not satisfy its objectives 

and thus represents the judgement of both the surgeon and the patient. 

Of course, the question that immediately surfaces is for what reasons prostheses are 

revised. Surprisingly little recent retrospective studies have been published on this topic. 

Sharkey et al. [27] reviewed 212 consecutive revisions in their institute between 1997 

and 2000 and listed the mechanisms involved in (not necessarily causing) failure of the 

primary knee. Their conclusions are shown in Figure 2-4, subdivided in early and late 

failures (resp. 2 years or less, and more than 2 years post-operatively). Remarkably, 

55.2% of the failures occurred within 2 years after the index operation. In many 

patients, more than one failure mechanism was present. Overall, polyethylene wear was 

found in 25% of patients undergoing a revision, loosening of one or more components 

in 24.1%, instability in 21.2%, infection in 17.5% and malalignment in 11.8%. When 

aseptic loosening occurred in early failures, it was mostly associated with cementless 

prostheses. In the early failures, wear or damage of the insert was not the major cause 

for failure but was associated with instability or malalignment. 
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Fehring et al. [28] found rather similar figures for early failure mechanisms. They 

considered failures within 5 years of primary arthroplasty as early and recorded the 

major cause for failure. 63% of all revisions seen between 1986 and 1999 occurred 

within five years. 7% had revision surgery because of polyethylene wear or osteolysis, 

16% because of loosening (13% due to failure of ingrowth of a cementless implant, 3% 

due to aseptic loosening of a cemented implant), 27% because of instability, and 38% 

because of infection. 

Data from the most famous register that is devoted to survival analysis, the SKAR, 

show the same failure trends [3]. 41.223 primary arthroplasties were performed between 

1988 and 1997. By the end of 1997 (within ten years), 1.902 (4.6%) of these had been 

revised. Half of the reoperations were done within four years. Aseptic loosening is the 

main overall cause for revision (44.1%, 34.9% of early revisions and 53.4 % of late 

revisions), followed by other mechanical causes (12.4%) and infection (9.9%, 14.5% of 

early revisions and 5.4% of late revisions). Wear is not listed as a separate failure mode. 

Also in this register, tibial components inserted without cement had a higher risk for 

revision (1.4 times higher) than cemented implants.  

The combination of both kinds of information (the main cause for failure together with 

the life span of the prosthesis) results in a powerful instrument to evaluate knee 

arthroplasty procedures and prosthesis designs. Nevertheless, some drawbacks must be 

considered too. First of all, this kind of analysis necessitates large populations of 

patients that can be followed during long periods of time. In fact, mostly national or 

regional registers that record all arthroplasties and revisions performed in the country or 

region, are able to gather sufficient data to draw really meaningful and generally valid 

conclusions. More limited surveys by a single surgeon or a group of surgeons, though 

also informative, suffer more from dropouts and demographic differences between 

patient groups.  

Secondly, though revision might seem a straightforward concept, in practice revisions 

are not always so easily recognised. This is illustrated by a recent study performed 
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Figure 2-4: Overview of failure mechanisms for TKA and their presence in early and late 

revsions (data from [27]). 

within the SKAR [52]. Although this register is well established and renowned, an 

update with the help of the official Patient Administrative System revealed that 1.7% of 

the knees that previously were registered as unrevised, had in fact been revised but not 

reported. This amounted to as much as one fifth of all revisions that had been missed. 

The reason is that some surgical interventions (like amputations, arthrodeses and 

extractions due to infection after a knee replacement) are not always recognised as 

revision operations. Also replacements of a part of the prosthesis (like the patellar 

component) are not always identified as revisions. On top of this, not all patients with a 

failed prosthesis undergo a revision operation, because they can not sustain it or because 

they can not expect a sufficient improvement of their quality of life. 

The kind of revisions that should be considered is debatable and depends on the 

objectives of the study. If one is interested in the survival rate of a specific knee design, 

revisions because of infections are probably not relevant and should not be taken into 

account (that is if the design itself does not lead to an increased risk for infection). On 

the other hand, if one is interested in success or failure of a knee arthroplasty procedure, 

probably all revisions should be considered. 

Last but not least, survival rates of knee implants give no information whatsoever about 

patient satisfaction or performance of the implant. Indeed, prostheses are usually not 

revised for an unsatisfactory result in terms of function. A typical survival rate of 99% 

at ten years (Table 2-2) only reveals that after ten years of service, 1% of the implants 

definitely failed. It says nothing about the 99% of implants that remain implanted. Both 
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the large-scale character and this lack of detail in the results render this instrument 

unsuitable for pre-clinical evaluations of new implant designs.  

 

2.5. Conclusion. 

Despite its superb design and the excellent quality of the materials with which it is 

constructed, the natural knee joint frequently fails. This is primarily due to the wear and 

tear from daily use leading to breakdown of the articular cartilage in diseases such OA 

and RA. The incidence of these disorders is high and will rise in the years to come 

(because of demographic factors), but no cure or preventive technique has yet been 

discovered. This leaves currently no better option than replacement of the joint with a 

prosthesis in an attempt to alleviate the pain and restore the function.  

The developments of the last three decades have led to knee implant designs and 

operative techniques that are very successful. Patient satisfaction reaches levels of 80% 

and more, irrespective of post-operative duration, mainly reflecting relief of pain and 

the regained mobility. Surgeons report significant improvements in knee scores and 

excellent and good results in the majority of the patients. Average survival rates that can 

be expected are as high as 95% at ten years. Thus, TKA is very efficient, certainly for 

the most disabled patients, being one of the most cost-effective of all surgical 

procedures in any field [26]. 

Nevertheless, the function of the normal knee joint is never fully restored and 

complications such as infection are not yet entirely eradicated. Since the volume of knee 

arthroplasty is so large, even a relatively low incidence of 5% of failures results in a 

large number of patients who must undergo a revision operation. Moreover, although an 

overwhelming majority of the knee implants remains implanted for more than ten and 

even twenty years, of the one to ten percent that fail within this period, more than half 

fail as soon as two or three years after implantation. There is thus an urgent need to 

lower the incidence of failures still further. 

Early failures are mostly due to infection, instability, loosening of cementless implants 

or malalignment. Late failures are generally the result of wear of the polyethylene 

and/or loosening (cemented as well as cementless designs). Three of the four major 

early failure modes are related to operation technique and not so much to implant 

design. Better instruments (robotics?), antiseptics, etc… can thus lower their incidence. 

Furthermore, loosening is a phenomenon that is responsible for a significant portion of 
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early and late failures. Therefore, primarily cementless designs must definitely be 

improved to increase bone ingrowth and lower the risk for loosening and thus revision. 

Finally, coming back to the UN declared “The Bone and Joint Decade”, the following 

recommendations concerning orthopaedic implants were formulated in the framework 

of this initiative:  

1. Develop implant technology to enhance osseointegration and minimise wear, 

osteolysis and loosening. 

2. Identify strategies for the optimal patient selection and timing of joint replacement. 

Implement the use of centres of excellence for implant revision operations and the 

less common implants. 

3. Assess new technology by multinational trials and registries using patient-oriented 

outcome tools. 

The experimental work that was carried out in the framework of this thesis and that will 

be described in chapters four and six, fits in recommendation one. First, a literature 

survey is given about the requirements to obtain osseointegration. 
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CHAPTER 3  

CEMENTLESS FIXATION OF KNEE IMPLANTS. 

3.1. Introduction. 

As became clear at the end of the previous chapter, loosening of knee prostheses is a 

significant problem, which accounts for a large proportion of implant failures. Although 

cementing of prostheses signified a breakthrough in achieving anchorage of synthetic 

materials to bone and marked the era of modern joint replacements, it turned out that the 

problems of loosening were partly associated with the use of bone cement. 

Some of these problems could be solved during the 1980’s by a better cementing 

technique. Pulsatile lavage of the bone bed and manual pressurisation of the cement 

leads to a better penetration of cement into the pores of the trabecular bone and prevents 

contamination with blood. It was shown that a penetration depth of 2 to 5 mm is optimal 

to achieve good shear and tensile strength of the interface. Reduced pressure mixing (at 

72 kPa or even 86 kPa below atmospheric pressure) prevents the presence of air bubbles 

in the cement layer that could act as stress risers where failure of the cement layer is 

initiated [1]. Thus, increasingly higher survival rates were achieved with cemented 

implants. A typical survival rate of 83% at ten years for TKA’s implanted between 1976 

and 1982 has now improved to 95.4% for TKA’s implanted between 1988 and 

1997 [2, 3]. 

Nevertheless, the use of bone cement carries still some disadvantages with it:  

1. The monomer is toxic and can lead to a possibly fatal drop in blood pressure when it 

enters the circulation. In modern cements, the amount of monomer has been 

substantially reduced, however. 

2. The exothermic polymerisation reaction when the cement hardens leads to a 

temperature rise in the bone that might cause bone death. The bone cells are then 

unable to repair damage created by the loads on the joint. Ultimately, this could lead 

to failure of the interface and loosening, according to the damage accumulation 

scenario sketched by Verdonschot and Huiskes [4]. The metal of the prosthesis 

provides an effective heat sink, though (certainly in massive hip stems), and this 

might prevent such a damaging temperature rise in bone. 

3. Possibly the most important drawback of bone cement is its weakness and 

brittleness, primarily in tension. The bending strength of bone cement ranges from 
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42 to 82 MPa and the compressive strength from 60 to 110 MPa, depending on the 

conditions during processing [1]. Loads on the joint can easily lead to failure of the 

cement-metal interface, causing fretting of the prosthesis against the cement and the 

production of wear particles. If these particles get trapped in the articular surface, 

they are a source of third body wear of the polyethylene; if they enter the bone, they 

cause osteolysis and subsequent loosening.  

4. Cement mixing and hardening lengthens the operation by at least 15 minutes. This 

increases the risk of complications (infection, deep vein thrombosis,…).  

5. The presence of a cement layer hampers revision operations and leads to more bone 

loss. 

In conclusion, if there were a way to get rid of bone cement, without giving up on the 

results of knee arthroplasty, this would be an improvement.  

Two approaches have been followed in taking up this challenge. A number of people 

have embarked on a course to develop new cements that would dispel the shortcomings 

of traditional bone cement and might even be bioactive. Up till now this approach has 

not met with much success however. This contrasts sharply with the immediate and 

perhaps premature acceptance of the second approach: the idea that a cementless 

fixation could be realised by bone ingrowth into porous coatings. Thus, instead of 

realising mechanical interlock between the prosthesis and the bone by interdigitation of 

cement in the pores of trabecular bone, the same effect would be achieved by 

interdigitation of living bone grown into a porous coating. 

The principle of establishing so-called “osseointegration” of an implant was not new. In 

fact the term had been coined by Brånemark already in 1977 and was later (1985) 

defined by the same author as the development of “a direct structural and functional 

connection between ordered, living bone and the surface of a load-carrying implant” [5]. 

This definition leaves room for interpretation, however, and was later completed by T. 

and B. Albrektsson [6] with the specifications that direct contact should be reached over 

a surface area of at least 50% (at the cortical passage even 90%) and that there should 

be no intermediate layer visible between bone and implant at the light microscopical 

level. The concept of osseointegration will be critically discussed in more detail in 

chapter 5. In the rest of this chapter we will further use the definition by Albrektsson 

since this interpretation is the most generally accepted one. 

Non-cemented implants with porous coatings have been used in large numbers in the 

middle of the 1980’s, particularly in younger patients. It became quickly clear, however, 
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that the survivorship of these implants was significantly smaller than for cemented 

implants (as far as it concerns the tibial plateau) [3]. Analysis of the results of the SKAR 

(Swedish Knee Arthroplasty Register) showed that the cumulative risk of revision 

(CRR) was 1.4 times larger. This is probably due to several factors:  

1. no or almost no bone ingrowth occurred in these implants,  

2. younger patients are more active and load their joints more,  

3. cemented implants continued to improve. 

In the last fifteen years, therefore, there has been a major shift again towards cemented 

knee prostheses. In the SKAR, 4 out of 5 TKA’s had all components cemented in the 

period between 1988-1997. 

Despite the false start, the rationale behind fixation through direct bone apposition 

remains appealing though. If a knee prosthesis can be durably fixed to bone without 

using cement, we can also possibly avoid the five before mentioned problems associated 

with the use of cement and hopefully also loosening. Nevertheless, this matter deserves 

some elaboration: 

1. toxicity of the cement monomer is no issue anymore. Porous coatings have a larger 

surface area (up to five times larger) than ordinary metal base plates, though, and 

this raises questions about the increase in metal ions that will leak into the body and 

that might be detrimental too. 

2. there is no temperature rise because of curing of the cement, but sawing and cutting 

of the bone may lead to an unacceptable temperature rise too. Thus, a very gentle 

surgical technique is demanded to limit the temperature to less than 45°. 

3. the interface that develops between the implant and the bone should be stronger than 

the cement. Success or failure of cementless fixation entirely depends on whether 

this can be realised. The requirements to achieve this will be discussed further. 

4. the length of the operation can be reduced with the amount of time that is usually 

spent for mixing and hardening of the cement. That is if the rest of the surgical 

technique can remain unchanged. In fact, cementless fixation requires a better fit of 

the implant with the underlying bone and thus maybe also a more careful and 

lengthier preparation of the bone bed. 

5. a revision of a cementless implant indeed necessitates the removal of less bone and 

thus enhances the chance of success of the revision implant. 

The above already indicates that successfully eliminating cement without replacing its 

disadvantages with new ones, will be no simple matter. This applies also to the hope 
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that cementless fixation can prevent loosening. A rational approach to this endeavour 

requires an understanding of the healing process in bone in the presence of an implant 

and the prerequisites to achieve a stable bony interface. These topics will be discussed 

in the following paragraphs. 

 

3.2. Bone healing and regeneration around implants. 

The implantation of a prosthesis in the joint is an invasive procedure that severely 

injures the original tissues. The body reacts to injuries of this sort with a quite general 

wound healing response, which determines to a large extent the fate of the implant. It is 

therefore important to understand this process and how it is influenced by the presence 

of a foreign body like the prosthesis. 

The biological mechanisms that occur during the healing of bone around orthopaedic 

implants are complex and governed by numerous factors. It is thus not surprising that 

they are as yet not completely understood. Nevertheless, a large body of knowledge has 

been compiled, based on both clinical evidence and basic research. A comprehensive 

overview of what is known at the moment is perhaps best presented in three steps. In the 

following we will move from the seemingly uncomplicated and general situation of 

wound healing, via the somewhat more complicated healing of fractures of 

weightbearing bones to arrive ultimately at bone healing around a loaded and permanent 

orthopaedic implant. 

 

3.2.1. General wound healing [7, 8, 9]. 

The general mechanism of wound healing has already been thoroughly studied and is 

rather well understood at the moment. Usually, one discerns three stages in the whole 

process, although, in reality, they overlap with each other. The process of wound 

healing usually starts with an acute inflammation; afterwards, the repair of the tissue is 

initiated (proliferation phase) and finally, depending on the tissue, its regeneration takes 

place (maturation phase). 

The body responds quickly to any disruption of a tissue with an acute inflammation. 

Basically, this is a complicated vascular and cellular response aimed at the defence of 

the body against alien substances and at the disposal of dead and dying tissue. Within 

seconds of the injury, blood vessels constrict to control bleeding at the site. Platelets 
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coalesce within minutes to stop the bleeding and begin clot formation (especially 

involving the formation of fibrin). They also release factors that attract other important 

cells to the injury. Vasoconstriction usually lasts only five to ten minutes at the most 

and is followed by vasodilatation. Leukocytes (white blood cells) enter the wound to 

fight infection and to attract macrophages. Macrophages break down necrotic debris and 

activate the fibroblast response as well as blood vessel formation. The acute 

inflammation lasts about 24 hours and leads to the proliferation phase of the healing 

process.  

The proliferation phase starts three to five days after injury with undifferentiated 

mesenchymal cells that modulate into migratory fibroblasts. These fibroblasts migrate 

into the injured area and begin to synthesise small quantities of collagen (type I and III), 

using the fibrin network laid down during clot formation as a scaffold. Behind these 

fibroblasts, in the deeper layers of the wound, a network of new capillaries is formed, 

providing the necessary oxygen for fibroblast synthesis of collagen. Thus, a “module of 

repair” arises (Figure 3-1), made up of a front of activated macrophages followed by 

fibroblasts, which are in turn followed by new capillaries. 

This module proceeds, slowly closing the wound and leaving behind collagen-

producing fibroblasts, which begin producing large amounts of collagen and 

proteoglycans, four to five days after the injury occurred. Collagen fibres are laid down 

randomly and are cross-linked into large, closely packed bundles, forming granulation 

tissue. Within two to three weeks, the wound can resist normal stresses, but wound 

strength continues to build for several months. The proliferation phase lasts from two to 

four weeks and then wound healing enters the maturation phase. 

 

Figure 3-1: The module of repair (from [9]). 

Macrophages 

 

Fibroblasts 

 

Capillaries 



Chapter 3 

68 

During the maturation and remodelling phase, fibroblasts leave the wound and collagen 

is remodelled into the more organised matrix of scar tissue. Tensile strength increases 

for up to one year following the injury. Scar tissue however, never reaches the full 

strength of the original tissue.  

Some tissues have the potential to regenerate (up to a certain degree, depending on the 

tissue) and replace scar tissue ultimately with a matrix that is almost indistinguishable 

from the original material both in terms of composition and structure. Bone and liver are 

prominent examples. While regeneration of these tissues is in principle possible, it is a 

process that competes with the production of scar tissue. To achieve full regeneration of 

an injured tissue thus demands favourable conditions for regeneration to conquer scar 

formation. 

 

3.2.2. Bone regeneration [7, 10, 11]. 

The healing of a fracture is a typical example of the regenerative capacity of bone. This 

process follows the same steps as normal wound healing, except that no scar tissue is 

formed in the end, but true bone, indistinguishable from the original bone. The first two 

phases are more or less identical with the formation of a module of repair, which lays 

down a scaffold, which guides in turn the regeneration of normal bone tissue. The 

difference is that undifferentiated mesenchymal cells, recruited from the periosteal 

membrane and the endosteum, replace and/or supplement fibroblasts in this scenario.  

These progenitor cells can differentiate into several kinds of cells, depending on the 

environmental conditions. In regions with a low oxygen tension and/or high fluid 

velocities and shear strains [12], they become chondroblasts and lay down cartilage 

matrix, in regions with a high oxygen tension and/or low fluid velocities and shear 

strains, they turn into osteoblasts and produce bone matrix. At first, oxygen tension is 

generally low and fluid velocities and shear strains are high, thus chondroblasts will be 

present, producing a cartilaginous matrix (mainly collagen type II) that bridges the 

fracture.  

This matrix resembles the cartilage anlage that serves as a template for bone formation 

by endochondral ossification that also occurs in the embryo. Just as in endochondral 

bone formation, the chondroblasts become hypertrophic, they initiate mineralization of 

the matrix and attract blood vessels and then they die. The oxygen tension increases due 

to the blood supply and the mineralisation results in stiffening of the matrix and thus 
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lower fluid velocities and shear strains. This leads then to the presence of osteoblasts 

that rapidly produce woven bone on top of the mineralised cartilage, which is resorbed 

by osteoclast-like cells. The whole process takes place at the inner and outer 

circumference of the broken bone (where undamaged periosteum and endosteum are 

present) and not at the fracture site itself.  

Thus, within a few days a so-called callus forms that bridges the fracture and consists of 

a mixture of richly vascularised woven bone (at the edges), mineralised cartilage and 

cartilage (in the middle). A layer of rapidly proliferating osteogenic cells, shielded by a 

fibrous tissue layer, covers the whole (Figure 3-2). During the rest of the repair process, 

the whole callus gradually calcifies and transforms into woven bone. This process takes 

typically 18 weeks to complete in the tibial shaft. Meanwhile, at the fracture site, which 

usually consists of necrotic bone (the osteocytes have died, due to loss of blood supply), 

the bone matrix is resorbed and replaced by new trabeculae.  

Finally, during the regeneration phase, the woven bone remodels into lamellar bone, 

indistinguishable from the original bone. This process may take years to complete. 

cartilage
calcified cartilage

woven bone

fibrous tissue

cortex

marrow

blood vessels

 

Figure 3-2: Structure of callus during fracture healing. 

Obviously, the smooth proceeding of the process depends on callus formation to bridge 

the fracture, transformation of the cartilage to woven bone and remodelling of woven 

bone to lamellar bone. The first step requires some straining and interfragmentary 

motion, but the mechanism and the ideal amplitude, frequency… are not yet known. 

The second step requires good blood supply and complete stability. If the newly formed 

capillaries are damaged or the biomechanical conditions are not right, because of 

instability for instance, the transformation of cartilage to woven bone in the callus may 
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not take place, leading to nonunion of the fracture. The third step requires mechanical 

loading again for the bone to be subjected to normal stresses (according to Wolff’s law). 

 

3.2.3. Bone response to implants [7, 8, 9, 11, 13]. 

The presence of an implant interferes with the normal healing process of bone in the 

sense that the material is usually not inert (physically nor chemically) and that it cannot 

be removed by the macrophages during the acute inflammatory phase. As a 

consequence, more macrophages will be present for longer times and they will induce 

more mesenchymal cells that differentiate into fibroblasts. This will result in fibrosis, 

which is the encapsulation of the prosthesis in a dense fibrous tissue layer. Furthermore, 

it has been shown that macrophages also secrete molecules that activate osteoclasts. 

Thus, bone resorption may be stimulated too. Depending on the reactivity of the 

implant, the intensity of this reaction will change from minimal fibrosis resulting in a 

very thin, (meta)stable and relatively acellular fibrous tissue layer up to a chronic 

inflammation with the formation of a granuloma, a thick, loosely packed capsule, 

stuffed with macrophages. The former is clearly more stable than the latter. 

The reactivity of the implant is a function of both physical as well as chemical 

parameters. Chemical reactivity means that ions and or molecules of the material leak 

into the body fluids, and interact with proteins and other biological substances, thus 

leading to activation of cells like macrophages or osteoblasts. Physical properties that 

matter are the form of the surface (smooth or rough) and the mechanical stability of the 

implant. A smooth, non-moving implant will provoke much less fibrosis than will a 

rough, moving one, for instance.  

The process of fibrous tissue formation (the repair process) interferes of course with the 

formation of new bone at the interface (the regeneration process) that one would like to 

see. To a certain extent the realisation of osseointegration of the implant, as defined by 

Brånemark and Albrektsson, depends on the kinetics of both processes. As soon as an 

implant is inserted in the bone, a so-called “race for the surface” occurs and determines 

what the nature of the interface ultimately will be. Thus, if all goes well, bone formation 

occurs in two directions. The healing bone not only approaches the implant, but bone 

also extends from the implant towards the healing bone front. 

It has been shown that most of the materials used in joint replacements are sufficiently 

biocompatible to elicit little fibrosis, when they are not loaded and thus mechanically 
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stable. This might even be the case with bone cement. However, in unstable conditions, 

relative movement of the implant with respect to bone will result in activation of 

macrophages (either directly or via wear or corrosion products) and more fibrosis and 

bone resorption, and at the same time hinder the bone generation process (just as in 

fracture healing). Relative movement can be due to loading of the implant and/or the 

surrounding bone or the presence of a gap between the implant and the bone bed.  

The biggest problem to achieve bone ingrowth and consequently osseointegration of a 

joint replacement thus seems to be related to the mechanical conditions at the implant 

site in the first weeks and months after the operation. If they are not compatible with 

bone regeneration, osseointegration will not take place. It is simply impossible to take 

away the load on the knee joint for this amount of time, as can be done with a healing 

fracture. Therefore, there is no other option than rigidly fixing the implant to the bone 

initially, until osseointegration has occurred. While a cemented implant and the bone are 

mechanically interlocked immediately, this is not automatically the case with a 

cementless implant. The means to achieve initial fixation of the tibial base plate of 

cementless implants are extensively studied and will be discussed in the following 

paragraph. An experimental study of fixation mechanisms for the Interax tibial base 

plate is reviewed in chapter 4. 

Another possibility that has received much interest in the last decade, is the attempt to 

speed up bone regeneration and help bone to win the race for the surface. The 

application of bioactive coatings of calcium phosphates on implants seems a promising 

technique to achieve just that. In chapter 5, an overview is given of the physico-

chemical reactions that take place immediately after an implant has been inserted and 

the influence of hydroxyapatite on these processes. An in vivo (animal) evaluation of a 

hydroxyapatite coating on the tibial base plate of a knee implant is described in chapter 

6. In the future, increased knowledge of cell biology and biochemistry will probably 

lead to more sophisticated methods of surface modification to stimulate bone 

regeneration. 

Even if osseointegration has succeeded, this does not mean that the problem of implant 

fixation is solved once and for all. An osseointegrated implant can loosen too. The 

living bone interface remodels just like the rest of the bone, and a change in the 

mechanical or biological conditions can thus lead to loss of bone and its replacement by 

soft tissue nonetheless. Thus, even an osseointegrated implant must be protected from 

overloads and the generation of wear particles.  
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3.3. Initial fixation of tibial components. 

Relative movement of a tibial base plate is determined by four parameters: the loads on 

the component, the quality of the underlying bone, the surgical technique and the 

fixation technique. In the following sections, the first three parameters will be briefly 

discussed. The literature about the influence of the fixation technique will be examined 

in depth. 

 

3.3.1. The loads on the tibial component. 

The loads on the tibial component depend of course on its design, but, assuming that all 

soft tissues of the knee joint are intact, they are at least equal to the compressive 

femoro-tibial force R, which is four times body weight during level walking. Inevitably 

coupled with this force are the friction forces between femoral component and 

polyethylene insert, ranging from 1% to 5% of R and mainly directed in the antero-

posterior direction. Since the femoro-tibial force is transmitted via two condyles, which 

usually carry the load in the proportion 70% medial vs. 30% lateral, there will also be a 

moment around the sagittal axis and, due to unequal friction forces, around the 

longitudinal axis. During flexion, the posterior shift of (primarily) the lateral condyle 

gives rise to a moment around the transversal axis. An estimate of these forces and 

moments for a person weighing 75 kg with a tibial plateau of 8 cm wide is shown in 

Figure 3-3. These data should be looked at with reservation, however, since the 

abnormal kinematics associated with knee implants will also change the forces that act 

on the prosthesis. When the soft tissues are unable to provide stability, the implant will 

of course have to transmit the antero-posterior and medio-lateral forces that are 

normally taken up by the soft tissues too. In this case, shear forces can amount to 1 or 2 

times bodyweight. 

There is little information in the literature concerning the loads that are carried by knee 

implants. DesJardins et al. [14] published some data derived from a knee joint simulator 

during a force controlled walking cycle with eight different knee designs. They only 

reported AP-forces and moments around the longitudinal axis. These values are mostly 

in agreement with those of Figure 3-3 for unconstrained prostheses. External moments 

can reach values up to 3 Nm, though, and in some more constraining implants even 

6 Nm. 
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The fact that knee arthroplasty patients have abnormal kinematics leading to higher 

loads on the knee and that this influences the stability of their implant, was shown by 

Hilding et al. [15]. Combining gait analysis and RSA (Röntgen Stereophotogrammetric 

Analysis) on a group of 45 osteoarthritic TKA patients, they could identify a risk group 

of 15 patients who showed additional migration of the tibial component of more than 

0.2 mm in the second post-operative year. It has indeed been shown before that early 

migration patterns of knee prostheses have predictive value for late aseptic loosening. 

The at risk patients walked with higher peak flexion moments both before the operation, 

six months later and even two years later. 
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Figure 3-3: The loads on the tibial base plate of an unconstrained knee prosthesis. 

 

3.3.2. The effect of bone quality. 

The forces on the tibial base-plate are evidently high and will generate large relative 

movement, unless the base plate is supported by sufficiently strong bone. Since there is 

not much cortical bone in the proximal region of the tibia, this means that mainly 

trabecular bone must carry the load. The bone in this region shows a large variation in 

density (and thus strength) from bone to bone (91 to 151 mg/cm³, according to Noble et 

al. [16]) and within the bone (70 to 212 mg/cm³, according to Noble et al., and also 

Goldstein et al. [17]). Moreover, the distribution of bone density is frequently abnormal 

in TKA patients due to varus or valgus deformities. Fortunately, the load bearing 
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regions medially and laterally are usually relatively strong. Nevertheless, fear of 

overloading these zones, was one of the arguments to use metal backing in the tibial 

component, certainly with cementless implants. Finite element analyses and 

experiments had indeed shown that a rigid metal backing was better to spread the 

stresses in the underlying bone than an all polyethylene insert [18, 19]. A simple 

experiment with a metal plate supported by flat tibial bone and compressed with a load 

of 2000 N showed that the stresses in the bone were near normal and certainly tolerable.  

In tibiae with weaker bone (as in RA or osteoporosis for instance), this might not 

always be the case, however. Taylor et al. [20] performed a finite element study of four 

patient-specific models of the proximal tibia. The geometry and material properties 

were derived from CT’s of the patients. The tibial base plate was not cemented and the 

interface was considered frictionless. The model was loaded with three times 

bodyweight (60% medially and 40% laterally) and the Von Mises stresses were 

compared with the strength of the trabecular bone in the corresponding zone (calculated 

with the relationship between density and strength). They found significant differences 

between the patients concerning the bone volume at risk of fracturing (ranging from 6% 

up to 12%). 

An experimental study that simulated the mechanical stability of tibial knee components 

using a flat Ti-plate resting on polyurethane foam confirmed that relative movement 

was dependent on the strength and stiffness of the supporting foam [21]. A strong 

proximal tibia was modelled with high, medium and low qualities foam, which had 

mechanical properties similar to respectively the medial, lateral and central trabecular 

bone. A weak proximal tibia was modelled with medium and low quality foam. A 

dynamic load of 112 kg on the medial aspect was applied at a frequency of 1 Hz and 

relative movement was measured with two LVDT’s measuring proximo-distal 

displacements of the medial and lateral side after 100 cycles. The relative movement 

was twice as large when the component was resting on poor bone than when it was 

supported by strong bone, irrespective of fixation technique (screws or stems). Only 

cementing the implant was helpful in achieving acceptable stability in poor quality 

foam. 

These computer simulations and in vitro studies clearly show the effect of bone quality, 

but does this also show up in the clinical results? Baldwin et al. published a report on 

the effect of intra-operatively assessed bone quality on the outcome of cementless TKA 

[22]. 346 knees (not operated on by a single surgeon) were divided in two groups. Group 
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A consisted of 272 knees with excellent or good bone quality in all areas and group B 

consisted of 74 knees with fair or poor bone in at least one area. After the cuts were 

made, the surgeon assessed the quality of the bone in the medial and lateral 

compartments of the femur and the tibia, and in the patella, based on visual and haptic 

information. After an average follow-up of 48 months, no significant differences were 

found regarding the presence of radiolucencies or clinical scores. 

The evaluation of bone quality and of postoperative outcome in this study were however 

rather rudimentary and subjective. In another publication by Li et al. [23] bone quality 

was evaluated one day before surgery with a bone mineral density (BMD) measurement 

of the proximal tibial region and migration of the knee implant was measured with RSA 

1 week, 6 weeks, 3, 6, 12, and 24 months after surgery. Sixteen knees were inserted 

uncemented. These authors found a significant relationship between average BMD and 

tibial component migration after two years. Rather surprisingly, this relation was 

quadratic and showed a minimum for subsidence and lift-off at BMD’s of 0.95 g/cm² 

and 0.6 g/cm² resp. Figure 3-4. The authors had no convincing explanation for the fact 

that, above a certain threshold, stronger bone led to more migration. These results show 

that bone quality is not only theoretically important regarding initial stability and long 

term survival of cementless implants but also in practice. 

 

Figure 3-4: Relation between BMD and migration at 2 years (from [23]). 
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3.3.3. The effect of surgical technique. 

The implantation procedure can influence the stability of the knee prosthesis 

components in several ways. First of all, the surgical trauma will inevitably lead to 

some necrosis of the bone. This can be due to impaired blood supply, thermal necrosis 

or simply fracture of trabeculae. Although necrosis is unavoidable, it is of prime 

importance to limit the extent of bone death since all dead bone must first be resorbed 

before regeneration can take place. This process is even visible with BMD 

measurements. It has been shown that bone mineral density in the region just distal of 

the tibial component decreases in the first months after the operation (during resorption) 

and recovers again thereafter (during bone regeneration) [24]. Scintigraphy also shows 

increased uptakes (indicating resorption activity) under the tibial component after TKA, 

although no relation has been found with migration [25]. 

Secondly, the cutting technique is not perfect and leads to an uneven bone bed. After a 

TKA, only the highest peaks of the sawn bone bed will thus support the prosthesis. 

Fracture of these trabeculae is almost inevitable and will result in relative movement 

and subsidence of the prosthesis. In a cadaver study on eight tibial condyles, and on 26 

TKA patients, Toksvig-Larsen et al. found peak to valley distances ranging from 1.1 to 

2.4 mm [26, 27]. Flatness of the surface, defined as the standard deviation of the height 

of the measured points, ranged between 0.15 and 0.4 mm. Mostly, the prepared bone 

bed showed a depression in the weak intercondylar zone. Assuming that the tibial 

component subsides 0.5 mm, on average 53% of the surface is within a distance of 0.3 

mm that would allow bone ingrowth. Taylor et al. investigated the effect of such 

unevenness of the bone bed with a finite element analysis (FEA) [19]. They found that 

the stresses in the medial trabecular bone increased from 1.55 MPa (peak: 2.48 MP) to 

2.11 MPa (peak: 6.03 MPa) for a stemmed, metal-backed prosthesis supported by a flat 

and uneven surface respectively. In the latter case, some regions show indeed stresses 

that are larger than the strength of trabecular bone in that zone. 

Finally, the surgeon needs to choose a tibial component that covers the surface of the 

tibia as completely as possible, without overhang however. Most knee prostheses 

manufacturers provide between 3 and 7 different sizes of the components to span the 

majority of knee joint sizes and this is usually sufficient. The tibia is asymmetrical, 

though, while most tibial components are symmetrical. Thus, some regions of the 

surface will always remain uncovered. If this occurs in a zone where the trabecular bone 

is rather weak, it could lead to subsidence of the component in this zone and lift-off at 
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the opposite side. Undercutting will also lead to significantly lower strains (33% to 60% 

decrease) in the cortex, as was shown by Bourne et al. [28], which could lead to stress 

shielding and later subsidence. 

 

3.3.4. Influence of design and fixation technique. 

The surgeon has practically no control over most factors that determine the initial 

stability of the tibial base plate and that were discussed up till now. Even the accuracy 

of the surgical technique is not entirely under control, since it is largely determined by 

the instruments. He can, however, freely decide which prosthesis and fixation technique 

he will use. Over the years, a wide variety of component designs and fixation aides have 

been developed and put at the surgeon’s disposal. In this paragraph, the literature will 

be discussed that has been published about the efficacy of these devices in limiting 

relative movement.  

The influence of implant design and fixation devices on relative movement is of course 

a topic that could also be explored with the help of FEA. This would have some 

advantages too: exclude variations in material properties of the substrate; exclude 

surgical inaccuracies; the possibility to assess movement over the entire interface, … 

Until now, however, the literature is rather scarce and does not add much relevant 

information. We will not discuss FEA therefore, but limit ourselves to experimental 

studies. 

Reduced to its bare essentials, the tibial base plate can be considered as a flat plate that 

rests on a flat substrate. Relative shearing movement in such a system must be 

prevented by friction between both components. The maximum friction force Wbp that 

can be delivered is equal to the friction coefficient between bone and implant fbp times 

the normal compression force R: 

     Wbp, max = fbpR     (1) 

Wbp, max must be sufficiently large to withstand the antero-posterior and medio-lateral 

shearing forces exerted by the femoral component. In completely unconstrained round 

on flat implants, the shearing forces on the tibial component are equal to fCoCr-peR 

(Figure 3-3), and thus fbp should be at least equal to fCoCr-pe, which varies between 0.01 

and 0.05.  

This is, however, an unrealistic lower bound. At the other extreme of the spectrum are 

completely constrained prostheses in which the tibial component also experiences the 
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entire shearing force that normally would be carried by the soft tissues. They can attain 

values as high as 2.BW. Since R can reach values of 4.BW, it seems that fbp in this case 

must be equal to 0.5, and probably somewhat higher, because the shearing forces and R 

don’t reach their maximum values simultaneously. Hashemi et al. [29] measured the 

friction coefficient between a porous coated metal plate (sintered beads), typically used 

in cementlessly fixed knee prostheses, and samples of human tibial trabecular bone. 

They found an average value of 0.6, which indicates that friction between base plate and 

bone is able to sustain a large portion (though probably not all) of the shearing forces 

exerted on the tibial component. Additional fixation aides will be mainly useful to 

prevent perpendicular relative movement, such as lift-off and subsidence. The 

coefficient of friction of a smooth base plate is of course smaller (a value of 0.25 is 

found in the literature). 

Table 3-1 gives an overview of selected articles on initial fixation in the last two 

decades. The orthopaedic world has clearly devoted a lot of effort during this period to 

find the optimal way to fix a tibial component to bone. It is however difficult to 

compare the results published by several authors, since there is a lot of variation in 

substrates (fresh or embalmed bone, polyurethane foams), implants, loads (static or 

dynamic, compression, bending, shear, and several combinations of these…), and 

measurement techniques. In fact, it would be hard to find two articles where the same 

loading regimes have been used. Moreover, there are very few authors that investigate 

combinations of all the relevant, physiological loads, and almost none that perform a 

full three-dimensional analysis of relative movement. Nevertheless, some general 

conclusions can be drawn based on this vast amount of data. 

 

Table 3-1: (following page) Overview of the literature about in vitro measurements of the relative 

movement of tibial components. 

Legend: =proximo-distal load; =proximo-distal displacement measurement; 

=postero-anterior load or displ. Measurement. 
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Magnitude Freq., # cycles Position

Dempsey polyurethane foam steel plate screws, pegs 2000 N 0

Lee 3 polyurethane foams Ti6Al4V plate screws, stems, cement 1120 N 1 Hz, 100

Dammak polyurethane foam steel plate screws, posts 1000 N 0

Lee 5 pairs fresh frozen human tibiae Performance canc. and cort. screws until 2mm deform. 50 mm/min, 10

Miskovsky 21 embalmed human tibiae Ortholoc II unicondylar pegs, cement 981 N 1 Hz, 10000

Kaiser 12 embalmed human tibiae 2 unicondylar implants canc. screws, angled peg n*245.2 N to failure 1 Hz, 30

(1..10)*98 N 0.1 Hz, < 100

(1..4)*245 N 0.1 Hz, 60

42 phenol-preserved human tibiae 50 - 1000 N

30 phenol-preserved human tibiae 20 - 250 N

50 - 1250 N

50 - 700 N

50 - 350 N

700N (stat)+ 10Nm

Volz paired human tibiae PCA, Whiteside, MG, AMK 50 - 1150 N 0.67 Hz, 300000

2250 N

2250 N + 450 N

2250 N + 23 Nm

1500 N

Branson 8 fresh frozen human tibiae Microloc 3 pegs, cement (1..200)*10 N 0.25 Hz, 10

Sumner 21 fresh frozen canine tibiae Ti6Al4V tibial component 4 pegs, 4 screws (0.5, 1, 2, 3)*BW 0 complete 3D

Shimagaki 3 pairs fresh frozen human tibiae PCA, Tricon, Whiteside pegs, posts, screws, stem (1..5)*445 N 0

all cemented

Fixation technique Measurements

1 Hz, 1000

1 Hz, until stable

Loads

until failure 0

0

Yoshii Ortholoc Modular central stem, pegs, screws

Kraemer 9 pairs of human tibiae Tricon M, Genesis pegs, stem, screws

Walker 12 different designs

screws, cement

Miura 20 phenol-preserved human tibiae Ortholoc II canc. screws, stem

Author Substrate Implant

6 fresh human tibiae and 

polyurethane foam models

Bert composite tibiae 5 unicomp. implants
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First of all, in those cases where uncemented fixation techniques as well as cementing 

have been compared, cementing invariably turned out to be far superior, certainly in 

poor bone [21, 30, 31, 32, 33]. Secondly, screws always performed significantly better than 

pegs and even stems, certainly to resist lift-off of the tibial component [21, 33, 34, 35, 36, 

37], but also to counteract shearing loads [38, 39]. Adding a stem to a component that is 

fixed with screws and pegs, only significantly adds stability when it is longer than 7.5 

cm, as shown by Yoshii et al. [40]. The question whether cortical or cancellous screws 

are preferable is not yet settled. Nevertheless, Lee et al. [41] found that cancellous 

screws performed better than cortical screws to resist subsidence but not lift-off, while 

Volz et al. [33] found that a design with four cancellous screws was better fixed than one 

with four cortical screws for both subsidence and lift-off. [42, 43, 44] 

The superiority of screws with respect to pegs has also been clearly shown in an 

elementary analysis of the pull-out strength of screws and pegs embedded in several 

substrates [45]. In this report it was shown that the pull-out strength of screws is 

proportional to the shear strength of the substrate, while pull-out strength of pegs is 

proportional to the modulus of elasticity of the substrate, resulting in a 14% lower 

resistance for pegs. Both relations are evident, of course: to pull a screw out of its 

substrate, the material in between the threads must suffer shear failure, to pull a peg out 

of its substrate, the friction force must be overcome and this is proportional to the 

elastic deformation of the substrate. Although the difference in resistance is not so big, 

it must also be born in mind that to insert pegs into the bone the friction force that 

afterwards resists pull-out now resists insertion. This can result in gaps between the 

implant and the bone bed. 

Again, one could ask what the relevance of these findings is in clinical practice. The 

question has two aspects: what are the relative movements that occur in vivo, and how 

important are they for the clinical result? For a number of years now, RSA has enjoyed 

increasing popularity as a technique, not only to measure migration of joint 

replacements, but also for the analysis of induced displacements (i.e. relative 

movement) of prosthesis components due to externally applied loads. A number of 

investigations have looked for the influence of design on induced displacements and for 

correlations between these and migration.  

Albrektsson et al. [46] found that adding a metal backing and a stem to a Freeman-

Samuelson prosthesis made the prosthesis more stable both with respect to induced 

displacements and migration. Hilding et al. [47], however, found that adding a stem to a 
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Tricon implant made no difference. Regnér et al. [48] compared two prostheses with a 

stem and four screws, one with a sandblasted undersurface coated with HA and the 

other with a wire mesh porous coating. Induced displacements after two months and one 

year were not significantly different (although there was a trend in favour of the HA 

coated implant). Migration after five years was however significantly different and 

showed that the HA-coated implant was more stable. Finally, Fukuoka et al. [49] 

peroperatively measured relative movement under an eccentric load of 200 N (on the 

medial and lateral condyle) and compared it with migration after two years. They found 

that both were significantly correlated, although the correlation coefficients were rather 

low. 

A comment must be made however, with respect to these investigations. Measurements 

of induced displacements with RSA are usually performed while applying a rotating 

moment of typically 10 Nm on the foot that the patient has to counteract (although one-

leg squatting is also sometimes used). It is not clear how much of the external moment 

is resisted by the tibial component, however. In the absence of soft tissue resistance, 

very simple analysis shows that each condyle should contribute 250 N to produce the 

counteracting torque. In reality, also the collateral ligaments and muscles will resist the 

external torque, with smaller loads on the tibial component as a result. The contribution 

of the tibial component will depend on its design (e.g. conformity). More conforming 

implants will show higher induced displacements not always because they are less well 

fixed but because they carry a higher proportion of the load. 

Nevertheless, bearing this comment in mind, the results of the RSA studies seem to 

indicate that there is a relation between initial relative movement and migration in the 

long term; maybe also between in vivo relative movement and migration. Since 

migration has been shown to have predictive power for long term survival of the 

prosthesis, this shows that a sound initial fixation of a cementless implant is indeed a 

prerequisite for its long-term survival. 

Of course, all these assumptions would be much more convincing if fixation of 

retrievals could be assessed after having spent some time in vivo. Unfortunately, very 

few retrieval specimens have been analysed with respect to their fixation to bone. 

Matsuda et al. [50] have reported the results of eight retrievals of well functioning 

prostheses. They showed that the relative movements of the cementless tibial 

components (Ortholoc, fixed with screws) were as small as these of the cemented 

components, even after removal of the screws (apart from a specimen that was retrieved 
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after three days). Unfortunately, the authors did not report on the amount of bone 

ingrowth. Nevertheless, although cementless fixation is not as stable as cemented 

fixation, it is apparently possible to achieve sufficient initial fixation to develop a stable 

interface. 

 

3.4. Osseointegration of tibial components. 

Loading of a prosthesis, no matter how rigidly fixed, will always lead to some relative 

movement at its interface, unless the interface is able to withstand high shear and tensile 

stresses. As the development of such an interface is precisely the goal of 

osseointegration and is thus not available initially, the tissues will have to tolerate some 

relative movement at first. The question is then how much movement is acceptable for 

bone ingrowth to occur.  

The literature concerning the relation of bone ingrowth with relative movement can be 

divided in three parts. A number of investigators performed basic research with simple 

implants subjected to well-controlled movements to determine a range of acceptable 

levels. A second group of researchers has performed animal studies with loaded joint 

replacements to look for bone ingrowth in these circumstances. Finally, some retrieval 

studies of human implants have been published. Each of these will be briefly discussed. 

 

3.4.1. Controlled motion studies. 

In 1986, Pilliar et al. [51] published a short article reviewing some results of two studies 

of porous coated implants in dogs. After removal of a femoral segmental replacement 

(at one year), it was subjected to a dynamical load of ±20 N and the relative movement 

was recorded. They found that samples with bone ingrowth showed recoverable 

displacements of 28 µm, while samples with soft tissue support showed displacements 

of maximum 150 µm. They claimed therefore that bone ingrowth was certainly possible 

in the presence of movement of 28 µm and maybe more and that it was unlikely when 

150 µm movements occurred. These figures have later been widely cited and formed the 

basis for other studies.  

Two sets of elegant experiments must be discussed in this context. Both the group of 

Goodman and Aspenberg and the group of S�balle have designed implants that allow 

the application of controlled relative movement and performed animal experiments with 
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them. S�balle [52] implanted his device (Figure 3-5) in the femoral condyles of seven 

dogs, one in the stable configuration, the other in the unstable configuration, leading to 

relative movement of 500 µm at each gait cycle. Both implants were initially separated 

from bone by a gap of 0.75 mm. After four weeks, the implants were removed and 

analysed mechanically and histologically. The stable implants showed direct contact 

with woven bone over 13% of the surface, the unstable implants were surrounded by a 

fibrous tissue membrane and showed no bone ingrowth. The same experiment was later 

repeated in 14 dogs with the unstable device producing 150 µm movement [53]. Again, 

the moving implants only showed a fibrous membrane. Thus, the second part of the 

previous claim by Pilliar was confirmed: bone ingrowth is not compatible with relative 

movement of 150 µm or more. 

Aspenberg et al. [54] modified the Bone Harvest Chamber developed by Albrektsson to 

allow application of controlled relative movement by external manipulation (Figure 

3-5). It was implanted in the proximal tibia of six rabbits and left six weeks undisturbed. 

After that period of osseointegration of the outer cilinder, the contents of the chamber 

was removed and the devices were then randomly assigned to be subjected to a daily 

regime of 20 cycles (0.67 Hz) of 500 µm movement or to be left undisturbed. After 

three weeks, the contents of the chamber was removed and histologically analysed. The 

same procedure was repeated several times. Most of the moving chambers contained 

vascularised fibrous tissue without bone or cartilage. Some of them contained limited 

amounts of woven bone ingrowth. The chamber that did not move contained mostly 

lamellar bone. Although the amplitude in this study is larger than the limit suggested by 

Pilliar, movements did only occur during a short period of time. Even this short duration 

was sufficient though to prevent bone ingrowth. However, when the authors changed 

the cross-section of the hole in the outer cilinder from circular to square, thus making 

the channels in outer and inner cilinders congruent, the same motion parameters did not 

inhibit bone ingrowth. Even movement of 750 µm amplitude with this geometry still 

allowed woven bone formation although less than chambers moving 500 µm [55]. 

Pilliar et al. published an abstract in 1996 [56] in which they described an experiment 

with controlled rotational displacement ranging from 0 to 100 µm applied to endosseous 

dental implants. In this study, bone ingrowth appeared uninhibited at displacements 

below 50 µm and occurred also in some cases with higher amplitudes. However this 

was also an experiment with intermittent and not continuous loading. 
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In conclusion, it is obvious that the results of S�balle at al. are more relevant for knee 

prostheses, which would be subjected to relative movement with every gait cycle and 

not intermittently. In that case relative movement between the tibial component and 

bone should certainly be less than 150 µm, but no lower bound is known up till now. 

 

 

Figure 3-5: The implants of S�balle (left) and Goodman and Aspenberg (right). 

The question that arises, however, is whether shearing relative movement, as applied in 

these studies, accurately represents the biomechanical conditions underneath a tibial 

base plate, which is loaded more in compression. The question is not unimportant in 

view of the results of Aspenberg et al. which should alert us to the fact that bone 

ingrowth is a complicated matter that can be influenced by a lot of factors, such as the 

geometry of the porous surface and, maybe, also the direction of movement.  

Very little is known about these other factors up till now. Nevertheless, some figures for 

other parameters influencing bone ingrowth are frequently cited in the literature. They 

are usually estimated based on clinical or animal studies and not systematically 

investigated. The effective pore size of a coating (i.e. the diameter of the pore minus the 

amplitude of relative movement) should be between 100 and 500 µm, and the maximal 

gap that can be bridged by bone is a few hundred micrometers at most [57].  
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3.4.2. Animal experiments with knee replacements. 

Knee replacements have been implanted in rabbits, dogs and sheep. Unfortunately, 

analysis was mostly focused on histological and histomorphometrical measurements 

and not so much on mechanical techniques. Relatively little data is thus available 

concerning the initial or final relative movement and its connection with the type of 

interface tissue that developed. 

Röstlund et al. [58] discussed the results of a patello-femoral resurfacing in eight rabbits. 

The authors replaced the femoral facies patellaris with a commercially available 

titanium dental screw-shaped fixture with a titanium prosthesis on top (Figure 3-6). The 

animals were allowed full weight bearing immediately after the operation and were 

sacrificed after three months. After sacrifice the implants were removed, dehydrated and 

embedded in PMMA. 10 µm thick sections, stained with Toluidine blue were then 

produced of the screw and analysed histomorphometrically. There was lamellar bone 

metal contact in the screw threads ranging from 42% to 91% with an average of 63%, 

which corresponds to results reported for bone anchored dental titanium fixtures in 

humans. The authors note themselves, however, that the load-transmission in this 

particular joint “seems to be very favourable”. Unfortunately, no data are available 

about the loading of the patello-femoral joint in the rabbit knee and it is thus impossible 

to interpret these results with respect to the initial fixation of the implant. Nevertheless, 

the good bone ingrowth obtained with this system indicates that it is possible to achieve 

sufficient initial fixation in a joint replacement. 

 

Figure 3-6: Patello-femoral resurfacing prosthesis of Röstlund et al. [58]. 

A more relevant knee replacement model perhaps is published by Stulberg et al. [59]. 

They compared two designs of unicondylar tibial components for hemiarthroplasty in 

dogs. Both designs were made of Ti6Al4V alloy, one was a smooth press-fit component 
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(8 dogs), the other was porous surfaced with three layers of sintered beads (10 dogs). 

The porous coating had an average pore size of 300 µm and porosity of 40%. Both 

designs featured an anteriorly located oval peg (also porous coated in the porous coated 

design). After implantation, the animals were immobilised for three days and then 

allowed unrestricted activity. They were sacrificed after 6, 12, 18, and 24 weeks. Gait 

analysis was performed on two dogs and showed reduced load bearing with respect to 

controls (vertical load 30 and 50 % of BW compared to 65%).  

The results of this study showed that all implants were mainly fibrous tissue ingrown, 

but the thickness of the fibrous tissue was thicker under smooth devices and increased 

in thickness over time. After 18 and 24 weeks, there was minimal bone ingrowth in the 

porous coated base plates and substantial ingrowth in and around the peg. The amount 

of bone ingrowth (average over the entire surface 25%) was probably greater than in 

human retrievals. According to the authors, this might be caused by less relative 

movements, due to lower loading of the plateau. 

With a body weight of 20 – 25 kg and the figures for reduced load bearing given in the 

article, one can easily estimate that the base plate experienced a load between 30 and 

63 N (assuming load sharing between the condyles). Let us compare this with the 

measurements of initial relative movement described by Kaiser et al. [36] and Branson et 

al. [32] for similar (porous coating with sintered beads, only peg fixation), though 

human implants. It is immediately obvious that the relative movements of the canine 

implants must have exceeded the limits for bone ingrowth. Kaiser reported average 

movements of 50 µm after application of a preload of 20 N for a pegged unicondylar 

implant that was roughly twice as big as the implant described in the article of Stulberg 

et al. Branson observed a relative movement of almost 60 µm with a load of 50 N with 

an implant almost four times as big. 

Sumner et al. [60] published results of bone ingrowth in a total knee arthroplasty 

performed in dogs, for which also data on the initial fixation were available [37]. The 

tibial component is shown in Figure 3-7. It was implanted in 21 dogs (weight: 26 - 40 

kg) in three configurations: with pegs (7), with pegs and cortical screws (7), with 

cortical screws but without pegs (7). The animals were allowed unrestricted activity 

after surgery and were sacrificed 6 months post-operatively. The greatest amount of 

bone ingrowth was associated with the pegless design, followed by the components with 

4 pegs only and the components with four pegs and four screws. The volume fraction of 

bone ingrowth was 22.5% on average and did not differ significantly among the three 
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groups. This result is comparable with the previously discussed study. The authors 

suggested that incomplete seating of the tibial component due to the presence of the 

pegs might be an explanation for the fact that the presence of pegs seemed to diminish 

bone ingrowth. However, their data concerning initial fixation of the same three 

configurations show that the components with screws (with or without pegs) had three 

times smaller displacements than a configuration with pegs only. The measured 

displacements were always smaller than 60 µm, though, when loading with 3 times BW. 

Based on these results, one would expect substantially more bone ingrowth in 

components with screws (regardless of the presence of pegs) than in components with 

pegs alone.  

 

Figure 3-7: Pegged tibial component of the total knee prosthesis for dogs from [60]. 

Overall, the results of animal experiments here described, indicate that screws are 

indispensable to achieve sufficient initial fixation for bone ingrowth to occur [58, 60]. 

Designs that are fixed to bone with one or more pegs only show little or almost no bone 

ingrowth except around the peg [59, 60]. 

 

3.4.3. Human retrievals. 

Most articles about retrieval analysis of tibial base plates report disappointingly low 

amounts of bone ingrowth. The most extensive study up till now was performed by 

Cook et al. [61] who analysed 90 retrieved noncemented porous-coated total joint 

implants, 62of which were total knee components. They found no bone ingrowth or 

even apposition in approximately one third of the components and not a single 

component had more than 10% of the available porous surface ingrown with bone. This 

finding is consistent with all articles published in this period. Ranawat et al. [62] found 

nonuniform bone ingrowth (primarily around fixation pegs) in a revision after two years 

of a PCA tibial component with a sintered beads porous coating, two posteriorly angled 
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pegs and one screw anteriorly in the middle. At the time of surgery, the component 

appeared well fixed. Hainau et al. [63] found no bone ingrowth at all in a well-

functioning PCA unicondylar tibial component with a sintered beads porous coating and 

fixed with a single peg, which was removed 21 months after implantation. 

These are all rather old publications, though, and current surgical technique and implant 

design might supposedly have ameliorated, leading to better results. Most of the older 

designs lack screws for initial fixation for example. 

The group of Hofmann has published quite a lot about their results with the Natural-

Knee, which has a porous coated titanium tibial component of asymmetric design, four 

smooth pegs and two cancellous bone screws. It is implanted with the porous coating 

filled with autograft bone chips. In 1992 they reported an analysis of ten consecutively 

retrieved implants that had been in situ for one week up to 48 months [64]. Estimating 

the amount of bone ingrowth using backscattered electron imaging, they found bone 

within 8 – 22% of the coating, with bone ingrowth increasing with longer implantation 

periods. In two later reports, from 1996 and 2000, the same group reports on other sets 

of eight and thirteen retrieved samples resp. [65, 66]. The same prosthesis was used in all 

patients. The components were in situ for three months to twelve years and showed 

bone ingrowth in 6% of the coating (range: 2 to 9%), which is lower than in their first 

report. The authors give no explanation for this result.  

Most human retrieval studies (although not so much have been done) show little bone 

ingrowth in porous coatings up till now, even in studies that have been done after the 

first generation of cementless, porous coated implants had been introduced and better 

designs were on the market. It is not very clear what the reason for this lack of ingrowth 

is, since retrievals have usually not been analysed mechanically to estimate fixation of 

the device. Based on the results of animal experiments, it is obvious that the 

requirements for bone ingrowth are rather strict. It might be that even newer designs and 

surgical techniques are unable to meet them. On top of this, animal experiments are 

usually performed on animals with healthy bone, unlike the bone stock that is present in 

human patients. 

 

3.5. Conclusion. 

Although bone cement has proven that it can fix prostheses to bone reliably and for the 

long term, especially since the cementing techniques have steadily been improved, it 
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also has a number of significant drawbacks that might play a role in loosening of 

implants. One of the most important probably is its mechanical weakness. It is therefore 

sensible to keep looking for better ways to fix prostheses to bone. One appealing 

philosophy is to try to establish a firm interface by bone growing into a porous coating 

on top op the prosthesis. Thus, we make use of the potential of bone to regenerate just 

like during the healing of a fracture. Unfortunately, the first clinical trials of cementless 

prostheses have not been very encouraging. In fact, cemented implants are still the gold 

standard in joint arthroplasty. 

In this chapter we have therefore started with a review of the basics of the bone 

regeneration process. Fundamental knowledge of the bone regeneration process is 

indeed important to understand which requirements an implant must fulfil in order to 

enable bone ingrowth. It seems that one of the most important requirements is a good 

initial fixation of the prosthesis to the bone. This fact has triggered a lot of research in 

this field of which we have given an overview. 

Apart from the loads on the knee joint, the quality of the bone and the surgical 

technique, obviously also the design of a prosthesis determines its initial fixation. In a 

third and last part of this chapter, we have therefore extensively discussed the results of 

in vitro and in vivo experiments with regard to the initial fixation of tibial components 

and its impact on clinical results and on bone ingrowth. Although a lot of research has 

been done, it is difficult to draw general conclusions because of the disparity of 

measurement methods. Nobody really measures relative movements three 

dimensionally and with a complete and representative set of loads.  

Thus, in the following chapter we will describe the experimental set-up that was 

designed to measure relative movements of prostheses in this way and our analysis of a 

clinically used tibial base plate with it. 
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CHAPTER 4  

IN VITRO MEASUREMENTS OF THE INITIAL FIXATION OF A TIBIAL 

BASE PLATE. 

4.1. Introduction.  

There is currently no experimental set-up described in literature that enables the 

measurement of relative movement of prosthesis components with respect to bone 

fully three dimensionally and with a variety of physiologically relevant loads. Yet, the 

importance of initial fixation for bone ingrowth makes the ability to measure relative 

movements accurately an important goal. Thus, the first aim of this study was to try to 

design such a set-up. Initial fixation refers to the relative displacement of the tibial 

component with respect to the proximal tibial bone, when both are considered as 

undeformable objects. Whether or not this assumption is valid has been investigated 

too. In a first part of this chapter the design of the set-up and its validation will be 

described. 

As a second part, the set-up was used in an in vitro study to analyse the displacements 

of the tibial component of the Interax Knee design relative to the proximal tibia. The 

initial fixation was measured in vitro for a number of relevant loadings on the tibial 

component. A measure for the stability of fixation was derived and the correlation 

with the fixation technique and the quality of the subchondral bone was investigated. 

 

4.2. Materials. 

4.2.1. The bones. 

30 formalin fixed human cadaver tibiae were obtained. They were visually inspected 

for any abnormalities and bone quality evaluations were performed. BMD 

measurements were carried out on 8 tibiae, the bone quality of the other specimens 

was evaluated with QCT.  

BMD measurements were made of a slice of bone 10 mm under the condyles (the 

resection level for a knee prosthesis). The thickness of the slice was 10 mm. QCT 

analysis was performed of a cross section of the tibia (thickness 1 mm) at a depth of 

10 mm under the condyles. QCT-values were also used to decide on the type of 
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fixation technique for the second set of tibiae. The weakest bones received a cemented 

plateau, intermediate bones got a tibial plateau with a cruciform stem and two 

cancellous screws and the tibial base plates implanted in the strongest bones were 

only fixed with a cruciform stem. 

Only the proximal thirds of the tibiae were used for the experiments. They were 

potted in steel tubes with square cross sections (dimensions of approx. 5x5x15 cm) by 

means of polyester resin. An orthopaedic surgeon of the university hospital performed 

the implantation of the tibial base plate using the instruments provided by the 

prosthesis manufacturer. 

 

4.2.2. The prosthesis. 

All experiments were performed with Interax International Knee of Howmedica 

(Figure 4-2). The tibial base plate of this prosthesis features a cast porous coating 

made of a wavy wire mesh.  

The development and manufacturing of porous coatings on implants is a difficult 

engineering challenge. To avoid galvanic corrosion the specific area of the porous 

layer must be as small as possible. For the same reason the coating metal should be 

the same as the substrate. Since most of these metals are difficult to process, the 

production of an inticrate porous geometry and the fixation of the coating to the 

substrate are difficult problems. Most used coatings at present are sandblasted 

microporous surfaces, sintered beads and sintered wires.  

 

Figure 4-1 The geometrical properties of the cast wavy mesh. 

Since sintering of beads and wires carries the risk of a weak fixation with the 

substrate and potential damage to the microstructure of the metal, Howmedica made 

an effort to design a new porous coating that would solve the question of fixation. The 

concept of the cast wavy mesh (Figure 4-1) was the result of an effort that took 
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several years. The porous structure is produced at once, simultaneously with the 

Vitallium (CoCrMo) implant; fixation is thus no problem. The specific area is much 

lower than any other existing porous coating (less than 25% of a coating with sintered 

beads). Pore size and porosity are larger than in most other types of coating (1.7 mm 

and 75% respectively, at least 3 times and 50% larger than other systems, [1]). The 

mesh was already extensively evaluated, both from an engineering point of view 

(finite element analysis, fatigue, etc.), and in vivo, in unloaded plugs in a dog model 

[2]. The geometrical properties of the cast wavy mesh are shown in Figure 4-1.  

The base plate is available in seven sizes of which the four smallest were at our 

disposal and suitable for the set of tibiae. Quite a number of possible fixation 

techniques exist for this knee prosthesis. Only four of them were evaluated: two 

trabecular bone screws (� 6.2 mm, length 40 mm, n = 7), two cortical bone screws (� 

4.5 mm, n = 3), a cruciform stem (which features four perpendicular fins, length 43 

mm, n = 8), and a cruciform stem combined with two trabecular bone screws (n = 8). 

Four tibial base plates were cemented as a control. 

 

Figure 4-2: The Interax tibial base plate. 

 

4.3. Methods. 

4.3.1. Displacement measurements: measurement principles. 

A set-up for the measurement of three-dimensional relative displacements of the tibial 

component with respect to the proximal tibia was designed. We assumed that both the 

proximal tibia and the component can be considered as rigid bodies under the applied 
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loads. The position of the tibial component in three-dimensional space relative to the 

proximal tibia, is then defined by its six degrees of freedom: the position of one point 

(three degrees of freedom) plus the orientation of the tibial component (another three 

degrees of freedom). Therefore six independent displacement measurements are 

sufficient to define the position of the tibial component in a unique way. For these 

measurements we used LVDTs (Linear Variable Differential Transformer). 

To simplify the set-up and the calculations, a frame was designed with three 

orthogonal planes, which could be fixed to the tibial component in such a way that the 

three surfaces coincided with anatomical planes: x-y was the transverse plane, x-z was 

the frontal plane, y-z was the sagittal plane. The LVDT’s were rigidly attached to the 

proximal tibia with a ring and four pointed screws. The ring was mounted less than 

2 cm below the component to minimise any errors due to deformation of the tibia and 

the axes of the LVDT’s were perpendicular to the surfaces of the frame.  

Three LVDT’s (1, 2, and 3; non-collinear) measured proximo-distal displacements of 

the transverse plane. Two LVDT’s (4, and 5, not be placed upon one and the same 

line, perpendicular to the frontal plane) measured the antero-posterior displacement of 

the frontal plane of the frame. One LVDT (6) measured the medio-lateral 

displacement of the sagittal plane. Thus six independent measurements are defined. A 

photograph of the set-up is shown in Figure 4-3, a schematic view in Figure 4-4. 

 

Figure 4-3: A photograph of the displacement measurement system. 
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Figure 4-4: Reference axes and reference planes. 

Our measurement set-up is rather similar to a set-up described by Wang et al. [3]. The 

calculations proceed in the following manner. The positions of the endpoints of the 

LVDT’s can be easily determined in the global reference frame, attached to the tibia 

(using a caliper). For the fourth LVDT, the following equation holds (after 

displacement of the tibial component): 
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� � � �4 4 4 4 40
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MX l Z r x z� � �
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   (1) 

Where �l4 = Y4 represents the reading of the LVDT (assuming that the LVDT’s have 

been zeroed before the test) and Mr
���

 the position of the origin of xyz after 

displacement. Analogous equations can be derived for the other five LVDT’s. 

Since the left hand side of all equations like (1) is known, the equation for the x-y 

plane after displacement can be easily found. 
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    (3) 

which gives a1, b1 and c1. 

For the x-z plane, a similar set of equations can be derived. However, only data from 

two LVDT’s are available. The third equation stems from the fact that the normal on 

this plane (a2 b2 c2) must be perpendicular to (a1 b1 c1). This leads to: 
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The coefficients for the third plane can be found easily by the fact that the normal (a3 

b3 c3) must be perpendicular to both (a2 b2 c2) and (a1 b1 c1): 
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The coordinates of Mr
���

 can now easily be found, since this point is common to each of 

the three planes: 
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The original position of M, M0r
���

, with respect to the global coordinate sysem is of 

course also known. The difference between rM and rM0 is the translation of the origin 
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of the xyz system with respect to the proximal tibia. Only the change in orientation 

remains to be determined. 

Normalizing the three vectors (a1 b1 c1), (a2 b2 c2), and (a3 b3 c3) gives three unit 

vectors: 

1 1 1 1

2 2 2 2

3 3 3 3

( , , )
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It is known that the rotation matrix �  must then be equal to: 
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where i, j, k, I, J, and K
� � � � � �

 represent the unit vectors along the x, y, z, X, Y, and Z axes 

respectively. Knowing the elements of � , the Euler angles may be calculated from 

the unit vectors of the plane normals. 

These principles were implemented in a computer program that calculates the position 

and orientation of a tibial component after loading and makes a drawing on the 

computer screen.  

 

4.3.2. The effect of embedding the tibia. 

The height of mounting the tibiae in the tubes is very critical: one of the basic 

assumptions of this experiment is that both the tibial component and the proximal 

tibia can be considered as rigid objects. The higher the tibia is fixed in the tube, the 

better this condition is fulfilled. On the other hand, if the tibia is fixed too high, the 

strain distribution and the loosening behaviour can be affected. A very simple finite 

element study was undertaken to investigate these effects. The schematic view of the 

finite element mesh is shown in Figure 4-5. It simulates the medial or lateral half of a 

symmetric, idealised model for a proximal tibia. The model was three-dimensional, 

with material properties simulating cortical and trabecular bone. Symmetric boundary 

conditions were applied on the plane of symmetry. A vertical load of 2000 N was 

applied on the tibial component, equally divided over the three nodes that are marked 

with an asterisk. The metal-bone interface was simulated by means of contact-

elements. 
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The surface nodes of various levels were fixed in x, y and z-direction, thus simulating 

mounting of the tibia at various heights. The results showed that at least 30 mm of 

bone had to be left free in order not to change the load transfer or loosening 

characteristics. 

 

 

 

Figure 4-5: Finite element mesh of a symmetric half of a 

proximal tibia with tibial component. 

 

4.3.3. The effect of screwing an aluminum ring to the bone. 

The six LVDTs that measure the displacement of the three orthogonal planes have to 

be fixed to the tibia. This is achieved by mounting the LVDTs onto an aluminum ring, 

which is screwed to the bone.  

The same finite element model as described before was used to investigate the effect 

of the forces that are exerted by these screws upon the bone. It became clear that 

neither the strain distribution within the bone or the loosening between bone and tibial 
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component were affected by the screw forces, provided these forces were an order of 

magnitude smaller than the load that is applied to the tibial component. 

 

4.3.4. Accuracy and reproducibility of the set-up. 

The complete measurement arrangement is shown in Figure 4-6: 

� The entire arrangement is built around a heavy column drill, which provides 

sufficient stiffness and strength for these tests. 

� The steel tubes that contain the tibiae are clamped in a bank screw with one 

rotational degree of freedom to simulate femuro-tibial contact forces with a 

vertical and horizontal component. 

� The femuro-tibial contact force is applied by a spring and screw assembly. The 

force is measured by a force transducer. Shear forces and torsion moments are 

applied by means of weights, thin steel wires and pulleys.  

A preliminary test was made with a tibial component on a dry tibia. No preloading 

was applied, but the need for cyclic preloading became immediately clear because 

displacements of more than 1 mm were measured (only 40 mm of bone was left free 

above the steel tube). The preliminary test was aimed at assessing the accuracy that 

can be expected from the measurements. 

The LVDTs should be positioned perpendicular to the three orthogonal planes of the 

aluminum frame. Because of the construction of the set-up, this positioning had to be 

made by hand and then verified. This meant that each transducer could be positioned 

perpendicular with a precision of approximately 2° yielding a potential error for the 

displacement of each measurement point of approximately 4 %, which is very 

acceptable.  

The positions of the tips of the LVDTs have to be measured. This is done with a 

sliding calliper, with an accuracy of approximately 0,5 mm. The effect of this was 

investigated by having two independent persons make these measurements. Table 4-1 

summarizes the results of this experiment for the corner points of the inner rectangle 

of the frame. 
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Figure 4-6: The assembly to apply vertical forces to the tibial component. 

 

Table 4-1: The measured displacements in micrometers. 

 Person A    Person B  

       

C : -16 D : -27 E : -38  C : -18 D : -28 E : -38 

B : -93  F : -115  B : -94  F : -114 

A : -170 H : -181 G : -192  A : -171 H : -181 G : -191 

 

The total displacements of the eight points appear to agree very well between the two 

persons A and B. The influence of the measurement of the positions of the transducer 
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tips is therefore minimal. In the experiments, the average readings of two independent 

test persons will be used as input for the transducer positions. 

One particular problem here is that the first measurement that is made with a tibia is 

likely to cause irreversible damage to the trabecular structure in the proximal tibia. 

Subsequent measurements on the same bone can therefore not be considered to be a 

repeated experiment. 

Table 4-2 and Table 4-3 show the total displacements of the eight points for the first 

and the second experiment on the same bone and base plate assembly. The 

displacements after the second loading were, on the average, 11 % higher than after 

the first loading. It is likely that this effect will be smaller in the final experiments, 

because of the cyclic preloading that is applied there and because the trabecular 

structure in a wet tibia probably accumulates less irreversible damage to the 

trabeculae. 

Table 4-2: Displacements after the first experiment [µm]. 

 Exp. 1  

   

C : -620 D : + 26 E : +672 

B : -411  F : + 881 

A : -202 H : +444 G : +1090

 

Table 4-3: Displacements after the second experiment [µm]. 

 Exp. 2  

   

C : -638 D : + 80 E : +798 

B : -416  F : +1021 

A : -193 H : +525 G : +1243

 

4.3.5. Displacement measurements. 

Six distinct static loadings are applied in sequence. The disadvantage of this 

procedure is that it is inevitable that one particular loading will result irreversible 

effects in the bone (e.g. plastic deformation of trabeculae) which will influence the 

subsequent displacement measurements. We have minimised this effect by applying 
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those loadings first that are expected to cause minimal damage to the bone. The 

sequence is : 

1. axial compression (1800 N) 

2. axial compression (834 N) + medio-lateral shear force (337 N) 

3. axial compression (802 N) + antero-posterior shear force (408 N) 

4. axial compression (1800 N) + bending around a medio-lateral axis (18 Nm) 

5. axial compression (1800 N) + bending around an antero-posterior axis (54 Nm) 

6. axial compression (1800 N) + torsion around a proximo-distal axis (8Nm) 

The load data are derived from the work by Greenwald et al.[4], though they are 

reduced to avoid fracture of the tibiae. 

We used the following test protocol : 

1. the tibiae were cleaned and fixed in the holders with fast-curing resin 

2. an antero-posterior and a medio-lateral X-ray picture are taken from each bone 

to detect gross defects in the bone structure. 

3. the implantations are made by an experienced surgeon  

4. the bones are preloaded for 1000 cycles at 1 Hz. Maximal compressive load is 

1800 N and minimal compressive load is 100 N. 

5. the static static loads are applied in sequence, the readings of the six LVDTs are 

captured and transferred to the PC for data analysis. 

6. after the tests have been completed, the tibiae are stored in the deep-freezer at –

18 °C and 100% of humidity. 

 

4.4. Results and discussion. 

4.4.1. Influence of fixation technique. 

The system enables a full three-dimensional analysis of the relative movement. This 

capacity was used to calculate the maximal displacements for each of the load cases. 

In order to allow us to compare these data between different component sizes, we 

need to refer to the displacement of points that are equal for all sizes. This is done by 

using the inner rectangle of the aluminum frame that serves as basis for the three 

orthogonal reference planes. 

Since the maximal displacements in each load case usually corresponded with the 

load that was applied, with displacements in other directions only marginally 
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contributing, only these results will be further discussed. This means that we compare 

the following results for each load: 

Axial compression: maximal subsidence and lift-off 

AP shear force: maximal shear in the antero-posterior direction. 

ML shear force: maximal shear in the medio-lateral direction. 

AP bending: maximal subsidence and lift-off of the plateau. 

ML bending: maximal subsidence and lift-off of the plateau. 

PD torsion: maximal shear in the plane of the plateau. 

These maximal displacements are summed up in Table 4-5 (all displacements in µm). 

A score can now be assigned to the different fixation techniques. We calculate for 

each loading case the average maximal displacement:  
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where: j = 1..n is the number of tibiae and  

i = 1..6 the number of load cases.  

max,
j

id  is then the maximal displacement for load case i and tibia j. 

The score for a particular tibia in a particular loading situation is then the relative 

difference between the maximal displacement recorded for this tibia and the mean 

maximal displacement:  
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Thus, the best score is +1. The advantage of calculating a score like this is that we can 

now simply calculate the mean score for one fixation technique over all loading 

situations, without distorting the result if one loading would result in much larger 

displacements than any of the other loadings. 

Table 4-4: Scores for the different fixation techniques. 

Technique/Score Normal Shear Overall

Cement 0.56 0.22 0.45 

Trab screws 0.13 -0.03 0.08 

Cort screws 0.35 -0.80 -0.03 

Cruciform stem -0.40 -0.12 -0.31 

Cruciform stem + screws -0.07 0.07 -0.02 
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Displacements Average

m-l shear a-p shear ext. rotation

subsidence lift-off subsidence l ift-off subsidence lift-o ff
Cement 175 97 78 108 84 21 241 168 165 126

Trab. Screws 161 135 147 118 358 204 378 250 183 215

Cort. Screws 210 88 259 190 175 131 126 398 342 213
Cruciform 685 270 151 109 151 344 494 395 250 317

Cruciform + Tr ab. S crews 217 156 97 106 510 221 406 348 235 255

Average 290 149 146 126 256 184 329 312 235

Scores Average

m-l shear a-p shear ext. rotation

subsidence lift-off subsidence l ift-off subsidence lift-o ff

Cement 0.48 0. 41 0.31 0. 09 0.77 0.89 0. 36 0.45 0.28 0. 45

Trab. Screws 0.52 0. 19 -0.3 0 -0.06 -0.03 0 0.19 0.2 0. 08

Cort. Screws 0.38 0. 47 -1.29 -0.61 0.55 0.33 0. 67 -0.29 -0.5 -0 .03
Cruciform -1.03 -0.63 -0.34 0. 08 0.58 -0.75 -0 .31 -0.28 -0.1 -0 .31

Cruciform + Tr ab. S crews 0.36 0. 06 0.14 0.1 -0.51 -0.12 -0 .08 -0.13 -0.03 -0 .02

Average 0.14 0.1 -0.29 -0.07 0.27 0.06 0. 13 -0.01 -0.03

Load

axial compression m-l bending a-p  bend

Load

axial compression m-l bending a-p  bend
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Three scores were calculated for each fixation technique: a general score (averaging 

over all loading cases), a score for displacements perpendicular to the plane 

(averaging over the axial load and the bending loads), and a score for displacements 

parallel to the plane (averaging over the shearing loads and the torsion load). 

One can quickly tell from Table 4-4 that cementing is invariably the best fixation 

technique against displacements in all directions, although it seems to prevent 

perpendicular displacements better than movements in the plane. If cementless 

fixation is preferred, there is no better fixation technique than screws, which 

corresponds with findings in the literature. On average, though, screws perform much 

worse than cement (relative movement is on average twice as big) and they are unable 

to provide sufficient fixation to allow bone ingrowth (relative displacements of 215 

µm with the reduced loads of this set-up). Trabecular screws perform slightly better 

than cortical screws, although the difference is not significant. If one looks at the 

scores for shear displacements and normal displacements separately, it seems that 

cortical screws perform better to prevent perpendicular relative movement, possibly 

because the cortical bone holds them. Trabecular screws are better suited to resist 

shearing displacement. The cruciform stem is a poor fixation system. It offers no 

resistance against normal displacements whatsoever and probably even prevents 

trabecular screws to execute their stabilising effect against such relative movements. 

The only movement that is prevented by the cruciform stem in our tests is antero-

posterior shear. This is the only load case for which the cruciform stem performs 

better than trabecular screws.  

 

4.4.2. Influence of bone quality. 

In order to look for the influence of bone quality on the results of our displacement 

measurements, we divided the tibiae in three categories, depending on their BMD-

value. The first category had a BMD-value lower than 0.6, the second category had a 

BMD-value between 0.6 and 0.75 and the last category had BMD-values higher than 

0.75. Calculating the mean scores for each of the categories results in the following 

table: 
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Table 4-6: Influence of bone quality on displacements. 

 Mean BMD Mean Score

Cat. I 0.553 -0.23 

Cat. II 0.713 -0.11 

Cat. III 0.785 +0.35 

 

This result is of course not really surprising, but it gives an indication that this scoring 

method is a sensible way to synthesise the results of the displacement measurements. 

 

4.5. Conclusion. 

A reliable and comprehensive system of hardware and software has been developed to 

measure the initial stability of tibial components for a number of available fixation 

techniques. 

� A cemented base plate yields optimal initial stability of the tibial component. It 

remains the gold standard for sound fixation of tibial base plates. 

� Of the cementless fixation aides, only screws provide some stability, although 

not sufficient. The quality of fixation by screws depends strongly upon the 

quality of the cancellous or cortical bone in which they are to be screwed. 

Trabecular screws seem to be slightly better than cortical screws. 

� The cruciform stem that was tested in these experiments is not a good 

stabilising aide. It should not be used without adding screws. The cruciform 

stem tends to hinder the stabilising effect of screws, however. 
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CHAPTER 5  

BONE BONDING, OSSEOINTEGRATION, BONE INGROWTH AND 

HYDROXYAPATITE. 

5.1. Introduction. 

Both the literature review in chapter 3 and the results of our own experiments 

described in chapter 4 seem to indicate that obtaining sufficient initial fixation to 

enable bone ingrowth or osseointegration is almost impossible. Thus, it is probably 

not sufficient to put an implant in place, keep it motionless (or as motionless as 

possible) and wait for the bone regeneration process to do its job. It seems that we 

shall have to intervene in this biological process and try to mould it to our needs.  

It is therefore probably worthwhile to recapitulate at this point and first have a closer 

look at such concepts as direct bone bonding, osseointegration, and bone ingrowth 

that are frequently used in the orthopaedic literature. Thus, it will become clearer 

what is meant with these terms, what the biomechanical implications are (in terms of 

the mechanical properties of the interface) and, more relevant, what is really needed 

to anchor an orthopaedic implant reliably to the host bone. 

Knowing what one wants to achieve is not enough, though. The question remains how 

we can overcome the barriers to the development of an interface that enables a 

reliable implant fixation. To be able to answer this question, we will first briefly 

discuss the processes that take place at the interface immediately after an implant has 

been inserted into bone, on a shorter time and distance scale than we did in chapter 

three. An important aspect of this discussion is the influence of the characteristics of 

the implant surface on these reactions. 

In a last part, we will finally close the circle and show how the interface reactions 

affect the nature of the resulting interface. Although some general principles are 

already known about this complex issue, much remains to be unravelled. Therefore, 

we will complete the general discussion with some experimental data on a material 

that might help to enhance bone regeneration around orthopaedic implants: 

hydroxyapatite (HA). 
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5.2. Concepts. 

5.2.1. Direct bone bonding. 

The concept of “direct bone bonding” is probably the most straightforward concept 

with respect to cementless implants. It indicates the existence of a chemical bond (i.e. 

a covalent or ionic bond) between molecules of the organic phase (collagen) or the 

inorganic phase (hydroxyapatite) of ordered, living bone on the one hand and the 

atoms or molecules of the surface of the implant on the other hand. This kind of 

interface (without any intermediate layer) is as close as one can get to the situation of 

bone regeneration that occurs during fracture healing. A chemical interaction like this 

normally involves only the uppermost atomic layers (i.e. 0.1 to 1 nm) of the substrate. 

This means that it takes place with the oxide layer on top of metallic implants (the 

thickness of which is 4 to 6 nm in the case of commercially pure Ti), or the molecules 

of a polymer or a ceramic or, eventually, of a specially engineered surface.  

Such an interface can withstand compressive, tensile and shearing stresses and its 

strength can equal or even surpass that of bone, even if the surface of the implant is 

completely smooth and no mechanical interlocking occurs. The strength and stiffness 

of the whole are thus equal to those of bone, which usually is the weakest link of the 

ensemble. 

a b c

implant bone implant bone implant bone

a

b

 

Figure 5-1: (a) Direct bone bonding, (b) osseointegration and (c) bone ingrowth. 
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5.2.2. Osseointegration. 

Osseointegration is currently a poorly defined term. Brånemark was the first to use it 

with respect to dental implants and he defined it as “a direct structural and functional 

connection between ordered, living bone and the surface of a load-carrying implant” 

[1]. This leaves some room for interpretation. It is obvious that the author was 

primarily concerned about long-term functionality of load-carrying implants and not 

so much about the exact physical or chemical character of the interface between bone 

and an implant.  

B. and T. Albrektsson [2] have later tried to make the definition more exact. They 

specified that an implant can be considered osseointegrated as soon as no intermediate 

layer is visible in the light microscope, i.e. with a thickness of 0.5 µm up to 1 µm, 

over at least 50% of the surface that is in contact with trabecular bone and 90% of the 

surface that is in contact with cortical bone. This means that osseointegration requires 

no chemical bond between bone and the implant material, but only a close contact 

between both (Figure 5-1b) according to the Albrektsson definition.  

However, this definition has an important disadvantage. Indeed, the acceptable 

thickness of any intermediate layer is arbitrarily determined, without any reference to 

biomechanical criteria. Clearly, if osseointegration is a concept that has anything to do 

with long-term functionality of implants (as Brånemark obviously intended), it should 

be defined based upon a biomechanical rationale. Since long-term functionality of a 

load carrying implant is dependent on the strength of the interface between bone and 

the implant, one should thus decide whether an implant can be considered 

osseointegrated on the basis of the strength of the developing interface. Therefore, we 

propose to define osseointegration as “the development of an interface between bone 

and an implant with a strength which is larger than the stresses that must be carried by 

the implant”. 

Using this definition, an osseointegrated surface will thus always have a shear and 

compressive strength between that of bone and that of the intermediate layer. Since 

the interface of an implant with bone has to withstand primarily shearing loads and 

since bone is the strongest material in the body with respect to shear, any other 

biologically produced material, such as the intermediate layer, will have a strength 

inferior to those of bone. The strength and stiffness of the whole will then also depend 

on the amount of interlock of bone with the surface of the implant. In order to take 
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advantage of the strength of bone, the thickness of the intermediate layer should 

therefore be thinner than the typical dimensions of the surface asperities. The 

geometry of a surface peek is shown in Figure 5-1b with an intermediate layer of 

uniform thickness d. In that case, one can easily derive that the thickness d of the 

intermediate layer should be smaller than: 

   
2 2

  0.45
4

a bab
d a

a b

�� ��� �
�

    (1) 

With a typical roughness of implant surfaces of Ra = 150 µm for a matt surface and Ra 

< 1 µm for a polished surface, this means that d should be smaller than 67 µm or 

0.5 µm, respectively. Thus, in our view, an implant should be considered as 

osseointegrated if the developing intermediate layer is thinner than a threshold that 

depends on the roughness of the surface.  

However, this limit is only an upperbound that makes sure that bone will contribute to 

the strength of the interface. In fact we need to determine what the real strength of the 

interface will be and compare that with the stresses that must be carried. This is what 

Hansson and Norton [3] did in a theoretical study. They derived a relation between the 

interfacial shear strength, the roughness of the substrate (modelled as a series of pits 

of different sizes, shapes and densities) and the shear strength of bone. They obtained 

the following formula: 

( )
100

c
i b pej pdj

j

k
f f� �� � � �	      (2) 

where: 
i is the interface shear strength, kc is the bone-implant contact ratio, 
b is the 

shear strength of bone, fpej and fpdj are the pit effectivity factor and the pit density 

factor respectively for pit j. Using realistic assumptions for some of these parameters, 

they were able to reproduce the shear strength that was found in an in vivo 

experiment: 15 – 22.8 MPa. 

In our view, similar analyses should be made for real implant surfaces to estimate 
i 

and compare this value with the expected shear stress in the interface. This would 

make osseointegration a biomechanically sound concept, rather than an arbitrary one.  
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5.2.3. Bone ingrowth. 

Bone ingrowth is different from both previous concepts, in the sense that it denotes a 

process rather than an endstage (although some definitions for osseointegration exist 

that describe it as a process too, e.g. in Dorland’s Illustrated Medical Dictionary [4]). 

The term is used with respect to implants with a deliberately produced porous surface 

(as opposed to the surface roughness that is always present). It means that bone can 

grow into the pores of the surface [5]. The term also suggests that this is a one-way 

process: bone approaches from the bony surface to the implant and not the other way 

around. 

In principle, the endstage of this process could be anything from the establishment of 

a direct bonding between bone and the implant surface over osseointegration to an 

interface consisting of a thick layer of fibrous tissue. As long as some amount of bone 

has grown into the porous coating, one can say that bone ingrowth has occurred 

(Figure 5-1c).  

The mechanical properties of the interface depend on the end stage that is reached. 

Again, in order to take advantage of the strength of bone, the thickness of the 

intermediate layer should be thinner than the typical dimensions of the pores of the 

coating. But since most porous coatings have porosities between 60 and 500 µm [6], 

they can accommodate thicker fibrous layers (up to about 200 µm) than an ordinary 

rough surface. Usually, the porous coating is designed such that interdigitation is 

possible as soon as some bone has grown into the coating and thus the interface can 

sustain some tensile stress too (unlike in ordinary rough surfaces). 

 

5.2.4. Classification of biomaterials. 

The reaction of the tissues (more specifically bone) to the presence of an implant 

depends among others on the characteristics of the materials. Osborn and Newesely 

[7] have therefore classified biomaterials (on an empirical basis) as biotolerant, 

bioinert and bioactive. In their view, biotolerant materials are materials such as 

PMMA or CoCr, which are always separated from bone by a connective tissue layer 

with a thickness depending on the characteristics of the material and the mechanical 

parameters. Bioinert materials are materials such as Ti, Al2O3 or C which allow a 

direct contact with bone (supposedly on a light microscopical level), without a visible 
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intermediate layer. Bioactive materials not only allow direct contact, but even cause 

the formation of a chemical bond with bone.  

The last class of materials could be subdivided in two categories: osteoconductive and 

osteoinductive materials. The former are materials that stimulate the formation of a 

direct bond with bone and promote bone growth when implanted in an ectopic site 

(i.e. where bone formation normally occurs). A number of calcium phosphates (such 

as hydroxyapatites) show such behaviour. Osteoinductive materials are materials that 

elicit formation of bone in heterotopic sites, i.e. in soft tissues such as muscle or under 

the skin, where normally no bone is present. Bioglass is an example of the last 

category, but hydroxyapatite has also been shown to be able to induce bone 

formation [8]. 

Of course, this is only a very crude classification. Some materials may shift from one 

class to another when results of more research become available. Titanium, for 

instance, is currently considered as an osteoconductive material and some recent 

researchers have even claimed that titanium induces bone formation. Moreover, the 

interface which forms in reality is certainly not only determined by the type of 

implant material alone but also by the precise circumstances (e.g. mechanical 

parameters). Thus, a material such as Ti could also become encapsulated in a fibrous 

tissue layer when the mechanical conditions allow to much relative motion, while a 

biotolerant material like PMMA might under certain advantageous conditions show 

only a very thin, barely visible fibrous layer. In the next paragraph, we will take a 

closer look at the processes that determine the kind of interface that forms after 

implantation of foreign substances in bone. 

 

5.3. Reactions at the interface. 

5.3.1. General considerations. 

The interface that ultimately develops depends on the chemical and biological 

reactions that take place at the implant and the bone surfaces and their kinetics. The 

events at the bone surface have already been discussed when we talked about fracture 

healing. The inflammatory reaction at the implant surface is usually preceded (and 

probably also triggered) by chemical and physical reactions on a smaller time and 

distance scale of which we will give an overview here [9, 10]. However, much of what 



Bone bonding, osseointegration, bone ingrowth and hydroxyapatite. 

119 

exactly happens at the implant surface is complex and thus poorly understood. Most 

of our current knowledge is still empirical. 

When a material is inserted in the body, water molecules first (in a timeframe of 

nanoseconds and on a scale ranging from Å to nanometres) approach it. Their 

interaction with the surface (adsorption, hydroxylation,…) depends on the surface 

properties (is it a hydrophilic or hydrophobic surface, …?). Water molecules can 

either bind weakly to the surface (physisorption) or more strongly (chemisorption) or 

even dissociate to form hydroxyl (OH-) groups at the surface, leading to 

hydroxylation of the surface. In any case, a water shell forms that covers the implant 

surface. At the same time, in case of a metallic implant, ions from the metal dissolve 

and ions from the body fluids enter the hydration layer, leading to contamination of 

the water shell with several ions (Na+, Ca2+, Cl-, etc).   

Somewhat later (from micro- to milliseconds) a variety of proteins (and also other 

biomolecules like lipids, sugars, …) arrive and adsorb on the surface giving rise to a 

protein rich cover (scale: nanometres). All kinds of interactions are possible, ranging 

from weak adsorption by means of van der Waals forces, over hydrogen bonding or 

dipole interactions, up to stronger adsorption by ionic or covalent bonds via specific 

functional groups in the protein. Protein adsorption is mostly an irreversible reaction, 

but some proteins may desorb again leading to a continuously varying surface 

composition. Depending on the surface characteristics and the nature of the water 

shell, proteins may keep their 3D conformation or undergo conformational changes 

due to adsorption, resulting in a possible change of function.  

This cover of biomolecules is what the cells (macrophages, osteoblasts and their 

precursors, fibroblasts,…) “see” when they arrive at the implant surface still later 

(from milliseconds to seconds). Thus, the nature of this biomolecular layer largely 

determines the cellular reaction: which cells will attach, proliferate, differentiate, 

mature and become active? The presence of denatured proteins, for example, will play 

a role in the recognition of the implant as a foreign body by macrophages and the 

initiation of an inflammatory reaction. 

On the other hand, cells are 100 or even 1000 times bigger (between 1 and 100 µm) 

than the biomolecules attached to the surface. Therefore, the materials’ surface 

characteristics will also have a direct effect on the cells. A lot of empirical evidence 

shows, for instance, that bone formation around implants is regulated by four 

interrelated surface properties (chemical composition, surface energy, topography and 
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roughness) both by their direct action on cells and because these factors determine the 

character of the biomolecular layer [11].  

 

Figure 5-2: Reactions at the implant and bone surface. 

 

5.3.2. The influence of surface characteristics. 

That cells and biomolecules are sensitive to differences in surface chemistry is of 

course obvious. Depending on the composition of the surface of an implant, different 

ions and atoms will be presented to proteins (free floating in the body fluid or in the 

cell membrane) for binding. This will determine which proteins are able to bind to the 

surface and what kind of cells preferentially attach. It will also determine which 

functional groups of the proteins will bind and thus stimulate of prevent 

conformational changes. For example, the incorporation of fluorapatite into 

hydroxyapatite surfaces changes the attachment and orientation of calcium-binding 

proteins. Another very well known example is the variety of very different responses 

that materials of the SiO2-CaO-Na2O system elicit, going from a thick non-adherent 

fibrous capsule in the case of crystalline quartz up to direct bone bonding in bioactive 

glass. In vivo studies have shown enhanced bone formation around implanted Ti and 

Zr surfaces compared to Au, although the roughness of the surfaces as viewed using 

SEM was very similar on the 10-µm scale. The morphometry of osteoblasts attaching 

to Ti6Al4V and CoCrMo surfaces with comparable roughness has been shown to 

significantly differ, mainly by their ability to conform to surface irregularities (in the 

case of the Ti6Al4V substrate) or not (in the case of the CoCrMo surface), probably 

due to a difference in integrin binding. In the area of bone facing implants, a lot of 
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research is therefore devoted to attempts to enhance biomolecule adsorption and 

phosphate deposition (which is an important step in osseointegration) through 

controlled modification of the surface composition of orthopaedic materials, for 

example the incorporation of Ca2+ in Ti surfaces. 

The surface energy of a material is defined by its general charge density and the net 

polarity of the charge. A surface with a netto charge (be it positive or negative) may 

be hydrophilic, whereas a neutral surface tends to be more hydrophobic. This will 

affect the adsorption behaviour of the proteins and determine whether they can retain 

their conformation. Hydrophobic surfaces are generally less biologically friendly, 

leading to denaturation of proteins and an unfavourable cellular reaction. 

Very subtle changes in surface topography and roughness can result in entirely 

different reactions from biomolecules and cells. Some researchers even claim that 

surface topography is more important than composition and that a given cell type 

reacts in much the same way to the same topography made with different materials.  

In general, it has been found that rough surfaces encourage a favourable cellular 

response compared to polished surfaces. Pits, protrusion and cavities of a similar size 

to proteins and cells can play an important role in the events that occur at the interface 

between a biomaterial and the body fluids and tissues. Even very small roughness 

changes can lead to alterations in cell shape, orientation and polarity, which will in 

turn the behaviour and function of the cells. During the last decade substrates with 

well-defined surface geometries have become available with which one can study 

these phenomena. In a recent publication, for instance, Tambasco de Oliveira et al. 

[11] show that nanotexturing (pits with a honeycomb appearance and a diameter in the 

10 nm range) of a Ti-based surface enhances the production of bone specific proteins 

by cultured osteogenic cells, which is believed to represent an early step in bone 

formation. 

For implant materials that are to be anchored in bone, optimal osseointegration 

obviously requires an optimal response of the bone cells. In vitro studies have shown 

that osteoblasts may exhibit a greater initial attachment to rough surfaces (roughness 

between 0.2 and 6 µm), as well as increasing cell proliferation and alkaline 

phosphatase expression. It seems that osteoblasts have a preferred pore size which is 

even much larger than these values: between 200 and 400 µm. 

Not only the roughness magnitude is important, however, but also the direction and 

aspect ratios of surface features. Irregularly shaped pores or pits seem to be damaging 
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for osteogenesis and favour fibrous tissue formation, while smooth, rounded edges 

allow bone formation.  

 

5.4. The structure of the bone-implant interface. 

5.4.1. General considerations. 

The timing of the reactions between an implant and the body apparently renders direct 

contact between bone and the implant, as defined above, practically impossible. 

Obviously, cells only arrive when the surface of the implant is already covered with a 

hydration shell and a biomolecular layer. In the worst case, fibroblasts or other cells, 

rather than osteoblasts, will attach to this surface. Osteoblasts will then only produce 

new bone starting from the bone surface. At a rate of 1 µm per day it will take new 

bone some months to arrive at the prosthesis, since there is a gap between bone and 

the prosthesis of more than 100 µm over the majority of the area [12]. By then, 

fibroblasts at the implant side have had ample time to produce a thick fibrous layer.  

Obviously, this is not what we want, neither is it what usually happens. At some point 

in time, osteoblasts become active at the implant side too and start producing bone 

matrix from there. The sooner this happens, the better. The question is how we can 

stimulate and/or accelerate this. Again, it is helpful to look at the processes of 

endochondral bone formation and fracture healing.  

During this process osteoblasts enter the scene only after chondrocytes have first 

produced cartilage that then mineralises [13]. Obviously, osteoblasts need the right 

scaffold before they can deposit osteoid. Secondly, the osteoblasts that produce new 

bone during fracture healing are always newly differentiated osteoblasts and not 

osteoblasts that were already available at the fracture site [13]. Thus, we need to 

attract these precursor cells to the implant site and stimulate them to differentiate into 

osteoblasts. Thirdly, osteoblasts need sufficient blood supply to become active. 

Osteoid production during endochondral bone growth and fracture healing is always 

accompanied by vascular ingrowth [13]. One of the reasons that relative movement of 

an implant is detrimental for bone ingrowth is probably due to the fact that relative 

movement hurts the vulnerable new blood vessels and impairs blood supply of the 

osteoblasts [14]. 
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Apart from controlling relative movement of the implant, it is thus necessary to tune 

the four before mentioned implant surface characteristics (composition, surface 

energy, topography and roughness) to attract osteoblast precursors and make them 

attach to the surface, differentiate into osteoblasts and then produce osteoid. 

Unfortunately, not enough is known yet about what the right values are to be able do 

to this. Nevertheless, quite some experience has already been gathered with existing 

biomaterials.  

To illustrate the general principles outlined above and to complement them with in 

vivo results, we will now briefly discuss some results with hydroxyapatite. This has 

become one of the best known and documented orthopaedic materials that is able to 

enhance bone formation at the interface of both non-weight bearing and weight 

bearing orthopaedic implants. 

 

5.4.2. The experience with hydroxyapatite. 

The use of hydroxyapatite (HA) as a coating on top of orthopaedic implants is an 

obvious way to increase the chances for osseointegration of the prosthesis. After all, 

HA is the mineral component of the bone matrix and osteoblasts need a mineralised 

scaffold to produce new bone. In this section, we will discuss the properties and 

composition of HA, its use a coating on top of orthopaedic implants and the results of 

in vitro and in vivo experiments with it as well as some clinical experiences that have 

been obtained. 

 

5.4.2.1. HA: composition, structure and properties. 

HA is one of the most prominent calcium phosphates occurring on earth, not in the 

least because it is the main constituent of the inorganic phase of bone. Its formula is 

Ca10(PO4)6(OH)2, and stoichiometric HA thus has a Ca/P ratio of 1.67 which 

discriminates it from the other calcium phosphates such as tricalciumphosphate (TCP, 

Ca/P =  1.5) and tetracalciumphospate (teCP, Ca/P = 2). The hydroxyapatite in bone is 

not stoichiometric but contains several impurities. Pure HA contains about 39.9 % Ca, 

18.5 % P and 3.38 % OH- by weight and has a density of 3.1 g/cm³. In comparison: 

the mineral phase of bone contains usually (depending on the site and measure of 
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activity) 26.7 % Ca, 12.47 % P and 3.48 % CaO3
2-. Biological HA is thus Ca-deficient 

and carbonated. 

Generally, the more metabolically inactive bone is, the closer its Ca/P ratio is to 1.67. 

Pure HA, in its hexagonal crystalline form, is very stable in the body and it is the most 

stable calciumphosphate at room temperature down to a pH of 4.5. Due to its highly 

polar surface, a hydration shell a few monolayers thick is formed in an aqueous 

environment which can make dissolution difficult. At higher temperatures, HA is very 

reactive and readily reacts with, for instance, oxides like the TiO2-layer on top of Ti. 

This is advantageous for a process like plasma spraying, since it enhances the 

adherence of HA-coatings to Ti substrates.  

The mechanical properties of the bulk are very dependent on the exact processing 

parameters, which determine the porosity of the end product. Hence, the wide range 

of mechanical properties reported in the literature. For HA with a porosity between 

0.1 and 3 %, E-moduli have been reported between 7 and 13 GPa, compressive 

strengths between 350 and 450 MPa, tensile strengths between 38 and 48 MPa and 

flexural strengths between 100 and 120 MPa [17]. During fatigue and in a corrosive 

environment such as the human body, the strength values will of course deteriorate. 

 

5.4.2.2. HA-coatings. 

Obviously, the before mentioned mechanical properties are insufficient for load 

bearing applications, such as in orthopaedic implants. The use of HA for knee or hip 

prostheses is therefore limited to coatings on top of a stronger substrate. Thus, the 

bioactive properties of HA can be optimally combined with the strength and 

endurance of metallic or polymeric substrates. Though several coating technologies 

have been and still are investigated, plasma spraying has thus far been the process of 

choice for orthopaedic applications. 

Plasma spraying is in essence a technique in which the basic material (HA powder in 

this case) is fed into a high temperature and high velocity plasma flame (the 

temperature in the flame can be as high as 10.000° or 13.000° C and the velocity up to 

400 m/s), which projects the powder particles onto a substrate. It is thus a line of sight 

process, which makes uniform coating of porous layers rather difficult. During their 

stay in the flame, particles will melt, completely or partially, or at least become plastic 

depending on their diameter. Upon contact with the substrate, which is usually cold 
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(between 100° and 150° C), they solidify rapidly leading to a partially amorphous, but 

well adherent and dense coating. It has been shown that coatings are inhomogeneous 

because the crystallinity and grain size become larger in the upper layers (where the 

temperature shock is smaller) than near the substrate [15]. Plasma spraying can be 

done under reduced pressure which giver rise to even higher velocities leading to 

better adherent and lower porosity coatings. 

Since HA decomposes into TCP and TeCP around 1300° C according to the following 

reaction: Ca10(PO4)6(OH)2  2 �Ca3(PO4)2 + Ca4P2O9 + H2O and the �TCP is 

converted in �TCP above 1350° C, a HA-coating will in effect consist of a mixture of 

pure HA (partially crystalline, partially amorphous), �TCP, �TCP, TeCP and also 

CaO. The presence of cracks (due to differences in thermal expansion of substrate and 

coating) and porosities is also unavoidable.  

Multiple parameters determine the plasma spraying process and thus the structure and 

properties of the produced coating. The most prominent are the power of the process, 

the temperature of the plasma and the substrate, the pressure, the properties of the 

feeding material (particle size, crystallinity and composition of the base material), the 

arc-substrate distance. A lot of research has been devoted to the optimal parameter 

choice to obtain a coating with desirable properties [16]. The quality of the coating in 

the case of HA is usually evaluated considering three criteria: the adhesion strength of 

the coating, its crystallinity and its HA-content. In fact, one wants a dense, crystalline 

and pure HA-coating, since this gives good mechanical properties and the best 

biochemical stability.  

It is well known that other phases such as TCP, TeCP and amorphous HA are less 

stable in aqueous environments (such as the human body) and their production should 

be avoided (for instance by limiting the length of stay of the particles in the flame). 

High quality coatings achieve a HA content of 95 to 98%, leading to densities 

between 2.8 and 3 g/cm³. On the other hand, some dissolution of the coating might be 

desirable because the bone stimulating properties are probably due to a limited 

leakage and reprecipitation of Ca and/or P, although this is not clear yet. Both in vitro 

and in vivo experiments have shown that resorption, be it slow, of HA-coatings is 

inevitable and thus a minimum thickness of the coating is paramount. 

The mechanical properties of the coating are dependent on the thickness, because they 

are largely determined by the presence of defects. In good quality coatings, the 
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porosity ranges from 5 to 10% and the surface roughness typically is between 5 and 

10 µm (Ra). Another factor that limits the strength of the coatings is the presence of 

residual stresses, due to differences in thermal expansion between the substrate and 

HA. In case the substrate is Ti, these residual stresses are usually tensile and between 

20 and 40 MPa [17]. Thus, it has been found that coatings thicker than 100 µm should 

be avoided (coating thickness between 50 and 70 µm is accepted as an optimal value) 

and that the coating should be as dense and crystalline as possible.  

To enhance the crystallinity of the coating, one has tried to use heat treatments, but 

this gives inevitably rise to lower adhesion strengths. Crystallinities of as sprayed 

coatings are reported to lie in a range between 65% to as much as 98%. On the other 

hand, some melting of the particles results in a better adhesion to the substrate, but it 

leads to phases that are more amorphous and less biochemically stable. A compromise 

must be found in this respect. Again, values of adhesion strengths in literature cover a 

wide range (tensile strengths from 10 to 70 MPa, shear strengths from 9 to 75 MPa). 

This is partly due to widely varying processing parameters and partly also to the 

difficulties associated with the measurement of adhesive strength of thin and porous 

coatings (e.g. penetration of low viscosity glues into coating pores unto the substrate). 

 

5.4.2.3. In vitro behaviour of HA. 

Two types of in vitro tests of the behaviour of HA and HA-coatings have been 

performed. The simplest, and least realistic, consist in the immersion of the material 

in physiological solutions (Hanks of Ringers) that mimic the ion strength of serum. 

This is done to study the stability of the HA. The results of these tests show that HA is 

the most stable calciumphosphate down to pH’s of 4.5. In more acid conditions, HA is 

completely dissolved. Above pH 4.5 the dissolution behaviour depends on the 

crystallinity of the material, more crystalline HA being more stable. Some loss of 

thickness however, always occurs. On top of this, the adhesion of  HA-coatings 

suffers from exposure to physiological fluids, certainly when the fluid is able to 

penetrate into porosities. But even dense coatings loose adhesion strength: from 30 

MPa to 21 MPa (-30%) in one example. 

Another, more realistic, kind of in vitro tests takes the effect of cells into account. 

Mostly the behaviour (attachment, proliferation, activity, …) of osteoblasts or 
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osteoblast-like cells is studied in these tests. Currently, the results are mixed, partly 

because of the sensitivity of cells to subtle differences in substrate characteristics. 

Okumura et al. [18] cultivated human osteoblastic cells on sintered hydroxyapatite, 

titanium and glass substrates with Ra roughness values of 0.29, 0.15 and 0.07 µm, 

respectively. They found that osteoblasts settled earlier on HA than on both other 

surfaces, that more osteoblasts adhered compared to the other surfaces and that they 

showed less focal adhesions and intrecellular stress fibers. They concluded that these 

observations might result in earlier osteogenesis. Massas et al. [19] likewise found that 

growth and differentiation of osteoblast-like cells were more favourable on HA 

substrates than on Ti. In a comparative study of osteoblast precursors on several HA 

substrates (as received, sintered and calcined) Ong et al. [20] found out that the 

sintered HA, which differed from the other two mainly by a larger grain size, resulted 

in more differentiated cells. 

On the other hand, Trentz et al. [21, 22] systematically found that HA disturbed the 

proliferation and osteocalcin synthesis of human osteoblasts as compared to Ti. De 

Santis et al. [23] used bone cells from human jaw bones on plasma sprayed HA and 

compared their behaviour with substrates of polished and plasma sprayed pure Ti. 

They showed that the HA surfaces markedly inhibited the proliferation of the 

osteoblast precursors compared to the uncoated polished Ti and that the cells were 

less active. The experiments lasted however only five days while osteoblasts require 

more than five days to reach maturity. 

 

5.4.2.4. In vivo results with HA-coatings. 

In vivo results with HA-coatings are fortunately more encouraging and unequivocal. 

Many animal experiments have been carried out, which can be divided into two broad 

classes: transcortical implants (referring to the implant situation in dentistry) and 

implants surrounded by cancellous bone. The second class is of course more 

representative for orthopaedic implants. A number of experiments made by S�balle 

using his controlled motion device described in Chapter 3 belong to this class. 

Independent of the varying set-ups, though, HA-coatings systematically showed 

earlier and more bone ingrowth and direct bonding as compared to other substrates 

(mostly Ti or plasma-sprayed Ti) [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. This 
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was usually also reflected in higher shear strengths in push-out tests (although the 

results of these tests should be looked at with some reserve).  

Furthermore, HA was able to elicit bone formation in disadvantageous circumstances: 

when a gap of up to 1 mm was present around the implant [25, 27, 28, 35], in 

combination with relative movement (up to 500 µm) [26, 29, 37], in artificially induced 

osteopenic bone [24, 25, 30]. The combination of two of these disturbing factors 

inhibited bone formation, though. All experiments show at least some degradation of 

the hydroxyapatite coating, usually situated in places where the HA is contacted by 

marrow and not by bone [36, 38]. This suggests that apart from dissolution of the 

coating, also active biological resorption takes place. Resorption of HA seems to be 

more severe in mechanically unstable situations [39] and when the HA is less 

crystalline [37]. 

Animal models with weight bearing orthopaedic implants are of course the most 

stringent test of the osteoconductive capacities of hydroxyapatite, but not so much 

literature has been published about such experiments. We found no data about knee 

prostheses and only two references for hip prostheses [40, 41]. Also in this model 

hydroxyapatite performed better in terms of bone apposition with the HA-surface 

compared to the Ti6Al4V surface (72.4% vs. 16%), and better shear strength (2 MPa 

vs. 1 MPa). Both surfaces had a comparable roughness of 6-8 µm. 

Although the ability of HA to stimulate bone formation can be considered to be 

proven by all these tests, it remains largely unknown how the bonding mechanism of 

HA to bone works [42]. In general, bone formation seems to start with the 

(re)precipitation of biological apatite crystallites (after some dissolution of the 

original HA). This layer has a thickness of up to 1000 nm and forms within hours of 

exposure to body fluids. It can be directly bond with the original HA or proteins and 

other macromolecules might serve as nucleation sites. Osteoblast precursor cells 

probably attach to this surface and then differentiate into osteoblasts that start 

producing bone matrix. A direct bond with bone thus develops through a thin epitaxial 

biological apatite layer and no intervening fibrous tissue. 

Finally a word about results with human implants. Most studies of knee implants with 

HA-coatings focus on the fixation of the prosthesis as measured with RSA. In all of 

these studies, it is shown that HA coated implants migrate less than other uncemented 

implants and comparable to components fixed with cement [43, 44, 45, 46]. Some data 

are also available about the nature of the established interface (particularly with hip 
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implants) [41, 47, 48, 49, 50] Again these results unequivocally show that HA 

establishes a direct bone bonding in contrast to other substrates. HA is no miracle 

material, though, and sometimes failures occur too. Nilsson et al. [51] reported on an 

early failure of a hydryoxyapatite-coating ina total knee arthroplasty which was 

associated with delamination of the coating and the presence of abundant 

macrophages containing loosened HA-crystals. 

Resorption of the HA-coating remains a concern too. Overgaard et al. [52] showed 

that HA-coatings resorb (at a rate of 20% of the thickness per year), certainly in 

places where they are in contact with bone marrow. To protect the implant against the 

disappearance of the HA-coating and ensure a lasting fixation it would probably be 

best to deposit HA on top of porous layer that allows bone ingrowth.  

 

5.5. Conclusion. 

To develop an interface between an orthopaedic implant and the surrounding bone 

that is compatible with the biomechanical requirements, it is apparently not enough to 

limit relative movement and trust on the bone’s regenerative capacity. Whether direct 

bone bonding, osseointegration or bone ingrowth will develop is also dependent on 

the physico-chemical reactions between body fluids, proteins and cells that take place 

immediately after implantation and close to the surface of the implant.  

Four surface characteristics (composition, surface energy, roughness and topography) 

seem to be important parameters that govern these reactions. Engineering the implant 

surface so that bone regeneration is accelerated and enhanced is the challenge that 

biomaterials scientists face in orthopaedics. Unfortunately, the relationship between 

surface characteristics and biological reaction are not yet fully understood although a 

large body of, mainly empirical, knowledge has already been compiled. For instance, 

a number of calcium phosphate materials that stimulate bone formation has been 

identified and the way they work is partly understood.  

One of these interesting materials is hydroxyapatite. The interaction between HA and 

bone has been extensively studied already and the nature of the interface that develops 

is well documented, both in weight bearing and non-weight bearing situations in 

animal experiments. Nevertheless, the use of HA in a total joint replacement in an 

animal is not so well documented. Furthermore, more work is needed to further 

clarify the properties and possibilities of HA in a clinical setting. Human knee 
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implants have been shown to be more stable compared to non-coated implants, but 

only little information is available about the nature of the interface in knee implants 

(e.g. from retrievals) and questions remain about resorption of the HA-coating. Our 

contribution to solve these questions is discussed in the next chapter. 
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CHAPTER 6  

THE INFLUENCE OF AN HA-COATING ON BONE INGROWTH.  

AN IN VIVO MODEL FOR CEMENTLESS KNEE IMPLANTS. 

6.1. Introduction. 

Ever since the problems of long term aseptic loosening of total joint prostheses have 

become apparent, researchers have been looking for ways to avoid this phenomenon. 

One of the parameters that is thought to play an important role in the process of 

loosening is polymethyl metacrylate (PMMA) or bone cement, which is used to fix 

and hold the implants to the bone. Primarily the weakness of PMMA is suspected to 

contribute to the failure of the bone-prosthesis interface [1, 2]. 

The obvious way to avoid these phenomena is to stop using bone cement and try to 

establish osseointegration of implants. Firm and lasting fixation of the implant to the 

bone should also be achieved using cementless prostheses if one is able to establish a 

mechanically sound interface. This requires firm initial anchorage and good 

biocompatibility of the implant material. A lot of progress has been made in the 

realisation of these prerequisites in recent years, although cemented prostheses remain 

the gold standard [3]. One of the remaining obstacles is that it seems to be very 

difficult to achieve sufficient initial fixation of orthopaedic implants. 

The fact that certain calcium phosphates are able to stimulate bone ingrowth might 

help to overcome this difficulty. Hydroxyapatite (HA) is well known and documented 

example of such a bioactive material [4]. HA can be vacuum plasma sprayed on 

metallic substrates to produce a thin, highly crystalline and adherent coating. The 

application of such layers has been shown to enable bone ingrowth into porous 

coatings, even in circumstances where no bone ingrowth would have occurred 

otherwise [5]. The prime goal of the sheep knee study was to investigate the impact of 

this bioactive coating on the performance of the cast wavy mesh in a functionally 

loaded implant. 

The beneficial effect of HA-coatings has been extensively documented already [6] 

with animal experiments [7, 8] and with clinical results of patients [9, 10]. There are 

some shortcomings in previously reported research, however. Animal experiments 

have generally been performed with cylindrical, essentially unloaded plugs inserted in 
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the femoral condyles or with controlled micromotion devices. In these circumstances 

disturbing factors that are present in a joint prosthesis (such as the combined influence 

of wear, micromotion and gap healing) are obviously excluded. Our study might 

deliver important additional information with respect to these parameters. 

In clinical studies, only information from radiographs and follow-up analyses is 

readily available. The relation between these data and biological performance is not 

obvious. Explantations for revisions reveal data from failed implants only. Retrievals 

are rarely available, it is difficult to obtain a complete medical record of the patient 

and the group of subjects is highly heterogeneous. All these problems can be 

overcome in an animal study. We have actually made an effort to extract as much 

information as possible from this study. One important disadvantage of animal studies 

should be noted, however: the extrapolation of results to human bone still presents a 

difficulty. 

Since the implantation technique and some evaluation techniques have been 

developed on purpose for this study, this report will be conceived both as a manual 

and as a scientific presentation and discussion of the results of the project. 

 

6.2. Materials. 

6.2.1. The sheep stifle joint. 

A flock of 40 adult Suffolk ewes, just weaned from their first lamb, was compiled. 

Their age was estimated to be four to six years, although this is difficult to control. A 

veterinarian evaluated their general condition and the condition of the limbs prior to 

surgery. Sheep weighing more than 100 kg were excluded from the study. The 

animals were randomly divided in 12 groups, according to Table 6-1. Three different 

porous coatings and four follow-up periods were investigated. 

Table 6-1: The number of sheep in each of the twelve groups. 

Type/Period 3 months 6 months 12 months 24 months Total 

Sintered beads 2 2 2 2 8 

Cast mesh 4 4 4 4 16 

Cast mesh + HA 4 4 4 4 16 

Total 10 10 10 10 40 
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Howmedica selected the sheep stifle joint as a suitable model for the human knee. 

This choice was based both on previous experience with knee implants in sheep knees 

[11, 12] and on literature [13]. Anatomy, kinematics and dynamics of the sheep knee 

have been described extensively in the PhD thesis of Dr. J. Bellemans and showed to 

resemble the human knee as closely as one can expect in any quadruped [14]. The 

sheep is also used in osteoporosis studies because of the similarity in bone metabolism 

and hormone profiles with women [15, 16, 17]. 

The second important difference compared to the human knee is the presence of an 

intra-articular common extensor tendon. This has to be taken into account for the 

design of the tibial baseplate and hinders access to the joint space during surgery. Dr. 

Bellemans showed in his investigation of stabilising structures in the sheep stifle that 

this tendon has no major role in joint stability. Sectioning of the common extensor 

tendon did not lead to increased translation under anterior or posterior forces, or to 

increased varus or valgus laxity. QCT analysis showed that trabecular bone in the 

sheep knee is much denser and consequently harder in the most proximal region. 

These features complicate surgery. A precise determination of cutting depth is very 

important in order to preserve enough trabecular bone to fix the baseplate and enable 

bone ingrowth. Because of the hardness of the bone, it is very difficult to obtain a flat 

surface and to avoid heating of the bone during cutting. The sheep stifle thus 

represents a demanding environment for bone ingrowth. 

 

Figure 6-1: Anatomy of the sheep hindleg. 
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6.2.2. The prosthesis. 

The total knee prosthesis in this study (Figure 6-2a) consisted of three components: a 

cemented, bicondylar femoral part, a cementless, porous coated tibial baseplate (both 

in Vitallium (CoCrMo)) and a conforming polyethylene insert. The insert was fixed to 

the tibial baseplate with a 5-mm Vitallium screw. There was one size available for the 

femoral and tibial component. There were four insert thicknesses available (4, 4.5, 5 

and 7 mm). The patella was not resurfaced. This was justified, since the patello-

femoral articulation in the sheep stifle can be considered as a separate compartment 

(Figure 6-1).  

The femoral component is shown in Figure 6-2b. Its geometry was kept as simple as 

possible, which enabled us to prepare the interface with a single cut of the femoral 

condyles. The geometry and thickness of the condyles was determined such as to 

closely resemble the anatomy of the original condyles and reconstruct the kinematics 

of the femorotibial articulation. A V-shaped stem stabilises the component. 

 

a   b 

Figure 6-2: The sheep total knee replacement (a) and the femoral component (b). 

Two of the tibial components are shown in Figure 6-3. The intra-articular tendon 

passes through the notch at the lateral side and the posterior notch enables retention of 

the PCL. The V-shaped stem serves as stabiliser and features at least five � 0.8 mm Ta 

beads for the RSA-measurements. The beads were spotwelded to the stem in our 

laboratory, prior to steam-autoclaving. The HA-coating was applied using vacuum 

plasma spraying. The thickness of the HA-layer was 60 � 30 µm and its crystallinity 

was at least 95 % [18]. The sintered beads porous coating consisted of three layers of 

beads (� 1 mm). This resulted in a porosity of almost 40 % and a pore size between 

0.06 and 0.5 mm [18]. 
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Technical drawings of the tibial and femoral components are shown in Figure 6-4 and 

Figure 6-5. 

 

Figure 6-3: The tibial components with two types of porous coating. 

 

6.3. Methods. 

6.3.1. Pre-operative and anaesthetical protocol. 

The following protocol for anaesthesia has been used. It is a synthesis of the 

anaesthesia protocol used in Cambridge [19] and information obtained from prof. dr. 

Gasthuys, department of surgery and anaesthesiology of domestic animals, University 

of Ghent, Belgium. 

1. All sheep had been wormed and vaccinated against clostidium before the 

operation and were starved for 36 hours prior to operation. The veterinarian 

assessed their general condition. The animals were all perfectly healthy at the time 

of operation and walked normally. 

2. Premedication : intramuscular injection of 

a. Atropine: 1 mg/25 kg 

b. Hypnorm: 0.2 cc/kg with a maximum of 10 cc. 

3. When the sheep lies down, it is carried over to the operation table. This is done 

while taking care not to turn the sheep over its back, to avoid compression of the 

vena cava by the intestines, and to avoid volvulus of the intestines. It is placed in 

left lateral recumbency, with the head somewhat lower than the body to aid salival 

and rumenal outflow from the mouth. 

4. Mask insufflation with a mixture of oxygen and nitrous oxide (O2/N2O = 0.5) and 

1 to 1.5 % of Fluothane. Flow is between 700 and 800 ml/min with a frequency of 

13 per minute. 
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5. Insertion of a 16 gauge venflon in one of the superficial veins of the right foreleg 

with a 200 ml/hr intravenous perfusion of physiologic serum (NaCl 0,9 %). 15 to 

20 mg/kg Nembutal IV is injected as induction agent. Start of antibiotic profylaxis 

(Depomycine). 

6. Intubation with a cuffed endotracheal 7 or 8 mm tube, with help of a 10 cm long 

tongue depressor. 

7. Insertion of a gastric tube for drainage of rumenal contents, and to prevent 

rumenal tympany.  

8. Both forelegs are attached to the table with a soft non-constricting rope. The left 

hind limb is attached to the table in the same manner, but the right hind leg is left 

free, so that it can be mobilised in every direction during the procedure. 

9. The whole right hind leg and the posterolateral part of the right trunk are shaven 

completely and disinfected with Iodine. The trunk and the lower leg are draped in 

double layer (Figure 6-6). The surgical team is scrubbed as in a routine 

orthopaedic operation, i.e. with full sterile gowns, gloves, face masks and 

headcaps. 

10. Peroperative checking of heart rate, CO2-pressure (3.6-4.4 kPa), ocular reflex, 

rumenal tympany, and salival loss. 

a. In case of rumenal tympany (caused by the inability for the anaesthetised 

sheep to void gaseous products produced by the fermentation of food 

substances), compression of the vena cava and diaphragma is resolved by 

percutaneous needle decompression. 

b. If salival loss exceeds 500 ml, metabolic acidosis occurs. This is treated by 

1 mmol/kg/hr sodium bicarbonate. 

11. At the end of the operation Fluothane inflow is shut down, and insufflation with 

the O2/N2O mixture is continued until swallowing and coughing reflexes are 

regained. 
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6.3.2. Surgical procedure. 

The main features of the sheep stifle that determined the surgical procedure have been 

mentioned already above. Since there is very little bone stock available, we tried to 

cut the tibia no more than four to six mm below the joint line. The four mm insert was 

almost always used, except on one or two occasions. Although Howmedica made a 

special sawblade available, we preferred to use the sawblades routinely used for 

human arthroplasties in the university hospital. The special sawblade was too flexible 

to produce a flat cut. To obtain sufficient exposure of the joint space, we routinely 

performed a Z-plasty of the intra-articular tendon. This was justified since the tendon 

is not a major stabilising structure. To restrict the time needed for the project, every 

second sheep that was operated on was selected for the two year group. 

The details of the surgical procedure are described and illustrated below. We also 

produced a video recording and made it available to Howmedica. A parallel project 

was carried out in the University of Cambridge, although for another purpose. This 

group used a different surgical procedure, which is described in their own report [19]. 

The main difference is that they performed a tibial crest osteotomy, which was not 

acceptable in this study. The technique could compromise bone ingrowth and would 

certainly have made RSA analysis more difficult because of the metal wire used to 

reattach the tibial crest. 

 

6.3.2.1. Exposure. 

The position of the knee is estimated by palpation in combination with flexion and 

extension movements. A longitudinal incision is performed, starting 1 cm lateral to 

the midline and 2 cm proximal to the superior pole of the patella, and going distally 

till the level of the tibial tubercle (Figure 6-6). After incising the skin, the superficial 

veins are electrocoagulated. The muscle layer is incised between the transition of the 

m. rectus femoris and the m. vastus lateralis (lateral parapatellar approach). 

Next the lateral parapatellar retinaculum is opened 0.5 cm lateral to the patellar edge, 

starting again 2 cm proximal to the superior pole of the patella, down to the level of 

the tibial tubercle. During this section one can see the synovial fluid leaking out of the 

joint. Care is taken not to inadvertently injure the extensor digitorum tendon at this 

stage. 
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Next the patella is dislocated medially, so that the whole joint can be appreciated 

(Figure 6-6). The ACL is resected in combination with excision of the ligamentum 

mucosum and the superficial part of the Hoffa fat pad, especially when this is 

abundant and covering the tibial plateau. If visualisation of the joint is still difficult at 

this stage, one can dissect the first few millimetres of the insertion of the anterolateral 

capsule on the proximal tibia. 

It is of paramount importance not to release the anterolateral and midlateral capsule 

from the proximal tibia, since this is the specific restraint to varus stress. If the 

anterolateral and midlateral capsule are released completely, an unstable joint to varus 

stresses will be the result. The tenotomy of the extensor digitorum tendon is 

performed in a Z-fashion, to facilitate repair at the end of the operation. Now the knee 

is brought into maximal flexion, so that the posterior condyles are easily seen and the 

section plane can be assessed adequately. 

 

6.3.2.2. Bone cuts. 

As the next step the osteotomy of the posterior condyles is performed with a 

pneumatic saw in such a way that the thickness of the resected condyles matches 

exactly the thickness of the femoral prosthesis (10 mm, Figure 6-6). The knee is then 

brought from full flexion to 90° of flexion, and the tibia is subluxed forward by 

placing a Muller retractor in the intercondylar fossa, just in front of the PCL. A 

second and third Muller retractor are placed between the medial and lateral edge of 

the tibia and the medial and lateral joint capsule.  

The upper 4 to 6 mm of the tibial plateau is removed now with a pneumatic saw 

(Figure 6-7). The knee is maximally flexed again, and the troughs for the stem of the 

femoral component are created with the special template (Figure 6-7). Additional drill 

holes are made in the cancellous bone to enhance cement fixation of the femoral 

component. On the tibial side the special tibial template is used to make the troughs, 

concentrating on the exact rotational alignment of the tibial component (Figure 6-7). 

Care was taken to avoid excessive bone heating during sawing. Whenever sawing 

took longer than 45 seconds intermediate rinsing with water was performed to cool. 

Water rinsing was also used to remove all bone debris, since remaining bone 

fragments might lead to heterotopic bone formation. 
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Figure 6-6: Operative technique: preparation, exposure, bone cuts 

 

6.3.2.3. Inserting the components. 

Now the femoral component is hammered into the prepared troughs, until it is 3 mm 

from its final seating surface on the bone. At this stage PMMA bone cement is 

introduced under pressure between the bone and the prosthesis with a syringe (Figure 

6-7). When the cement has an adequate viscosity, the prosthesis is firmly hammered 

into place with a nylon impactor, until it is flush with the resected bone surface 

(Figure 6-7). Next the knee is brought into 90° of flexion, and the Muller retractor is 

placed again in the femoral notch, protected by a swab to prevent damage to the 

femoral component. 

Now the trial tibial baseplate is inserted, together with the thinnest tibial trial bearing. 

The joint is then reduced and checked for stability in the anteroposterior and 
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mediolateral plane, and for range of motion. When there is too much laxity, a thicker 

tibial trial bearing is inserted, until the joint is stable with less than 3 mm play under 

varus and valgus stress. 

When stability and adequate range of motion are achieved, the trial tibial components 

are removed and the template for insertion of the bone-markers in the tibia is brought 

in. Holes are drilled in the bone and the beads are inserted with the needle (Figure 

6-7). The bone markers are inserted according to the schematic view in Figure 6-8 to 

make sure that they are visible in both RSA-pictures. Six Ta-beads are inserted this 

way (� = 0.8 mm): two in the posterior trabecular bone, four in the anterior cortex (see 

also Figure 6-20). 

Finally, the definitive tibial component is inserted. It is again hammered firmly onto 

the tibia with the impactor until it is completely flush with the resected tibial plateau 

(Figure 6-7). The polyethylene insert with the correct thickness is inserted and 

screwed onto the baseplate. 

 

6.3.2.4. Reduction and closure. 

Subsequently, downward depression of the tibia and extension of the knee joint 

(Figure 6-7) reduce the prosthetic components. Then, with the joint in extension, the 

patella is reduced from its medial dislocated position. The stability of the joint is now 

assessed again in extension and in flexion to varus and valgus stress. The patellar 

glide is assessed during full range of motion. Whenever there is a tendency for medial 

dislocation, a release of the patellar insertion of the vastus medialis muscle is 

performed in an outside-in fashion, using a sharp bistouri.  

Next the common extensor tendon is repaired with side to side sutures Vicryl 2.0. The 

lateral parapatellar retinaculum together with the vastus lateralis expansion is 

resutured to the patella with interrupted Vicryl 2.0 sutures. The subcutis is closed, 

after careful haemostasis, with interrupted Vicryl 2.0 sutures. The skin is closed with 

interrupted Ethylon 2.0 sutures. At the end of the procedure, the joint is again tested 

for range of motion, patellar tracking, varus-valgus and anteroposterior stability. 
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Figure 6-7: Surgical technique: insertion of components and reduction of the joint. 

The length of operation was generally between 60 and 90 minutes. We assigned an 

operation score, based on the parameters listed in Table 6-2. The notes that were made 

at the time of operation are not very detailed and don’t necessarily cover all criteria 

listed, which makes the calculation of a score for operation quality somewhat 

susceptible to interpretation. It is nevertheless possible to discern the very good 

operations from those where something definitely went wrong. In those cases where 

there was not enough information, no score was assigned.  
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Table 6-2: Definition of the operation score. 

CRITERION POINTS 

Flatness of the cuts: 2 

Initial implant fixation: 2 

Alignment of the implant: 2 

Stability of the joint: 4 

MAXIMAL SCORE: 10 

 

 

 

Figure 6-8: Position of the bone markers. 

 

6.3.3. Postoperative regime and clinical follow-up. 

Immediately after the operation, the animal is transferred to a small, clean and warm 

pen where it is kept alone. It receives antibiotics for one week (Depomycine 20/20). 

Whenever the animal is showing signs of pain, analgesics are administered too. No 

restrictions on standing or walking are imposed, but the animal remains in the pen for 

at least six weeks. Skin sutures are removed on day fourteen, or later when the wound 

is still draining. The sheep is released to the grass, together with the whole flock, after 

six weeks. 

The sheep were brought back to the animal house every three months for follow-up 

and RSA evaluation. A clinical and functional score was defined based on a 

qualitative evaluation of the parameters listed in Table 6-3. 

Pain and weightbearing are of course difficult to assess. Generally, we only 

considered the stifle joint to be painful if the animal retracted its leg when it was 

manipulated. The sheep were considered to only slightly load the operated leg, if the 
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hoof touched ground while walking or running, but the sheep was tiptoeing. They 

were considered to fully load the operated leg, if gait was more or less symmetrical 

during trot (both hindlegs touching ground for equal amounts of time). 

The first four parameters can be considered to reflect the biological reaction (four 

points), we call it the “efficacy” of the joint replacement. The next four parameters 

bring the kinematical performance of the joint into account (six points), we call it the 

“functionality” of the joint.  

Table 6-3: Definition of the clinical scores. 

CRITERION RANGE POINTS 

Heterotopic ossification (by palpation and 

comparison with the contra-lateral leg) 

None or little: 

Moderate or important: 

1 

0 

Woundhealing Complete: 

Not complete: 

1 

0 

Pain on passive mobilisation of the joint Yes: 

No: 

1 

0 

Laxity of the joint (under varus-valgus 

stress and anterior-posterior shifting) 

Normal: 

Increased (>10°): 

1 

0 

EFFICACY Maximum score: 4 

Alignment Neutral � 5°: 

Neutral � 10°: 

Neutral + > 10°: 

2 

1 

0 

Range of motion Good or excellent: 

Limited or poor: 

1 

0 

Patella tracking Normal: 

Dislocated: 

1 

0 

Weight bearing Fully: 

Moderate: 

Slightly or not: 

2 

1 

0 

FUNCTIONALITY Maximum score 6 

CLINICAL SCORE (all parameters) Maximum score 10 
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6.3.4. Migration measurements. 

6.3.4.1. Theory and calculations. 

Roentgen Stereophotogrammetric Analysis (RSA) is a very accurate measurement 

technique to calculate the position and relative motions of rigid bodies with respect to 

each other. RSA was originally developed by Selvik and is documented extensively in 

literature [20, 21, 22]. The technique is based on the fact that one can reconstruct a 

three-dimensional scene based on simultaneous plane projections of the scene from 

two or more viewpoints. In our set-up we make two projections on a single plane (the 

roentgenfilm). This type of set-up is also called the Seattle configuration (Figure 6-9). 

If the positions of the two X-ray sources and of the plane are known, one can 

construct two straight lines through the two projections of a point and the roentgen-

foci. The intersection of the two lines determines the spatial position of the point. 

 

objectpoints

focus 1

focus 2

 

Figure 6-9: Reconstruction of a scene from two plane projections. 

For the sake of flexibility of the set-up, we choose to leave the position of the X-ray 

sources and of the film more or less free and to determine these positions for each 

RSA-measurement again. This can be done by means of a calibration procedure. A 

calibration box has been constructed containing two sets of calibration markers: one 

set in the rear plane (fiducial markers) and the other set in the frontal plane (control 

markers), Figure 6-10. The relative positions of these points are known very precisely. 

They have been measured after construction of the box with a 3D-coordinate 

measuring machine. The accuracy with which the position of the calibration points is 

known was better than 80 µm. Thus, we have defined a spatial coordinate system 

fixed to the calibration box. The box is always photographed together with the sheep 
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leg. Measuring the projection of the known calibration points, enables us to calibrate 

the stereophotogrammetric set-up for every measurement again. 

 

Figure 6-10: The calibration box. 

The transformation from the film-coordinates of a point to its coordinates in space is 

well known and corresponds to what is called a “central projection” in mathematics. 

The equations describing the relation are: 
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   (1) 

With x,y : the filmcoordinates 

 X, Y, Z: the spatial coordinates 

 L1,..L11: the transformation parameters 

L1 until L11 need to be determined from the calibration for both projections. The 

transformation from (x,y) to (X,Y,Z) can in principle be carried out in a single step, 

using the Direct Linear Transformation (DLT) algorithm described by Marzan and 

Karara [23]. In RSA, however, one generally uses the approach developed by Selvik. 

That is also what we did. 

The calculations are carried out in two steps. A first step is the transformation from 

film coordinates (x,y) to coordinates in the plane of the fiducial markers (xf,yf). For 

this step we need to know eight parameters: three for the translation of the origin, 

three for the orientation of the axes and two to take the strain of the film during 

development into account. 
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With x,y: the filmcoordinates 

 xf,yf: the fiducial coordinates 

 L1,..L8: the transformation parameters 

The parameters L1 to L8 are determined using the first set of calibration points (the 

points in the fiducial plane) of which we know both sets of coordinates. In the second 

step we calculate the position of the foci using the second set of calibration points (the 

points in the so-called control plane). During each of these steps we use more points 

than strictly necessary, to minimise the influence of random errors during digitising. 

Once the positions of the prosthesis and bone markers have been determined, it is of 

course possible to calculate displacements of these points over time (migration of the 

prosthesis) or under influence of load (induced displacement).  

We define the following vectors: 

1ib
���

 = position vector of bone marker i, during reference exposure. 

2ib
���

 = position vector of bone marker i, during secondary exposure. 

1ip
���

 = position vector of prosthesis marker i, during reference exposure. 

2ip
����

 = position vector of prosthesis marker i, during secondary exposure. 

1 2 1 2, , ,C C C Cb b p p
��� ���� ���� ����

: the centres of gravity of the resp. markers. 

The complete determination of relative movement of the prosthesis with respect to the 

bone must then be done in different steps. First of all, the position of the bone in the 

calibration box is not exactly the same during the two RSA-exposures. We will have 

to take this displacement into account to determine the true relative displacement of 

the prosthesis. The translation of the centre of gravity of the bone markers bt
��

 and 

rotation around the centre of gravity b�  define the displacement of the bone. 

bt
��

 and b
�  can be determined using the following equations: 

2 1b C Ct b b� �

�� ���� ���

      (3) 

    1 1 2 2( )b i C i Cb b b b� 	 � � �

��� ��� ��� ����

    (4) 
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They can be solved if we know the position of at least three markers on the prosthesis 

and three in the bone, on both RSA-exposures (reference and secondary). 

bt
��

 and b�  can then be used to calculate the fictitious position of the prosthesis, if the 

bone were in exactly the same position during the secondary exposure as in the 

reference exposure. Once this is done, we are ready to calculate the relative 

displacement of the prosthesis. 

The relative displacement can also be represented by a translation of the centre of 

gravity of the prosthesis markers ,p rt
����

 and a rotation of the prosthesis markers around 

the centre of gravity ,p r� . ,p rt
����

 and ,p r�  can be found by solving the following set of 

equations: 

    , 2 2 1 1( )p r C C b C Ct p b p b� � �� � �
���� ���� ���� ���� ���

   (5) 

    , 1 1 2 2( )p r b i C i Cp p p p	 
� � � � � � �
� �

��� ���� ���� ����
   (6) 

In this study, the migration of the implants is calculated as the change in length of the 

distance between the centre of geometry of the prosthesis markers and the centre of 

geometry of the bone markers. This parameter is also called “segment motion” and it 

is equal to ,p rt
����

 (Figure 6-11). The advantage of this parameter is that it can be 

calculated even if there are not enough beads available to carry out a complete 

analysis of the three dimensional relative movement. Migration can be determined as 

long as at least one bead is visible in both projections and on all X-rays. The 

disadvantage is that it is a parameter that is not frequently used in literature. 

 

Figure 6-11: Definition of segment motion. 
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6.3.4.2. The RSA set-up. 

A number of different set-ups have been tried. The main problem was that the stifle is 

located very high, and close to the belly of the animal. The set-up, which we finally 

decided upon, can be seen in Figure 6-12. The sheep is hanging in a sling. Thus, the 

belly of the animal is shifted a little bit upwards under the influence of the animal’s 

own weight. The knee is situated somewhat above the calibration box, but we use a 

30x40 cm film such that it is still visible on the X-ray picture. The X-ray sources are 

mounted on mobile stands, that can be positioned very easily and independently from 

each other. The angle between the sources is 30°-40°. 

 

Figure 6-12: RSA set-up. 

Since the knee is not located in the calibrated space, we will need extrapolations to 

calculate the 3D-position of the prosthesis and the tibia, which is of course not ideal. 

The distance between the knee and the box is therefore kept as small as possible. The 

accuracy of the set-up was determined using a sliding calliper. The results of these 

tests are presented in the next section of the report (Results and Discussion, Migration 

measurements). 

Because there is a lot of soft tissues behind the knee, sharpness and contrast of X-ray 

pictures will always be limited. One can use high kV, to maximise penetration and 

shorten exposure, but with less contrast. Or one can choose to use lower kV resulting 

in longer exposure and better contrast, but also the risk of blurring due to movement. 

We tried Structurix D7 film as well as Curix RP1 films (both from Agfa-Gevaert). 

Structurix D7 is exceptionally suited to show a lot of detail, but needs longer 

exposures, making this kind of films useless for our purpose. Curix RP1 is more 
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coarsely granulated, showing less detail, but it needs far shorter exposure. This is also 

the kind of film used in the orthopaedic department of the university hospital. 

With Curix RP1 and a Siemens super high-speed cassette the following settings result 

in acceptable contrast and sharpness: 100 kV, 20 mA, 0.3 sec. The distance between 

film and focus (FFD) is 1 m. Since these settings were not suited to obtain a clear 

image of the calibration box, the calibration box was X-rayed separately, but without 

changing anything to the set-up. The X-ray sources are Practix XB1021 tank units 

with portable control desk XB7008 supplying 20 mA at voltages up to 100 kV and 

switching times from 0.04 sec up to 5 sec. The focal spot is 1.8 mm large. 

 

6.3.5. Mechanical evaluation. 

6.3.5.1. Displacement measurements. 

After sacrifice, we performed another, independent evaluation of the mechanical 

stability of the tibial component. The requirements were that the measurement 

technique had to be non-destructive, such as not to compromise subsequent 

histomorphometrical analysis. It had to enable a complete and accurate three-

dimensional evaluation of the small displacements that occur during physiologically 

relevant loads. The measurement technique that we developed in an earlier project for 

Howmedica seemed to satisfy these requirements. This technique is described in 

detail in chapter 4. 

x

y

z

 

Figure 6-13: Configuration for the displacement measurements. 

The LVDTs are fixed to an aluminium ring, which is mounted on the proximal tibia 

with the use of four screws. To make sure that what we measure is the mechanical 

quality of the supporting tissues, all bone and soft tissues embedding the baseplate are 

carefully removed before the test. The tibia is then potted in polyester resin 4 to 5 cm 
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below the level of the prosthesis. The set-up is shown in Figure 6-14. The LVDT’s are 

W1T3’s from HBM with � 1 mm nominal measuring displacement and W0.5T with 

� 0.5 mm nominal measuring displacement. The force transducer is a load cell from 

Lebow Assoc. inc., model 3169 with a capacity of 1000 lbs. (454 kg). The sensors are 

connected to a BMx computer with the UPC607 data acquisition and control card 

from Validyne. 

 

Figure 6-14: Set-up for measurement of the induced displacement. 

Relative movement is measured in six static loading cases (Figure 6-15): 

1. axial compression (two times, Fc= 550 N). 

2. combination of compression and bending around the medio-lateral axis (Fc= 500 

N, Mml= 5 Nm) 

3. combination of compression and bending around the antero-posterior axis (Fc= 

500 N, Map= 5 Nm). 

4. combination of compression and shear to the medial side (Fc= 490 N, Fm= 90 N). 

5. combination of compression and shear to anterior (Fc= 490 N, Fa= 90 N). 



The influence of an HA-coating on bone ingrowth 

157 

 

Figure 6-15: Five load-cases for the induced displacement measurements. 

The magnitude of the applied loads was limited, to prevent failure of the interface. 

The results of the displacement measurements are summarised in the global 

displacement figure �, which is a measure of the maximal relative displacement of the 

prosthesis with respect to the bone, averaged over all loading cases. This parameter is 

comparable to the MTPM (maximal total point motion) that is frequently used in RSA 

analyses. 

6

1

1
( )

2

1

6

i i x y z

i

i

t L L W� � � �

�
�

� �� � � � � � � �	 
� �

 � ��

    (7) 

 

With �i: the displacement for load case i, 

ti: the translation of the tibial baseplate 
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�x, �y, �z: the rotation of the tibial baseplate around a proximo-distal, 

anteroposterior and mediolateral axis resp. 

L and W: the length and with of the tibial baseplate. 

Obviously, it would be better to use a weighed average taking into account the relative 

importance of each of the load cases during walking. This is however not possible 

since no gait analysis data and information about the loading of the sheep stifle are 

currently available. 

A measurement of the initial fixation was also carried out in two cases. We simulated 

an implantation on a contralateral limb of two sacrificed animals and measured the 

induced displacements immediately afterwards and after a dynamic preload (in one 

case): 

1. 500 cycles of axial compression at 1 Hz between 10 and 55 kg,  

2. 250 cycles of a combination of compression and bending around the antero-

posterior axis with the application point on the medial side (between 10 and 50 

kg) 

3. 250 cycles of a combination of compression and bending around the antero-

posterior axis with the application point on the lateral side (between 10 and 50 kg) 

We simulated a perfect implantation procedure in one case and a worst case scenario 

in the second. In the second case, chisels were used to remove part of the bone, 

resulting in a rugged, rather than a flat surface and the implant was inserted and 

removed several times to correct for rotational malalignment, which resulted in wide 

troughs for the stem. 

 

6.3.5.2. Wear analysis. 

Apart from these displacement measurements, a qualitative light microscopical 

evaluation was also performed of the amount of wear and damage of the polyethylene 

inserts. This analysis was carried out by Imran Khan of the university of Surrey. The 

amount of damage was noted and a classification of the damage was made according 

to five types : 

1. normal service wear, characterised by areas of highly polished material 

2. plastic deformation (“creep”), most apparent at the edges where material flow has 

occurred  

3. third body particle scratches, caused by bone or bone cement particles 
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4. severe abrasive damage, which has the appearance of coarsely abraded surface 

with some grain pull-out 

5. sharp instrument damage, which is caused by cutting away the fibrous tissue from 

around the joint during retrieval. 

 

6.3.6. Biological evaluation. 

6.3.6.1. Protocol. 

The most direct and conventional evaluation of the biological reaction to a new joint 

prosthesis is of course histological and histomorphometrical analysis of the interface. 

These analyses were performed according to the following protocol: 

1. sacrifice: the animals were sacrificed after 3, 6, 12 or 24 months using an 

intravenous anaesthetic overdose (T61). Both hind limbs were used for 

histological processing. 

2. histological preparation: the major part of the muscles was removed, but the joint 

capsule and quadriceps mechanism were kept intact. Samples from the inguineal 

lymph node, the popliteal lymph node, the lateral and medial collateral ligament 

and the posterior joint capsule were taken from both the operated and the 

contralateral leg. These soft tissue samples were fixed in 4% formaldehyde and 

processed for routine paraffin sectioning. A detailed report of the necropsy 

observations was made: the mobility of the joint, the positioning of the different 

parts of the joint, abnormalities at the lymphnodes (swelling), the surrounding 

tissue, the tibia, the femur and the patella. 

3. the polyethylene insert is removed and decontaminated for 1 hour at room 

temperature in a 10% solution of Sodium Hypochlorite, 5.25% by weight. The 

implant with distal femoral and proximal tibial bone segments of approximately 

15 cm was resected and fixed in buffered formaldehyde (1 part of formaldehyde 

33%, 2 parts of alcohol 80%, 50g CaCO3/l) for approximately 15 days. 

4. mechanical testing: The mechanical displacement measurements, described above, 

were carried out as soon as possible after necropsy (usually one or two days after 

the start of the fixation). 

5. the tibia and femur are sawn with the Exakt saw according to the following 

schedule (Figure 6-16) :  

a. transversal section 3 cm below the tibial plateau 
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b. medio-lateral section with thickness of 4 mm 

 

 

Figure 6-16: Position of the medio-lateral section. 

6. the embedding and preparation of the bone sections followed the Exakt procedure, 

without removal of the implant (Table 6-4): 

Table 6-4: Description of the Exakt procedure. 

Dehydration: # days 

Alcohol 80% 3 

Alcohol 96% 3 

Alcohol 100% 3 

Infiltration:  

Alc./Technovit 7200 70/30 3 

Alc./Technovit 7200 50/50 3 

Alc./Technovit 7200 30/70 3 

Technovit 7200 100 3 

Technovit 7200 + BPO 7 

Polymerisation: 1 

7. after polymerisation, sections were sawn from the Technovit blocks. The sections 

were grinded and polished to a thickness of 40 µm. They were stained with 

Toluïdine blue (a fast staining technique that allows the detection of the 

mineralisation degree) and Stevenel’s blue combined with Von Gieson 

picrofuchsin (collagen = green-blue, osteoid = yellow-green, bone = orange, 

purple). 

Staining procedure: 

a) stain twenty minutes in Stevenel's blue at 60°C (water bath) 

b) rinse in H2O dest. at 60°C and let the section dry at the air 
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c) stain four minutes in Von Gieson picrofuchsin at room temperature and dry 

with some paper 

Preparation of the Stevenel's blue staining: 

a) A: 75 ml H2O dest. and 1 g methylene-blue 

b) B: 75 ml H2O dest. and 1.5 g KMnO4 

c) mix A and B in a boiling water bath until complete dissolution. Let the 

staining cool to room temperature. Filter the staining. 

Preparation of Von Gieson picrofuchsin: 

a) 10 ml acid fuchsin 1% 

b) 100 ml saturated picric acid 

8. histological analysis: 

a) soft tissue sections: the sections are inspected for particulate debris, presence 

of inflammatory or other cell populations, presence of foreign particular matter 

and tissue changes (necrosis, atrophy...). 

b) bone sections: a general observation is made of the reactions at the interface 

(foreign body reactions, direct bone-implant contact, the presence of a fibrous 

tissue layer) and at the periphery (changes in the bone structure, resorption 

areas, osteophytes, loss of bone). 

9. histomorphometrical analysis: With the aid of a semi-automatic histomorpho-

metrical analysis system (consisting of a CCD video camera, a microscope, a 

framegrabber and a PC with image processing software), the following parameters 

were quantified in the bone sections and contact radiographs: 

a) amount of bone ingrowth 

b) amount of bone ongrowth 

c) amount of fibrous tissue ingrowth 

d) amount of fibrous tissue ongrowth 

e) thickness of the fibrous tissue membrane (µm) 

 

6.3.6.2. Definition of the histomorphometrical parameters. 

The particular geometry of the integrally cast wavy mesh demands a very precise 

manufacturing technique for the histomorphometrical sections. Contrary to 

conventional coatings, the wavy mesh cannot be considered to be isotropic. It is 

therefore of paramount importance to determine very precisely the direction and 
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position of the cutting plane on beforehand to make sure that the sections are perfectly 

parallel to the direction of the wires. Despite our efforts to do this, we are not always 

able to make sure that the section is situated in the middle of the pores throughout the 

complete section. This is due to material loss during sawing, grinding and polishing 

which is impossible to control, given the hardness of the Vitallium alloy. 

The definitions that we used for the histomorphometrical analysis are presented in 

Figure 6-17. We chose these definitions to enable a justified comparison with the 

coating with sintered beads and other porous coatings described in literature. 

Depending on the appearance of the section, we used definition a or b for the 

determination of the area available for bone ingrowth and the interface length 

available for bone ongrowth. Bone (or fibrous tissue) ingrowth is then defined as the 

surface fraction filled with bone (or fibrous tissue) of a region within the inner surface 

of the mesh pocket (case b) or of a region between the substrate and the middle of the 

mesh (case a). Bone (or fibrous tissue) ongrowth is defined as the fraction of the 

length of the lower contour of the mesh wire that is in direct contact with bone (or 

fibrous tissue). In the case of the implants with a sintered beads porous coating, bone 

and fibrous tissue ingrowth could not be measured, due to the small size of the pores. 

 

Figure 6-17: Definition of bone ongrowth and ingrowth. 

Besides bone ingrowth (b.i.) and bone ongrowth (b.o.), the thickness of the HA-layer 

(h.t.) was also quantitatively assessed every millimetre along the whole contact length 

and averaged. 

Mean thickness of the fibrous tissue layer along the interface of the implant has been 

measured in ten equidistant points. All histomorphometrical parameters have been 

determined for the medial and the lateral side of the implant separately. In the 

overview tables the means of medial and lateral values are listed. 

 



The influence of an HA-coating on bone ingrowth 

163 

6.4. Results and discussion. 

In total, 39 sheep were included in the study. In the next paragraphs we will discuss 

the results of the different analyses in more detail. 

 

6.4.1. Failures. 

Seventeen sheep were lost for various reasons (Table 6-5) and sixteen were replaced: 

Table 6-5: Overview of sheep lost from the study. 

Reason for failure: n (%): 

Loosening of: 

tibial component 

femoral component 

 

4 (7.1) 

1 (1.8) 

Infection: 7 (12.5) 

Other: 5 (8.9) 

TOTAL: 17 (30.3) 

Loosening of a component was usually escorted by dislocation of the stifle joint, but it 

was impossible to determine whether dislocation resulted from loosening or vice 

versa. Most of these failures occurred in the beginning of the study and were 

associated with technical problems during the operation. These failures might be 

considered as inevitable and part of a learning curve. One sheep of the six-month 

group (h4-6) was lost due to a late loosening of the tibial component and was not 

replaced because it was impossible to obtain a new HA-coated implant within a 

reasonable period of time. 

Fixation of the femoral component was problematic, due to insufficient interdigitation 

of the cement with the trabecular bone. After sacrifice, we also observed loose 

femoral components in a number of otherwise well performing sheep because of this 

reason. The problem was solved once we started drilling holes in the trabecular bone, 

before inserting the cement. 

There was a large number of sheep that suffered from infections. These difficulties 

generally occurred in clusters and during hot summer months when flies and other 

vermin made it difficult to maintain the strict hygienic prerequisites necessary for 

wound healing. There was no relation between the type of implant and the occurrence 

of infections (2 beads, 3 HA, 2 mesh). An autopsy was performed on some of the lost 
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sheep, to determine the type of infection. It concerns a Corine bacterium species, 

which is a typical animal infection. 

Apart from the lost sheep, two more animals (h3-3 and m4-6, cf. Appendix A) 

suffered from a mild superficial infection. Their wound was thoroughly cleaned and 

antibiotics were continued for 14 more days, after which the infection seemed to have 

healed. However, at necropsy and particularly during the histological analysis, 

remaining signs of the infection could still be noticed. 

The five remaining failures were due to several reasons. Three animals died 

intraoperatively (one overdose, one O2 shortage, one for unknown causes) and two 

animals died one day postoperatively, probably because of the lung embolism 

revealed during autopsy. 

 

6.4.2. Operation and clinical scores. 

The average weight of the sheep that received an implant with sintered beads was 73.6 

kg (standard deviation: 14.2 kg). The sheep that received an implant with mesh 

weighed on average 74.7 kg (standard deviation: 14.0 kg) and the sheep that received 

an implant with HA-coating weighed on average 75.3 kg (standard deviation: 9.6 kg). 

None of the differences was significant (Students t-test). 

The final clinical score was determined as the mean of the scores obtained during the 

follow-up sessions. The subjective evaluations of operation quality and clinical 

performance led to the results shown in Table 6-6.  

The operation quality for the beaded implants is significantly lower than that for the 

implants with a mesh coating (p = 0.02). The other operation scores were not 

significantly different. Generally, we found no effect of the operation quality on the 

performance of the sheep (r² = 0.01). This is not because operation quality is not 

important, but probably because of the insensitivity of our evaluation method (both 

for operation quality and for the clinical score). 

Table 6-6: Mean values and standard deviations for assigned scores. 

Implant type operation score efficacy functionality clinical score 

Beads 4.8 � 2.1* 3.3 � 0.7 4.4 � 1.1 7.6 � 1.3 

Mesh 7.3 � 2.2 3.6� 0.5 3.9 � 1.4 7.5 � 1.2 

HA 6.2 � 2.1 3.3 � 0.8 4.3 � 1.5 7.5 � 1.6 
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Clinical performance enhanced between the third and the sixth month, independent of 

implant type (Figure 6-18). This was mainly due to better functionality. After six 

months, the performance tended to deteriorate, but the change was never statistically 

significant. 

A comparison of the evolution of clinical scores for each implant type separately, 

revealed that the improvement of the performance after three months was particularly 

striking in the HA-coated group.  

Deterioration of the performance was seen in the three groups but was clearest in the 

implants with mesh (Figure 6-18). None of the differences was statistically significant 

at any time interval. 

If we compare the final scores for the three implant types, we must conclude that the 

results lie surprisingly close to each other and are, consequently, not significantly 

different (Table 6-6).  

Inspection of the histograms (Figure 6-19) for the clinical scores, we see that 85% of 

the sheep performed good to excellent (scores between 7 and 10) and 15% performed 

poor or acceptable (scores between 3 and 6). The HA-group seems to contain more 

excellently performing sheep (47% versus 37% and 25%), but also more poor or 

acceptably performing sheep (20% versus 12.5%). 

Although the overall clinical results are pleasing, we had too much heterotopic bone 

formation independent of the type of implant. The reason for this is not very clear. 

There are several hypotheses, though. One suggestion was that the use of resorbable 

sutures might lead to heterotopic bone formation. It was noticed in one of the earlier 

sheep studies in Howmedica that this phenomenon disappeared when they started 

using a non-resorbable kind of wire. It is also possible that a lack of initial stability of 

the joint prevents the sheep from using it. As is seen in human knees, non-

functionality might lead to heterotopic bone formation [24]. A third guess was that 

insufficient coverage of the proximal tibia gave rise to lack of fixation of the tibial 

component and led to bone formation around the component in an attempt to stabilise 

it. We will try to elucidate this point in one of the next paragraphs. 

Whatever the case may be, it was very clear that heterotopic bone formation was 

accompanied by limited mobility and functionality in a number of cases (n=10). This 

is an obvious disadvantage when one wants to study bone ingrowth. A video 

recording showing three typical clinical results (one excellent, one good, and one 

poor) was produced. 
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Figure 6-18: Evolution of clinical score for all implants and for the implant types separately. 

 

6.4.3. Migration measurements. 

The accuracy of the RSA-set-up has been examined with a sliding calliper with four 

beads attached to both the moving and the stable arm. The calliper was placed above 

the calibration box, in the same region where the sheep knee usually was situated. 

RSA pictures were made for calliper readings of 0, 0.3, 0.8 and 2 mm. The calculated 

translations were compared with calliper readings for each of the three axes. The 

mean difference between the RSA calculation for the displacement and the reading on 

the calliper was 0.143 mm for the X-axis, -0.093 mm for the Y-axis and 0.197 mm for 

the Z-axis. The accuracy is somewhat less in the Z-direction because this is the axis 

which is perpendicular to the roentgen film. 

Because the beads in the bone are generally not as clearly visible as the beads that 

were attached to the calliper, we also examined the accuracy with which a typical X-

ray of a sheep could be digitised. The same film was digitised twice and the position 

in space of the beads was calculated. The mean difference for all three coordinates 

was 0.2 mm. These results for accuracy and reproducibility of the RSA technique 

correspond well with evaluations performed by Ryd, also in a clinical situation [25]. 

Selvik reported an accuracy which is far better (between 10 and 100 µm for 

translation, depending on the axis), but his results were not obtained with an 

independent measurement and may therefore be too optimistic. 
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Figure 6-19: Histogram of the clinical scores. 

A typical RSA X-ray is shown in Figure 6-20. It is a picture of an HA-coated implant 

of the two-year group. The picture was made three months after the operation. One 

can immediately see a large amount of heterotopic bone formation around the joint. 

The tibial bone forms a cup, with the tibial baseplate seated on the bottom. The bone 

markers are clearly visible, and are in the positions defined by Figure 6-8. Since the 

transversal plane of the joint was usually not exactly parallel to the horizontal plane, 

markers 4 and 5 were sometimes hidden by the metal baseplate, and the RSA 

Histogram

0

10

20

30

40

50

60

70

6 8 10

Score mesh

F
re

q
u

e
n

c
y

Histogram

0

10

20

30

40

50

60

70

6 8 10

Score HA

F
re

q
u

e
n

c
y

Histogram

0

10

20

30

40

50

60

70

6 8 10

Score all

F
re

q
u

e
n

c
y

Histogram

0

10

20

30

40

50

60

6 8 10

Score Beads

F
re

q
u

e
n

c
y



Chapter 6 

168 

exposures had to be repeated a number of times. The markers on the prosthesis were 

usually easy to detect in any position. 

 

Figure 6-20: Typical RSA-exposure. 

The results of the migration measurements are shown in Figure 6-21. One of the HA-

coated implants in the two-year group (H3-24) showed signs of an infection at 

necropsy, and it was decided to disregard the results of this sheep. If this is done, the 

migration results after one and two years show a significant difference between the 

HA-coated and the non HA-coated implants (p=0.04 and p=0.03 respectively). If H3-

24 is taken into account, migration of the HA-coated implants is still only half as large 

as the migration of the other types, but the difference is not significant. In the groups 

of sheep with mesh and sintered beads coating, there were several animals with a lot 

of migration too (up to 1 cm), but in these cases no abnormalities were observed 

during necropsy and in the histological sections. 
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We made an attempt to correlate the clinical scores with the amount of migration. We 

can only detect a trend after one and two years. There seems to be only a weak 

exponential correlation (R²=0.36, Figure 6-22). The correlation is stronger if we look 

at the relation with heterotopic bone formation only (R²=0.49). For this purpose, 

heterotopic bone formation was quantified as the relative thickness change at the level 

of the tibial component, measured in the frontal plane (Figure 6-23). This suggests, 

albeit rather weakly, that the reason for heterotopic bone formation might be the 

instability of the tibial baseplate. The instability is, however, not caused by lack of 

coverage. We measured coverage in the frontal plane on the first post-operative X-

ray. The average coverage is 91% � 3.2%. 

Table 6-7: Mean values and standard deviations for migration of the tibial baseplates in mm. 

Type/Month 0 3 6 12 24 

Beads 0 � 0 0.79 0.91 1.15 5.58 � 5.02 

Mesh 0 � 0 0.72 � 0.53 1.59 � 1.15 1.38 � 0.87 6.41 � 3.77 

HA : H3-24 incl. 

 H3-24 excl. 

0 � 0 0.86 � 0.72 1.64 � 1.02 0.25 � 0.20 3.23 � 5.85 

0.30 � 0.25 
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Figure 6-21: Migration of the tibial baseplates [mm], with (a) and without (b) H3-24. 

The weak link between migration and clinical performance may be somewhat 

disappointing, but it corresponds well with what is observed in clinical practice [26]. 

The group of Prof. Rozing, in the university hospital in Leiden, who did a large RSA-
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study on Interax knees (cemented, mesh, mesh + HA) reached the same conclusions: a 

significant difference between the mesh coating with and without HA regarding 

migration, but no relation with clinical scores [27]. Migration measurements seem to 

be a more powerful detector of failure than clinical scores. Bone is apparently able to 

cope with mechanically unstable implants for a short period of time while the joint 

performs well from a functional point of view. It is only after several years that lasting 

instability (and progressive migration) ultimately leads to function loss. 
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Figure 6-22: The relation between migration [mm] after one year, clinical score (a) and 

heterotopic bone formation (b). 
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Figure 6-23: Quantification of heterotopic bone formation. 
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6.4.4. Mechanical evaluation. 

6.4.4.1. Displacement measurements. 

The results of the induced displacement measurements are presented in Figure 6-24. 

The results of the initial fixation measurements are also included in Table 6-8. 

Table 6-8: Mean values and standard deviations of the results of the displacement 

measurements in µm. 

Type/Month 0 3 6 12 24 

Beads 25.2 � 5.4 57.8� 0.8 94.3 � 42.0 50.0 � 4.0 102.2 � 74.8 

Mesh  43.0 � 15.1 82.2 � 26.6 58.5 � 15.6 67.1 � 29.9 

HA  43.4 � 33.8 14.0 � 7.0 12.3 � 2.4 16.4 � 7.0 
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Figure 6-24: Induced displacements [µm] as a function of implant type and time. 

A close look at the displacements for each loading case separately reveals the 

following: 

1. The displacements during the second load application are generally smaller 

than the displacements during the first load application (both axial 

compression). The differences between both measurements are the residual 

displacements. They can be due to plastic deformation of the interface or 

slippage of the tibial component with respect to the underlying tissue. This 

effect is much smaller when the amount of direct contact with bone is large, as 

is the case in the HA-coated implants. 
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2. Bending around the medio-lateral axis generally leads to minimal 

displacements, which can be explained by the stabilising effect of the large 

stem of the implant. This effect largely disappears when a bending load is 

applied around the antero-posterior axis: this kind of loading leads to maximal 

displacements. 

3. There is no clear difference between both shearing loads. One would expect 

consistently larger displacements if a shearing load to the medial side is 

applied because the projected area of the stem is much larger in the antero-

posterior direction than in the medio-lateral direction. This is however not the 

case, except in the tests of the initial fixation. In the explanted samples, the 

stabilising effect of the stem is apparently limited to the stem tip, which is 

close to the anterior cortex. This prevents the tibial component from tilting and 

anterior lift-off when the plateau is loaded in medio-lateral bending, but has no 

stabilising influence for shearing loads. This analysis is confirmed by 

histological sections through the stem, which show that the stem is for the 

largest part surrounded by soft tissue and not by bony tissue.  

From the overall results the following conclusions might be drawn. Rather 

surprisingly, the operation quality does not seem to have much of an influence on the 

initial fixation. This can be concluded from the fact that the induced displacements are 

small for the three tests of the initial fixation, even when we simulated a worst case 

implantation procedure. The large stem is apparently more important for the stability 

of the implant than the flatness of the supporting bone. Thus, we can safely conclude 

that most implants in this study will have been firmly fixed immediately after the 

operation, although large gaps between bone and implant might have been present in 

some cases. 

From the results after three months, we must conclude than that the effect of the stem 

has largely disappeared. This is due to resorption of bone around the stem, maybe 

caused by stress concentrations in the trabecular bone. The effect occurs in all types of 

implants and is not compensated for at that time by bone ingrowth into the porous 

coating. The fixation is equal for all implant types, suggesting that even frictional 

forces at the different interfaces are not really making a difference.  

From six months on, the HA-coated implants but not the two other types were able to 

regain their initial stability. The differences between the HA-coated and non HA-

coated implants are statistically significant for the 6, 12 and 24 months groups 



The influence of an HA-coating on bone ingrowth 

173 

(p = 0.001, p = 0.002 and p = 0.039 respectively). Once the stabilising effect of the 

stem is lost, micromotion of the tibial component seems to be too large for the bone to 

cope with, if there is no bioactive coating present.  

It was found in previous animal studies that micromotion should be smaller than 

150 µm if one wants to achieve bone ingrowth. In our displacement measurements we 

observed mean micromotions between 40 and 60 µm for all implant types after three 

months. These displacements were induced by loads of 50 kg. From the free body 

diagram in Figure 6-25 and the average weight of the animals in our study, one can 

see that loads up to three times as large can easily be obtained in vivo. This could lead 

to micromotions around 150 µm, even if the displacements are only proportional to 

the loads. The fact that induced displacements of 40 to 60 µm in our study seem to 

represent this fundamental barrier will be illustrated again in the next paragraphs, 

when we study the relation between induced displacements and migration. 

Based on this reasoning and the results after three months, we can expect to find little 

or no bone ingrowth in the porous coatings without bioactive coating. This 

expectation seems to be confirmed by the limited stability of these implants. The use 

of an HA-coating on the other hand, enables the bone to overcome large 

micromotions and establish a firm interface with the implant, resulting in a rigid 

fixation which is comparable to and in some cases even better than the initial fixation. 

15°

380 N

25 75

1180 N

1520 N

305 N

 

Figure 6-25: Free body diagram for the sheep knee. 

Although the application of an HA-coating has a significant influence on the 

mechanical quality of the interface, this effect is not reflected in an improvement of 
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the clinical performance. The correlation between the clinical scores and the stiffness 

of the interface is very weak (r² = 0.025) for the whole group. 

A look at the scatter diagram in Figure 6-26a, demonstrates that looking for 

correlations might be the wrong approach to describe the relation between induced 

displacements and clinical performance, though. The graph shows that a stable 

interface is clearly necessary to achieve a good clinical score, but it is certainly not the 

only determining factor. Implants with a good clinical score always have low induced 

displacements, but the reverse is not necessarily true.  

The same observations can be made regarding the relation between migration and 

mechanical quality of the interface. The scatter diagram for these two parameters is 

shown in Figure 6-26b. It is readily visible that stability of the implant is a necessary 

but insufficient prerequisite for the bone to be able to develop a mechanically sound 

interface with the prosthesis. If the migration after one year is larger than 1 mm, this 

invariably leads to a weak interface and induced displacements that can reach any 

value above 40 µm. Migrations after one year that are smaller than 1 mm lead 

generally, but not always, to the development of a strong interface with displacements 

smaller than 40 to 50 µm. The relation of induced displacements with migration is 

somewhat more unequivocal than with clinical performance: r² = 0.40. 
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Figure 6-26: Relations between final score and induced displacements [µm] (a), and 

between migration [mm] and induced displacements [µm] (b). 
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6.4.4.2. Wear analysis. 

The results of the wear analysis can be consulted in a separate report [28]. We will 

only quote the most important observations and conclusions here. It was very difficult 

to assess the amount of damage that had occurred on many of the inserts, due to the 

amount of quite severe material loss. There is some ambiguity as to whether this 

damage was caused by tools or by bone cement or heterotopic bone growth 

impingement, but it is likely that the damage observed over the range of samples was 

predominantly due to heterotopic bone growth with some samples possibly displaying 

saw damage caused on removal.  

There was no marked difference in the wear surface of the different implant types, but 

is seems from looking at the position of the wear tracks (which indicates how good 

the alignment and therefore the tability of the joint system being considered was), that 

the mesh and the HA-coated gave better stability over the complete implantation 

period than the beaded. It was observed, however, that the damage on the tibial inserts 

did not correspond in all cases with the quality of the operation, or the stability of the 

joint. 

The most important conclusion that we can draw from the wear analysis, however, is 

that most of the inserts showed significant degrees of damage, which indicates that 

they were loaded functionally, even if a lot of heterotopic bone formation was present. 

 

6.4.5. Biological evaluation. 

6.4.5.1. Necropsy observations. 

In the necropsy observations we describe the general appearance of the joint. We 

mainly concentrate on mobility and alignment of the knee. The mobility of the joints 

ranged from 0° to 55°. Mainly the type of tissue surrounding the joint and not so 

much the implant type determined the mobility (although the HA-coated implants 

generally performed better). The joint capsule varied from a normal fibrous capsule to 

a complete surrounding by a bony wall in the most extreme cases, with some or even 

complete inhibition of the mobility. This was seen in ten cases: two implants with 

sintered beads, five with mesh and 3 with mesh+HA. The phenomenon of ‘heterotopic 

ossification’ was observed in all sheep of the 2-year group, although it did not always 

limit mobility severely. 
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It was also observed that, with longer implantation times, more and more sheep 

exhibited a fusion between the tibia and the patella (at 2 years the patella had grown 

onto the tibia in 75% of the sheep). Some sheep (5) also had a deformation of their 

patella. 

These observations suggest that the joint was unstable initially, and needed 

reinforcement. Thus, there seem to be two independent causes for heterotopic bone 

formation: migration of the baseplate and instability of the joint as a whole. 

 

6.4.5.2. Histological analysis. 

The ‘progress’ of the healing process can be observed on the sections of the soft 

tissues surrounding the joint. After 3 months, all the sheep were still in their healing 

period. They all showed signs of a local inflammatory reaction or had some activated 

lymphnodes. After 6 months, these observations were seldom made. No major 

changes were observed in sections after one and two years. 

Typical examples of interface sections for each implant type are shown in Figure 

6-27. Three different types of interfaces could be identified: (1) direct bone contact, 

(2) little direct bone contact with fibrous tissue filling up the spaces or (3) no direct 

bone contact but a fibrous tissue layer between the implant and the bone tissue. The 

presence or absence of a HA-coating mainly determined the type of interface. No or 

very little direct bone contact was observed with the mesh and sintered beads 

coatings. In these cases the interface consisted almost completely of a fibrous tissue 

interlayer. The woven structure of the fibrous tissue indicated the occurrence of 

considerable relative movement which confirms the results of the induced 

displacements. The bone underneath exhibited signs of extensive remodelling. 

Sometimes, the bone even looked overremodelled and ‘shoot up’. The surface had a 

‘milled’ appearance, as if osteoclasts took small pieces from the surface. 

From the sections, it became clear that the plasma sprayed HA-coating is prone to 

resorption with time, though it is highly crystalline and adheres well to the prosthesis. 

This process was already observed in some samples of the six months group and the 

thickness of the HA-coating progressively diminished in the other groups, until it 

completely disappeared in some cases of the two-year group. We never observed HA-

particles or fragments. The coating rather seemed to be gradually replaced by bone 
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tissue. The thickness of the HA-layer as a function of time was measured with the 

histomorphometry analysis system. 

Sintered beads porous coating

Integrally cast wavy mesh

Mesh with HA-coating  

Figure 6-27: Typical examples of interface sections for each implant type 

 

6.4.5.3. Histomorphometrical analysis. 

The average values of the histomorphometrical parameters per implant type and per 

implantation period are graphically presented in Figure 6-28 and Figure 6-29, and 
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listed in Table 6-9 to Table 6-11. Due to the small pore size of the sintered beads 

coating, it was not possible to quantify bone ingrowth in these implants. 

The histomorphometrical analysis was the most powerful technique throughout the 

whole study to differentiate between the three implant types. From three months on, 

the HA-coated implants showed more bone ongrowth and ingrowth (b.o. and b.i.) than 

both other types. For the whole group of sheep, the implants with sintered beads 

showed 1.6% of bone ongrowth, the implants with mesh showed 2.1% of bone 

ongrowth and 1.6% of bone ingrowth and the implants with HA showed 41.9% of 

bone ongrowth and 22.1% of bone ingrowth. The differences between HA-coated 

implants and both other types were highly significant (p = 2.10-5 for bone ongrowth 

and p = 6.10-5 for bone ingrowth), the difference between beads and mesh was not. 

The bone ongrowth reached its highest value (for the HA-implant) at 12 months, the 

bone ingrowth at 6 months. It was only at twelve months that the tibial base plate 

could be considered as osseointegrated following the definition by Albrektsson (see 

chapter 5). Using our own definition of osseointegration, however, one could say that 

the HA coated implants were osseointegrated after six months, since they were solidly 

fixed (even better than initially) and remained so from that time on.  

Resorption of the HA-layer did not influence the amount of bone ongrowth and 

ingrowth too much. Mean bone ongrowth and ingrowth were smaller after two years 

than after one year and six months, but these differences were not statistically 

significant. 

Table 6-9: Mean values and standard deviations for bone ongrowth [%]. 

Type/Month 3 6 12 24 

Beads 3.1 � 2.6 0.0 � 0.0 1.5 � 2.1 2.0 � 2.8 

Mesh 1.5 � 3.0 0.3 � 0.5 0.8 � 1.5 6.0 � 10.1 

HA 28.3 � 26.1 43.3 � 34.3 58.0 � 3.3 37.3 � 19.4 

Table 6-10: Mean values and standard deviations for bone ingrowth [%]. 

Type/Month 3 6 12 24 

Mesh 1.3 � 2.5 0.8 � 1.5 2.8 � 5.5 1.5 � 1.9 

HA 18.5 � 9.7 35.0 � 9.6 20.0 � 19.6 17.0 � 4.0 

 



The influence of an HA-coating on bone ingrowth 

179 

 

Table 6-11: Mean values and standard deviations for fibrous tissue thickness [mm]. 

Type/Month 3 6 12 24 

Beads 0.8 � 0.1 0.7 � 0.1 1.0 � 0.2 1.2 � 0.8 

Mesh 1.5 � 0.6 1.4 � 0.6 0.9 � 0.5 0.6 � 0.2 

HA 1.0 � 0.3 1.1 � 0.2 0.9 � 0.5 1.3 � 1.1 

 

Of the other investigated histomorphometrical parameters, fibrous tissue ingrowth and 

ongrowth can be considered to be complementary to bone ingrowth and ongrowth. 

These parameters were highly correlated. The thickness of the fibrous tissue layer was 

not statistically different for the three coating types. 
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Figure 6-28: Bone ongrowth (a) and ingrowth (b) as a function of time and implant type. 

 

6.4.5.4. The relation between histomorphometrical and mechanical results. 

We tried to correlate the histomorphometrical parameters with the results of other 

analyses, carried out in this study. There is a very clear and significant correlation 

between both bone ongrowth and ingrowth and the “stiffness” of the interface as 

evaluated with the mechanical tests (stiffness defined as the inverse of the 

displacement figure in mm, dimension = �1/mm�). The relation between bone 

ingrowth and stiffness is not so clear as the relation between bone ongrowth and 

stiffness, because the ingrown bone is generally separated from the implant by a 
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weaker soft tissue layer. The amount of direct bone contact, ingrown bone or the 

thickness of the fibrous tissue layer are not related with any of the other results: not 

with weight or operation quality, nor with clinical scores. Only correlations with 

migration and induced displacement seem to be significant. 
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Figure 6-29: Fibrous tissue thickness [mm] as a  

function of time and implant type. 

Figure 6-30 shows the result of a regression analysis between both bone ongrowth and 

ingrowth and the stiffness of the interface. The correlation is very high and significant 

(R2 = 0.84, p = 1.10-15 for correlation with bone ongrowth and R2 = 0.66, p = 8.10-8 for 

correlation with bone ingrowth). Mechanical fixation strength of the prosthesis after 

in vivo cycling seems to be mainly determined by the extent of direct contact with 

bone. The claims that good performance of cementless implants does not necessarily 

demand large amounts of bone ingrowth in porous coatings might be somewhat 

tempered by these observations [29]. 

The strong connection between the mechanical behaviour of the prosthesis and 

biological reactions of bone are also visible, albeit less clear, in the correlation 

between bone ongrowth and “stability” of the prosthesis (expressed as the inverse of 

the migration after one year). R² equals 0.46 for an exponential relation (Figure 6-31). 

The same remarks that were made concerning the relation between migration and 

induced displacement, can be made again here. The stability of the implant is 

invariable very good, in those cases where there is a large amount of bone ongrowth 

(> 40 %). When there is only a very limited amount of bone ongrowth (< 20 %), the 

prosthesis usually migrates more, but not always. Apparently, there are other 
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mechanisms than bone ongrowth to stabilise the prosthesis, but bone ongrowth is the 

most reliable mechanism. Although there seemed to be a link between migration and 

heterotopic bone formation, there was no correlation between bone ingrowth and/or 

ongrowth and this parameter. 
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Figure 6-30: Relation between 1/displacements [1/µm] and bone ongrowth [%] (a) and bone 

ingrowth [%] (b). 
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Figure 6-31: Relation between bone ongrowth [%] 

and 1/migration [1/mm]. 
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6.5. Conclusion. 

The results of this study lead to conclusions on several different levels. 

First of all, from a methodological point of view, we presented some arguments and 

data showing that the sheep stifle is an acceptable model to evaluate the performance 

of a human total knee prosthesis both on a macroscopical and a microscopical scale. 

We were confronted with a rather high number of failures. At least some those are 

part of an unavoidable ‘learning curve’ though, and would have occurred in any 

animal model. The one important drawback of the current model is the large amount 

of heterotopic bone formation that we observed. This seems to be related to migration 

of the baseplate and instability of the joint, but we were unable to determine whether 

it is related to this particular animal model. It is clear however, that heterotopic bone 

formation has a significant impact on the loading and functioning of the joint. 

Secondly, we have been zooming in from a macroscopical evaluation of the 

performance of the whole joint (clinical follow-up), via the behaviour of the 

prosthesis-bone complex (with RSA) down to the microscopical analysis of the 

interface (displacement measurements and histomorphometry). While the latter 

techniques are not useful in a clinical setting, they were the most powerful to 

discriminate between the different types of prostheses, showing significant differences 

as early as three and six months. RSA is a technique that can be used in a clinical 

environment too and we could differentiate between the HA and non-HA coated 

prostheses with it, though this technique was less powerful. Significant differences 

became visible only after one year. The most used method to follow-up implants in 

orthopaedic practice, the qualitative evaluation of the whole joint, was not sensitive 

enough to bring out differences between the prosthesis types, at least not up to two 

years postoperatively. We conclude from this, and also from literature data, that the 

use of RSA in orthopaedics might be a useful complementary technique to detect 

failures earlier. 

Finally, it seems that the change in geometry of the porous coating from sintered 

beads to the mesh does neither lead to an improvement in bone ingrowth or contact 

nor in fixation strength. The addition of a vacuum plasma sprayed HA-coating on the 

contrary, significantly improves both the biological reaction to the implant (more 

bone ingrowth and contact) and, with some delay, the mechanical quality of the 

interface (less induced displacement and migration). Hydroxyapatite coatings thus 
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show their osteoconductive properties even in a functional situation, like a cementless 

knee-implant and confronted with relative movement. The resorption of the HA-

coating which was observed after one to two years in vivo had no significant effect on 

the amount of bone ingrowth. 

In addition, the magnitude of the load-induced displacements is directly related to the 

amount of bone contact, but the relation between migration and interface quality is 

less straight forward. The quality of the interface seems to have no direct influence on 

clinical performance: neither efficacy nor functionality is different for the different 

types of implants. This does not necessarily mean that the application of HA-coatings 

is useless from a clinical point of view. It may be that the performance of the joint 

will be compromised in the longer term if there is no or practically no bone ingrowth. 

At the end of the study, I believe that the best way to illustrate the most important 

results is in the form of two charts. In them all the relevant information obtained 

during this study has been gathered. The first chart is Figure 6-30a, showing the 

relation between direct bone contact and the mechanical quality of the interface and at 

the same time illustrating the overwhelming effect of the presence of an HA-coating 

on the surface of a prosthesis. The second chart is Figure 6-26b. Two regions can be 

discerned in this chart. One region with displacements larger than 50 �m, where most 

of the non-HA-coated implants are situated and where the implant can be stable or 

not, depending probably on the character of the soft tissue interface (woven or well 

organised). And another region with displacements smaller than 50 �m, where most 

of the HA-coated implants are situated and which seem to be stable due to the 

formation of an interface with direct bone contact. Although we did not find any 

correlation between the presence of an HA-coating and the clinical performance of the 

stifle joint, it should be obvious from this figure that the large amount of migration in 

some of the non-HA coated implants might sooner or later give rise to problems with 

functionality as has been shown in human knee implants. 

Finally, a cemented implant was not evaluated in this study. We can thus only 

conclude that this animal model seems to indicate that HA-coating is a prerequisite to 

achieve sufficient bone ingrowth and ongrowth for the cementless fixation of the 

implants. It might well be that a cemented implant, if it were included, would have 

shown equally good or even better fixation and migration results. 
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GENERAL CONCLUSION. 

The cementless fixation of joint replacements in general and knee replacements in 

particular remains an elusive goal. Although surgeons and researchers in 

biomechanics and biomaterials have already devoted a lot of effort to the subject, 

consistent and extensive bone ingrowth, let alone osseointegration, has not been 

achieved in these implants yet. 

There are several reasons for this lack of success. First of all, the basic knowledge 

about the parameters that determine the reaction of bone to the surgical trauma and 

the presence of a foreign body such as an implant is far from complete. Moreover, this 

requires an understanding of such diverse fields as biology, biomechanics, and 

biomaterials that cannot be acquired easily. Secondly, even if the basic knowledge 

were available, we would still lack the capacity to control all the relevant parameters 

in the neighbourhood of the implant. Indeed, it is well known by now that fixation by 

bone ingrowth needs a virtually immobile implant. Movement with respect to the 

bone bed of as little as 150 µm might be sufficient to render bone ingrowth 

impossible. It is not clear however, how such a condition can be achieved in a joint 

that is usually subjected to considerable forces and that cannot be unloaded for 

sufficiently long time. 

This thesis has tried to contribute a little to the solution of this problem. In order to be 

able to design prostheses with the necessary features to be sufficiently stable once 

they are implanted, one must of course be able to measure the relative movements that 

occur when physiological loads are exerted. A lot of literature exists about 

experiments on initial fixation of implants, but practically nobody is able to map 

relative movement with sufficient accuracy and completely three dimensionally.  

The development of a measurement system that would be able to do this was the first 

goal of this thesis. The system is now available and has been used for a wide range of 

applications. Only some results about the fixation of tibial base plates are presented 

here (both initially and after explantation). It was shown that the fixation of a base 

plate with cement is still the gold standard. In accordance with what has already been 

shown by other reports, screws are a good means to cementlessly fix the prosthesis to 

bone, but fail to achieve a sufficient level of stability for bone ingrowth to occur. The 
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stem that was tested in these experiments was unable to prevent large amounts of 

motion. 

When one cannot solve the problem directly, there are sometimes ways to circumvent 

it. This is also the case with cementless fixation. It had already been shown that some 

calciumphosphates such as hydroxyapatite could enhance bone in- and ongrowth, 

even in conditions that normally not allow it. The effect of such a coating on top of a 

weight bearing prosthesis was, however, far less documented. Therefore, as a second 

objective of the thesis, an animal model was developed and HA-coated knee implants 

were implanted. We showed that the HA-coating indeed promoted bone ingrowth 

whereas this was not the case in non-coated implants. Moreover, HA-coated implants 

showed significantly lower amounts of migration in vivo and were shown to be more 

stable after explantation. Following our own biomechanically based definition of 

osseointegration the base plates with HA-coating must be considered to become 

osseointegrated. 

 

 

 


