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" not because we are smarter than our predecessors, but 
because we can stand on their shoulders " 

"Thus the law of bone remodelling is the law according to 
which alterations of the internal architecture clearly observed and 
following mathematical rules, as well as secondary alterations of the 
external form of bones following the same mathematical rules, 
occur as a consequence of primary changes in the shape and 
stressing or in the stressing of the bones. 

The cells compete with each other, the tissues made of these 
cells compete, the organs made of these tissues compete and the 
groups of organs compete. 

A functional structure develops as a consequence of the 
victory of the most qualified elements, strengthened by function in 
their activity, nutrition, metabolism and growth." 

from: The Law of Bone Remodelling', Julius Wolff (1892) 
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CHAPTER I 

General introduction 

Artificial joint replacement 

The technology of artificial total joint replacement has evolved tremendously over the 
last 30 years and has become an overwhelming success. Such an artificial replacement can 
lead to a dramatic relief of pain and restoration of the joint function for patients suffering 
from osteoarthritis (arthrosis), rheumatoid arthritis, congenital deformities or post
traumatic disorders. The estimated occurrence of artificial joint replacement operations 
worldwide is at least 600,000 each year. The success rate of the operation is excellent. Up 
to 90 percent of the patients, as an average, can use the joint pain-free during normal 
daily activities, for at least ten years. A Swedish study, concerning the prognosis of a large 
number of different types of artificial total hip implants reported ranges of 3 to 20 
percent failures after ten years (Ahnfelt et al., 1990). Related factors for successful 
replacement appeared to be: age of the patient, whereby older patients usually do better, 
and diagnosis and type of the implant. The most frequently applied artificial joint is the 
total hip replacement. In particular the introduction of acrylic cement (PMMA) as a fil
ling material by Chamley around 1960 was a turning point in the technique of fixation of 
metal components to bone (Chamley, 1970). The basic concept as proposed by Chamley 
still remains as the standard technique for cemented total hip arthroplasty (THA). 

For THA, the failure rate increases rapidly after more than ten years post-operatively 
(Consensus Development Panel, 1982). The most frequent long-term complication for a 
cemented THA is aseptic loosening of the fixation (Gruen et al., 1979; Stauffer et al., 
1982). This can be characterized as a process whereby the integrity of the interface bond 
between implant (acrylic cement) and bone is lost, and results in a biological response 
causing bone resorption and the development of a fibrous tissue layer interposed between 
bone and cement (interface bone resorption). The fibrous tissue layer is visualized as a 
radiolucent zone at the bone-cement interface on X-rays, often observed during long-term 
follow-up. The cause of this process is still a subject of investigation, but it is mentioned 
frequently that it is initiated by mechanical failure of the acrylic cement or the 
interference fit (interlock) between bone and cement (Gruen et al., 1979; Stauffer et al., 
1982; Krause et al., 1982), due to the relatively high stresses in the components. Once this 
mechanical bond is lost, the repetitive external load provokes motion between implant 
and bone, which is often addressed as the reason for bone resorption and fibrous tissue 
interposition (Ferren, 1983; Eftekar et al., 1985; Pizzoferrato et al., 1991). The process 
can propagate until pain and functional instability of the implant results and re-operation 
becomes inevitable. 

Since the number of re-operations and revisions for cemented THA increase every 
year, the initial enthusiasm has diminished somewhat, because of dramatic bone loss 
observed with some of the patients having a loose implant or acrylic cement which is 
difficult to remove during revision surgery. A renewed interest in other means of fixation 
(non-cemented) has been the result, in particular for patients younger than 60 years. It 
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is likely that these patients do need a second operation, whereby a non-cemented fixation 
is assumed to be significantly easier to revise. Non-cemented fixations can roughly be 
divided into two concepts. One fixation method is based on a precise fit between implant 
and bone, whereby a generally smooth implant is wedged into the bone (press-fit; Walker 
and Robertson 1988). The stability of such an implant depends mainly on the tight fit, 
determined by its geometry. A second concept is biological fixation or the so-called 
porous ingrowth implants (Galante, 1978; Tronzo, 1989). In that case, a porous coating 
on the implant surface allows ingrowth of bone, thereby firmly fixing the implant. Several 
types of coating are used by different manufacturers, whereby the size and location of the 
coating is varied in different designs (Turner et al. 1986; Engh and Bobyn, 1988). An 
alternative new development for non-cemented implants was introduced recently, whereby 
a thin layer of hydroxyl-apatite is coated on the stem surface which may induce bone 
apposition to the stem surface and form an adhesive bond between stem and bone 
(Geesink et al. 1988). 

Long-term follow-up studies with respect to the success and prognosis of non-cemented 
implants are sparse and the possible failure mechanisms are not so well documented as 
for cemented ones. It is clear that problems with non-cemented implants differ from those 
with cemented ones. With the cemented implants, the gap between the usually metal 
component and the bone is filled entirely with acrylic cement to assure a complete fit. 
With non-cemented implants, however, usually no more than 20 to 40 percent of the 
implant surface actually makes bone contact (Noble et al., 1988; Schimmel and Huiskes, 
1988; Walker and Robertson, 1988), even when accurate surgical instrumentation 
techniques are used. As a consequence, this can lead to localized patches of high stresses 
and probably less initial stability, thereby initiating motion between implant and bone. The 
frequently reported post-operative mid-thigh pain, usually for a short period, associated 
with non-cemented femoral hip components is likely related to these aspects (Walker and 
Robertson, 1988). 

Another important factor concerning the long-term success is osteolysis of the proximal 
bone stock, surrounding the implant. This phenomenon is frequently reported in the 
literature (Tronzo, 1989; Rosenberg, 1989; Engh et al., 1987; Steinberg et al., 1991; Kiratli 
et al., 1991; Maloney et al., 1989). It is widely accepted that the reason for this bone loss 
is 'stress shielding' (decreased stress levels of the proximal bone) and subsequent bone 
adaptation (adaptive bone remodeling). It is observed more frequently and extensively with 
non-cemented implants than with cemented ones, because non-cemented implants are 
usually more rigid, thereby transferring the stresses more distally than flexible components 
(Huiskes, 1980; Lewis et al., 1984; Huiskes, 1990; Engh et al, 1987). 

The technique of artificial joint replacement is still developing and each year the 
number of commercially available implant types increases. It takes about five to ten years 
after the introduction of a new implant, before follow up studies of the clinical results 
appear. Therefore, hitherto we can not tell whether all new developments will indeed be 
an improvement. 

Animal experiments offer possibilities of pre-clinical testing. Metabolic differences 
suggest that animals have an accelerated bone response and researchers usually do not 
wait longer than two to three years follow-up in the animal experiments, to start up 
clinical trials. With the design of non-cemented implants in particular, much is learned 
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from the results of animal experiments (Galante, 1978; Tronzo, 1989). However, it can 
not be expected that animal experimental results can provide a reliable prediction for the 
overall clinical performance of new implants designed for human use. Animal experiments 
should be regarded as models of which we can leam the function of particular aspects of 
a design, instead of a one-to-one predictor of the performance in the human body. 
Besides differences in genetic, metabolic and hormonal factors, it must be emphasized 
that the dimensions of the bone and implant, the geometry and the loading conditions of 
animal models can significantly differ from the human case. Since the latter factors can 
have important mechanical effects on load transfer (Huiskes et al., 1989; Huiskes, 1990), 
it is likely that they will also affect the performance of the implant. 

Another method which can be applied to pre-clinically test artificial joint components 
is computer modeling (Huiskes and Chao, 1983; Huiskes and Blankevoort, 1988), which 
is utilized in the present thesis. The basic tool used in this thesis is the finite element 
method (FEM), which has become well known in orthopaedic research to determine 
stresses and strains in various components, concerning the fixation of artificial total joints. 
FEM calculations can reveal the functioning of total joint replacements from a mechanical 
perspective. Stresses and strains in and between the different components, and (micro) 
motions at the interface can be calculated and related to quantitative threshold values or 
related in a qualitative sense to other designs, to determine the initial stability. These 
calculations, however, do not give any information about the long-term behavior, since 
biological processes like adaptive bone remodeling or interface bone resorption can follow 
after some period and will influence the mechanical performance of the configuration. 
The purpose of this thesis is to combine the FEM with mathematical models of these 
biological processes. These biological processes are controlled by mechanical parameters, 
which can be determined with the FEM. Hence, the feed-back mechanisms of the 
biological processes can be incorporated in the FEM. This technique allows the possibility 
of predicting the long-term behavior of orthopaedic implants fixed to bone, as far as 
mechanical aspects are involved. The mechanical characteristics and the functioning of 
the adaptation mechanism of bone is crucial for the mathematical description of the 
complex biological bone processes involved . 

Mechanically induced bone adaptation 

In nature, many examples exist of materials which have the capacity to adjust their 
structure, dependent on the environment. Probably all living materials use this capacity 
to realize some specific goals and it is fascinating, from a scientific point of view, to 
discover these goals. Bone is such a material. 

From an engineering point of view, bone is an extremely complex material. It is non-
homogeneous, anisotropic, visco-elastic and it can adjust its structure by resorption 
(through activity of cells called osteoclasts) or apposition (through activity of osteoblasts). 
The function of bone seems trivial: transfer of load from one object to another within the 
body. The connections between the bones exist of bone contact (joints) and a combination 
of muscles, tendons and ligaments, whereby the bone often acts as a lever, in particular 
long bones. On a micro-structural level more (less trivial) functions of bone appear, often 
related to the hormonal and metabolic processes in the body. 
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The organization found in bone can only be characterized in relation to the level at 
which we look at it. At the lowest (molecular) level, it is a true composite (Currey, 1984). 
It consists of proteins (mostly collagen fibers), calcium phosphate, water and usually cells 
and vessels. The architecture and arrangement of the collagen fibers and the calcium 
phosphate can differ, and on a micro-structural level these differences are categorized. 
The most important classification of bone at this level is the distinction between woven 
and lamellar bone. Woven bone can be considered as a pre-mature, temporary phase of 
bone. It can rapidly grow or increase by apposition and is found for example in the fetus, 
the growth plate during endochondral ossification and in the healing process during 
fracture repair (callus). The collagen fibers in woven bone are relatively loose packed, 
which gives it a reduced density, and randomly oriented, so it can be considered as an 
isotropic material. Lamellar bone is more regularly arranged and the apposition process 
is not as fast as in woven bone. The final degree of mineralization in lamellar bone is 
usually less than in woven bone. The fibers of collagen and the associated calcium 
phosphate are oriented in sheets (lamellae). Intermediate forms between woven and 
lamellar bone are only found in particular bones of particular species (Currey, 1984). 

One important subdivision in lamellar bone should be regarded: primary and secondary 
lamellar bone. Primary bone is totally new bone, formed on an existing bone surface. It 
only needs a pre-existing substrate on which to be layed down. Different types of primary 
bone can be found, dependent on location and species. Secondary bone is replaced bone, 
it is the product of resorption of previously existing bone and the deposition of new bone 
in its place (Martin and Burr, 1989). The result of the latter process is an Haversian 
system (secondary osteon). New bone contains initially only non-mineralized organic 
matrix (osteoid existing of collagen fibers). Mineralization and a subsequent increase of 
stiffness occurs gradually; on the order of 10 days after inception most is mineralized 
(Martin and Burr, 1989). The distribution of primary and secondary bone can differ 
significantly, dependent on species and location. 

At the highest, macroscopic, level bone can be divided into compact bone and 
cancellous bone. Compact bone is almost solid with some spaces for blood vessels and 
osteocytes connected by canaliculi. In humans it exists predominantly of secondary 
osteons. Cancellous bone is porous with a volume fraction usually in the range of 0.1 to 
0.5 . The cancellous bone material usually exists of primary lamellar bone or fragments 
of secondary osteons (Currey, 1984). Its geometry can exist of struts, more or less 
randomly arranged, or of a more plate-like structure, whereby groups of plates can be 
aligned in one direction. The 'struts' or 'plates' are called trabeculae, which is the reason 
that this type of bone is also called trabecular bone. Cancellous bone is found 
predominantly at the ends of long tubular bones and inside flat or short bones. The 
architecture of trabeculae seems not very organized or consistent, hence, the material 
properties of cancellous bone are rather irregular and unpredictable. It is tried 
numerously in the literature to relate morphological and mechanical properties 
quantitatively, but this has not been very successful as yet (Snyder et al., 1989; Cowin and 
Mehrabadi, 1989). 

The most fascinating aspects of bone is its capacity to adapt its structure. This process 
is often called adaptive bone remodeling. Most biologists, however, prefer to use the 
expression remodeling exclusively for the replacement of existing bone, characterized by 
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a resorption process directly followed by a coupled formation process (Martin and Burr, 
1989; Parfitt, 1984). The expression modeling is then used to characterize the addition of 
new lamellar bone on an existing surface or the resorption of lamellar bone from a 
surface. A third mode of adaptation is the response in which woven bone is formed, 
which may be the result of a repair response to damage or of a spontaneous process. The 
latter is then again characterized as modeling. The terminology of the biologically 
different processes seems rather confusing, since researchers from different disciplines 
sometimes use different terminology. Biomechanicians, considering macroscopic structural 
levels, usually distinguish only between new bone formation at the cortical surface, 
referred to as surface remodeling, external remodeling, external modeling or modeling, 
and the adaptive process relative to the internal morphology of the bone, referred to as 
internal remodeling or remodeling. The latter implies a change in density of cortical or 
trabecular bone and possibly a re-arrangement and change in orientation of the 
trabeculae ('struts' and 'plates') in trabecular bone. In this thesis we adhere to the latter 
terminology, using the expressions (internal) remodeling and (external) modeling. 

External loading conditions are important factors in the regulation of the remodeling 
and modeling processes in bone. As a consequence, bone morphology is assumed to be 
controlled (or partly controlled) by the loading conditions. A review about this postulation 
even draws back to Galileo (1638, as cited by Treharne, 1981). A very important 
contribution came from Wolff (1892). Wolffs ideas became well known in the field of 
bone mechanics and orthopaedics and his proposed 'law of bone transformation' is now 
generally referred to as 'Wolffs law'. In fact this law is not more then the observation that 
the trabecular system in cancellous bone is arranged according to the mechanical load 
transfer. The ideas were picked up later by several researchers who tried to describe this 
law' in a quantitative sense by mathematical formulations (Pauwels, 1965; Frost, 1964; 
Kummer, 1972; Cowin and Hegedus, 1976). Several reviews about this subject can be 
found in the recent literature (Roesler, 1981; Treharne, 1981; Gaynor Evans Anniversary 
Issue on Bone Mechanics, 1987; Hart and Davy, 1989). The proposed mathematical 
formulations of Wolffs law were in fact all based on the same general assumption that 
bone contains sensors which can measure some stimulus signal, characterized by the 
internal mechanical conditions, and respond to that by altered osteoclastic or osteoblastic 
activity, hence, net bone resorption or apposition. Different stimulus signals were 
proposed by the different authors. The verification of these bone adaptation theories was 
a dilemma, since it was not possible to calculate the internal mechanical conditions in the 
generally geometrically complex bone structures. For simplified geometries, analytical 
solutions could be obtained and predictions of bone adaptation as a consequence of the 
proposed bone remodeling hypothesis could be made (Kummer, 1972; Cowin and 
Firoozbakhsh, 1981; Frost, 1987). 

The introduction of computer modeling techniques, in particular the finite element 
method, offers the possibility to test and validate the hypotheses more rigorously (Hart, 
1983; Carter, 1987; Huiskes et al., 1987). One important conceptual difference is regarded 
between the different theories. Cowin proposed an approach in which the objective of the 
remodeling hypothesis was formulated as a normalization of the strain levels to those 
found in a normal bone under normal physiological conditions (Cowin and Hegedus, 
1976; Cowin and Firoozbakhsh, 1981). This formulation is considered as 'site-specific', 
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since the values of the normal strain levels vary, depending on the location in the bone. 
Hence, the remodeling rates in terms of bone apposition or resorption depend on local 
differences between an actual and a normal situation. It should be emphasized that this 
approach can not be used to predict normal bone morphology. A similar approach was 
followed by Huiskes et al. (1987) to predict bone morphology changes around 
intramedullary implants. Fyhrie and Carter (1986), Huiskes et al. (1987), Carter et al. 
(1989) and Weinans et al. (1989) introduced a more challenging theory, by the assumption 
that the bone tissue strives for a uniform mechanical stimulus signal (expressed by some 
particular stress or strain criterion) over its entire volume, hence 'non-site-specific'. This 
theory is stronger than the site-specific theory, because it can be used, in concept, to 
describe the remodeling process for any configuration, without referring to a 'normal' 
situation. It can be applied to predict normal bone morphology, since this is now 
exclusively dependent on the external loading conditions. 

Contents of the thesh 

A general adaptive-bone remodeling computer simulation program is constructed and 
integrated with the FEM. Both the site-specific and non-site-specific hypotheses can be 
tested with any mechanical stimulus as the control variable for the remodeling process. 
In part I of the thesis, Chapters II through IV, this program is used to simulate adaptive 
bone remodeling processes in several different configurations. Chapter II presents a 
comparison between the adaptive bone response in an animal experiment using fully 
coated femoral hip stems and a computer simulation model of this experiment. Both 
external modeling and internal remodeling were applied in this three-dimensional 
computer model. In the Chapters III and IV, the computer model is applied to several 
human femoral hip components, whereby a simplified two dimensional model is used, 
featuring internal remodeling only. The effects of material properties in cemented and 
non-cemented prosthetic configurations, and bonding conditions between stem and bone 
in non-cemented configurations were tested. Chapter V presents the adaptive bone 
remodeling computer predictions around an uncemented femoral stem in one particular 
configuration, using a fully three dimensional FEM model. In particular the effects of 
threshold levels in the mathematical description of the remodeling process were studied. 

The stability and convergence behavior of the remodeling rule applied was investigated 
in Chapter VI. In addition, the relation to the characteristics of the finite element mesh, 
such as sensor (cell) density and degree of mineralization are analyzed in this Chapter. 

Part II deals with implant-bone interface degradation and fibrous tissue interposition. 
Chapter VII shows a parametric analysis, to study the effects of a thin fibrous membrane 
between stem and cement in a cemented femoral total hip replacement on the load 
transfer mechanism. The hypothesis that excessive interface stresses and subsequent 
relative motions between implant and bone cause interface bone resorption and fibrous 
tissue interposition is investigated in Chapter VIII, using simplified models of three 
different implant-bone configurations. Finally a critical review regarding the numerical 
simulation models applied, relative to the complex biological systems where these models 
refer to, is given in the general discussion of Chapter IX. 
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Abstract: Severe loss of bone related to 'stress-shielding' is one of the problems threatening 
the long-term integrity of non-cemented THA. It is widely accepted that this phenomenon is 
caused by adaptive bone-remodeling according to Wolff's law. Recently, quantitative bone 
remodeling theories have been proposed, suitable to be used in computer simulation models 
in combination with finite element codes, which can be applied to predict the long-term effect 
of the remodeling process. 

In the present paper a rigorous experimental verification of such a computer simulated 
process was performed. A three-dimensional finite element model was constructed from an 
animal experimental configuration, concerning the implantation of fully coated femoral hip 
prosthesis in dogs. The predicted simulation results of the adaptive bone-remodeling process 
were compared with cross-sectional measurements of the dog femurs after two years follow-
up, for both geometry adaptations at the periosteal surface and density adaptations within the 
cancellous bone. 

The results show that dependable, detailed predictions of long-term bone morpholo^ 
changes can be obtained with the present quantitative adaptive bone-remodeling theory. 
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INTRODUCTION 

Long-term morphological changes in bones around orthopaedic implants are often 
observed, in animal experiments (Miller and Kelebay, 1981; Bobyn et al., 1990, Turner 
et al., 1986) and in clinical practice (Engh et al., 1987; Sarmiento and Gruen, 1985; 
Maloney et al., 1990; Galante, 1988; Kiratli et al., 1991; Steinberg et al., 1991). Altered 
deformations or stress patterns, due to the presence of the prosthesis, are generally seen 
as the explanation for this phenomenon (Lewis et al., 1984; Engh et al., 1987; Huiskes et 
al., 1989.b). An intramedullary stem, implanted in the shaft of a femur, takes over a part 
of the load, which is carried exclusively by the femur in the non-operated situation. This 
reduces the stresses and strains in the femur, relative to the natural situation. It is likely 
that this mechanism, called 'stress shielding', is the major cause for the resorption 
phenomena around hip stems reported in the literature. 

Bone has the ability to gradually change its external geometry and internal structure. 
These changes, internal or external, are regulated by physiological processes. Under 
normal conditions, no net change in bone morphology may be observed, although a 
continuous process of bone resorption and formation still takes place (Frost, 1964; Parfitt, 
1984). The amount of bone resorbed by osteoclasts and the amount of bone formed by 
osteoblasts is equal in that case. It is generally accepted that mechanical stimuli are 
important factors in the regulation of this process. This reflects the idea that a 
mechanically induced signal exists, which could be expressed in terms of stresses and/or 
strains, and functions as a stimulus to form or to resorb bone. This hypothesis, commonly 
referred to as Wolffs law (Wolff, 1892), was qualitatively confirmed by many investiga
tors, although it is not fully understood how the biological mechanisms behind this 
phenomenon work. 'Wolffs law' is in fact not a law in a scientific sense, but rather an 
observation, with respect to the relationship between bone architecture and stress transfer 
(Roesler, 1981). An important aspect of this observation is that under abnormal 
mechanical conditions, the normal turnover is disturbed, and formation and resorption 
find a new equilibrium, hence net bone gain or loss occurs. In other words, the bone 
adapts its structure in accordance with the altered mechanical environment. This process 
is called adaptive bone modeling or remodeling. 

It is generally accepted that this process plays an important role in the morphological 
changes observed in bone around orthopaedic implants (Galante, 1988; Lewis et al., 1984; 
Engh et al., 1987; Huiskes et al., 1989.b). A mathematical description of the process could 
help to predict the development of the morphological changes in a quantitative manner, 
and thereby assist to improve orthopaedic devices, such that adverse adaptive remodeling 
is minimized. Several quantitative bone remodeling theories can be found in the literature 
(Frost, 1964; Pauwels, 1965; Kummer, 1972; Cowin and Hegedus, 1976; Fyhrie and 
Carter, 1986; Frost, 1987; Huiskes et al., 1987; Carter et al., 1989; Hart and Davy, 1989). 
The adaptive process is usually described as occurring relative to the internal morphology 
(in this manuscript referred to as internal remodeling), or the periosteal geometry 
(referred to as external modeling or surface modeling). Internal remodeling can be 
expressed as a change of porosity, which is one of the most important parameters 
characterizing the internal morphology (Carter et al. 1989, Huiskes et al., 1989.b). 
External, or surface modeling can be expressed as a displacement of the sub-periosteal 
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surface, which redefines the external geometry (Huiskes et al., 1987, 1991; Hart et al., 
1984; Hart and Davy, 1989). 

In Figure 1, the hypothetical adaptive-remodeling scheme is illustrated (Hart, 1983). 
A bone is loaded by external forces which cause internal loads and deformations, 
represented by stresses and strains, in the bone material. It is assumed that these stresses 
or strains can be considered as local mechanical stimuli, which can be sensed by the bone. 
If the stimulus is abnormal, due to altered loading patterns or placement of a prosthesis, 
the mechanical signal is transduced to a biochemical one and subsequently integrated with 
several other factors, to cause a remodeling potential. This potential will affect the 
turnover rate of the bone by activating osteoblasts or osteoclasts. This will result in 
adaptation of the geometry (external modeling) and the density (internal remodeling). As 
a result, the stresses and strains in the bone will also change, hence affect the remodeling 
potential again. This process will continue until the mechanical stimulus is normalized. 

External loading conditions 

Genetic factors 
Hormonal factors 
Metabolic factors 

•••:v.jfeàjmètfo•••^l C e | | act¡vjty hffRemodeling potential I f > 

'Denshy '.' 

Fig. 1 Schematic, hypothetical chain of events, governing the adaptive bone 
(re)modeling process, according to Wolff's law. 

In order to predict the adaptive modeling and remodeling behavior of bone, the 
process illustrated in Figure 1, requires a mathematical description to relate the input (a 
mechanical signal) to the output (the amount of net bone loss or gain). Such a 
description, or rule, can be characterized by a remodeling objective, which describes, in 
a mathematical criterion, the assumed equilibrium relationship between signal and bone 
mass. Cowin and Hegedus (1976) proposed a remodeling rule in which the objective was 
described as a normalization of the actual local strain values to the strain values occurring 
under normal physiological conditions at the same location. This formulation of the 
remodeling objective can be considered as 'site-specific', since the normal strain levels are 
site dependent. Hence, the amount of local net bone resorption or formation depends on 
the local differences in strains between an actual and the corresponding normal situation. 
Abnormalities, in this sense, may be caused by changes in loading, placement of implants, 
or other reconstructive procedures. A similar theory was used by Huiskes et al. (1987) to 
predict adaptive-bone resorption phenomena around intramedullary implants, be it that 
they used the local strain-energy density (SED) as the remodeling signal, instead of the 
strain tensor. They also accounted for a 'dead zone' in the remodeling response, assuming 
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that full SED normalization does not occur, and that a certain threshold level in the 
SED-abnormality must be overcome before net modeling or remodeling starts, an 
assumption based on suggestions from Frost (1964). 

Fyhrie and Carter (1986) introduced a much stronger, and perhaps more daring theory 
by assuming that, in the (trabecular) bone-remodeling process, the tissue strives to 
optimize its stress or strain state to uniform conditions over its volume, as represented 
by a uniform apparent stress-related variable. They suggested the possibility of several 
such variables, one of which is the apparent SED normalized to the apparent density, 
which is in fact the elastic strain energy per unit of mass. In other words, they assumed, 
in this form of the theory, that the porosity of trabecular bone, measured by the apparent 
density, will locally increase or reduce until the apparent strain energy per unit of mass 
has reached a particular, predestined value, whereby the porosity in fact can only vary 
between no bone at all and that of cortical bone. It must be emphasized that, in this 
theory, as in others, bone is modeled as a continuous material at all times, the pores 
being accounted for by an apparent density variable. In this 'bone-maintenance theory' 
(Carter et al., 1989), bone is assumed to be a 'self-optimizing' structure. The theory is 
stronger than the 'adaptive elasticity' theory from Cowin and Hegedus (1976) and the 
theory proposed by Huiskes et al. (1987), because it can be used, in concept, to describe 
the remodeling process for any configuration, without referring a 'normal' state of that 
configuration. This implies, that also the normal morphology of bone can, in concept, be 
predicted by the theory, when the external loads are known. 

The remodeling theories, discussed above, can be incorporated in finite element 
method (FEM) computer codes to predict morphology and simulate changes in 
morphology in actual bone structures. This is done iteratively, whereby the FEM code 
determines the remodeling signal (strain or strain energy) per element in each iteration, 
and the adaptive remodeling rule determines the successive changes in shape or density. 
Computer simulation models of this kind have been introduced and used for external 
modeling (Hart, 1983; Huiskes et al., 1987) and for internal remodeling (Carter et al., 
1989; Huiskes et al., 1987, 1989; Weinans et al., 1989; Orr et al., 1990.a, 1990.b; Beaupré 
et al., 1990). In most cases the applications were related to the investigation of the normal 
density distribution in the proximal femur or morphology changes around the femoral 
components of Total Hip Replacement. Usually two-dimensional FEM models were 
applied, except by Hart (1983), Fyhrie and Carter (1990) and Orr et al. (1990.b). In all 
cases, either internal remodeling or external modeling was studied, or both were studied 
separately, although methods to combine both in one simulation model, using the theories 
of Martin (1972, 1984), have been suggested (Hart, 1983; Weinans et al., 1989; Beaupré 
et al., 1990). 

The simulation studies mentioned above, have produced predictions which were 
apparently realistic, both relative to the actual density distributions in a real femur and 
relative to bone-remodeling patterns around implants found in animal experiments and 
clinical studies published in the literature. The aim of the present study was to perform 
a more rigorous experimental verification. For that purpose, animal experiments were 
simulated with a computer model based on adaptive bone-remodeling theory, and the 
results were compared. The experiments involve placement of fully coated hip prostheses 
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unilaterally in dogs (Turner et al., 1986; Sumner et al. 1991), and measurements of 
bone-density and cortical area changes over a period of two years. The computer model 
incorporates 3-D FEM models of both the treated and the control femur. The remodeling 
signal is strain energy per unit of mass and the remodeling rule is based on a conservative 
formulation, relating the actual distributions of the signal in the treated femur to those 
in the untreated control. The model combines external (periosteal surface) modeling and 
internal (trabecular density) remodeling, which are simulated simultaneously. 

METHODS 

Animal model 

The animal experiments concern total hip arthroplasties in 
dogs. Each animal received an uncemented titanium alloyed 
stem (ТІ6А14 ) and a cemented acetabular cup made out of 
polyethylene in its left hip, as described earlier by Turner et 
al. (1986) and Sumner et al. (1991). The stems were coated 
along their length, either cicumferentially with plasma-sprayed 
titanium or on the anterior and posterior stem faces with 
plasma spray, bead or fiber metal porous coatings. These 
antero-posterior coated stems also had a proximal medial 
area of plasma spray coating. All of the porous coatings were 
made of pure titanium. After 2 years, 22 dogs were killed and 
all femurs, the operated ones and the non-operated contrala
terals, were sliced at ten transverse sections (Figure 2). 
Thinner slices of two millimeter thickness were obtained from 
the proximal part of each section. Contact radiographs were 
made and the images were photographically enlarged to 
measure the cross-sectional morphology. The total area 
enclosed by the subperiosteal surface (TA) and the area 
enclosed by the endo-cortical surface (medullary area = MA) 
were digitized and the cortical area (CA) was computed as 
the difference between TA and MA In addition, the area occupied by cancellous bone 
(MBA) was determined from backscattered scanning electron microscope images (as 
described in Sumner et al., 1991). To estimate the medullary bone area fraction MBAF 
in the directly post-operative situation, the prosthetic area of each section was projected 
on the corresponding section of the contralateral femur. The medullary bone area 
fractions (MBAF) of the operated femur and the contralateral femur with the projected 
stem (representing the directly post-operative situation), were determined from 

Fig. 2 Locations of the 
sections of which con
tact radiographs and 
quantitative measure
ments are made. 

MBAF = 
MBA 

MA -PA 
100 % (1) 

This MBAF represents the average volume fraction of the cancellous bone in the cross-
section. The MBAF and the percentage change in CA were determined in the cross-
sections C, D, F, H and I only (Figure 2). 
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Finite element model 

The enlarged contact radiographs of the two millimeter slices and longitudinal 
radiographs from a lateral and posterior view of one particular dog were used to create 
a finite element model, representing the immediate post-operative configuration. The 
contours of the cortical bone were digitized from the contact radiographs of the 
contralateral femur. The three-dimensional orientations of the slices were determined, 
using the longitudinal radiographs. Projections of the periosteal contours of the slices in 
Α-P and M-L directions were plotted on the contours of the two longitudinal radiographs, 
which were also digitized. The projections of the slices were manipulated in a graphics 
computer program, to match the periosteal outline with the longitudinal contours of the 
periost. This was done in two directions, for both the Α-P and M-L views. The three-
dimensional coordinates of the cortical contour data were identified in this way. Contour 
measurements of the prosthesis were made from the contact radiographs of the treated 
femur of the same dog. The three dimensional coordinates of the stem contours were 
determined, using the same technique as described above. Using a finite element pre-pro
cessor, the cortical contours were divided into a finite element mesh, consisting of three 
dimensional isoparametric brick elements with eight nodes. A finite element mesh of the 
contralateral femur was obtained in this way. This mesh was modified to create the mesh 
for the femur with prosthesis in the direct post-operative configuration (Figure 3). 

Fig. 3 Finite element meshes 
of the operated femur (a) and 
the contralateral femur (b). 
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The orientations and points of application of the loads on both the treated and the 
contralateral femur were identical and chosen in accordance with Bergmann et al. (1984). 
The force on the femur head was 288 N, 15 degrees medial of the central axis and 30 
degrees anterior of the mid-frontal plane (Figure 3). Three point loads work at the 
greater trochanter, 30 degrees medial of the central axis. The latter is presented in Figure 
3 as one resultant load of 144 N. The neck of the prosthesis was modeled in such a way 
that the hip reaction force in the operated and the contralateral femur was applied at 
exactly the same point. 

The material properties of the bone were assumed to act in the same range of human 
bone and are taken linear elastic and isotropic. The maximal value for the Young's 
modulus of cortical bone is taken 22,000 MPa. This can be considered as an absolute 
upper limit (Carter et al, 1980; Currey, 1988; Reilly and Burstein, 1974). The correspond
ing maximal apparent density is taken 1.73 gr/cm ( p m a x ) (Carter and Hayes, 1977). The 
modulus in the cancellous bone of the femoral head and the greater trochanter were 
assumed uniform, with a value of 1000 MPa. The size of this value was taken rather arbi
trary, since the effects of this stiffness on the deformations in rest of the structure is 
relatively small. The volume fractions in the cross-sections C, D, F, H and J (Figure 2) 
were taken from the values of the medullary bone area fractions (MBAF) measured in 
the contralateral femurs, to represents the immediately post-operative cancellous bone-
volume fraction. Since the maximal apparent density, corresponding with a volume 
fraction of 1.0, was taken 1.73 gr/cm3, the values of the volume fractions were multiplied 
by 1.73 to determine the apparent density values. The unknown densities in the cross-sec
tions B, E, G, I and K, were interpolated from the known, measured ones. The density 
distribution in each slice in the immediate post-operative situation was assumed uniform 
(Figure 4). The Young's modulus of bone was determined from the apparent density 
values by a cubic relationship (Carter and Hayes, 1977). The maximal modulus of cortical 
bone (22,000 MPa) corresponds with the maximal density of 1.73 gr/cm3, hence the 
relation between modulus (E) and density (p) is given by 

E = с ρ3 , (2) 

with the constant с = 4249 {MPa/(gr/cm3) }. The Young's modulus of the titanium alloy 
stem was 110,000 MPa. 

Remodeling model 

The remodeling model is based on a blend of different hypotheses reported earlier 
(Frost, 1964; Cowin and Hegedus, 1976; Huiskes et al., 1987), and on a site-specific (con
servative) formulation of the process. For the actual local remodeling signal S, the strain 
energy per unit of bone mass is taken. This signal can be determined in a continuum 
model from the strain energy density U over the apparent density p, according to 

The strain energy density U in the model is expressed in MPa, the apparent density ρ is 
expressed in gr/cm , hence the remodeling signal is expressed in Joules/gram. It is as-
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sumed now that the bone in the ope
rated femur with prosthesis, strives to 
equalize the actual local remodeling 
signal S to the value in the original 
situation, S r e f . Hence the inhibitory 
signal for bone resorption or forma
tion is given by the difference be
tween S and Sief. The contralateral 
femur model is used to provide the 
value for S r e f . 

The theory further assumes a 
threshold for the inhibitory signal. 
This was proposed by Frost (1964) as 
the 'minimum inhibitory signal', bap
tized 'lazy zone' by Carter (1984) and 
used by others (Huiskes et al., 1987; 
Cowin, 1987; Beaupré, 1990). The 
idea is that bone needs a minimal 
threshold of the inhibitory signal, 
represented by S-Sref. When the actu
al signal S is the remodeling signal in 
a particular location of the operated 
femur, and Sre( the signal in the same 
location of the contralateral femur, 
the objective of the adaptive remodel
ing process can then be described by 

(l-s)Sref<S<(l+s)Sref , (4) 

with s a constant. The region between 
(l-s)Sref and (l+s)S r e f represents the 
dead zone. It is assumed that the 
bone is unresponsive within these 
boundaries and no net bone apposi
tion or resorption occurs. 

Furthermore, we assume that bone 
apposition and resorption can only 
occur at the free bone surfaces. 
Hence, at the periosteal bone surface 
(external remodeling or modeling) 
and inside the bone at the pore sur
faces (internal remodeling). To deter
mine the pore surfaces from the ap
parent density, the theory of Martin 

lateral medial 

Fig. 4 The initial density distribution of the finite 
element model with prosthesis. The density of 
cortical bone was taken 1.73 grlcm in all secti
ons, the maximal density value for bone in this 
model. The densities of cancellous bone in the 
different sections were taken as respectively: 0.40 
gr/cm (section B); 0.37gr/cm (section C); 0.24 
gr/cm3 (section E); 0.09 grlcm3 (section G), 
which is in agreement with the MBAF measure
ments of the experimental contralateral configu
ration. 
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(1972) is used. By assuming a particular F r e e surface density a(p) in mm2/mm3 

geometric pore model for the bone struc
ture, he presented a method to calculate the 
internal surface area as a function of the 
apparent density (A=A(p)). In addition, he 
assumed that the rate of the internal geome
try adaptations (remodeling) is dependent on 
the amount of internal (free) surface area 
available. We used this theory to relate the 
rates of the modeling and remodeling pro
cesses, enabling their concurrent simulation. 
We assumed that the rates of mass change 
at the periosteal and internal bone-pore 
surfaces are linearly dependent on the 
amount of free surface area. The internal 
free surface area per unit volume of whole 
bone (cancellous or cortical), a(p)=A(p)/V, 
was estimated using Martin's assumptions 

(Figure 5). For p = p m a x =l,73 gr/cm , it is assumed that a(p)=0.0, hence no remodeling 
takes place if p = p m a x . Thus, remodeling does not take place inside cortical bone with an 
apparent density of 1.73 gr/cm3. 

The adaptive process in the operated femur is expressed in the rate of change of bone 
mass: 

0.5 ι 
Density ρ in gr/cm' 

1.5 1.73 
3 

Fig. 5 Relation between the apparent den
sity ρ in gr/cm and the free surface area 
per unit of bone volume a(p)=A(p)/Vin 
mm /mm3. 

d-ft =TA(p)(S-(l-s)Sref): 

= 0, 
dM 
dt 

™ =rA(p)(S-(l+s)Sref): 

if S < (l-s)Sref, 

if (l-s)Sref < S < (l+s)Sref, 

ifS> (l+s)Sref, 

(5.a) 

(5.b) 

(5.C) 

0.01 < ρ < 1.73 gr/cm3 . 
(5.d) 

The parameter τ is a time constant given in gr/(mm2(J/gr)month), A(p) is the free 
surface at the periosteum or in the internal bone structure (Figure 5), and s represents 
the dead zone. The time t is given in units of one month. With the finite element model 
of the contralateral femur, S r e f = (U/p) r e f is determined in each integration point and 
periosteal nodal point in the model. 

The rate of change of bone mass dM/dt can now be expressed as a rate of change in 
the external (periosteal) geometry dx/dt, by 

dM 
dt 

= pA 
dx 
dt ' (6) 
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with A the external surface area at which the rate of mass change dM/dt takes place (the 
external face of the element concerned) and χ a characteristic surface coordinate, 
perpendicular to the periosteal surface. For the adaptation of the internal bone mass due 
to porosity changes we use 

JM. = V & (7) 
dt dt' {/' 

with V the volume in which the bone mass change takes place (the volume of the element 
concerned) and dp/dt the rate of change in apparent density. Equation (5) can now be 
written in terms of dx/dt for modeling and in terms of dp/dt for remodeling. Through 
forward Euler integration, the equations can be solved iteratively, to find the new 
coordinates of the surface nodes and new apparent density values in the integration points 
after every iterative step. Hence, the equations (5) and (6) give for a periosteal nodal 
point displacement Δχ in a time step At. 

Δχ = —(S- (l±s)Sref) M, if Ss(l-s)Sref or S>(l+s)Sref . (8) 

The equations (5) and (7) produce a similar expression for the change in apparent 
density: 

Δρ = r afp) (S • (l±s)Sref) At, if S<(l-s)Sref or S^l+stf^, (9) 

with a(p) according to Figure (5). In the computer program, the integration is carried out 
in steps of τΔί, which represents the proceeding of the modeling and remodeling 
processes at an arbitrary scale, which can be considered as the simulation time scale. The 
results of the experiment are then applied later to evaluate т. 

The time step in the integration process is variable and determined in each iterative 
step such that the maximal density change in the integration point where the maximal rate 
of density change occurs, will not exceed V2pmax (=0.865 gr/cm3). This can be accom
plished by calculating the time step At after each iterative step from eq. (8), and take the 
maximal possible value for the expression {a(p)(S - (l±s)S r e f)} from all integration 
points. Hence, for τΔΐ we find 

0.865 
ΤΔ' {a(p)(S.(l±s)Sref)}max

 ( 0 ) 

The scheme of Figure 6 demonstrates the iterative computer simulation program. The 
model of the intact contralateral (control) femur provides the reference stimulus Sref, 
which is compared in each integration point (internal remodeling) and in each periosteal 
nodal point (external modeling) with the actual stimulus S in the corresponding point in 
the model of the operated (treated) femur. The differences between S and S r e f determine 
the amounts of modeling (Δχ, eq. (8)) and remodeling (Δρ, eq. (9)), which occur 
concurrently. After each iteration a new S is determined. In order to reach convergence, 
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Fig. 6 Schematic representation of the iterative computer simulation model. 

the process must be continued until no more density changes or geometric changes occur. 
This means that all points fulfill eq. (4), or have reached the maximal or minimal values 
for the apparent density tolerated (1.73 or 0.01 gr/cm respectively). 

An objective function is defined for both internal and external remodeling: 

F = £ 15,. - (l±s)Sreß\ , (11) 
i-I 

with the positive sign if S>(l+s)S re f and the negative sign if S<(l-s)Sref . The 
summation takes place over η number of (sensor) points, which are represented in the 
iterative remodeling process by the integration points for internal remodeling and the 
periosteal nodal points for external modeling. Internal points with a maximal or minimal 
value for the apparent density (1.73 or 0.01 gr/cm3), or points having a stimulus within 
the dead zone, take no part in the summation of eq. (11) (Weinans et al. 1991, in press). 
After each iteration it is tested to which extent the objective is met, in order to check the 
convergence. 

Representation of data 

For all cross-sections В through J the medullary bone area fraction (MBAF, eq. (1)) 
and the cortical area (CA) are determined in the simulation after each time step. The 
MBAF is determined in the cross-sections В through J within the FE-code, by taking the 
average volume fraction of the elements concerned (at the same location were the MBAF 
was measured in the animal experiment). The volume fraction is determined as p/p m a x . 
The CA is determined within the FE-code, by calculating the cross-sectional areas of the 
cortical elements directly from the coordinate data. 

The density distribution as predicted by the simulation model is compared per cross-
section to the density distribution of the treated femur (having the implant for two years) 
of the animal of which the model is constructed. In addition, results of the simulation in 
terms of the MBAF and CA are also compared with the averaged experimental results 
of all 22 dogs. This comparison enables an estimate for the time constant т. 
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RESULTS 

Animal experiment 

The results of the animal study were published earlier (Turner et al., 1986; Sumner et 
al., 1990, 1991), and will not be discussed in detail here. Figure 7 shows contact 
radiographs of the slices of the operated and contralateral femur of one dog. This is the 
same dog two years postoperatively, which was used to create the FE-model. The slices 
correspond with the sections B, C, E and G of Figure 2. Good ingrowth is found at the 
prosthetic stem surface, particularly in the areas around the corners of the stem. An 
increase of cancellous bone density is found in all slices of the operated femur. In the 
distal cross-section and in the proximal medial region, the densification is more extensive. 
The opposite occurs in the cortical bone, which becomes thinner at several locations. 
Proximally, at the medial anterior side, the whole cortex disappeared, and around the 
mid-stem region (cross-sections С and E) cortical bone is lost, particularly at the medial 
and the anterior side. No changes were observed in the distal cortex. 

Computer simulation 

Figure 8 shows the distribution of the remodeling stimulus (S=U/p) in the contralateral 
and direct post-operative femur as determined in the computer model. The initial trend 
for resorption and apposition in the model is provided by the difference between both. 
The cancellous bone shows increased elastic energy per unit mass in the cancellous bone 
of the operated femur, particularly in the proximal and distal regions. The elastic energy 
in the cortex is decreased in the operated femur at all levels, except distally. The latter 
clearly demonstrates the stress-shielding mechanism, as described by others (Lewis, 1984; 
Huiskes et al., 1989.a, 1989.b). 

The results of the bone-remodeling computer simulation are shown in Figure 9, at 
different time intervals. The computer simulation program uses an arbitrary scale (rt) to 
represent the process (equations (8) and (9)). Hence, the time t (in months) can be 
determined by dividing this arbitrary scale by т. An estimate for τ will be given later. 
When compared with the initial density distribution shown in Figure 4, it is demonstrated 
that the adaptation after a relatively short period (t = 890/τ months) is restricted to the 
cancellous bone only. The reaction is the most extensive in the proximal area (level B), 
where the cancellous bone becomes more dense in the medial anterior area in particular. 
Around the midstem levels (C and E) the response to implantation is moderate. In the 
distal cross-section G, some densification of cancellous bone is predicted. After 3110/τ 
months, the remodeling process in the cancellous bone is continued in the same direction 
as found after 890/τ months. At this time interval, some densification is also found in the 
cancellous bone around the mid-stem region, at the anterior side, where the stem is relati
vely close to the cortex. Thinning of the medial anterior cortex is found after 3110/τ 
months in the cross-sections В, С and E. The density distribution of the cancellous bone 
in the end configuration (6800/т months) is changed only marginally relative to 3110/τ 
months. It appears that the adaptation process in the cancellous bone has virtually stop
ped. The bone loss in the cortex however, continues slowly. In the proximal cross-sections 
В and C, the original cortex has disappeared completely at the medial anterior aspect and 
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Fig. 7 Contact radiographs of the animal experiment after two years, for the 
section B, C, E and G, according to Figure 2. The operated femur at the 
left and the contralateral {control) femur at the right. 

a decrease of the cortex area in the distal cross-sections is found (levels E and G). 
Figure 10 shows to which extent the objective of the remodeling process is met. The 

objective function as expressed in equation (11), is calculated after each time interval for 
both modeling and remodeling. In the initial configuration (t=0, direct post-operative), 
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Fig. 8 Distribution of the remodeling stimulus S (-U/p) in the direct post-operative (left) 
and contralateral femur (right). 
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Fig. 9 The density distribution as predicted by the computer simulation at four sections and 
three time intervab. 
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Fig. 10 Convergence of the objective functions as 
defined in equation (11) for the remodeling 
(internal) and modeling (external) processes. 
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the objective for remodeling is much larger than for modeling. The remodeling process, 
however, converges relatively fast, and after а 1000/τ months, this proces virtually ceases. 
the objective function for the external modeling process increases from the start After 
about 1000/T months (when internal remodeling slows down) the objective function for 
the modeling process reaches a maximum, and from that point on, it turns back slowly. 
It appears that after ΐ=6800/τ months, the external remodeling process has still not 
converged. The objective function value has reached about the same level as in the direct 
post-operative situation. 

Animal experiment versus computer simulation 

A quantitative comparison between the animal experimental and the computer 
simulation results is shown in the figures 11 (for cancellous bone) and 12 (for cortical 
bone). The MBAF per cross-section is shown in Figure 11, for the animal experiments 
directly post-operative (t=0) and after two years, and for the computer simulation at 
several time intervals. The animal experimental results were only quantified in the cross-
sections C, D, E and H. In the direct post-operative case (time = 0) the results of the 
animal experiment fits exactly with the computer model, since the density distribution in 
the FE-mesh were taken from the data of the contralateral femurs in the experiment. 
After two years, the animal experiments show an increase of the MBAF in the more 
distal cross-sections F and H (around the prosthetic tip). The computer results clearly 
show two peaks in the MBAF increase. The proximal peak is realized after 820/τ months, 
whereas the distal peak in the MBAF increase continues to develop in the later periods 
(up to 6800/T months). 

The changes in the cortical bone area (CA) per cross-section are shown in Figure 12. 
The animal experiments show an almost uniform decrease of cortical area in the sections 
C, D and F, up to 15 percent cortical loss after 2 years. No cortical change is found in 
section H, just below the prosthetic tip. The computer simulation predicts the same 
pattern at about t=3110/T months. At 1=6800/τ months, the predicted cortical bone loss 
is much larger, up to about 30 percent along the stem and zero below the stem tip at 
section H. In section F the cortical loss is somewhat more pronounced than in the other 
cross-sections; this is not the case in the experimental result. 

For all time intervals the computer simulation results are compared with the 
experimental ones after two years, to find the time interval with a minimal deviation from 
the two-year experiment. Figure 13 presents the quadratic errors of the difference 
between experiment and simulation in the sections C, D, F and H, for both The MBAF 
and the CA values. This quadratic error is defined as 

Quadratic error MBAF = Σ {(MBAF^ - MBAF.^J2} (11) 
level C,D,F,H P 

Quadratic error CA = Σ {(CAap - CAsiJ
2} (12) 

level C,D,F,H p 

where the subscript indicates the results of the animal experiments (exp) or computer 
simulation (sim). The optimal fit between the two year animal experimental result and 
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Fig.ll The medullary bone area fraction (MBAF) per cross-section of the animal expe
riment, direct postoperative (t=0) and after 2 years ([]), and computer simulation 
after different time intervab up to 68001т months. 
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Fig. 12 Total cortical bone area (CA) per cross-section of the animal experiment (at t=0 
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Quadratic error 

Fig. 13 Quadratic error between 
the animal experiment and 
computer simulation for both 
CA and MBAF, as defined in 
the equations (11) and (12). 

the computer simulation can be found by searching for the minimal value of the summa
tion of the two quadratic errors. This minimum is found after a time interval of 3110/τ 
months, indicating that for a time con-stant of τ= 129.6 gr/(mm2(J/gr)months), the 
computer results fits the best with the animal experiments. 

DISCUSSION 

We have developed a model for adaptive bone-remodeling, which simultaneously 
simulates internal remodeling and external modeling, and can be used in conjunction with 
three-dimensional finite-element models of bone-prosthesis structures. The model is based 
on a conservative form of adaptive bone-remodeling theory, in the sense that the process 
is controlled by the local difference between the actual and the normal reference value 
of the remodeling signal. The latter being the strain energy per unit of mass. The model 
takes a threshold level for the signal of ± 35% of the reference value into account, a so-
called 'dead zone'. The model was tested by simulating animal experiments involving 
canine hip replacements. The similarity between predictions of the model and results of 
the experiments were quite satisfactory, even to a considerable detail. This indicates that 
the changes in bone morphology found around the experimental prostheses can be fully 
explained as the effects of a natural, mechanical adaptive process, which can be described 
and predicted by adaptive bone-remodeling theory. 

We emphasize that the model was constructed based on the geometry of one particular 
dog, of which the experimental result was considered as typical for the remodeling 
patterns found in the whole experimental series. Comparing the model prediction, 
quantitatively, with the averaged results of the series, similar results were obtained, 
although at the distal side the model predicted somewhat more trabecular bone 
densification and more cortical bone resorption than in the experimental series. This is 
probably due to imprecision of the 'dead zone' threshold levels, the triggering of the 
external and the internal processes, or to general simplifications of the model. 

The model used is simplified by necessity, and some of its aspects must be discussed. 
One particular loading case was used, representing the peak hip-joint and the abductor 
muscle forces during normal walking (Bergmann et al., 1984), contrarily to a series of 
typical loading cases as suggested by Carter et al. (1989). This is certainly essential when 
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"bone maintenance theory' is used to predict the morphology of normal bone. However, 
it is not so important when a conservative remodeling rule is applied, as long as the loads 
represent a typical loading pattern, including axial, bending and torsional components, and 
are equal in the actual and the reference models (Huiskes et al., 1987). 

The FE-mesh used was less refined than one would ideally wish for, due to 
computer-space restrictions. However, the 8-node elements behave reasonably well in 
bending, due to modified interpolation functions, and can degenerate into a tetrahedon 
without causing problems (MARC Analysis Corporation, Palo Alto, CA). To improve 
precision, the SED and the density values were determined per integration point, rather 
than per element. The same model was also tested in one calculation with 20-node brick 
elements, without showing important differences in the SED distributions. During the 
simulation process, the original endosteal cortical surface remains stationary, while the 
periosteal one changes. At the proximal side, this may cause the cortex to disappear 
completely. In order to maintain precision in the FE calculations, a minimal thickness of 
0.05 mm was set for the cortical elements. When this threshold is reached, further 
remodeling in that element stops. It is possible, therefor, that the model looses accuracy 
in the late stages of the process. 

What was said for the element mesh is also true for the time-step used in the iterative 
process. The time-step was variable, and small enough to guarantee no more bone 
turnover than 1/2 p m a x per iteration, anywhere in the structure. When this criterion was 
reduced to 1/20 р т м , hence, reducing the time step with a factor of about 10, the results 
obtained were not equal, but very similar. Hence, the time step used was thought to 
provide quite reasonable results, while not enforcing a problem in computer capacity. 

The prosthesis in the FE-model was assumed to be fully bonded to bone over its 
surface. This is not so in reality, certainly not in the immediate post-operative period. 
After one month about 30 percent of the porous surface had bone ingrowth (Turner et 
al., 1986) and in non-weight bearing studies it was shown that after two weeks the 
strength of attachment in cancellous bone reaches a plateau (Sumner and Galante, 1990). 
Hence, model and experiment are not equal in this respect, and this may have caused the 
distal discrepancies mentioned earlier. Although Huiskes (1990) showed that load transfer 
and stress patterns do not differ dramatically between fully and partly bonded stems, as 
long as the stem is bonded somewhere. 

The trigger between the external and internal processes in the simulation model is 
determined by the relationship between apparent density and free surface area in the 
trabecular bone (Figure 5), which is based on an analytical model and not necessarily 
equal in the experiment. In addition, cortical bone was assumed to have an apparent 
density of 1.73 gr/cm in the immediate post-operative configuration, implying zero free 
surface. Hence, the cortical material remained what it was during the simulation. No 
porosity was assumed to develop. As a consequence of these two aspects, external 
modeling developed more slowly than internal remodeling (Figure 10). The relative rates 
of remodeling, in particular the activation frequency as a function of time have not been 
determined for the subperiosteal, endo-cortical or cancellous surfaces following total hip 
replacement and this information would be useful in refining the model. 



38 CHAPTER II 

The 'dead zone' threshold levels, set at ± 35% of the reference signal to obtain the 
best conformity with the experimental results, have important influences on the amount 
of bone eventually resorbed or added (Weinans et al., 1990, 1991). Maloney et al. (1989) 
found in autopsy-retrieved human femoral specimens with cemented hip prostheses, 50 
percent reduced cortical strain values up to 17 years post operatively, suggesting a 
threshold value of at least ± 50 percent in this case. Simulating noncemented hip 
replacement in the human, values of ± 75 percent were found to produce realistic results 
(Weinans et al., 1991). This does suggest, that the threshold levels are perhaps not equal 
between man and animal. In fact, Frost (1990) assumes that these threshold values may 
have considerable inter-individual variations, and even that they vary throughout life in 
the same person, dependent on relative age. 

The most difficult part of the comparison between model and experiment is the 
evaluation of a realistic time frame for the simulation. This was done by selecting the 
simulation patterns which best fitted the average 2-years experimental results in the series 
of dogs. The simulation process had not yet converged at that time, but slowly continued 
the remodeling process, particularly distally, up to a moment representing about 4.5 years 
postoperatively. We have no way of knowing the remodeling stage in the dogs after 2 
years. Only prolonged follow-up of animal experiments can tell. 

The above-mentioned imprécisions, simplifications and uncertainties notwithstanding, 
the simulation model performed surprisingly well relative to the experimental findings. 
Certainly, the model is an empirical one, and the possibility that a different model, or a 
combination of different parameter values in the same model, would perform equally well, 
can not be discarded. Only continuing research relative to a variation of bone-implant 
structures can eventually provide more certainty. Nevertheless, we feel that these 
computer-simulation models, based on adaptive bone-remodeling theory, are versatile 
tools for pre-clinical testing of prosthetic designs, to pre-test animal experiments, and it 
might be that eventually these types of models can substitute some animal experiments. 
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Abstract: Bone loss around femoral hip stems L· one of the problems threatening the 
long term fixation of uncemented stems in particular. It is believed that this phenomenon 
is caused by reduced stresses in the bone (stress-shielding). In the present study the 
mechanical consequences of different femoral stem materiab are investigated using 
adaptive bone-remodeling theory in combination with the finite element method, whereby 
predictions of the bone-remodeling patterns can be made. By parametric variation, it was 
studied how the elastic modulus of fully bonded femoral stems influence the remodeling 
patterns in the surrounding bone and the interface stresses between bone and implant. 

Cemented stems (Cobalt-chrome or titanium alloy) caused less bone resorption and 
lower interface stresses than uncemented stems made out of the same materials. The 
amount of bone resorption predicted in the simulation modeL· ranged from 23 percent in 
the proximal medial cortex surrounding the cemented titanium alloy stem, to 76 percent in 
the proximal medial cortex around the uncemented cobalt chrome stem. Around a very 
flexible, uncemented "iso-elastic" stem, very little bone resorption was predicted, but 
proximal interface stresses increased drastically relative to the suffer uncemented stems, 
made out of cobalt chrome or titanium alloy. 
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INTRODUCTION 

In spite of the great success of ΤΉΑ surgery, long term fixation is still a major 
problem. Recently, Ahnfelt et al. (1990) showed that different types of THA systems 
can have considerably different survival rates. The origin of failure of an orthopaedic 
implant is complex. Many biological and mechanical causative factors interact to 
induce clinical failure. 

The function of a THA is to transfer load from acetabulum to femur without 
causing pain for the patient, to provide an adequate range of motion and enough 
stability. It is assumed that the stress-transfer mechanism plays an important role in 
the performance and survival rate of the implant. As the stresses in prosthesis, bone 
and acrylic-cement increase, the possibility for failure of the components increases as 
well. Excessive interface stresses may cause failure of the interface bond, which can 
generate relative (micro) motions and possibly induce bone resorption and soft tissue 
interposition (Ferren and Rahn, 1980). This could finally lead to pain and a clinical 
failure. Another important failure mechanism originates from adaptive bone-remo
deling: adaptation of the bone morphology to the changed mechanical environment. 
Unnatural stresses or strains can induce morphological changes and bone atrophy, 
possibly weakening the bone bed to the point of failure and creating an unfavorable 
basis for a revision arthroplasty. This problem is clinically important, in particular with 
the use of uncemented implants (Galante et al., 1988; Engh et al. 1989; Rosenberg, 
1990). 

Sarmiento et al. (1985) compared titanium alloyed (low modulus) femoral stems 
with similarly designed high-modulus stems used in cemented THA. Their data tend to 
show a lower incidence of calcar resorption for the low-modulus material. Later, 
however, it was found that loosening was found more frequently with the low modulus 
stems. Jakim et al. (1988) showed that the use of an extremely low-modulus ("iso-
elastic") material is not beneficial in uncemented THA, because it results in high 
failure rates due to mechanical loosening. However, calcar resorption was rare; mild 
forms were found in a few cases only. Maloney et al. (1989) found marked resorption 
in autopsy-retrieved femurs with a cemented stem, several years post-operatively. They 
also showed that complete resorption of the bone is unusual, even 17 years after 
surgery, and that the functional strains will not restore to the natural level. It is 
generally believed that these lowered strains (or stresses), usually referred to as stress 
shielding, is the reason for bone resorption. In animal experiments complete resorp
tion of bone, surrounding an implant, is reported in some cases (Turner et al., 1986; 
Miller and Kelebay, 1981; Tronzo, 1989). 

The number of commercially available THA systems increases every year. Before 
clinical trials result in relevant data which can be related to the failure rate of the 
implant takes many years. The application of adaptive bone-remodeling simulation 
models enables pre-clinical tests of prosthetic designs. With this method, the mechani
cal effects of design features such as material and shape can be evaluated and their 
effects on the survival rates estimated. 

Adaptive bone-remodeling theories were proposed by a number of researchers 
(Frost, 1964; Pauwels, 1965; Kummer, 1972; Cowin and Hegedus, 1976; Fyhrie and 
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Carter, 1986; Frost, 1987; Huiskes et al., 1987). The assumed process of bone-
remodeling can be represented by a scheme as shown in Figure 1. In this scheme the 
(apparent) density of the bone serves as the only representative of bone morphology. 
External loads produce stress and strain patterns in the bone, which are considered as 
mechanical stimuli. It is assumed that bone contains sensor-cells, which can detect 
these mechanical stimuli. The intensity of the stimuli will then affect the activity of the 
osteoblasts and osteoclasts. Integrated with hormonal, genetic and metabolic factors, 
this will cause bone apposition or resorption, whereby the morphology (density) of the 
bone changes. This feedback control process converges to an homeostatic equilibrium. 

load 

bone apposition/résorption 

sensor 

; density I 

mechanical 
stimulus 

other factors 

cell 
activity Fig. 1 Remodeling 

scheme which shows 
the basic assumptions 
for the biologic feed
back mechanism of 
adaptive bone remod
eling. 

Normal loading, and consequently a normal stimulus distribution, lead to an homeo
static equilibrium with normal bone morphology, in which the amount of bone 
formation is balanced by the amount of bone resorption. An unnatural load will alter 
the stimulus patterns and adaptive bone-remodeling leads to a new equilibrium state. 
A similar process occurs when a femoral hip component is placed, because this affects 
stress and strain patterns in the surrounding bone (Lewis et al. 1984; Rohlmann 1987; 
Huiskes et al., 1987; Huiskes et al., 1989.a/b). 

By integrating the finite element method with a mathematical description of the 
bone-remodeling process, it is possible to predict the amount of bone resorption or 
formation (Hart et al , 1984; Carter et al., 1989; Huiskes et al, 1987; Fyhrie and 
Carter, 1990; Beaupré et al., 1990; Orr et al., 1990; Weinans et al., 1989, 1990). 
Huiskes et al. (1991) verified such a computer integrated model, applied to predict 
bone-remodeling patterns around uncemented femoral stems in dogs (Turner et al., 
1986). The predictions compared favorably with the corresponding animal experimen
tal results. 

In this paper, adaptive bone-remodeling simulation models are used to investigate 
the effects of different materials (high versus low modulus) of both cemented and 
uncemented stems, on bone-remodeling and interface stresses. 
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METHOD 

In the present analyses, the apparent density of the bone is used as the only 
representative of the internal bone morphology. It is assumed that the strain energy 
per unit of bone mass is the mechanical stimulus to regulate the remodeling-process 
(Carter et al., 1986; Fyhrie and Carter, 1990). Hence, both the internal morphology of 
the bone and the actual mechanical loading condition on the bone, are described with 
scalar quantities (apparent density and strain energy). 

To simulate adaptive bone-remodeling in a computer model, a mathematical 
description of this process is combined with the FEM, which is schematically shown in 
Figure 2. The FEM provides the stress 

load 

1 
FEM 

stress 
strain 

-elastic modulus—«- density 

mechanical 
stimulus 

objective 

Fig. 2 Integration of the bone remodeling 
feedback mechanism with the finite element 
method. 

(ay) and strain components (ε^) in 
each location (per element) of the 
bone structure. The fundamental as
sumption of the current bone-remo
deling theory is that each sensor in the 
bone strives to bring its strain energy 
per unit of bone mass (the remodeling 
stimulus) to a preset value, the refer
ence stimulus k. In a continuum model, 
the local strain energy per unit of bone 
mass can be approximated by U/p, 
where U is the strain energy density 
(strain energy per unit of volume) and 
ρ is the apparent density (bone mass per unit of volume). When the strain energy 
density, U, is given in MPa, and the apparent density ρ in gr/cm3, the stimulus U/p is, 
as a consequence, expressed in Joule/gr. Of course, the strain-energy density U varies 
in each location over time, due to variations of the hip and muscle loads. In order to 
take these variations into account, an average strain-energy density, Ua, for a number 
of loading cases is used (Carter et al., 1989). 

Frost (1964) suggested that the bone-remodeling process would not react to a small 
deviation in the mechanical stimulus. He proposed inhibitory values or threshold 
levels, for the remodeling signal, both apposition and resorption. Hence, the bone will 
not respond with apposition or resorption as long as the signal is between these 
threshold values. This hypothesis was incorporated later in bone-remodeling theories 
as a 'lazy zone' or 'dead zone' in the bone response (Huiskes et al., 1987; Cowin, 1987; 
Beaupré et al., 1990). Mathematically this can be described by an inactive area around 
the reference stimulus k, by introducing a parameter s, with k(l±s) representing the 
dead zone. A relation as shown in Figure 3, between the rate of density change 
(dp/dt) and the stimulus (Ua/p) is assumed. Such a relation can be mathematically 
described by the following expressions: 
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dt ρ 

dt ρ 

k(l+s)}2 if UJp^kfl+s), 

k(l-s)Y if UJpzkil-s) 

(La) 

(Lb) 

^ = 0 if k(l-s)<UJp<k(l+s) , (l.c) 

Ogr/cm3 < ρ < 1,74 gr/cm3 , (Ld) 

where A is a time constant and 
к is the (constant) reference 
stimulus. The exponent for bone 
apposition (equation (l.a)) is 
taken as 2, whereas the one for 
resorption is taken as 3 (equa
tion (l.b)). This reflects the 
finding that resorption occurs 
more progressively than apposi
tion (Parfitt, 1983). Equation 
(l.d) reflects the fact that bone 
can only vary its density be
tween zero and that of cortical 
bone. 

Equation (1) can be solved by means of forward Euler integration with constant 
time-steps (ΔΙ) in the FEM computer procedure, and the final equilibrium density 
distribution in the bone structure can be determined: 

Fig. 3 Nonlinear remodeling relation, between the 
amount of bone apposition or resorption (dp/dt) 
and the remodeling stimulus (UJp). 

Δρ = A At { —a 

Ρ 
k(l±s)}a if Ua/p>k(l+s) or UJp<k(l-s) , (2) 

where a takes the values 2 or 3. The product Ant must be taken small enough to 
ensure convergence of the solution procedure (Weinans et al., 1989). 

The density of the bone is related to the elastic modulus (E) according to 

E = JZPOp·*, (3) 

whereby the elastic modulus is expressed in MPa and the apparent density in gr/cm3 

(Carter and Hayes, 1977). The elastic modulus and the corresponding density are 
determined per element in the finite element procedure, with a maximal value of 
20,000 MPa (p = 1.74 gr/cm3) and a minimal value of 0.008 MPa (p = 0.01 gr/cm3). 
This represents an upper value for the cortical bone properties (Carter and Hayes, 
1977) or complete resorption of the bone. 
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First, this procedure is used to determine the density distribution in a normal 
proximal femur. A two-dimensional finite element model is constructed (Figure 4.a), 
whereby a side-plate accounts for the out of plane cortical bone (Verdonschot and 
Huiskes, 1990). Only the front-plate takes part in the remodeling process, the side-
plate keeps a constant elastic modulus during the simulation (E= 17,000 MPa). We 
assume that normal bone has a density distribution such that equation (1) is fulfilled 
and the reference stimulus к=0.0025 J/gr at all trabecular locations. The value of к is 
chosen in accordance with previous studies with the same model (Weinans et al., 1989, 
Huiskes et al., 1989). There is no 'dead-zone' assumed for the generation of normal 
bone morphology, so s in equation (1) is taken zero. The process is started from a 
uniform density distribution of 0.8 gr/cm3 for the entire front-plate. Three loading 
cases representing daily activity (Carter et al., 1989), are chosen (Figure 4.a). 

The solution found from this simulation is taken as the density distribution in a 
normal femur and serves as the direct post-operative density-distribution in the second 
model, in which the presence of cemented or uncemented femoral hip components are 
simulated (Figures 4.b and 4.c). The latter two models were constructed by modifying 
the original femur model of Figure 4.a. The loads on these two models are identical in 
direction and magnitude to those in the model of the normal femur. Again the same 

a) Normal femur with side plate b) Uncemented stem c) Cemented stem 

Fig. 4 The FEM meshes as used in the different simulation analyses. 
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side plate is used to account for the out-of-plane cortical bone. Because the prostheses 
provoke entirely different stress distributions, the bone structure starts remodeling 
according to equation (1). It is assumed that the bone strives for the same reference 
stimulus k=0.0025 J/gr, or at least within the limits of a dead zone of ± 35 percent of 
the reference stimulus к (s=0.35). 

For the cemented implant (Figure 4.b), stems made out of Cobalt-Chrome alloy 
(CoCrMo) and a titanium alloy (Ti) are simulated. For the uncemented system (Figure 
4.c), three different materials were assumed: CoCrMo (elastic modulus 210,000 MPa), 
Ti (110,000 MPa), and a fictive 
material with an elastic modulus 
in the range of cortical bone 
(20,000 MPa), a so called "iso-
elastic" material. For all models 
the effects on bone-remodeling 
and load transfer were studied. 
Table I summarizes the subse
quent analyses (I through V) 
and the material properties of 
the different stems. 

Table I: Different types of femoral hip compo
nents which were used in the simulations 

prosthesis Stem material 
1 cemented CoCrMo 
Π cemented Titanium 
III uncemented CoCrMo 
IV uncemented Titanium 
V uncemented iso-elastic 

Young's modulus 
2,1 χ 105 MPa 
1,1 χ 105 MPa 
2,1 χ 105 MPa 
1,1 χ 105 MPa 
0,2 χ 105 MPa 

RESULTS 

Bone-remodeling 

The density distribution as predicted in the 
computer simulation of the proximal femur 
without prosthesis is shown in Figure 5. The 
most important aspects of proximal femoral 
morphology are represented in the result: medi
al and lateral cortices, intramedullary canal, 
Ward's triangle, metaphyseal cortical shells and 
the characteristic cancellous distributions in the 
femural head and trochanter. 

Figure 6.a shows the same distribution after 
the finite element mesh is modified into a mesh 
with prosthesis. Because the bone structure is 
now bounded at the endosteal side by the pros
thesis, the density distribution in this figure is 
interpolated somewhat differently, which makes 
the cortices in Figure 6.a look slightly thicker 
than in Figure 5. Figure 6.a can be regarded as 
the direct post-operative configuration; a repre
sentation of the density distribution before adap
tive bone-remodeling took place. 

The results of the simulations of the remodel
ing process of the bone around the five different 

Fig. 5 Density 
distribution as 
predicted by the 
remodeling simu
lation of the nor
mal femur. 
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a) Initial, Ь) Cemented CoCrMo c) Cemented Ti 
direct post-operative 

d) Uncemented CoCrMo e) Uncemented Ti ^ Uncemented "iso-elastic" 

Fig. 6 Density distributions of the proximal femur with different stem types. The percent
ages bone loss in four different area's (Gruen's zones) are indicated 
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types of prostheses are shown in the Figures 6.b through 6.f. Both cemented compo
nents generate mild resorption, predominantly localized in the calcar region (proxi
mal/medial). The difference between a CoCrMo stem (Figure 6.b) and a titanium stem 
(Figure 6.c) is not extensive. The percentages bone loss (or apposition) were also 
calculated for four different areas according to Gruen's zones (Gruen et al., 1979) and 
indicated in Figures 6.b through 6.f. For the cemented CoCrMo stem, 38 percent bone 
loss is found in the proximal/medial region, against 23 percent for the Ti stem in the 
same area. On the lateral side the resorption is less in both cases (18 and 19 percent) 
and in the mid-stem region some resorption is predicted only around the CoCrMo 
stem (5 percent medial and 11 percent lateral). The bone resorption predicted around 
the uncemented stems, made out of CoCrMo or Ti is much more severe (Figures 6.d 
and 6.e). Particularly the CoCrMo stem provokes severe bone loss; up to 76 percent in 
the calcar area, 45 percent in the proximal/lateral region and about 30 percent in the 
medial and lateral mid-stem regions. The resorption predicted around the uncemented 
titanium stem is still much more severe than around the cemented stems (54 percent 
proximal/medial, 38 percent proximal/lateral, and 4 and 14 percent in the mid-stem 
regions). It is clear that stiffer components lead to more extensive bone resorption. 
The fictive "iso-elastic" prosthesis leads to a very small amount of bone loss only, 
restricted to the medial rim of the calcar, directly under the resection level, where 7 
percent resorption is predicted. In the lateral mid-stem region, even an increase of 
bone density of 2 percent is predicted. 

Load transfer 

It is found that the load transfer 
from prosthesis to bone in the 
initial configuration (before remod
eling) occurs more proximally, 
when the implant is more flexible. 
This is illustrated in Figures 7.a 
and 7.b, were the distribution of 
the strain energy density (SED) in 
prosthesis and bone is shown for 
two initial configurations: the most 
flexible stem (uncemented "iso-
elastic) and the most rigid one 
(uncemented CoCrMo). The rigid 
stem case demonstrates the stress 
shielding (or rather SED shielding) 
mechanism in the upper bone re
gions. The SED values in the prox
imal regions are relatively low, 
both in stem and bone, indicating 
that there is little stress transfer 
from stem to bone. The flexible 

UinMPa 

Ι' Ί 

Fig. 7 Strain energy density distribution in stem 
and bone with the CoCrMo prosthesis (a) and 
the "iso-elastic" prosthesis (b). The average SED 
from the three different load cases is shown 



50 CHAPTER Ш 

configuration shows much higher SED values in the upper regions, illustrating that the 
stem is transferring load directly to the calcar. 

The interface stresses of the initial configurations are shown in the Figures 8 and 9. 
For all three loading cases, the absolute values of the normal-stresses, tension or 
compression (Figure 8), and shear-stresses (Figure 9) are shown, whereby the 
envelopes of the interface stresses as calculated for the three loading cases are shaded. 

j •*~р,Ле: normal stress 

a) Cemented CoCrMo b) Cemented Ti с) Uncemented CoCrMo d) Uncemented TI e) Uncemented "iso-elastic" 

Fig. 8 The envelope of the normal interface stresses between bone and implant 
from the three load cases, in the different configurations. The peak stresses 
are indicated in the figures. 

The maximal value for the interface stress is indicated in each configuration. The 
normal-stress patterns (Figure 8) show a proximal and distal peak in all cases, which is 
a general pattern for the normal interface stresses around intramedullary stems 
(Huiskes, 1980, 1990). The lateral drop of the stress in the mid region around the 
stems is related to the initial density distribution of the bone in the bone/stems 
configurations. In this region some elements contain a relatively low density, resulting 
in an extremely low modulus, hence the stress transfer is extremely small in this area. 

The two cemented configurations (Figures 8.a and 8.b) have a more uniform 
normal interface stress distribution than the uncemented ones (Figures 8.c, 8.d and 
8.e). For the shear stress distribution, similar trends were found (Figure 9). Comparing 
the uncemented stems, it appears that the CoCrMo and the Ti stems generate high 
interface stresses distally, whereas the "iso-elastic" stem generates high stress proxi
mally. This reflects again the mechanism that more flexible stems transfer the load 
more proximally, as was demonstrated before in Figure 7, and shown also in several 
other studies (Huiskes, 1980; Lewis et al., 1984; Huiskes et al., 1987; Huiskes et al., 
1989, 1990; Rohlmann et al., 1986). 

During the remodeling process however, these interface stress patterns can change 
significantly. To demonstrate this, medial tensile and compressive interface stresses for 
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t i | shear stress 

c) Uncemented CoCrMo e) Uncemented 'iso-elastic' 

Fig. 9 The envelope of the interface shear stresses from the three load cases, in the 
five different configurations. Peak stresses are indicated in the figures. 

the uncemented CoCrMo and the "iso-elastic" configurations, before and after 
remodeling, are shown in Figure 10. The peak interface stresses are reduced in both 
cases. At the interface of the CoCrMo stem, the stress peak reduces from 6.2 MPa 
before, to 3.0 MPa after remodeling, whereby it shifts to distal, because of the 
proximal/medial bone resorption. For the 'iso-elastic' stem the proximal/medial stress 
peak reduces from 27 MPa to 18 MPa. 

After 
remodeling 

Initial After 
remodeling 

a) CoCrMo stem b) "iso-elastic" stem 

Fig. 10 Normal interface stresses, obtained from the first load case (Figure 4), before 
(initial) and after bone remodeling for the CoCrMo and "iso-elastic" uncemented 
stems. 
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DISCUSSION 

A model was presented to pre-clinically test femoral stem components relative to 
their effects on bone-remodeling and interface stress patterns. It is difficult to match 
the quantitative values of the present results with clinical radiographic analyses, 
because conventional X-ray techniques are not very precise, and quantitative tech
niques are not widely used as yet. Steinberg et al. (1991) showed, using dual-energy X-
ray densitometry, that bone loss associated with cemented femoral components may be 
about 40 to 50 percent in the area of the lesser trochanter and slightly below. This 
area corresponds roughly to the proximal medial zone as indicated in Figure 6 
(Gruen's zone 1; Gruen et al., 1979), for which 38 and 23 percent bone was found in 
the computer simulations with respectively the cemented CoCrMo and Ti stems. 
Kiratli et al. (1991) used a similar technique and reported 20 to 30 percent bone loss 
in some specific proximal bone regions, up to 5 years after an uncemented femoral 
stem was placed. The ranges of bone mass reductions found in the present study are 
very similar. Both publications, Kiratli et al. (1991) and Steinberg et al. (1991), 
reported ensuing bone loss after more than three years follow up, which is contradicto
ry to the idea that bone-remodeling stabilizes in about two to three years. Our 
computer predictions concern stabilized end configurations, whereas in most clinical 
studies it is uncertain to which extent the observed remodeling patterns can be 
regarded as real end configurations. 

It must be emphasized that the present model does have its limitations. It is two-
dimensional and consequently only loads acting in the mid-frontal plane can be 
considered. Nevertheless, the side-plate does account for the three-dimensional 
structural integrity of the cortex, such that a good representation of the behavior in 
the mid-frontal plane can be obtained (Verdonschot and Huiskes, 1990). Since the 
front-plate is considered in the remodeling analyses only, the plots of Figure 6 refer to 
the mid-frontal part of the bone. 

Another important aspect is, that in the analyses perfect fit and completely bonded 
connections between implant and bone were assumed. For cemented implants this is 
realistic in general, certainly directly post-operative, but for the uncemented implants 
perfect fit is not obtained (Noble, 1988; Schimmel and Huiskes, 1988). Therefore, the 
present results must be regarded as general trends in an idealized situation. In 
addition we found that the predicted density patterns depend on the parameters in the 
remodeling relation (equation (1)), which is an empirical one, for which the constants 
are in fact unknown. The reference stimulus к and the size of the dead zone, repre
sented by s, showed to be the most influential parameters. The value of the reference 
stimulus was varied for the normal femur model, to find the most realistic end 
configuration for к=0.0025 J/gr. It was also found that the choice of the initial density 
distribution (uniform with ρ=0.8 gr/cm3) is not an important determinant for the end 
configuration of the normal bone, as long as the initial distribution lies within certain 
boundaries (Weinans et al., 1989). For the remodeling simulation of the proximal 
femora] bone around an implant, a dead zone of ±35 percent around the reference 
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stimulus к was introduced (Figure 3). The size of this dead-zone determines the 
amount of bone loss in the end configurations. It is found that simulations without a 
dead zone lead to unrealistic end configurations with too much bone loss (Weinans et 
al., 1989; Weinans et al., 1990; Maloney et al. 1989). A dead zone of ±35 percent was 
also used in a validation study by Weinans et al. (1991), whereby a computer model 
was compared with an animal experiment, which resulted in quite realistic remodeling 
patterns predicted by the simulation. 

The simulation model of the normal femur predicts a morphology with all charac
teristic features of a real femur. The function of the side-plate in the model was found 
to be very important in this respect, particularly for the generation of the diaphyseal 
and metaphyseal geometry. If one is interested only in the distribution of the density 
patterns in the utmost proximal part of the bone, the function of a side plate is less 
important, as shown in two dimensional models of Carter et al. (1989) and Beaupré et 
al. (1990), where no link to intramedullary fixation was made. Orr et al. (1990) showed 
that such a model, without a side plate, can contribute to the understanding of the 
bone-remodeling processes under the cup of a resurfacing femoral component. 

The results of the remodeling simulations demonstrate drastic bone-resorption 
around rigid uncemented stems, which would plead for the use of very flexible 
materials. However, if we study the interface stresses, it is found that this is not 
necessarily a favorable alternative. The proximal medial interface stresses become 
extremely large in the "iso-elastic" case, which indicates a considerable risk for 
interface disruption. The initial stability of this implant is poor and it is possible that 
no permanent ingrowth will occur because of immediate disruption after the slightest 
ingrowth, resulting in relative (micro) motions at the interface. In other words, the 
results show that a flexible, uncemented "iso-elastic" stem would become a favorable 
option only when the shape of the stem can be designed such as to guarantee optimal 
initial stability, and when interface bonds can be made adequately strong. 

Considering the question of titanium versus CoCrMo in the light of the present 
results, it is evident that also in this case a design conflict occurs. Titanium generates 
less bone resorption, but higher interface stresses, hence higher chances for interface 
disruption and relative motion. We do not know, precisely, how much interface stress 
the interface can take in long-term dynamic loading. However, in view of the amounts 
of bone resorption predicted in the various cases and the values of the interface stress 
peaks found, considering also that (coated and ingrown or osseo-integrated) stem/bone 
interfaces tend to be much stronger than stem/cement and cement/bone interfaces 
(Pilliar, 1983; Geesink et al. 1987), it seems only logical to make the choice for 
CoCrMo in cemented, and for titanium in uncemented cases. 
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Abstract: Bone atrophy caused by stress-shielding may cause serious complications for 
the long term fixation of implants. In particular uncemented implants are threatened by 
this problem, because they are usually larger and as a consequence stiffer than cemented 
implants. 
In the present study the effects of fit and bonding characteristics of femoral hip stems are 
investigated, using the finite element method in combination with adaptive bone-remodel
ing theory. ThL· method can provide long term predictions of remodeling patterns around 
implants. Several cases were analyzed with this method, whereby the coating conditions 
(fully, partly or non-coated) and the fit characteristics (press fit or overreamed) were 
changed. 

The result show that a partly coating can only significantly reduce bone atrophy when 
the coating L· applied at the entire proximal part of the stem. For press fit stems the 
predicted amount of bone loss (35 percent in the proximal medial region) is less than for 
a one-third proximalty coated or a fully coated stem (50 to 54 percent predicted bone loss 
in the proximal medial region). Overreaming the femoral canal in the press fit case can 
have significant effects, whereby a distal overreaming gives a reduced proximal atrophy 
and a proximal overreaming an increased atrophy. 
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INTRODUCTION 

Uncemented femoral hip prostheses have two main unfavorable qualities, which 
may cause serious complications. First of all, they usually do not fit very well (Noble et 
al., 1988.a; Schimmel and Huiskes, 1988), which may result in reduced initial stability 
and lack of bonding. Secondly, they are usually rather stiff, thereby reducing bone 
stresses, particularly in the proximal part of the femur. This phenomenon is generally 
referred to as 'stress-shielding'. It is assumed that this induces bone atrophy, which is 
indeed often observed postoperatively (Engh et al., 1987, 1988; Rosenberg, 1990). 
Whether this will create significant long-term clinical problems, such as bonding 
failure, loosening, or bone fracture, is uncertain as yet. It is certain, however, that 
when too much bone is lost, the fixation strength is jeopardized and prospects for a 
succesful revision operation are diminished. 

Several alternative designs, relative to implant stiffness, implant materials (compos
ites) and coating size and locations have been introduced in the past, to minimize 
stress-shielding. However, these efforts have not been very systematic and well 
documented. In order to optimize designs relative to stress shielding and bone loss, 
quantative information is required about the relationship between design features and 
bone loss. 

Turner et al. (1986) and Sumner et al. (1990) investigated the effects of several 
types of femoral stem coatings, using THA in dogs. They concluded that a partial 
proximal coating can reduce the overall amount of bone loss, relative to a fully coated 
implant. Proximally, however, the effects in terms of cortical bone loss around the 
partially coated stems were similar to those around fully coated ones. Engh et al. 
(1987) investigated the effects of proximally coated stems vs fully coated stems in a 2-5 
year clinical follow-up study, using radiographs. Fully coated and two-thirds proximally 
coated stems did show more bone resorption than the one-third proximally coated 
ones. Many commercially available, uncemented coated femoral stems now use the 
latter concept of a one-third, or at least partly, proximally coated area. Gruen et al. 
(1991) studied the bone response associated with partly porous-coated femoral stem 
components radiographically, after a follow-up period in the range of 5 to 6 years, with 
special attention to the initial fit of the stem. They found an increased intra-cortical 
porosity, especially in the medial neck region, associated with proximally undersized 
femoral stems. Geesink et al. (1988, 1989) reported a follow-up study of proximally 
hydroxyl-apatite coated stems after a relatively short postoperative period (12 to 18 
months), whereby apposition of dense bone against the coating of the prosthesis near 
the distal coating edge was found. There were no signs of cortical bone loss after 18 
months. 

Several attemps have been made to predict bone-morphology adaptations mathe
matically (Frost, 1964; Pauwels, 1965; Kummer, 1972; Cowin and Hegedus, 1976; 
Fyhrie and Carter, 1986; Huiskes et al., 1987). It is assumed in these theories, that a 
mechanical variable is sensed by bone cells, and (combined with genetic, metabolic 
and hormonal factors) regulates the activation of osteoblasts and osteoclasts, whereby 
net bone formation or resorption can take place. The mechanical variable or signal 
assumed, in terms of stress or strain, however, often differs. Another important 
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difference in these theories concerns the assumed equilibrium relationship between the 
signal and bone maintenance. 

Cowin and Hegedus (1976) proposed a site-specific equilibrium relationship, with 
the strain tensor as the assumed remodeling signal. Site-specific implies that the 
relationship between net remodeling activity (in terms of bone density or geometry 
changes) and remodeling signal is location dependent. The remodeling activity 
depends on the difference between the actual strain and the strain under normal 
physiological conditions in a normal bone at the same location. Predictions of the 
normal morphology can not be made with such a description. This strategy was also 
followed by Cowin (1987), Hart et al. (1984) and Huiskes et al. (1987, 1989.b). Fyhrie 
and Carter (1986) assumed a non-site-specific formulation, not dependent on the 
location in the bone. Hence, the bone is considered as a 'self-optimizing' structure. 
Their formulation implies that the morphology, in both normal and abnormal condi
tions, is a result of the external loading history exclusively (Carter et al, 1989). 

Both formulations or rules can be used in conjunction with the finite element 
method, by which the internal loads in the bone, in terms of stresses or strains are 
determined (Hart et al., 1984; Carter et al., 1989; Huiskes et al., 1987, 1989.b; 
Weinans et al, 1989). Huiskes et al. (1991) used such a finite-element integrated 
procedure to predict the bone morhology changes around a non-cemented femoral 
stem in the dog and validated the simulation results with animal experiments (Turner 
et al„ 1986; Sumner et al., 1990). The computer simulation results compared very 
favorably with those of the animal experiments, even to a considerable detail. 

Huiskes (1990) showed that the degree of stress shielding around a femoral stem is 
affected, first of all by the bonding conditions of the implant/bone interface and 
secondly by the stem stiffness (i.e. stem thickness and elastic modulus). The purpose of 
the present study is to evaluate the effects of fit and implant/bone bonding characteris
tics on the long-term morphology changes in the bone, due to stress-shielding. For this 
purpose, we used a non-site specific formulation of adaptive bone-remodeling theory 
in combination with finite element models. 

METHODS 

A schematic representation of the 
computer simulation procedure applied 
is shown in Figure 1. The FEM supplies 
the stresses and strains in the bone 
structure. From these mechanical vari
ables, a stimulus is determined, which 
controls the bone-remodeling rate. The 
morphology is represented by the appar
ent density of the bone only. The rela
tion between the stimulus and the bone-
density rate of change is described in a 
remodeling rule in which the objective 
of the remodeling process is incorpora 

load 

¡ rcMj«—elas t ic modulus—·- density 

IT' 
stress > mechanical 
strain stimulus *"" 

objective 

Fig. 1 Scheme of the bone remodeling si
mulation process incorporated in the finite 
element method. 
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ted. The actual bone density is then related to the modulus of elasticity of the bone, 
hence an updated input for the FEM model. The iterative procedure stops when the 
objective is reached (Weinans et al., 1991). 

The objective used in the simulation procedure reflects the assumption that bone 
strives to equalize the strain energy per unit of bone mass, averaged over a particular 
loading history (Carter et al., 1989): 

"¡=1 Ρ Ρ 

where Ц (MPa) is the strain energy density (SED) for loading case i, as calculated in 
a continuum model of the bone material (hence the apparent SED), U a is the average 
SED over η loading cases, ρ (gr/cm ) is the apparent density and к is a constant, 
called the 'reference stimulus'. Equation (1) can be considered as a non-site specific 
formulation of the assumed equilibrium relationship for the adaptive bone-remodeling 
process. The quantity Ua/p (Joules/gram) represents the remodeling stimulus and is 
assumed to be sensed by bone cells, to determine whether net bone formation or 
resorption is to take place. 

Hence, when Ua/p-k#0 there is a driving force which regulates the amount of net 
bone formation or resorption. When this driving force is negative, bone resorption will 
occur. A positive driving force will induce bone formation. We assume that the driving 
force value (negative or positive) requires a minimum threshold in order to induce a 
bone reaction. This assumption was introduced by Frost (1964) as a 'minimum 
inhibitory signal' and adopted in adaptive remodeling theories (Cowin, 1987; Beaupré 
et al. 1990.a; Huiskes et al., 1987) as a 'lazy zone' or a 'dead zone'. We assume a dead 
zone around the reference stimulus k, representing the expectation that bone will not 
remodel if it is close enough to the reference state k. Hence, in that case, the stimulus 
Ua/p comes within the dead zone, between the values k±sk. It is proposed that bone 
resorption by osteoclastic activity occurs faster than bone formation by osteoblastic 
activity (Parfitt, 1983; Frost, 1986). Accordingly, we assumed that the rate of density 
change for resorption is larger than the rate of density change for ар-position, for an 
equal value of the driving force I Ua/p-k I . An hypothetical curve for the rate of 
change in apparent density as a function of the stimulus Ua/p is shown in Figure 2. 
This relationship can be described by the following set of equations: 

^ = A { Ve - k(l+s)}2, if UJp^kO+s) , (Za) 
at ρ 

¥ = Λ { - β -k(J.s)}3, if UJp<k(l-s), (lb) 
at ρ 

¿g = 0, ifUalp>k(l-s) and Ua/p<k(l+s) , (2.c) 

0* p< pcb. (id) 
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The constant A regulates the 
rate of the process and is 
called the time constant. The 
present simulation models do 
not account for a realistic 
time scale, therefore A is 
arbitrarily taken as 1.0 . 

The boundary conditions 
for the predicted apparent 
densities (equation 2.d) are 
taken as 0.01 £ ρ £ 1.74 

Fig. 2 Nonlinear relation between the rate of density gr/cm3, where 1.74 gr/cm3 is 
change dp/dt and the remodeling stimulus UJp the apparent density of corti

cal bone. The relation be
tween the modulus of elasticity of the bone and its apparent density is taken from 
Carter en Hayes (1977): 

E=3790p3, (3) 

whereby the elastic modulus E is expressed in MPa and the aparent density ρ in 
gr/cm . In the finite element model, the apparent density change per iteration is 
determined per element by forward Euler integration of eq. (2) with a constant time 
step At, so: 

Δρ =A{-2 -k(l±s)}a At, if UJp^l+s) or UJp<k(l-s) , (4) 
Ρ 

where a takes the value 2 (apposition) or 3 (resorption). The time step must be taken 
small enough, to guarantee convergence of the process (Weinans et al., 1989, Weinans 
et al. 1991). 

First, the simulation model is used to determine the homeostatic density distribution 
in a normal femur (Carter et al., 1989; Weinans et al., 1989). A two dimensional finite 
element mesh of the proximal femur is constructed (Figure 3.a). A side plate connects 
the periosteal medial and lateral sides of the model, to account for the three dimen
sional elastic characteristics of the structure (Verdonschot en Huiskes, 1990). Only the 
front plate takes part in the remodeling process. The side plate maintains the same 
elastic modulus (17,000 MPa) during the iterative process. The external loads were 
taken according to Carter et al. (1989), and consist of three different loading cases, as 
indicated in Figure 3. Hence, the strain energy density U a in the remodeling process is 
determined from averaging over these three loading cases. The reference stimulus к is 
taken as 0.0025 Joules/gram, based on previous analyses with the same model 
(Weinans et al., 1989/1991). The remodeling analysis starts with a uniform density 
distribution of the front plate. The iterative remodeling process is carried out with s=0 
in equation (2). The process is continued until an homeostatic equilibrium is reached, 
hence dp/dt (eq. (2)) has become zero (Weinans et al., 1991). The density distribution 
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found from this simulation rep
resents the morphology of a 
normal femur under normal 
physiological loading conditions. 

The solution for the normal 
bone is used as the initial densi
ty distribution for the simulation 
of the remodeling process of the 
bone surrounding a femoral 
component. Consequently, the 
finite element mesh of the nor
mal femur (Figure 3.a) is modi
fied to a mesh with a prosthesis 
(Figure 3.b). Again the same 
side-plate represents the out-of-
plane cortical bone. Since the 
placement of the titanium pros
thesis changes the stimulus 
values Ua/p as determined in 
the model of the normal femur, 
the homeostatic equilibrium is 
disturbed and remodeling takes 
place according to eq. (2). It is 
now assumed that the actual 
stimulus (Ua/p) in the bone 
strives to approximate the same 

a) normal femur with side plate b) uncemented stem 

Fig. 3 The finite element model used in the simu
lations. In the mesh of Figure b, the same side 
plate as shown in a) is used. 

reference stimulus k=0.0025 J/g. The dead zone is taken as ±35 percent, hence 
s=0.35. The external loading cases are identical in magnitude, location and direction 
to the three loading cases considered for the normal femur (Figures 3.a and b). 

Different replacement configurations were analyzed with this model, whereby 
contact conditions and fit between bone and implant were varied: a fully coated stem 
(Figure 4.a); a partly coated stem, with different sizes and locations of the coating area 

b) partly coated c) partly coated d) partly coated e) press fit f) press fit 
distal overreamed 

g) press fit 
proximal overreamed 

Fig. 4 Different configurations as subsequently analysed with the FE-model. The coating 
is represented as a hatched area. 
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(Figures 4.b, с and d); a press-fit stem with no coating and a smooth surface (Figure 
4.e), assuming a frictionless interface; a press-fit stem with a 2 mm overreamed 
femoral canal distally (Figure 4.f); a press-fit stem with a 2 mm overreamed femoral 
canal proximally (Figure 4.g). All stems were assumed to be made out of titanium 
(elastic modulus 110,000 MPa). In all FEM models a completely bonded interface 
between stem and bone at the coated locations was assumed, representing complete 
ingrowth of bone at the coated areas. At the non-coated areas, smooth contact was 
assumed without any friction. At these locations only compressive stresses are 
transferred over the interface. In the finite element analyses, such a connection can be 
simulated using special contact elements, based on the imposition of additional 
constraints for the distance between two opposite nodes by Lagrange multipliers, 
representing the normal compressive force (MARC Analysis Research Corporation, 
Palo Alto, Ca). The nonlinear contact conditions were solved using a Newton-Raphson 
iteration method, whereby the iteration procedure stops when the maximal residual 
forces in the system were less then 5 percent of the maximal applied forces. After 
each iteration in the remodeling process this Newton-Raphson procedure is applied, 
whereby usually 3 to 5 iterations were needed. The overreamed areas (Figures 4.f and 
g) are modeled by a gap of 2 mm at the interface. Thus, if the relative displacement in 
the closing direction is larger than 2 mm, contact takes place, and normal contact 
forces are transferred. For the partly coated stem of Figure 4.c and the press-fit stem 
with the precise fit (Figure 4.e), the relative motions between stem and bone were also 
determined, for loading case 2 (Figure 3), in the direct post-operative configuration. 

RESULTS 

The density distribution as found in the remodeling simulation of the proximal 
femur without prosthesis is shown in Figure 5.a. All important aspects of the density 
distribution of a real proximal femur can be recognized: the medial and lateral 
cortices, the intramedullary canal, the methaphyseal cortical shells, Ward's triangle and 
the typical densifications of the cancellous structure in the femur head and greater 
trochantor. Figure 5.b shows the same bone but with a prosthesis placed in the 
intramedullary canal, according to the mesh of Figure 3.b. Because the endosteal bone 
interface in the model is now facing the implant in stead of bone elements, the 
interpolation of the density values is slightly different, which makes the medial and 
lateral cortices look a little thicker. This configuration (Figure 5.b) is used as the 
starting configuration for simulations of the different replacement configurations stud
ied, shown in Figure 4. 

The density distributions after bone-remodeling as predicted by the computer 
simulations for the different cases indicated in Figure 4, are shown in the Figures 6.a 
through 6.g. The percentages bone loss were determined in four areas (Gruen zones; 
Gruen et al., 1979), which are also indicated in the figures. It should be noted that 
only the front plate takes part in the remodeling process, hence, the percentages 
indicated in Figure 6 only refer to the front plate. The model predicts a relatively 
large amount of bone resorption in the proximal femur around the completely coated 
(titanium) implant (Figure 6.a). In the proximal areas 54 percent and 38 percent bone 
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loss is found, for the medial and 
lateral sides, respectively. The 
upper part of the calcar is al
most completely lost and even 
around the middle part of the 
stem some resorption is found 
(4 percent medially and 14 
percent laterally). Using a par
tial coating of the proximal 
stem, reduced bone loss is found 
(Figure 6.b). At the medial side 
the bone loss is 50 percent, 
which is only 4 percent reduc
tion relative to the completely 
coated stem (from 54 to 50 
percent) and again the upper 
part of the calcar has complete
ly disappeared. At the lateral 
side 22 percent bone loss is 
found proximally and 5 percent 
in the mid-stem region. Relative 
to the fully coated stem, this is a 
significant reduction (from 38 to 
22 percent lateral/proximally 
and from 14 percent to 5 per
cent in the lateral mid-stem re
gion). 

When the size of the partial 
coating is reduced to a small area at the same location as the distal rim of the partial 
coating of Figure 6.b, the remodeling patterns hardly change (compare Figures 6.b and 
6.c). A small reduction of proximal bone loss is found only (from 50 to 48 percent 
medially and from 22 percent to 17 percent laterally). When such a small coating area 
is located at the utmost proximal part of the stem, a drastic reduction in bone loss 
does take place (Figure 6.d). The model predicts a small region of cortical bone which 
grows directly to the coating at the proximal medial side. Only some calcar resorption 
is found directly under the resection level. In comparison to the previous partial 
coated alternative, the proximal bone loss has decreased from 48 to 18 percent 
medially and from 17 to 13 percent laterally. At the medial side in the mid stem 
region, the percentage bone loss has increased somewhat, in comparison to the 
previous partial coatings (from 0 to 5 percent). 

A smooth stem without coating (press-fit) demonstrates a completely different 
result after remodeling (Figure 6.e). The density in the proximal medial area decreases 
with 35 percent, but conversely to all coated stems, there is still bone under the 
resection level in the calcar. Proximal/laterally 26 percent bone loss is found in this 

Fig. 5 Density distribution predicted by the com
puter simulation of a normal femur (a). The same 
density distribution as shown in (a) used in the 
FE-meshof the femur with prosthesis, representing 
the direct post-operative configuration. 
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Fig. 6 The density distribution as predicted by the computer simulation for the 
subsequent modeh. The amounts of bone loss (in mass) are indicated in each 
figure in four different areas (Gruen zone's (Gruen et al, 1979). Bone mass 
increase is indicated within brackets. 
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model. In the mid-stem area, bone resorption is predicted medially (13 percent), but 
at the lateral side an increase of 3 percent in bone density is found. A distally 
overreamed femoral canal enhances this effect and leads to mild proximal bone 
resorption only (Figure 6.f), similar to the partial coating alternative of Figure 6.d. In 
the mid-stem area, this model produces a bone-density increase of 1 percent medially 
and 6 percent laterally. Overreaming the femur shaft proximally leads to a dramatic 
opposite effect, as shown in Figure 6.g. In the proximal bone, severe bone loss is 
found, particularly in the calcar region (91 percent bone loss proximal/medially and 48 
percent loss proximal/laterally), probably related with a 'stress bypass' in this area 
(Huiskes et al., 1989.a). Also in the mid-stem region a considerable amount of bone 
loss is predicted, again predominantly on the medial side (34 percent medially and 7 
percent laterally). 

When the density patterns in the different models are analysed more closely, two 
aspects are observed. First, at the distal boundaries of the partial coating, bone 
densifications are found, which suggest high stress transfer at these points (Figures 6.b, 
6.C and 6.d). Second, In all models the density patterns show relatively large gaps 
(similar to local osteolysis) close to the interface. 

For the models of the figures 6.d and 6.e, the relative motions were determined at 
the bone/prosthesis interface, for loading case 2 (Figure 3) in the direct post-operative 
configuration. The results are shown in Figure 7. As expected, the relative (micro) 
motions are considerably larger for 
the press-fit design than for the 
bonded one. The latter undergoes 
almost uniform longitudinal rela
tive displacements (subsidence) in 
he range of about 200 to 245 mi
crons. No motions in the trans
verse direction were found. It is 
likely that this is caused by the 
taper of the stem which causes 
relatively high circumferential 
compression (Huiskes, 1990). A 
partial coating prevents gross sub
sidence of the stem, and only mar
ginal axial motion is found, in
creasing from zero at the top, 
where the implant is bonded, to 16 
microns distally. The coating seems 
to act as a pivot point, which caus
es some transverse displacements 
distally of 13 micron. 

Fig. 7 Relative (micro) motions as found in 
the initial configuration of a partly coated stem 
and a smooth stem. 
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DISCUSSION 

This work shows that adaptive bone-remodeling computer simulation can be used as a 
powerfull tool to evaluate the effects of implant design parameters. In the current 
parametric study, predictions of long-term bone density patterns around femoral stems 
with different bonding characteristics were determined. 

The models used in this study do have their limitations. They are two-dimensional, 
whereby the front-plate represents the mid-frontal plane only. The anterior and posterior 
parts of the femur are represented by the side plate, but do not take part in the remod
eling process. Hence, the bone loss can never extent along the cicumference, as it might 
in reality. In addition, although stress patterns are quite accurate for mid-frontal plane 
loading (Verdonschot and Huiskes, 1990), the present models can not account for the 
effects of torsional loads, caused by forces out of the mid-frontal plane. Hence, the 
results should be interpreted on a relative basis, as they represent the qualitative effects 
of design parameters. 

It must be emphazised that the parameter values in the remodeling equations (2) were 
chosen such that realistic results were predicted. An important parameter is the refer
ence stimulus к (equation (1)). A smaller к leads to more bone mass in the whole struc
ture. In the analysis of the normal femur (Figure 5.a), к is scaled to a value of 0.0025 
Joules per gram such that the most realistic end configuration is predicted by the model. 
The application of the side plate in the FE model is important, because without it, it is 
impossible to obtain realistic density distributions in the metaphyseal and diaphyseal 
parts. This can be illustrated from studies of Carter et al. (1989), Beaupré et al. (1990.b) 
and Orr et al. (1990). They were interested predominantly in the density patterns of the 
femoral head and greater trochantor, and used a two-dimensional model of the proximal 
femur, similar to the one in this study, but without a side plate. Hence, the density distri
butions found in the femoral head and trochanter areas were similar to the ones shown 
in Figure 5.a, but no normal density distribution (for example the intramedullary canal) 
was found in the more distal areas, where the side plate becomes more important for the 
validity of the model. Another influential parameter in eq. (2) is s, representing the width 
of the dead zone. The concept of a dead zone is suggested frequently in the literature 
and was given different names by different authors (Frost, 1964; Carter, 1984; Huiskes et 
al., 1987; Beaupré et al., 1990.a/b). In this study we found that unrealistic bone loss is 
predicted by the model when no dead zone is taken into account. Evidently, the extent of 
the dead zone is equal for all models analyzed here. Hence, a different value would not 
change the relative effects of different bonding conditions studied. The same conclusion 
was reached in the simulation of animal experiments (Huiskes et al., 1991). A dead zone 
of ± 35 percent of the reference stimulus к produced satifactory results. 

It is difficult to find accurately documentated clinical studies in the literature, suitable 
to validate the present results quantitatively. Several clinical X-ray studies reported bone 
loss following THA in a qualitative sense (Gruen et al. 1979;, Thomas et al., 1986;, Engh 
et al., 1987, 1988; Rosenberg, 1989). Accurate percentages of bone loss can not be 
obtained from these studies, since the traditional radiographic techniques used require up 
to 30 percent change in bone density before it can be detected (Wahner et al., 1984; 
Health and Public Policy Committee, 1984). Dual energy x-ray absorptiometry can give 
accurate quantitative data concerning the amount of bone-remodeling around implants in 



68 CHAPTER IV 

specific locations in the bone. However, these techniques are not widely used as yet. Two 
recent studies using this technique for uncemented (Kiratli et al., 1991) and cemented 
THA (Steinberg et al, 1991), emphazised that even after more than three years following 
a THA, continued bone resorption takes place. Kiratli et al. (1991) reported about 20 to 
30 percent bone loss around uncemented implants in some specific proximal/medial bone 
regions, after 2-5 years post-operatively, around uncemented porous coated stems. This 
fits well with the range of bone mass reductions found in the present numerical study. It 
is important to realize that the results of the models represent end-configurations, indi
cating a new homeostatic equilibium. In most clinical studies it is unclear to which extent 
the remodeling process has proceeded, whether it continues os has come to an end. 

The results from this study show that a fully or partly coated stem may induce drastic 
proximal-bone atrofy (Figures 6.a and 6.b). A reduction of the coating to the utmost 
proximal rim only can prevent this, although still some proximal bone loss is predicted in 
that case (Figure 6.c). It is obvious, however, that the interface stresses for the partially 
coated prosthesis from Figure 7.a may be very high at the coated area, dependent on 
the exact size and location of this coating. This is shown also by the remodeling patterns 
found around the partly coated stems, where a bridge of cortical bone to the distal 
medial rim of the coating is predicted (Figure 6.b, с and d). These bone bridges corre
spond with the locations where high interface stresses are found (Huiskes, 1990). In 
Figure 6.b this 'bridging' is also found at the lateral side at both edges of the coating. 
This density pattern is confirmed clinically by Gruen et al. (1991) and Geesink et al. 
(1988, 1989). This reflects a principle design contradiction, that proximally concentrated 
stress transfer reduces bone loss, but increases the prospects for interface failure. 

A smooth press-fit design can reduce bone resorption considerably, in particular when 
it fits only proximally. This implies that a relatively short press-fitted stem, an undersized 
distal part, or distal overreaming are favorable for bone maintenance. It should be noted, 
however, that such an unbonded stem provokes relatively large (micro) motions between 
bone and implant (Figure 7). When the implant looses all longitudinal support, which can 
be provided by friction or ingrowth, it subsides over its entire length. This will certainly 
result in high compressive interface stresses, depending on the geometry of the stem, in 
particular the shape of the taper (Huiskes, 1990). It is probable that relative motions 
between implant and bone generate endosteal resorption and soft-tissue interposition 
(Ferren, 1983; Eftekar et al., 1985). 

Finally, the worst case of bone resorption was predicted for the distally fitted stem, 
where the proximal bone was assumed to be overreamed, or the proximal stem under
sized (Figure 6.g). In that case a 'stress bypass' is produced, similar to what was suggest
ed as the cause for findings in some animal experiments with press-fitted prostheses 
(Huiskes et al., 1989.a). This finding emphasizes the importance of fit. Adequacy of fit in 
individual cases depends, of course, on surgical technique. However, in view of the 
variety in proximal femoral geometry (Noble et al., 1988.b), one may question whether 
the design concept of a stem to be fitted reasonably precise over its full length is realistic 
at all. It is likely that clinical cases in which dramatic proximal bone resorption around 
press-fitted stems is seen (e.g. Draenert, 1988) suffered from precisely this mechanism, an 
ill-fitting proximal part or, in other words, a distal jam. If, conversally, the stem fits well 
proximally, but not distally, only mild bone resorption will result. In that case, one may 
wonder about the actual role of the distal stem part. 
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Abstract: Clinical problems with cementless THA stems, can be related to the load transfer 
mechanhm from stem to bone. In particular bone atrophy around the stem can endanger the 
long term stability of the implant fixation. An adaptive bone remodeling theory was integrated 
with the finite element method to study the effects of implant design on bone remodeling. In 
particular the effects of a threshold level in the assumed remodeling signal (a dead zone) was 
investigated. A three dimensional finite element model of a proximal femur with an 
uncemented stem was constructed and analyzed in one particular configuration. The results 
were presented as if it were radiographs of the THA after a new homeostatic equilibrium й 
reached in the remodeling process. 
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INTRODUCnON 

Morphological changes in bone around joint prosthesis, which may threaten the 
long-term integrity of the prosthetic fixation, are often observed. The altered deformations 
or stress patterns, due to the presence of the prosthesis are generally seen as the 
explanation for this phenomenon (Frost, 1987; Huiskes et al., 1987; Huiskes et al., 1991; 
Rosenberg et al., 1989; Turner et al., 1986). Because of the implant stiffness characteris
tics, the local stresses and strains around a THR can be reduced, relative to the normal 
situation, hence the bone is 'stress-shielded'. The bone will subsequently adapt itself to 
a new stress or strain environment in a process called adaptive bone remodeling (Frost, 
1987; Huiskes et al., 1989). Because the bone stress/strain distribution depends on implant 
design and fixation characteristics, the severity of the adaptation process also depends on 
these characteristics. To quantify the relationship between the prosthetic design 
characteristics and the bone response, we use an adaptive bone remodeling theory. 
Different theories were proposed in the literature (Carter et al., 1989; Cowin and 
Hegedus, 1976; Frost, 1987; Fyhrie and Carter, 1986; Hart and Davy, 1989; Huiskes et 
al., 1989), which can all be considered as quantitative formulations of 'Wolffs Law'. All 
these theories assume that bone contains sensors, which can detect a local mechanical 
signal in terms of stress or strain. It is assumed that this signal is transduced into a 
biochemical signal and causes, together with hormonal, genetic and metabolic factors, a 
remodeling potential. Under normal physiological conditions the net remodeling potential 
is zero which means that the amount of bone formation is balanced by the amount of 
resorption. Unnatural physiological loading conditions on the bone will affect this 
equilibrium and net apposition or resorption of bone can take place. The bone may 
become more or less porous, the orientations of the trabeculae may change and the 
external geometry may change. This can also happen around orthopaedic implants. 

With a mathematical formulation of the adaptive bone remodeling process, predictions 
of bone morphology changes can be made. Especially when the use of these theories is 
integrated with the Finite Element Method (FEM), a powerful tool to study the effects 
of different prosthetic designs on bone response is available. The aim of the present study 
is to predict the morphology changes in terms of porosity around uncemented femoral 
stems. For this purpose, a three dimensional finite element model of a human femur with 
a prosthetic stem was developed and used in conjunction with a site specific adaptive 
bone remodeling theory. It is investigated how the parameters governing the assumed 
mathematical description of the adaptive bone remodeling process influence the results 
in the computer models, in particular the threshold level of the assumed mechanical signal 
controlling the remodeling process. Special emphasis is put on the representation of the 
results, in order to facilitate the comparison of the computer predictions with clinical 
results. The latter is usually represented by X-rays from lateral and posterior views. 

METHODS 

Finite element model 

An embalmed femur was CT-scanned in slices of 4 mm thickness at 27 locations. With 
a graphics computer program, the CT-data was transferred into external bone contours. 
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The internal structure was filled with 8-node iso-parametric brick elements (Figure 1). 
Each element was given a specific apparent density ρ (gr/cm3), determined from the CT-
density values. It was assumed that the maximal CT-density value corresponds with an 
apparent density value of 1.73 gr/cm3 (an upper value for the apparent density of cortical 
bone (Carter and Hayes, 1977). The average apparent density values in all elements were 
calculated, using the same linear transformation between СГ-density value and apparent 
density. 

Fig.l Finite element Fig.2 Finite element 
mesh of normal femur. mesh of treated femur 

To determine the Young's modulus for each element from the apparent density values, 
a cubic relationship was assumed (Carter and Hayes, 1977): E=3790p3. 

The finite element model was constructed such that it included the shape of a femoral 
stem inside its structure. A second finite element mesh with the femoral stem was 
constructed from the previous mesh (Fig. 2), containing the same apparent density 
distribution for the corresponding elements. The Young's modulus of the stem was taken 
110,000 MPa, corresponding to the modulus of titanium alloy. Three loading cases out of 
a daily loading cycle were considered (Fig. 1). All loads acted in the mid-frontal plane, 
thus excluding torsional components. The center of the prosthetic head does not coincide 
with the center of the femur head. However, the objective in this paper is to study the 
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effects of implant design only, so the effects of a different point of action between the 
loads on the femur head and prosthetic head should be corrected for. Therefore, the 
loads on the prosthetic head were placed such that they resulted in a loading condition 
identical to the load on the normal femur, with respect to the geometries of the bone. 

Remodeling model 

The remodeling model is based on a blend of different hypotheses reported earlier 
(Carter et al., 1989; Cowin et al., 1976; Frost, 1964; Frost, 1987; Hart and Davy, 1989; 
Huiskes et al, 1987), and on a site-specific formulation of the process. For the actual 
local remodeling signal S, the strain energy per unit of bone mass, averaged over a 
representative set of daily loading cycles is taken (Carter et al., 1989). This signal can be 
determined in the continuum finite element model from the average strain energy density, 
of the three loading cycles, U a, over the apparent density p, according to 

Ρ 

The strain energy density U a in the model is expressed in MPa, the apparent density ρ 
is expressed in gr/cm , hence the remodeling signal S is expressed in Joules/gram. It is 
assumed now that the bone in the operated femur with prosthesis, strives to normalize 
the actual local remodeling signal S to the value in the original situation, without 
prosthesis, expressed as Sref. Hence the inhibitory signal for bone resorption or formation 
is given by the difference between S and S r e f. The finite element model of the normal 
(non-operated) femur is used to provide the value for S r e f . 

The theory further assumes a threshold for the inhibitory signal. This was proposed by 
Frost (1964), as the minimal inhibitory signal, and followed by others. When the actual 
signal S is the remodeling signal in a particular location of the operated femur, and S r e f 

the signal in the same location of the contralateral femur, the objective of the adaptive 
remodeling process can then be described by 

(1-3)8^*3 <. (1 +s)Sref , (2) 

with s a constant. The region between (l-s)S r e f and ( l+s)S r e f represents the dead zone. 
It is assumed that the bone is unresponsive within these boundaries and no net bone 
apposition or resorption occurs. 

In the present bone remodeling description the apparent density of the bone is used 
as the representative of the internal bone morphology. According to Martin (1972), it is 
assumed that bone apposition and resorption can only occur at the internal pore surface 
area. The latter can be expressed as a function of the apparent density, a(p), using a 
geometric model of the pore shape (Martin, 1972). Hence the remodeling rates, in terms 
of apparent density change per time unit (dp/dt) can be expressed as a function of the 
relative pore surface area, available in the bone and the difference between the actual 
signal S and the threshold levels as described in the objective of equation (2): 
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dp 
^ =ca(p){S-(l-s)Sref) , if S<(l-s)Sref 

if (l-s)Sref<S<{Us)Sref 

d-?. = 0 
dt (3) 

^ = с a(f>){S-(l+s)Sreiì , if S>(Us)Sref , 

0.07 gr/cm3 <, ρ ι* 1.73 gr/cm3 . 

The parameter с is a time constant given in gr/(mm2(J/gr)time-unit). 
The scheme in Figure 3 demonstrates the iterative computer simulation program. The 

model of the intact femur provides the reference stimulus S r e f , which is compared in each 
element with 
the actual stimulus S in the corresponding element in the model of the operated femur. 
The differences between S and S r e f determines the amount of density change. After each 
iteration a new S is determined. In order to reach convergence, the process should be 
continued until no more density changes occur. This means that all points fulfill equation 
(3), or have reached the maximal or minimal value for the apparent density tolerated 
(0.01 or 1.73 gr/cm3 respectively). 

Elastic modulusp^- Density 

Remodeling rule 

Dead zone 

Actual remodeling signal S 

intact •"! e r e n c e r e m o d e l i n g signal Sref 

Fig. 3 Scheme of iterative simulation program 

Representation of results 

The results of the density distributions were presented such that visual comparisons 
with X-rays is feasible. Therefor a 'radiographic' representation of the finite element 
model is constructed. Along parallel lines, from a medial-lateral aspect or an anterior-
posterior aspect, the density values within the elements passed by the line, are integrated 
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over the line. From this value the reduction of the radiation intensity due to absorption 
is calculated and plotted in a grey level scale. This results in a representation similar to 
a radiographic projection. 

RESULTS 

The stimulus values S of the immediate post-operative configuration is compared with 
the reference stimulus values Srep of the non-operated femur. It is found that the whole 
medial cortex and large parts of the lateral cortex have lower stimulus values for the 
operated configuration. This can be considered as stress-shielding. Near the distal tip of 
the stem, some increase of the stimulus value is found after implantation of the stem. 

It is found that the range of the dead zone (parameter s in equation (3)) is extremely 
influential on the predicted density distributions. For a dead zone of ± 35 percent of the 
reference stimulus (s=0.35), extreme bone resorption is found in the proximal parts, to 
such an extent that all bone around the upper 1/3 part of the stem is lost. An increase 
of the dead zone to ± 75 percent of the reference stimulus (s=0.75) results in a more 
moderate bone loss prediction. The 'projected' result (X-ray representation) of this 
simulation model before and after remodeling is shown in Fig. 4. Severe resorption is 
predicted at the proximal-medial, proximal-posterior and proximal-anterior aspects. Near 
the tip of the implant some densification is predicted. 

DISCUSSION 

A method is developed to predict bone morphology changes around orthopaedic 
implants and to compare the predicted density patterns with radiographic clinical results. 
The adequacy of prosthetic designs, relative to requirements of minimal bone loss can be 
pre-clinically tested with this method. Rosenberg (1989) showed that the degree of 
adverse bone remodeling found around cementless THA is a major problem, and better 
understanding of this phenomenon is needed. It is suspected that the design criteria of 
the implant strongly influence the remodeling patterns. Longitudinal studies of clinical and 
radiographic analyses can be preceded and/or supported by simulation models as 
presented in this paper. The presentation of the simulated bone remodeling patterns with 
an 'X-ray simulation program' lead to a better understanding of the resorptive 
phenomena as observed in clinical follow up studies. 

The present results show that a relatively large dead zone is required in the remodeling 
hypothesis (up to ± 75 percent), in order to prevent a complete proximal bone 
resorption, predicted by the model. Previous studies with adaptive bone remodeling 
models also indicate the existence of a relatively large dead zone (Huiskes et al., 1991; 
Weinans et al., 1990). This is supported by a study of Maloney et al. (1989), which 
showed that true normalization of the bone strains does not occur, without a complete 
resorption of the bone. However, severe or almost complete resorption of bone, 
surrounding a relatively stiff cementless implant, is reported in some animal (Miller and 
Kelebay, 1981) and clinical (Engh et al., 1987; Rosenberg, 1989) studies. It is well possible 
that the size of the dead zone depends on species and age, combined with genetic, 
hormonal and metabolic factors. 
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(a) (b) 

Fig. 4 Radiographic representation of the three dimensional finite element model in the 
direct postoperative configuration (a) and after remodeling (b). 
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Abstract: The process of adaptive bone-remodeling can be described mathematically and 
simulated in a computer model, integrated with the Finite Element Method. In the model 
dbcussed here, cortical and trabecular bone are described as continuous materials with 
variable density. The remodeling rule applied to simulate the remodeling process in each 
element individually L·, in fact, an objective function for an optimhation process, relative 
to the external load. Its purpose is to obtain a constant, preset value for the strain energy 
per unit bone mass, by adapting the density. If an element in the structure can not achieve 
that, it either turns to its maximal density (cortical bone) or resorbs completely. 

It is found that the solution obtained L· generally a discontinuous patchwork. For a two 
dimensional proximal femur model this patchwork shows a good resemblance with the 
density distribution of a real proximal femur. 

It is shown, that the discontinuous end configuration L· dictated by the nature of the 
differential equations describing the remodeling process. This process can be considered as 
a non-linear dynamical system with many degrees of freedom, which behaves divergent 
relative to the objective, leading to many possible solutions. The precise solution is 
dependent on the parameters in the remodeling rule, the load and the initial conditions. 
The feedback mechanism in the process is self-enhancing; denser bone attracts more 
strain energy, whereby the bone becomes even more dense. It is suggested that thL· positive 
feedback of the attractor state (the strain energy field) creates order in the end configura· 
tion. In addition, the process ensures that the discontinuous end configuration is a 
structure with a relatively low mass, perhaps a minimal-mass structure, although this is no 
explicit objective in the optimization process. 

It L· hypothesized that trabecular bone L· a chaotically ordered structure which can be 
considered as a fractal with characteristics of optimal mechanical resistance and minimal 
mass, of which the actual morphology depends on the local (internal) loading characteris
tics, the sensor<ell density and the degree of mineralization. 



80 CHAPTER VI 

INTRODUCTION 

It is assumed that the morphology of bone relates to its internal mechanical loads. 
The process which regulates this relationship is called bone-modeling or remodeling. It 
is believed that bone has the ability to adapt itself to the loading conditions to which it 
is exposed. This implies that bone must have internal sensors, to measure the internal 
load, and transducers releasing signals and activate cells to resorb or form bone. The 
change of net bone mass can be accomplished by modification of either density or 
geometry. 

Several attempts to quantify the bone-remodeling process have been reported in 
the literature. Following the qualitative observations of Wolff (1892) several investiga
tors tried to describe the process mathematically, in order to accurately predict bone 
formation or resorption (Frost, 1964.a, 1964.b; Pauwels, 1965; Kummer, 1972; Cowin 
and Hegedus, 1976; Frost, 1987). For qualitative predictions it is necessary that the 
internal mechanical load in the bone structure can be determined accurately in terms 
of stresses and strains, for which the Finite Element Method (FEM) is an effective 
tool (Huiskes and Chao, 1983). By combining mathematical bone-remodeling descrip
tions with Finite Element models, quantitative predictions about bone formation and 
resorption in realistic bone structures can be made (Hart, 1984; Fyhrie and Carter, 
1986; Huiskes et al., 1987, 1989.a, 1989.b, 1991; Carter et al., 1989; Weinans et al., 
1989, 1990; Beaupré et al. 1990.b). These models are all based on the principle that 
bone-remodeling is induced by a local mechanical signal which activates the regulating 
cells (osteoblasts and osteoclasts). Hence, it is assumed that bone has sensors, which 
can detect a mechanical stimulus and, depending on the magnitude of this stimulus, 
cause local bone adaptations. This process can be described with a generic mathemati
cal expression, using the apparent density as the characterization of the internal 
morphology. The rate of change of the apparent density of the bone at a particular 
location dp/dt, with p = p(x,y,z), can be described as an objective function F, which 
depends on a particular stimulus at location (x,y,z). It is assumed that this stimulus is 
directly related to the local mechanical load in the bone and can be determined from 
the local stress tensor a=a(x,y,z), the local strain-tensor c=e(x,y,z), and the apparent 
density p = p(x,y,z): 

dp 
— = Ρ(σ,ε,ρ) , 

0<р<рсЬ , 

where p c b is the maximal density of cortical bone. When the objective function F 
reaches zero, the system is in equilibrium and the net bone-density rate of change is 
zero. 

Such a generic relationship can be specified to: 

-¡¡ = B(S-k) , 

0 < Ρ ^ Pcb > 
(2) 
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where В is a constant, S=S(x,y,z) is the mechanical stimulus and k=k(x,y,z) is a 
constant. When combined with a FE model, S is usually expressed per element. In that 
case it is in fact assumed that there is precisely one sensor-point per element. 
Equation (2) signifies that the stimulus strives to become equal to the reference-value 
k, which can either be site specific (k=k(x,y,z)) or non-site specific (k=constant). 

Cowin and Hegedus (1976) proposed a relationship in which the adaptation of the 
elastic modulus of the bone was coupled directly to deviations of the strain tensor. 
Hence, the individual components of the actual strain tensor were considered as 
stimuli, and a difference between the actual strain values and reference values at the 
same location, would cause adaptations in moduli. Huiskes et al. (1987) used a similar 
approach, but instead of the strain tensor, the strain energy density (SED) was 
considered as the stimulus. A difference between the actual SED and a reference SED 
at the same location would then be the driving force for adaptation of the apparent 
density. Hence, in equation (2), S=S(x,y,z) would be the actual SED and k=k(x,y,z) 
the reference SED. Both these theories are 'site specific' and we like to consider them 
as 'weak' or 'conservative' formulations of adaptive bone remodeling, because the 
actual state of deformation in a particular location is always compared to a normal or 
reference state of deformation in that location. Or, in other words, both the normal 
apparent density distribution p = p(x,y,z) and the SED distribution k=k(x,y,z) in this 
normal situation must be known, in order to predict the adaptations to an abnormal 
situation, e.g. after a change in loading, geometry or placement of an implant. 

The original hypotheses of Wolff (1892) however, have much stronger implications 
than just the notion that bone would remodel to deviations in its normal stress 
environment. Wolff assumed bone to be a self-optimizing material, able to control its 
mass and structure in direct relationship to its mechanical demands. Fyhrie and Carter 
(1986) proposed a theory, suitable in principle to describe such a self-optimizing 
process mathematically. They postulated that bone would adopt its apparent density 
(or porosity) locally for any loading environment, in order to normalize a predestined 
'effective stress' value. This Ъопе-maintenance theory' (Carter et al., 1989) was later 
specified to a particular form in which the strain energy density (SED) in the trabecu-
lae was substituted in the 'effective stress' criterion (Fyhrie and Carter, 1990). This 
SED value in the trabeculae was approximated by U/p, where U is the apparent SED 
in the bone when it is assumed continuous and ρ is the apparent density. Hence, U/p 
represents the strain energy per unit of bone mass. In their theory of self-optimization 
or bone-maintenance, they also took account of variable loading, defining the stimulus 
from a loading history in terms of a SED magnitude calculated from each of the 
individual loading configuration F¡ and the total number η of these loading 
configurations considered. Hence, 

1 n If-
- У^ ( TT ) = constant , 

is the goal of the remodeling process, whereby U¡=Uj(x,y,z) is the apparent SED for 
loading case i. 

This remodeling objective can also be incorporated in a time-dependent remodeling 
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rule such as the equations (1) and (2) (Weinans et al., 1989; Huiskes et al., 1989.a/b; 
Beaupré et al., 1990.a): 

Ä -B(7 ' к ) ' (3) 

0< p-S. рсЬ , 

where p = p(x,y,z) is the apparent density, В and к are constants, and 

1 " 

We consider this as a 'strong', non-site-specific formulation of adaptive bone 
remodeling, suitable to predict bone density for any geometric or loading configura
tion, in accordance with Wolffs law. The role of the 'evolution' is represented by the 
(constant) value of к only. Bone density distributions of the proximal femur predicted 
with this remodeling rule in combination with FEM models turned out to be more-or-
less realistic (Carter et al., 1989; Huiskes et al., 1987, 1989.a/b, Weinans et al., 1989, 
1990; Beaupré et al., 1990.b). 

The purpose of the present study was to obtain a better understanding of the 
behavior of the strain-adaptive bone remodeling simulation rule represented by 
equation (3) in combination with FEM models. In particular the stability and conver
gence behavior of the remodeling rule were investigated in relation to the characteris
tics of the FE mesh. It is important to realize that the remodeling rule of equation (3) 
is usually applied per element. Hence, mesh refinement automatically implies an 
increase in sensor (cell) density. 

METHODS 

In this paper we assume the 'strong' formulation of adaptive bone-remodeling as 
specified in equation (3). The stimulus S (=Ua/p) is, as a rule, measured per element, 
indicating one sensor per element, 
and the apparent density is also adap- . . 
ted per element. ι 

Three different structures were | r - ^ k л I 
considered to study the simulation | г Ь М | « — e l a s t i c modulus-·- density 
process: i) a proximal femur; ii) a { | 
square plate; and iii) a two-unit ^ ® ? 8 > mechanical > 1 

strain stimulus model with two sensors only. 
For the finite element procedure 

the MARC finite element code is objective 
used (Marc Analysis Research Corpo- Fig ¡ ^ ^ ^ feedback mechanism 

ration, Palo Alto, Ca). The remode- ofa FEM.integrated computer simu-
hng formulation and the FEM-code ìatìon model 0f mechanically indu-
are integrated as shown in Figure 1. ceif bone-remodeling. 
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The proximal femur model 

A two dimensional finite element model of a proximal femur was constructed as 
shown in Figure 2. A side-plate connects the periosteal sides of the medial and lateral 
cortices in order to account for the three dimensional structural integrity of the bone 
(Huiskes, 1980; Verdonschot and Huiskes, 1990). The remodeling rule was applied to 
the front-plate only. The Young's modulus of the side-plate remains un-changed at 
17,000 MPa. The Poisson's ratio for both front and side-plate was taken as 0.3. As 
proposed by Carter et al. (1989), three loading cases were used (Figure 2), hence U a 

in equation (3) is determined from these three loading cases. The reference-value к is 
taken as 0.004 (MPa/(gr/cm3)=J/gr), since experience with this model showed that this 
value leads to a realistic end configuration (Weinans et al., 1989; Huiskes et al., 
1989.b). 

ν LI 

Fig. 2 Finite element model of proximal 
femur with side-plate. The side-plate (left) ir 
connected to the front-plate (right) at the 
medial and lateral side (marked with thick 
nodes). The front-plate has a uniform thick
ness of 12 mm and the side-plate a nonuni
form thickness, decreasing from 4 mm at the 
distal end to 0.4 mm at the proximal end. 
All elements are iso-parametric with 4 nodes 
and a linear displacement field. LI, L2 and 
L3 refer to loading cases 1=7,2 and 3. 

The relation between density and Young's modulus was taken from Carter and 
Hayes (1977) as E=3790p3. The minimal density was 0.01 gr/cm3, representing 
complete resorption of an element. The maximal density (p c b ) was taken as 1.74 
gr/cm3, which corresponds to a Young's modulus of almost 20,000 MPa. 

Each element (sensor or sample-point) has, in principle, three possibilities to reach 
remodeling equilibrium: 1) The bone is completely resorbed (p=0.01 gr/cm3); 2) the 
bone becomes cortical (p= pc b=1.74 gr/cm ); or 3) the bone remains cancellous with 
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an apparent density satisfying the objective of equation (3), hence: U a/p=k (with 
k=0.004 J/gr). In all cases the process starts with a uniform density distribution of 0.8 
gr/cm3. Equation (3) is solved with forward Euler integration using constant time-
steps, hence Ap=BAt(Ua/p - k), with At=30.0 in arbitrary time-units and B=1.0 
(gr/cm3)2/(MPa*time-unit). The time-step was varied to guarantee that it was small 
enough not to affect the end result in a significant way (Weinans et al, 1989). 

The plate model 

A simple two-dimensional FEM model of a 
square plate was constructed (Figure 3). 
Mesh refinement was varied as indicated in 
the figure. Equation (3) was again used to 
control the remodeling process. The relation 
between Young's modulus E and the appar
ent density was taken as 

E = cpl (4) 

with γ = 2 , c=100 (MPa)/(gr/cm3)2 and a 
poisson's ratio of 0.3. The constants in equa
tion (3) were taken as: В=1.0 (gr/cnr)2/-
(MPa*time-unit) and k=0.25 (J/gr). The time-
step in the Euler integration was taken as 1.0 
arbitrary time-units, and again it was checked 
whether this time-step was small enough not 
to influence the solution process in a signifi
cant way. The parameters and load (Figure 3) 
are chosen such that a representative exam
ple of a density distribution is obtained. 

First, the effect of element type was inves
tigated. For that purpose an eight node ele
ment with a quadratic displacement field was tested against a four node element with 
a bi-linear displacement field. Next, the pure effects of element density (without the 
effects of sensor density) were investigated. New subdivisions of 4 or 16 elements 
within the elements of the 5*5 mesh were made (Figure 3). These 4 or 16 elements 
were remodeled as a group (one sensor only) at the level of the 5*5 element mesh. 
Hence, in one sensor (with the location according to the 5*5 mesh) the SED is 
determined by taking the average from the group of 4 or 16 elements. 

Finally, the combined effects of mesh refinement and corresponding sensor density 
refinement were studied by increasing the number of elements in the model from 5*5 
to 10*10, 20*20 and 40*40, each time with a sensor in each element. 

10 N/mmz 

:;;••%:::;;„-• 

. . ; • : • ; • : • • ; •.•:• •.• 

\ 

•' 'Λι І.-;̂ ·, 

Fig. 3 Plate of 100*100 mm with 
5*5 elements (linear, with four 
nodes). To study the effects of ele
ment density, subdivisions of 4 or 16 
elements within the 5*5 mesh were 
made. Mesh refinement and corres
ponding sensor density refinement 
up to 40*40 elements was also 
carried out. 
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The two-unit model 

The two-unit model (Figure 4) is developed to study the stability of the remodeling-
simulation process analytically, using closed-form solutions. Each unit (or element) is 
loaded by a compressive force, Pj and P2 respectively (Figure 4), in such a way, that 
the total force P=Pi+P2, and the strains in the elements are equal, i.e. 6^=62=6. The 
remodeling rule (equation (3)) is applied for each element separately, hence, each unit 
is assumed to have one sensor. Equation (4) is applied to relate density to elastic 
modules. The derivation of the analytical solution is given in Appendix I. Apart from a 
stimulus S=U/p, other possible kinds of stimuli are investigated as well. 

Γ 
Fig. 4 Example problem with two units. 
The total load is divided over the two units 
such that the deformation in each unit is 
the same (P=Pj+P2 and ε1=ε2=ε). A is 
the cross-sectional area in the units. 

Convergence 

The convergence behavior of all three models was investigated. For that purpose, the 
objective function Θ is defined, for all three models, as 

Θ 
1 m U' 

k\ (5) 

where m is the number of elements and U^ is again the average SED for all loading 
cases considered in element i. The value of Θ is calculated after each iteration and 
indicates to which extent the objective (Ua/p=k) is reached in the whole structure. It 
must be noted again, that in those elements in which the bone resorbs completely 
(p=0.01) or in which cortical bone is obtained (p = p c b ) , the remodeling process stops, 
hence the remodeling objective U a/p=k will not be met. 

In addition, the total mass (M) of the structure is calculated after every iterative 
time-step, from 

Λ/ = Σ ^ ) (6) 

1=1 

where V1 and p' are the volume and density, respectively, of element i and m is the 
number of elements in the structure. 
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RESULTS 

Femur model 

The results of the remodeling simulation of the femur model are presented in 
Figure 5.a. The process was continued until virtually no more density changes oc
curred. Hence dp/dt was zero in virtually all elements. The end configuration predicts 
a reasonably accurate density distribution, with an intramedullary canal, Ward's 
triangle and the typical cancellous density patterns in the femoral head (compare 
Figure 5.b). 

A more detailed examination of the density patterns in the end configurations 
shows however, that there are many empty elements in the seemingly continuous 
distribution, as shown in the enlargement of a region of Figure 5.a, showing the real 
element density values without interpolation. It appears that most of the elements 
converge to the boundaries of the solution space, hence either to dense cortical bone 
(p c b ) or to the minimal density of ρ =0.01, representing complete resorption. The post
processor of the FEM code however, interpolates these values in such a way that a 
continuous distribution results. In the post processing program, first the nodal-point 
density values per element are calculated by extrapolating from the integration-point 

У 2 

0.0 

0.33 

0.66 

0.99 

1.32 

1.6S 

ρ in gr/cm3 

(a) 

(b) 

Fig. 5 (a) Density distribution from a remode
ling simulation of a femur, starting from a uni
form density distribution of 0.8 gr/cm3 and a 
reference stimulus value k=0.004 Jlgr. In the 
circle the density attribution t shown as it is 
found by the model without interpolation. 
(b) Morphology of a real femur. 
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values, which are then averaged over the connecting elements. Then the density values 
over the whole mesh are interpolated from the nodal-point values. Hence, a discontin
uous solution is presented as continuous after postprocessing. This is a typical 
procedure for any FE code (compare Carter et al., 1989; Beaupré et al., 1990.b). 
These discontinuities will be further discussed below in relation to the other models. 

It is found that the size of the time-step is of minor influence to the predicted end 
configuration, as long as it is sufficiently small. This aspect will be discussed later in 
more detail. 

The development of the objective function Θ over time is shown in Figure 6, as 
integrated over all elements, and as integrated over the cancellous element only, for 
which 0.01<p<p c b . The former does not converge to zero, because of the elements 
which converge to the boundary density values, but the latter does. This indicates that 
indeed the process has fully converged. 

Fig. 6 The objective function Θ 
(equation (5)) during the remo
deling process of the normal 
femur (Fig. 5). Line 1 indicates 
Θ as integrated over all elements 
and line 2 as integrated over the 
cancellous bone elements only 
with 0.01<p<pcb. 

20 40 60 

time (Increments) 
80 

The two-unit model 

The remodeling behavior of the two-unit model is governed by a set of differential 
equations 

^r = B(S> k) and - ^ = B(S2-k), (7) 

where Sj=U 1 /p 1 and S2=U2/p2· The SED, Uj and U2, only depend on the forces, Pj 
and P2, and on the apparent densities, pj and p2, respectively. Since P=P1-l-P2=con-
stant, and ε1=ε2=ε, the forces ?i and Pj can also be expressed as functions of pj and 
P2. Hence, the remodeling rates dpj/dt and dp2/dt in equation (7) can be expressed as 
non-linear functions of pj and P2 exclusively (Appendix I). 

The behavior of the system is governed by a set of non-linear differential equations, 
typical for non-linear dynamical systems, with stable and unstable solutions. It appears 
(Appendix I), that the stability of the solution depends on the value of the exponent γ 
from the relationship E = c p 7 (equation (4)). Only if 1-γ2>0 (hence ΙγΙ<1.0), we may 
obtain a stable uniform solution for which Pi=P2 ( a 'continuous' solution). When 
γ>1.0, which is the case for cancellous bone, a stable uniform (or 'continuous') 
solution does not exist. The outcome for γ=1.0 is uncertain. 
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Figure 7.a shows the phase plot for the solution of the differential equations (7) 
when γ>1.0. Evidently, the solution ρ 1 = Ρ 2 = Ρ ε represents an instable saddle point. It 
may be approached closely during an iterative process, depending on the starting 
configuration, but continuing iteration will finally bring the process to either of the 
stable solutions pi=0, P2=Pm o r Pl = Pm> P 2 = ^ TWS ' s a ' s o illustrated in Figure 7.b, 
where the course in time of р^ en pj are shown. Starting from an almost uniform 
solution, the process first drifts towards the uniform unstable solution, p e . Close to p e, 
however, it diverges until one unit is empty and the other one bears all the load. 

Fig. 7 (a) Phase-plot of the of the two-unit model with γ=2.0. The uniform solution, 
Pl~P2=Pe ù a saddle point, (b) The development of the density in two units du
ring the process is shown. Line 1 indicates the convergence to the uniform 
solution (only in case the starting configuration is exactly at p^p^ and line 2 
indicates the process from a non-uniform starting configuration. 

The final density of this load-bearing unit, p in, can be derived from p=U/k with U 
corresponding to equation (13), see Appendix I. If the density of one element is zero, 
the other becomes 

ί Ρ2 ι Λ Λ <*> 

Hence, the total mass of the non-uniform solution ( p m for one unit and the other unit 
completely resorbed) is a factor ν^(4)1^7 + 1^ of the uniform unstable solution ( p e for 
both units). With γ=2, this factor is 0.79 indicating that the non-uniform solution 
contains only 79% of the total bone mass of the uniform solution. 

Three alternatives for the remodeling stimulus S were tested for their stability 
behavior: a) based on SED, S = U l l p m ; b) based on the stress, S=c7npm; c) based on 
strain, S = e n p m . If these stimuli expressions are applied in equation (7), instead of U/p, 
the stability conditions for the uniform solution can again be calculated, following the 
method presented in Appendix I. 

Figure 8 shows the conditions for m, η and γ which provide a stable uniform 
('continuous') solution (grey areas). In all cases m<0 is required. When this is the 
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case, the stress stimulus always provides a stable uniform solution when n<0, whereas 
the strain stimulus does so for n>0, in both cases regardless of the value of γ. When 
m<0, the SED stimulus only provides uniform stability while γ < η ι Μ A realistic 
value for γ is in the range of 2 to 3 (Rice et al., 1988; Hodgskinson and Currey, 1989). 
For example, if γ = 3 and n = l , m<-3 is required for stability in the case of the SED 
and the stress stimuli (e.g. S=U/p 4 or S=a/p4). if γ = 2 and n = l the stimuli S=U/p 3 

and S=a/p would provide stability in both cases (the strain stimulus always provides 
uniform stability while n>0). If η is increased over 1, m must also be increased in 
absolute value if stability is to be obtained for γ>2. It should be observed that the 
present two-unit model is probably not a representative one to investigate the strain 
stimulus, because the basic assumption of this model is that ε1=ε2=ε. 

stimulus 

LPp"1 

С matrix 
(equation (13)) 

m -П7 

-П7 m 

stability 
conditions 

m<0 

m2-nZ72>0 

stability area 
in η-m plane 

a V 
m+Vaiy -Vmy т+1/2П7<0 

m 2 +mn7>0 

іа- гПу -Уту 

- гПу т-1/гП7 

т-1/2П7<0 

т2-тп7>0 

Fig. 8 The stability conditions for three different stimuli, all based on a combination of 
stress, strain and apparent density. The parameter γ from the relationship E=cp1 

is assumed to be always positive. The grey areas indicate stability for the uniform 
('continuous') solution. 

The plate model 

After 5 increments the simulation analysis with 5*5 elements (Figure 3), started 
from a uniform density distribution, produces a configuration with a density distribu
tion such that the objective function is almost satisfied (Figure 9). The density 
distribution is precisely as it was expected (Figure 9.a)·. an increasing density from 
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right to left, corresponding with the increasing load. All stimuli values in the sensor 
points are between 0.19 and 0.28 J/gr, which is relatively close to the reference value 
k=0.25 J/gr (Figure 9.b). Nevertheless, the total objective function Θ is not exactly 
zero and convergence is not obtained as yet. In spite of what is expected, the iterative 
procedure does not converge to the continuous end configuration. It diverges from the 
expected continuous solution, until a stable equilibrium is found which is discontinuous 
(Figure 10.a). At locations where the density did not reach the upper boundary (1.73 
gr/cm3) or the lower boundary (0.01 gr/cm3), the stimulus is exactly 0.25 J/gr, indica
ting that the objective, U/p=k, is satisfied (Figure lO.b). One element at the upper 
corner at the right did not converge (Figure lO.b) and continued to alternate its 
stimulus value, which is believed to be an insignificant phenomenon, related to the end 
effect of the mesh in combination with the small load at that location. The conver
gence of this element did improve however, when the time-step was further reduced. 

a) APPARENT DENSITY b) STIMULUS 

Fig. 9 The apparent density distribution, p, (a) and the stimulus (strain energy per unit 
of bone mass), U/p, (b) after 5 iterations of the remodeling process of the plate 
with 5*5 elements, with γ=2.0. The initial density distribution was 0.8 gr/cm3 for 
all elements. The reference stimulus value, k=0.25 J/gr, is closely approximated by 
all elements, as indicated in (b). 

With the use of higher order elements (8 nodes and a quadratic displacement field), 
or when the stimulus value in the 5*5 mesh was sampled as the average from 4 or 16 
sub-elements (Figure 3), a similar result is found, consistently converging in a stable, 
discontinuous end configuration. Reducing the size of the time-step further does not 
have any influence on this result, except for the alternating element in the upper right 
hand corner. This clearly demonstrates again that the discontinuity does not occur 
because of an imprecise stress/strain calculation in the FEM procedure, but originates 
in the description of the remodeling process, especially by the behavior of the relation 
E = c p 7 in this process. 
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Fig. 10 The apparent density distribution, ρ, (a) and stimulus (strain energy per unit of 
bone mass), U/p, (b) in the end configuration of the 5*5 elements plate, with 
γ=2.0. Except for the one element in the upper right, all elements have 
reached the objective Ulp=0.25 Jlgr or have reached the boundary density 
value (pcb=1.74 gr/cm3, or complete resorption, p=0.01 gr/cm3). 

In the two-unit model it was found that 
for the uniform solution was stable for 
γ<1.0. Correspondingly, in the square 
plate model, when γ<1.0, the process also 
converges to the continuous solution, as 
demonstrated in Figure 11. The results of 
three mesh refinements, again with γ =2, 
are shown in Figure 12. The end configura
tions obtained are quite remarkable. A 
highly ordered structure is found in the 
direction of the support, ending in columns 
of a certain thickness. The general trend of 
the 5*5 mesh is confirmed in the more 
refined meshes. It seems that a more re
fined mesh is capable to show more details 
of a repetitive composition. Intermediate 
results during the iterative process did 
show that all simulations passed the 
smooth, continuous solution closely, just 
like the 5*5 mesh in Figure 9. The results 
of these four simulations after interpolation 
with the post-processor are shown in Fig
ure 13. For the coarse meshes, Figure 13.a 
and 13.b, the interpolated result does not 

10 N/mm2 

Fig. 11 The apparent density of the 5*5 
elements mesh after remodeling with the 
relationship: E=100pa5 (γ=0.5). Be
cause the power index γ t less than 1.0 
the continuous solution has become 
stable. The stimulus, U/p, has reached 
exactly the reference stimulus value of 
0.25 Jlgr in all elements. 
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contain any voids. These where smoothed out by the post-processor. The interpolated 
result of the most refined mesh. Figure 13.d, looks very similar to the result without 
interpolation (Figure 12.d). Again, the general trends of the 40*40 elements mesh 
(Figure 13.d) can be found already in the coarse 5*5 elements mesh of Figure 13.a. 

Figure 14 shows the development of the total mass of the structure during the 
simulation process with the finest mesh (Figure 12.d). This process had passed the 
smooth continuous solution closely in increment 8. The mass in the end configuration 
(from increment 40 and on) is approximately 20% lower than in increment 8. This 
indicates that the unstable continuous solution contains more mass than the discon
tinuous end configuration, similar to the mass reduction found in the two-unit model. 
The stimulus values in this end configuration however, are not really close to the 
reference-stimulus k. This is compatible with the result of Figure lO.b, where it was 
shown that once the density of an element has reached the maximum value pcb, the 
stimulus usually overshoots the reference value. In the end configuration of the finest 
mesh (Figure 12.d), for example, this overshoot is shown in Figure 15. The stimulus 
values for the elements (sensors) out of the 1600 which are not resorbed, are all in the 
range of 0.25 J/gr to 0.5 J/gr, which is not extremely high relative to the reference 
value of 0.25 J/gr. 

DISCUSSION 

If we take the prediction of femoral-bone morphology in terms of density patterns, 
optimized according to the remodeling rule of equation (3), at face value (Figure 5), 
its similarity to reality is surprisingly good. Despite the facts that the FE model used is 
a two-dimensional one, that the number of (static) loading cases is limited to only 
three, and that the exponent in the modulus-density relationship E = cp used is 
probably somewhat too high (Rice et al., 1988). The similarity to reality obtained in 
the prediction seems even better than found by Carter et al. (1989) and by Beaupré et 
al. (1990.b). We have little doubt that this is due to the inclusion of the side-plate in 
our FE model, as opposed to the model of these authors, and to the formulation of 
the remodeling rule as a time process, as opposed to Carter et al. (1989), since these 
are the only differences between our model and theirs. Hence, although both the 
stimulus and the remodeling rule selected are purely hypothetical, and the possibility 
that other stimuli or remodeling rules would work equally well can not be discarded, 
the results obtained are very satisfactory. However, the solution process in fact 
produces a discontinuous patchwork of element density values. Hence, the similarity 
with the density distribution of the real femur is found only in the mass distribution 
over a certain region, containing at least a few elements, which appears after interpo
lation by the post-processor. 

The analysis of the two-unit model provided the explanation for this behavior. It 
turned out that when in the relation E=cp7 , γ>1, the continuous solution is an 
unstable 'saddle point', while the stable solution is one in which each element tends to 
converge to either cortical bone or nothing. This explanation, suggested by the two-
unit model, was indeed confirmed by the simplified plate model: taking γ =0.5 yielded 
a continuous solution, taking γ =2 led to a discontinuous patchwork. Evidently, a 
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the plate problem with 5*5, 10*10, 20*20 and 40*40 ele
ments (sensors), with γ=2.0. 



94 CHAPTER VI 

щ 

щ [ 

1 
i IHV ' 

в 

г 

: 

^^^ 

! 

.. J 
•1 • 

(а) (Ь) 

(10 

(і и 

(1 (.(. 

il Ю 

I 12 

1.65 

1 чк 

1 1 1 
І ' Ш 

: Ê 

| 

• 

i • 

т^И 

-

• 

ι 
• 

-
1 
i ï 
s 

с 
• 

f 
Ш 
1 
Ш-

» 

-

; 

. 

-

h 
. 

ι • 
f 

г * 

* 

m-^^ш 

-ш 
И І ' Щ 

Ζ 

_ 

МЖ 
ш 

Κ 
Ι 1 I I - _ 

• 

L __ _ u 
(с) (d) 

ρ in gr/cm 

/"ig. 75 Density dbtribution (ρ in gr/cm3) after remodeling of 
the plate problem (γ=2.0) with different element sizes, after 
interpolation with the post-processor. 



The behavior of adaptive bone-remodeling simulation models 95 

Fig. 14 Mass change during the remode
ling process of the plate problem with the 
finest mesh (Figure 12.d). The initial 
mass к indicated as 100%. The continu
ous solution is approximated closely after 
б to 10 increments. The total mass reduc
tion relative to the initial situation L· 
about 25%. and the mass difference be
tween the approximated continuous solu
tion 0 h iterations) and discontinuous 
end configuration is about 20%. 

frequentie 

Fig. 15 The distribution of the stimulus 
values (U/p) after remodeling of the plate 
problem with 1600 elements (Figure 
12.d). About 700 elements have become 
empty and approximately 900 elements 
are filled with bone, which have a stimu
lus value between one to two times the 
reference stimulus value k=0.25 Jlgr. 

value of γ < 1 seems unrealistic according to experimental data reported in the 
literature (Rice et al, 1988; Hodgskinson and Currey, 1988), suggesting a value 
between 2 and 3. Surely, Williams and Lewis (1982) reported a linear relationship 
between area fraction and elastic modulus (hence γ=1.0), based on experiments with 
cancellous bone from the upper region of a tibia. However, their density range was 
quite narrow, hence it would not be surprising if there is little statistical difference 
between a linear and a power fit of their data. Whether the continuous solution in our 
two-unit model is stable for γ = 1.0 is not certain. We did find, however that when γ 
approaches 1.0 from below, the time to reach the continuous solution becomes infinite. 

At this point one may ask the question whether we really want a continuous 
solution. This brings us to a paradox: we use a model in which a discontinuous 
structure (trabecular bone) is represented as a continuous material, the remodeling 
simulation is applied and the result is not, as we expect, again a continuous material as 
in the original model, but rather a discontinuous one as in reality! Intuitively, it seems 
that one could not consider a material as continuous and discontinuous in one and the 
same analysis (Harrigan et al., 1988). 

The first obvious question is, whether this behavior is due to the FE-formulation of 
the model, or to the model itself. In order to investigate this question, several tests 
were performed. Higher order elements with more nodes were used and mesh density 
was varied. The iterative feedback procedure was executed per integration point, 
instead of per element, and also per group of elements. None of these variations 
would change the characteristics of the solution, which led us to investigate the 
simulation procedure more fundamentally in the plate and two-unit models. We also 

100% 
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11 21 31 41 51 61 

time (increments) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

stimulus values 



96 CHAPTER VI 

found out that the effects obtained were not unique. Similar results were reported in 
global FE-optimization studies of technical structures in the field of composite-mate
rial design (Strang and Kohn, 1986; Bendsoe and Kikuchi, 1988). Goldstein et al. 
(1990) used a similar optimization scheme to predict bone-ingrowth patterns around 
porous-coated implants, with similar results. It appeared that the optimization 
procedure preferred a geometrical solution (a discontinuous patch-work) to a material 
one (a continuous solution of non-uniform elastic modulus distributions). 

Of course, it is possible to use ad hoc constraints for the optimization procedure, to 
force the solution towards a less discontinuous one. Although this is fine for optimiza
tion of engineering structures (Strang and Kohn, 1986), it is difficult to see what such 
a constraint would represent in terms of the biological process. Such a measure would, 
in our case, adapt the model to the FE-formulation instead of the opposite. It is quite 
trivial to see that if one would apply global optimization to the two-unit model, for 
example by minimizing 2 / \ 

«•-Цр,· J 

one obtains precisely the (stable) continuous solution (pi = P2)· If a similar (global) 
optimization scheme is applied to the proximal femur, the result is not a discontinuous 
patchwork but rather a non-uniform distribution of densities (Kuiper et al., 1991). 
However, such a global optimization scheme is not a model for a biological self-
optimization process. 

The second question is if we could repair the model in such a way, that we can 
work with apparent quantities throughout the whole analysis, without violating the 
concept of bone as a self-optimizing material, while producing results of the same 
realistic quality. Candidates for repair are the stimulus characteristics, the relationship 
between elastic modulus and apparent density and the relationship between tissue-
level quantities and apparent quantities in general. The analysis of the two-unit model 
indicated that an alternative choice for the stimulus would not improve the model in 
this respect. Although this simple model is not really suitable to investigate a strain-
based stimulus, due to the constraint condition of equal strain in the two units. It 
would also be possible to assume a non-linear instead of a linear relationship between 
stimulus and response, including, for instance, a 'dead zone' or 'lazy zone' (Weinans et 
al., 1991). Our experience with such a relationship is, that it does attenuate the 
patchwork effect, but does not prevent it. The matter of the modulus/density relation
ship, the value of the exponent γ, was already discussed above. Where the continuum 
assumptions in general are concerned, there are several options to consider. First of 
all, one could represent trabecular bone as a discontinuous structure to begin with, 
using micro-FE models of the structure itself. In that case, the concept of 'internal 
remodeling' could be discarded, in favor of 'external' or 'surface modeling' only, which 
would, indeed, bring us much closer to the biological process as it occurs in reality, but 
would remove us also far from the context of the present model. In other words, this 
would be a totally different ball game, and presently rather impractical in view of the 
computer capacity it requires. Secondly, the direction of the trabecular structure could 
be accounted for in apparent anisotropy of the continuum model, in conjunction with 
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an appropriate remodeling formulation. Fyhrie and Carter (1986) attempted to 
incorporate such a formulation, but this was not worked out further. Such a solution 
may be feasible, but its formulation is not trivial, and it is doubtful, we believe, that it 
would solve the present problem, for reasons explained below. Then finally, there may 
be a better way to relate tissue-level quantities to apparent ones, for instance by 
applying homogenization theory (Hollister et al., 1989). Again, it is uncertain whether 
that would produce results of a different nature. 

The possibility that a satisfactory model formulation can be found which allows for 
a continuous representation of trabecular bone and the remodeling process can not be 
discarded at this point in time. We believe, however, that the results described here 
are inherent to the concept of bone as a self-optimizing material, rather than to the 
way in which this concept is described in a model, this concept implies that bone mass 
is regulated by local units, which work independently. If the control mechanism in the 
simulation model is characterized by a self enhancing system (a positive feedback), 
then the occurrence of discontinuities is inevitable. Since this positive feedback loop is 
central to the concept of self-optimization itself, where more mass will attract more 
load and vice versa, it is difficult to see how one could get away from it in a model, 
without sacrificing the self-optimization concept. 

When we consider the simulation process from another angle, we find that it is 
governed by a set of non-linear differential equations, the number of which is equal to 
the number of element (or sensor points). Such a process is liable to chaotic behavior 
and the solution may have an irregular structure, which may be described by a fractal 
(Yates, 1987; Wlczek, 1991). The two-unit model already clarifies that the solution is 
very susceptible to small deviations in the initial conditions: which one of the two 
elements turns empty depends on only virtual differences in initial stimulus values. 
When we have a complex multiple element (or sensor) system, the effect of this 
sensitivity multiplies and the solutions become truly chaotic. Strangely enough, 
however, when we let the proximal femur model of Figure 2 remodel from totally 
different initial density distributions, obtained from stochastic Monte Carlo generation 
(Weinans et al., 1989), the final solutions are very similar, but not equal. Hence, the 
process seems to be one of ordered chaos, displaying self-organizational qualities 
towards an attractor, namely a predetermined, uniform value of the stimulus, elastic 
energy per unit of mass. As we have seen in the plate problem, the stimulus values in 
those elements which still contain bone mass in the end configurations, are never far 
removed from the objective k, although there is no direct constraint for that in the 
formulation. Hence, the term 'attractor state' for the end configuration of the re
modeling simulation process, seems to be right on the mark (Carter et al, 1989). We 
have also found (Weinans et al., 1989) that the self-organizing process towards similar 
end configurations only occurs when the values of the physical parameters chosen are 
within particular boundaries. When we consider the two-unit and the plate models, we 
also find that the stable, discontinuous solutions contain more mass than the unstable, 
continuous one. Hence, minimal mass seems to be another (global) objective or 
attractor of the process. 
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The relationship with chaotic phenomena (Yates, 1987; Kauffman, 1986) and 
fractals is also suggested in the solutions of the plate model for varying mesh densities 
(Figure 12). Here we find the geometric structure and self-similarity typical of a fractal 
(Mandelbrot, 1983; Bittner and Semetz, 1990; Wlczek, 1991). We see that the 
geometric configuration converges when mesh density increases, but that the first, low 
density mesh already holds the general features of the refined, high density one. It is 
also seen that the similarity between the patchwork (Figure 12) and the interpolated 
results (Figure 13) increases when mesh density increases. It is not difficult to predict 
what would happen if the mesh were further refined, using an experiment of thought: 
in Figure 12.C, for example, one can find a region of 5*5 elements of which the 
structure is very similar to the whole of Figure 12.a. If we were to refine the mesh to a 
total of 320*320 elements, that particular area would have 40*40 elements, as in the 
total mesh of Figure 12.d. In the same way that the configuration of Figure 12.a 
develops into the one of Figure 12.d, our particular area would develop in a structure 
similar to the whole of Figure 12.d. Hence, when mesh density is increased, more self 
similarity will be seen, a larger part of the structure will have converged, by which is 
meant that the solution becomes independent of the size of the element. The validity 
of the FE-representation of such a structure depends on the mesh refinement per 
strut. Since bi-linear elements are used, at least two elements over the thickness of a 
strut are required to obtain a reasonable interpretation of the stress field in the strut. 
It is also demonstrated that a relatively coarse mesh can not predict the morphology in 
detail, however, it can represent the mass distribution over larger areas reasonably 
well. Hence, there is no reason to dismiss the theory as applied to the proximal femur 
as invalid or useless. 

Our little experiment of thought signifies that mesh refinement produces a fractal-
like self-similar trabecular structure, of which the FE-description would be a valid one, 
apart from a small region close to the boundary. This small region would approach a 
zero thickness when the number of elements approaches infinity. It is intuitively 
obvious that for an adequately refined mesh, in which the dependence of element 
dimensions is restricted to small parts only, the geometric characteristics of the 
solution would depend only on the characteristics of the loads, the value of the 
objective к and the maximal attainable trabecular elastic modulus (hence the maximal 
trabecular density, or rather degree of mineralization). This brings us to a whole new 
interpretation of the plate analysis. Let us assume that we apply the continuum 
assumption on a lower level, that of the trabecular tissue. Replacing the apparent 
density ρ by the tissue density p t (degree of mineralization), the apparent SED U by 
the tissue SED U t (and S by St), and requiring that, starting from a uniform density 
domain, each sensor point (or element) organizes its own mineralization p t between 
zero and a maximum, we have an analogous problem description as in the plate 
model. Since Currey (1988) showed that E t =c , p t '

r , where γ = 3 (hence γ>1), we will 
also find a similar (patchy) solution. Those who might argue that S t=U t/p t=constant 
would not be a sensible criterion in this case, are free to substitute S t=U t=constant as 
the optimization goal: as shown here, the result would not be principally different, a 
trabecular-like structure would result. As long as the mesh would be fine enough, i.e. 
more than two elements over the width of the struts that would emerge (for instance 
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more elements per sensor point), the FE-model would be a reasonable accurate 
description of this discontinuous trabecular structure. Evidently, the precise morphology 
and dimensional characteristics of the emerging trabecular-like structure only depends 
on the characteristics of the load, the maximal tissue mineralization (or rather the 
maximal value of p t), the value of к and on the sensor density. This is a thought worth 
contemplating. It means that the assumption of bone as a self-optimizing material, made 
operational in a computer-simulation model, produces precisely what we have: a 
discontinuous, trabecular structure. 

Based on these results and reflections, we hypothesize, that bone is indeed a self-
optimizing material which produces a self-similar trabecular morphology, a fractal, in a 
chaotic process of self-organization, whereby uniform SED per unit mass is an attractor; 
that the morphology has qualities of minimal weight and that its morphological and 
dimensional characteristics depend on the local loading characteristics, the maximal 
degree of mineralization, the sensor density and on the attractor value. This implies, 
that all characteristic morphological differences between location and species could be 
explained by variation in the above-mentioned parameters. 
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APPENDIX I 

The general feedback equation for the two-unit model is: 

^ = В(51.к)=В(1а-к)=Р1(р1,р2) 
at p1 

lp- = B(S2-k)=B(^-k)= F/ptpJ 

With a set of initial conditions for ρί this differential equation can be solved. 

Ρ 

(9) 

From Bj = 82 = e = 
A(E1 + EJ 

with A the area of cross-section (Figure 4), 

Ej = с ρ] and E2 = cpj , 

Ρ 
it follows: e 

Ac(p[*P2) 

(10) 

(И) 

(12) 

Additionally: U - % σ e = '/2 E e2 

/ΊΡ 2 

so I/, 
Mc(pï*„2) 

and игш 
eli* 

2Ас(р\*рІ) 
(13) 

If рх and Р2 а г е equal by definition (both sensore are coupled in that case) we can write for the 

equilibrium solution pc = />, = рг = L /̂k = U2/k = UJV.. With equation (13) this leads to: 

Pc · 
&42ck 

1 

(14) 

This gives: Uc = 
8А2срУ 

(15) 

and the remodeling mechanism always leads to the equilibrium solution pt as given in equation (14). A 

too high value for ρ (p>pe) is always corrected adequately by a SED U<Ue. So \J/p in equation (9) is 

for p>pe always smaller then k, whereby dp/di becomes negative. In the same manner, a too small 

density always leads to a positive value of dp/dt, whereby again the appropriate correction is given. In the 

case both sensors are not coupled and behave independent, it is difficult to determine the analytical 

solution. The Optimal solution* however is recognized as the uniform solution: p1=P2=pe- Hence, dp/dt 

is exactly zero for both unit 1 and 2. The stability of this solution can be analyzed by determination of 

the linearized set of differential equations around p¡=pe (the linearized stability, Strang (1986)). 
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The coefficient matrix С of the linearized system (dp ¿di = С ρ Л is given by: 

С -
дРі 

аІ1 
dp, 

3F2 dF2 

др1 др2 

(16) 

Equation (13) substituted in equation (9) and differentiated to pi or pj gives: 

3F, dF-, 

др1 dp2 

BI1 p-y-* 
SA2 с 

(17) 

BF, 

др2 

dF2 

др1 

i l i : Р-1-* 
SA2 с 

(18) 

The matrix from equation (16) yields therefore: 

С -
BP2 

SA2 с 

-γ-2 (19) 

The system described by the set of differential equations dp^dt = С ρ is only stable if both eigenvalues 

are negative. This means that trace С should be negative and the determinant of matrix С should be 

positive, so l-72>0.0 . 
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Abstract: In the present study, the effects of a fibrous membrane between cement and 
bone in a femoral total hip replacement were investigated. The study involved the problem 
of modeling this fibrous membrane in finite-element analyses, and its global consequences 
for the load-transfer mechanism and its resulting stress patterns. A finite-element model 
was developed, suitable to describe non-linear contact conditions in combination with 
non-linear material properties of the fibrous membrane. The fibrous tissue layer was 
described as a highly compliant material with little resbtance against tension and shear. 
The analysL· showed, that the load transfer mechanism from stem to bone changes 
drastically when such a membrane is present. These effects are predominantly caused by 
tensile loosening and slip at the interface, and are enhanced by the non-linear membrane 
characteristics. 

Using parametric analysis, it was shown that these effects on the load-transfer me-
chanbm cannot be described satisfactorily with linear elastic models. 

Most importantly, the fibrous-tissue interposition causes excessive stress concentrations 
in bone and cement, and relatively high relative displacements between these materials. 
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INTRODUCTION 

The formation of a soft fibrous membrane at the interface between bone and 
cement is a common long-term problem following Total Hip Arthroplasty (THA). This 
soft interface layer can sometimes increase progressively in time, and eventually cause 
a clinical failure of the prosthetic fixation. Possible indications for this can be pain on 
weight-bearing, extensive radiolucent zones at the bone-cement interface on radio
graphs, and subsidence of the implant (Gruen et al., 1979; Stauffer, 1982; Mjöberg et 
al., 1985; Brand et al., 1986). Several attempts have been made to study the mechani
cal effects of a soft layer between bone and prosthesis. Markolf et al. (1980) investi
gated the effects of a silastic liner between cement and bone in an experiment with 
cemented prostheses, using femur specimens. The subsidence measured upon loading 
was about two to twenty times higher than associated with cemented prostheses 
without a silastic layer. They also found that the cement had cracked in one specimen 
at a relatively low load, suggesting that the soft layer resulted in higher cement 
stresses. In an experimental study with strain gauges, using a THA model which 
incorporated a thin flexible layer between cement and bone, Wright et al. (1985) 
found that the stress distributions in bone and stem were drastically changed relative 
to a configuration with a direct cement/bone bond. 

The Finite Element Method (FEM) is used frequently for analyses of load-transfer 
and stress patterns in bone/prosthesis structures, to assess the adequacy of prosthetic 
designs (Huiskes and Chao, 1983). The FEM models applied usually assume complete 
interface bonding and are therefore descriptive of idealized, immediate post-operative 
configurations. The purpose of the present study was to develop a non-linear FEM 
model accounting for soft-tissue membranes and to analyze its global effects on the 
load transfer from stem to bone, on the resulting stress patterns, and on the relative 
motions between cement and bone. 

Although the histo-morphology of the fibrous-tissue interface is reasonably well 
documented (Draenert, 1981; Goldring et al., 1983; Eftekar et al., 1985), relatively 
little is known about its mechanical properties. Hori (1981), and Hori and Lewis 
(1982) characterized the interface material as a parallel-fibered collagen tissue, with 
the fibers randomly distributed in sheets. They suggested that such a structure resists 
compression normal to the plane of the sheets, but transfers little shear stresses, as the 
sheets tend to slide over each other. In compression the membrane showed to be rela
tively compliant, highly non-linear and visco-elastic. Ling (1986) also suggested that the 
resistance of the layer against tension and shear is very low. Hence, the following con
ditions will govern the mechanical characteristics of a fibrous-tissue interface connec
tion: 

1) low initial stiffness in compression, 
2) non-linear force-deflection characteristics (material non-linearity), 
3) negligible tensile force transmission (tensile loosening), 
4) negligible shear force transmission (slip), 
5) time dependence (visco-elastic). 

The consequences of the first effect were analyzed previously by Brown et al. (1988) in 
a linear three-dimensional FEM model of the cemented femoral THA. Huiskes and 
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Schouten (1980), Hampton (1981) and Klever (1984) studied the third and the fourth 
effects for the stem/cement interface, using two-dimensional and axisymmetric FEM 
models. Hon et al. (1982) and Vanderby et al. (1985) studied a combination of the 
first, second and fifth effects in a FEM model of tibial plateau fixation, using an 
interface profile of sinusoidal geometry and a thickness of 0.5 mm. The interface tissue 
was described with non-linear biphasic elements. 

In the present analysis, a non-linear two-dimensional FEM model, using quasi 
three-dimensional structural characteristics of the femoral THA was used to study the 
global consequences of the effects (1) through (4) on the load-transfer mechanism and 
the stress patterns, and on the relative motions between cement and bone. In contrast 
with a linear, fully bonded configuration, this model can be considered as a gene
ralized description of femoral stem components surrounded by fibrous tissue in a 
worst-case situation. 

ЗООО N 
METHODS 

A two-dimensional FEM model 
of the femoral THA was construc
ted. The front plate of this model is 
shown in Figure 1. In order to ac
count for the three-dimensional 
structural integrity of the bone, a 
side plate was used, superimposed 
over the front plate. The non-uni
form thickness pattern of the bone 
elements was based on an earlier 
analysis (Huiskes et al., 1981). This 
modeling approach gives a reason
ably accurate description of stress 
patterns in the frontal plane for the 
case of symmetric loading (Huiskes, 
1980; Hampton, 1981; Huiskes et 
al., 1986). The geometry of the 
prosthesis was based on the Preci
sion Hip (Howmedica Inc. Ruther
ford, NJ, USA), analyzed previously 
by Huiskes (1990). The Finite ele
ment mesh consists of 581 isopa
rametric, four-node, plane-stress 
elements. The orientation of the 
hip-joint force (up to 3,000 N) and 
the support of the structure is 
indicated in Figure 1. Table I shows 
the material properties of the dif
ferent components (Huiskes, 1980). 

Fig. 1 The front plate of the original mesh (left) 
without interface layer. The elements of the front 
plate are of non-uniform thickness and determi
ned in such way that the moments of inertia of 
the cortical bone and the stem (Ib and 7_) in the 
FE-mesh were equal to the real structure, as 
shown on the right. The cortical bone outside 
the medial lateral plane is modeled by a side 
plate. The circled lateral nodal points are un
connected in all cases, the medial ones only if 
no collar/calcar contact is assumed. 
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The FEM code MARC was used for the 
calculations (MARC Analysis Corporation, 
Palo Alto, CA). 

This model was extended with a fibrous 
tissue layer along the full medial and lateral 
cement/bone interfaces, whereby 1 mm of 
bone was removed. Because of the relatively 
small thickness of the layer, and the poten
tial problems with small element aspect 
ratio's, an alternative modeling approach for 
the interface layer was introduced by assu
ming force/displacement relations in normal 
and tangential directions of neighboring 
nodes on either side of the interface (Figure 
2). The effect of this description is, that the 
normal stresses (ση) and the shear stresses 
(ση ) across the layer are uniform, and the 
parallel (bending) stress (σ ) in the inter
face layer is neglected. 

In order to investigate the consequences 
of modeling assumptions on the load-trans
fer mechanism, several different kinds of 
interface conditions were used. In the case 
of a linear elastic interface material, assum
ing a uniaxial strain state, the normal (en) 
and shear (enp) strains across the layer are 
related to the stresses by 

Table I: Values for the elastic modulus 
used in the models 

(1 + ^)(1-2^) *» 

E. 
•np 

(1) 

(2) 

Material 
Cancellous bone 
PMMA (cement) 
Metal (prosthesis) 
Cortical bone 
Metaphyseal cortex 
Side plate 

Elastic modulus E (MPa) 
l.OxlO3 

ZQxlO3 

ZOJCIO5 

1.7xl04 

0.5xl04 

1.7xl04 

Fig. 2 Interface layer in which indicated 
the directions η and p, which are always 
the normal and tangential directions at 
the corresponding nodes, the interface 
stresses σ^ σ and ση„ the interface 
thickness t, the reaction forces from 
interface material to bone and cement, 
and the surface A associated with the 
nearest node. 

2(1+/*,) np 

where Ε £ and μί are the Youngs modules 
and Poisson's ratio of the layer, respectively. 
The equations (1) and (2) were transformed 
in force/displacement relations between 
node pairs in both the directions η and ρ in 
the FEM model, Figure 2. The forces F,, 

and F act on a surface A (Figure ^ ) , hence stresses in the interface layer can be 
expressed by a n =F n /A and an„=YJA. The relative displacements A U n = U n b - U n c 

and AU_=Upb-UpC (Figure 2) are related to the strain in the intermediate layer by 
en=AUn/t and en=b\}J\., where t is the thickness of the layer. Hence, the equations 
(1) and (2) can be transformed in force displacement relations: 
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Fn = 

F P = 

A S 
t 

A G 
t 

AIL, 

AU, 
Ρ ' 

(3) 

(4) 

where S = гл * \ , ' \ . and G = 
2(1 +μ£) 

This method is suitable to model a relatively thin linear elastic intermediate layer only. 
If the layer increases in thickness, the bending moment created by the longitudinal 
forces can no longer be neglected. 

In the case of non-linear bonding characteristics, tensile loosening and slip were 
modeled in a Newton-Raphson iterative procedure by reducing the stiffness to zero 
when tension or shear occurred. Non-linear elastic material behavior of the fibrous 
membrane was described by the relations 

σ . - * i 
« ( 1 - * η ) α 

1 } , if en s О 

ση = 0 , 

<Ч = 0. 

if en > 0 

(5.a) 

(5.b) 

(5.C) 

which is in qualitative agreement with the findings of Hori and Lewis (1982). The 
stiffness of this material in compression is found from 

da, 1 

άε, 
S- = S í • £+1* ' (6) 

hence S0 (MPa) can be considered as the 
initial stiffness parameter (comparable with S 
in equation (3)), and α as a strain hardening 
factor (Figure 3). By varying S 0 and a, the 
effects of the constitutive properties of the 
fibrous membrane in the model were studied. 

Substituting the relations ση=Ρη/Α and 
ε =AUn/t, equation (5.a) is transformed to 

Fn = 
S„A 

{(-
t - A U , 

-Г - 1 } . (7) 

from which the tangent stiffness dFn/dAUn in 
the model can be directly determined in each 
iteration of the Newton-Raphson process. 

- ^ £ n = U n / t 

Fig. 3 Nonlinear stress-strain rela
tion of the interface layer under com
pression. 
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The principles of the Newton-Raphson 
procedure as used here are illustrated in 
Figure 4 for a loadstep AF=F2-F1. In this 
illustration the iterative process searches 
for the equilibrium displacement related to 
the force Fj. As evident from this figure, 
the loadstep must be chosen adequately in 
order not to exceed the asymptotic dis
placement value. The convergence criteri
on used was set to 5% of the applied 
force. 

Because the investigation of modeling 
options for the fibrous interface in general 
and the effects of its individual characteris
tics were considered of interest, several 
models were used subsequently, each time 
refining the interface descriptions, and 
their effects compared. The models, denot
ed (i) through (vi), are briefly summarized 
in Table II, and their associated interface 
force/displacement characteristics to match, 
are identified in Figure 5. 

A conventional, linear bonded model (i) 
without intermediate layer was used as a 
reference, to test the interface description 
used in the subsequent models. In this model, as in the subsequent ones with the 
exception of model (vi), the prosthetic collar was assumed not to be in contact with 
the bone of the calcar. 

Model (ii) features a 1 mm thick, linear elastic interface membrane (Figure 5.a), as 
described by equations (3) and (4), using stiffness values of 17,000 (ii.a), 170 (ii.b) and 
10 MPa (ii.c). Model (ii.a) was analyzed to test the interface model using the 
force/displacement description of opposite interface nodes, relative to the conventional 
description (i). The second and third analyses (ii.b) and (ii.c) were used to test a linear 
modeling approach, assuming the interface layer to be son, but linear elastic and 
bonded to cement and bone, as was done previously by Brown et al. (1986). 

Model (iii) was applied to evaluate the effects of tensile separation and slip 
between bone and cement, without fibrous material at the interface. Hence, this 
represents a loose interface across which normal forces are transmitted only when the 
surfaces are in contact. This was achieved by choosing the stiffness between two 
contact points in the tangential direction as zero and in the normal direction as zero in 
tension and relatively high in compression (Figure 5b). In every iteration, the relative 
displacements (AUn) in the normal direction between two contact points were cal
culated. The stiffness in the normal direction was given the value of zero when 
AUn > 0, which implies no contact, and a layer stiffness of 105 MPa when AUn < 0, 

Fig. 4 The Newton-Raphson iteration 
proces. The loadsteps Fz-Fj must be 
applied carefully to prevent that the 
relative displacement úUn in the first 
iteration becomes larger than Umax. 
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which simulates rigid bonding. The layer stiffness can not be taken too high in this 
case because the singularity ratio of the stiffness matrix can then become too small, 
which leads to numerical problems. The results of this model (iii) were also compared 
with those of an analysis using the normal gap-element of the MARC FE-code. This 
gap-element is based on the imposition of a gap-closure constraint and a Lagrange 
multiplier, representing the normal force. 
In model (iv) the tensile loosening and slip characteristics described above were 
combined with a soft (linear) elastic interface layer, thus combining the features of 

Table II: Characteristics of the various models investigated. 

Model 
nr. 

i 

ii.a 
b 
с 

iii 

iv 

v.a 
b 
с 

model 

linear 

linear 
linear 
linear 

nonlinear 

nonlinear 

nonlinear 
nonlinear 
nonlinear 

Thickness (t) 
of interface 

(mm) 

0 

1 
1 
1 

0.01 

1 

1 
1 
1 

Layer 
G 

(MPa) 

-

6538 
65.4 
3.8 

0 

0 

0 
0 
0 

material characteristics 
S o r So a 
(MPa) 

-

17000 
170 
10 

107 

10 

10 
0.17 
10 

-

-

4 

-

4 
4 
2 

Interface 
connection 

bonded 

bonded 
bonded 
bonded 

loose 

loose 

loose 
loose 
loose 

Collar/calcar 
contact 

no 

no 
no 
no 

no 

no 

no 
no 
no 

nonlinear 10 loose J « . 

normal 
direction 

tangential 
direction 

model(ii) 

Fn 

У 
FP 

J 

/ 
A"» 

/ 
A U p 

model(iii) 

F. 

1 
Δ " η 

FP 

Δ " ρ 

model (iv) 

F„ 

FP 

*"„ 

Δ % 

model (v)/(vi) 
ρ„ 

FP 

У 
Δ"„ 

д и р 

a b e d 
Fig. 5 The force displacement relations as chosen in the different modeL·: 

a) Model (ii), fully boncled linear elastic models 
b) Model (iii), nonlinear contact model without friction, so only 

normal compressive forces are transferred 
c) Model (iv), nonlinear contact model without friction, with a 

linear elastic membrane of 1mm 
d) ModeL· (v) and (vi), nonlinear contact without friction, with a 

nonlinear elastic membrane 
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models (ii.c) and (iii), in such a way that the interface stiffness's were taken as zero for 
tension and shear, and according to equation (3) in compression (Figure 5c). 

Model (v) was similar to model (iv), but this time the non-linear material properties 
of the fibrous material were included, according to the equations (5) and (6), as shown 
in Figure 5d. Three analyses were carried out with this model, whereby S0 and a were 
varied according to (a) So=10.0 MPa, a=4; (b) So=0.17 MPa, a=4; and (c) So=10.0 
MPa, a=2. 

Finally, model (vi) was used to study the effects of collar/calcar contact in a loose 
prosthesis. In this case, the same interface characteristics as in model (v) were used 
and the collar was assumed to press frictionless on the calcar. In fact, the same 
interface description as in model (v) was used here also for the collar/calcar contact, 
assuming an interface thickness of 0.01 mm between collar and calcar. This results in a 
frictionless contact without tensile stresses. 

The load of 3,000 N was prescribed in six steps. Convergence in the non-linear 
models was usually achieved after 4 or 5 iterations in the Newton-Raphson procedure 
(Figure 4). 

RESULTS 

Linear modek 

The stress patterns obtained with model (ii.a), featuring a linear elastic layer with 
an elastic modulus equal to bone, were virtually equal to those of the conventional 
model (i), indicating that the interface description using force/displacement relation
ships is accurate. 

The effects of a reduced layer flexibility studied in the linear elastic models (ii.a-c) 
were similar to those reported by Brown et al. (1988) from their (linear elastic) 3-D 
model: load-transfer stresses in the cement and at the interfaces tend to become more 
uniformly distributed when the layer modules is reduced (Figure 6), and the (bending) 
stresses in stem and bone increase somewhat (Figure 7, (ii.c) versus (i)). In these 
linear elastic models, small displacements are assumed. In the analysis of model (ii.c), 
featuring an elastic modules of 10 MPa for the layer material, a maximal strain value 
of 24 % was found across the layer. This result violates the above assumption, which 
already indicates the non-validity of a linear elastic approach. 

Non-linear bonding 

The stress patterns found with model (iii), featuring non-linear bonding characteris
tics (slip and tensile separation) and no intermediate layer, were equal to those 
obtained with a similar analysis in which the normal (frictionless) gap elements of the 
MARC FEM-code were used, instead of the interface-node relationships described 
above, again indicating the accuracy of this modeling approach. 

Relative to the bonded interface characteristics, slip and tensile separation have 
dramatic effects, illustrated in Figs. 7 and 8. Cortical (bending) stress patterns change 
drastically, in fact reducing in the mid-stem region (Figure 7). This mechanism is 
caused by subsidence of the prosthesis/cement complex, whereby the interface 
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) (MPa) 

Fig. 6 Shear stresses (σηρ) in cement at 
the medial bone/cement interface for the 
linear fully bonded model with 1 mm 
interface layer, model (ii), as determined 
for three values of the stiffness: 
model (iia), S = 17000 MPa 
model (iib), S = 170 MPa 
model (iic), S = 10 MPa 

medial endosteal bone 
lateral stem 

σρ (MPa) 

-30 0 30 60 
V 

Fig. 7 Parallel (bending) stresses (a ) at the medial endosteal bone surface and at the 

lateral stem side as found in the modeh (i) to (vi). 

— - model (i), linear fully bonded conventional analysis which is equal to model (iia); 

—— model (iia), linear fully bonded model with 1 mm interface and S=17000 MPa; 

— m o d e l (iLc), linear fully bonded analysis with 1 mm interface and S=10 MPa; 

model (Hi), non-linear contact conditions and no interface layer; 

model (iv), non-linear contact and 1 mm linear interface layer, S=10 MPa; 

— model (v.a), non-linear contact with 1 mm non-linear interface, S'0=10 MPa, a=4; 

-o- model (vi), non-linear contact conditions with 1 mm non-linear interface layer 

(S0 =10 MPa, a=4) and collar/calcar contact. 
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conformity between cement and bone is lost, and high compressive stress concentra
tions are generated at the medial/proximal and mid/lateral regions in particular 
(Figure 8, (iii) versus (i)). The stem is thereby almost loaded as in three-point bending, 
as illustrated schematically in Figure 9, which explains the reduction of tensile 
(bending) stress in the mid-lateral stem region in Figure 7 ((iii) versus (i)). 

This mechanism is further enhanced when the non-linear bonding characteristics are 
combined with an intermediate layer with a low elastic modules of 10 MPa, simulating 
a fibrous tissue with linear elastic properties. The bone (bending) stresses again 
increase more than twofold relative to model (iii), and the lateral-stem (bending) 
stresses even change sign from tensile to compressive (Figure 7). This indicates that 
the three-point bending mechanism (Figure 9) is enhanced in this case (Figure 8, (iv) 
versus (iii)). 

Although the interface bonding characteristics are non-linear in this model, the 
fibrous layer is assumed linear elastic, which again presumes that displacements are 
small. In this case the maximal compressive strain across the layer was found to be 120 
%, indicating penetration of cement in bone. Hence, also in this case the linear elastic 
assumptions are violated. 

Non-linear fibrous layer 

When more realistic, non-linear properties for the fibrous layer were assumed 
(model v), the basic mechanisms and trends described above remained intact (Figs. 7 
and 8), (v.a) versus (iv)). The stem and bone stresses are somewhat attenuated by the 
non-linear tissue characteristics (Figure 7), but the three-point bending mechanism 
(Figure 9) with high cement stress concentrations in particular areas is still apparent 
(Figure 8). 

The susceptibility of the stress patterns for the values of the initial stiffness S0 and 
the strain-hardening factor α in the constitutive equations for the layer were studied in 
the models (v.a-c). The effects of a change in a from 4 to 2 are hardly noticeable 

i iii iv ΥΛ vi 
bonded loose loose linear loose nonlinear loose nonlinear 

interface layer interface layer interface layer 

Fig. 8: Normal stresses, (σ^ in cement at the stem/cement interface, as determined for 
the models (i) through (vi). 
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(model (v.a) versus (v.c)). A reduction of the initial 
stiffness S0 from 10.0 to 0.17 MPa effects in increased 
interface stresses, concentrated in smaller areas. 

Collar/calcar contact 

When the collar is in contact with the calcar (mod
el (vi)), the prosthesis/cement complex is prevented to 
subside, and a greater part of the axial load is trans
ferred at the calcar. As a result, the proximal/medial 
bone stresses are increased and the stem stress pat
terns become similar to those in the linear, bonded 
configurations (Figure 7). Due to the bending mo
ment produced by the hip-joint force, the prosthesis 
rotates within the fibrous-tissue containment, transfer
ring load at the proximal/medial and distal/lateral 
regions only (Figure 8). 

Relative Displacements 

The relative displacements between opposite nodes 
at cement and bone were determined in all models. In 
the linear, fully bonded models, no gap or slip oc
curred, hence relative displacements resulted only 
from deformation in the interface. In Figure 10, the 
relative displacements found in the models (iii), (v) 
and (vi) are shown. 

In the case of a loose interface connection only 
(model (iii)), virtually uniform slip of about 0.4 mm (Up) occurs medially and laterally, 
resulting in approximately the same amount of total subsidence of the cement/pros
thesis complex. Relative displacement normal to the interface is virtually nonexistent 
in this case, indicating that gaps are extremely small. With a 1 mm fibrous layer 
(model (v)), the interface slip is still fairly uniform, but the values increase to about 
1.5-2.5 mm, depending on the initial stiffness of the fibrous material (model (v.a): 
S0 = 10 MPa; model (v.b): S0 = 0.17 MPa). In this case, the subsidence is accompa
nied by relative displacements between cement and bone normal to the interface, 
again depending on the value of S0. If the lowest stiffness is assumed (S0 = 0.17 MPa, 
model (v.b)), a value of about 0.8 mm is found at the proximal/medial side, and about 
0.75 mm at the mid/lateral side, indicating that the layer is almost fully compressed in 
these regions, which corresponds with the locations of the stress concentrations 
discussed earlier. 

When collar/calcar contact is present (model (vi)), the slip (and hence also the 
subsidence), virtually diminishes. Relative displacements normal to the interface 
remain, however, particularly at the proximal and distal sides, indicating a pivot 
motion of the cement/ prosthesis complex relative to the bone about a point in the 
mid-stem region, of about 0.8 degrees. 

Fig. 9 Schematic illustra
tion of the stem-deforma
tion after loading in a three 
point bending case like in 
modeL· (iv) and (v). 
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Contrarily to effects of the initial stiffness S0, a change in the strain hardening 
factor α from 2 to 4 for the fibrous material has only a very small effect on the 
behavior of the bone/prosthesis structure, as illustrated in Figure 11, showing slip at 
the midlateral region for several values of S 0 and a, determined with model (v). 
Although S 0 and α affect the absolute values of relative motions and stress values, the 
relative patterns did not change significantly. 

DISCUSSION 

It must be appreciated, that the models used here offer only first-order descriptions 
of the complex reality. The precise constitutive behavior of the loose interface, with or 
without a fibrous membrane, is uncertain, and a simplified two-dimensional geometry 
had to be adopted in view of the non-linear character of the solution process and the 
requirements for extensive parametric variations. As a consequence, the results 
presented are merely indicative of the effects of prosthetic loosening, and useful for 
the understanding of post-failure mechanisms. 

The fibrous tissue layer has a very low initial stiffness relative to cement and 
bone, but displays strain hardening when compressed (Hon and Lewis, 1982), resulting 
in progressively increasing stiffness, and large strains. By assuming a stress-strain 
relationship as used here in the fully non-linear model (v), the most important features 
of this behavior (low initial stiffness, strain hardening and large strains) can be 
accounted for, whereas their effects can be studied in a relatively simple fashion. The 
incorporation of the fibrous tissue in the FEM model by using nodal-point relation
ships rather than elements must also be seen as a compromise. With the present 
formulation, the interrelationship between shear- and normal stress transfer is un
coupled, there is no lateral contraction, and axial (bending) stresses in the layer are 
not accounted for. However, the first two factors influence mainly the parameters S 0 

and a, the precise values of which are unknown anyway, and which effects can be 



Trends of mechanical consequences of a fibrous membrane around hip prosthesis US 

3000 

load(N) 

2000· 

1000 

So=10 So=10 
Q:=4 ог=2 

So=0.17 
a=4 

1 2 3 
*4Jp (mm) 

Fig. 11 Force-slip relation at the 
midlateral area for the loose model 
with the 1 mm nonlinear interface 
layer and no collar/calcarcontact, mod
el (v), as determined for different 
values of S0 and a. 

model (v.a), So=10.0, a=4 
model (v.b), So=0.17, a=4 
model (v.c), So=10.0, a=2 

studied by parametric analysis. The consequence of neglecting the axial stresses is 
thought to be a minor one, because these stresses will be very small, due to the low 
stiffness of the material relative to the cement and the bone. In earlier analyses of 
bone/prosthesis structures, using similar beam-on-elastic-foundation formulations for 
the cement layer in linear models, quite reasonable results were obtained (Huiskes, 
1980). In any case, a comparison of the present approach to a conventional calculation 
(model (i) versus model (ii.a)) showed excellent agreement of all stress components. It 
must be noted, however, that this approach is only valid if the layer is relatively thin. 

A second limitation of the present analysis is an effect of the choice for uniform 
layer thickness. It is intuitively obvious, that the stress transfer across the layer would 
be greatly influenced by interrupted cement-bone contact, which would 'stress-shield' 
the soft tissue and prevent relative interface motions. A similar mechanism would 
occur in the case that the fibrous layer would not extend along the full cement-bone 
connection. Fibrous-tissue morphology can differ greatly in a patient population, so the 
present results represent a particular configuration only, not necessarily a typical one. 
Vanderby et al. (1985), in their analysis of tibial plateau fixation with a central post in 
the knee joint, assumed a sinusoidal interface geometry enclosing the fibrous mem
brane. In this case tangential slip is locally constrained by the interface geometry, in 
such a way that shear loads can be transferred after some subsidence has occurred. 

In view of the complex, irregular geometry of the femoral bone/prosthesis structure, 
the two-dimensional characteristics of the FEM model present another serious limita
tion. The present 'side-plate' model with nonuniform element thickness quite reaso
nably represents the behavior of the real structure in the frontal plane, in the case that 
the interfaces are bonded (Huiskes, 1980; Hampton, 1981; Huiskes et al., 1986). 
However, in the case that interfaces are loose and soft tissue is interposed, it is quite 
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possible, in fact likely, that the asymmetry of the bone relative to the frontal plane, in 
combination with torsion (out-of-plane loading) would result in significant rotation and 
out-of-plane deformations which are not accounted for in the present model. 

Finally, it must be appreciated, that the present analysis is a quasi-static one in 
which the effects of one single force on the prosthesis, (slowly) increasing from zero 
to 3,000 N are investigated. In reality, the load will be multidirectional, and muscle 
forces will occur in addition, while visco-elastic effects will influence the constitutive 
behavior of the fibrous material, depending on the loading rate. 

In spite of the model limitations the parametric analysis gives some insight in the 
requirements for modeling the mechanical behavior of the loosening prosthesis. It is 
evident from the present results, that a linear approach to this problem is inadequate, 
because it neglects the most important of the occurring phenomena. Although some 
effects are seen from assuming a thin layer with a reduced modules at the interface, 
similar to those reported by Brown et al. (1988), these do not nearly represent the 
effects of a fibrous membrane, assuming the low resistance of the fibrous layer against 
tension and shear. It was shown here to be essential to include the latter, which 
implies a non-linear interface condition. Combining such a description with a linear 
elastic layer material (model (iv)) gives reasonable stress results in a qualitative sense, 
but overestimates the deformation in the layer, because its strain-hardening behavior 
in compression is neglected. Including this non-linear behavior is of particular impor
tance when relative displacements (or motions) between implant and bone are to be 
evaluated. 

Some important conclusions relative to load transfer in prosthetic fixations can be 
drawn from the present analysis. The load-transfer mechanism and the associated 
stress patterns depend on four aspects: loading characteristics, geometry, material 
properties, and boundary/interface conditions. The present results show, in comparison 
with earlier analyses (Huiskes, 1990), that of these four the interface conditions 
represent by far the most important aspect. A loose cement/bone interface, allowing 
slip and tensile loosening, changes the load-transfer mechanism drastically, relative to 
a bonded interface. When a soft tissue layer is present as well, even more dramatic 
changes occur, resulting in very high local cement and interface stress concentrations, 
and a reorientation of the loading patterns in the stem and the bone. These phenome
na are due in particular to (elastic) subsidence of the cement/prosthesis complex, 
whereby the original conformity of the cement-bone connection is lost. In view of this 
mechanism, it is obvious that the actual stress patterns in a particular case would 
depend predominantly on the actual interface geometry, which determines where the 
prosthesis would find its secondary support. Hence, for a realistic actual case, the 
geometry should be realistically accounted for in a model in contrast to the material 
properties of the interface material, which seems to be of minor influence. 

A collared prosthesis would prevent the subsidence of the cement/prosthesis com
plex, because the load is predominantly transferred between collar and calcar, which is 
indeed seen in the results of model (vi). As a consequence, the stress concentrations in 
the cement and at the interfaces are relocated and reduced and the stem and bone 
stress patterns correspond more with those in the bonded models. The subsidence is 
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translated in a pivot motion of the cement/prosthesis complex relative to the bone and 
a subsequent repetitive compression and release of the proximal and distal fibrous 
layers. According to Ferren and Rahn (1980), this interface load in particular would 
cause bone to resorb. 

The clinical significance of the present findings, finally, can only be formulated in 
general terms, again because interfaces and fibrous tissue layers occur in many 
different configurations of which only one example was studied here. It is evident from 
the present results, however, that interface loosening and fibrous tissue formation 
dramatically change the load-transfer mechanism, effecting in high stress concentra
tions locally in the cement layer and the adjacent bone, and in considerable relative 
motions between cement and bone. It is not unlikely, that local cement and bone 
failures would occur, which could cause rapid propagation of mechanical loosening to 
a clinical failure. In addition, the relative motions at the interface are likely to cause 
progressive bone resorption (Ferren and Rahn, 1980; Goldring et al., 1983; Huiskes 
and Nunamaker, 1984; Strens, 1986). Hence, the present results are consistent with 
the hypothesis that progressive fibrous-tissue formation and clinical loosening have a 
mechanical basis. 
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Abstract: Connective soft tissues at the interface between implant and bone can endanger 
the stability of the implant fixation. The potential of an implant to generate interface bone 
resorption and form soft tissue depends on many variables, including mechanical faeton. 
These mechanical factors can be expressed in terms of relative motions between bone and 
implant at the interface or deformation state of the interfacial material 

The purpose of this investigation was to determine how relative interface motions can 
develop and be responsible for interface degradation and soft tissue interposition. A finite 
element computer program is augmented with a mathematical description of interface 
debonding, dependent on interface stress criteria, and soft tissue interface interposition, 
dependent on relative interface motions. Some simplified modeb of orthopaedic implants are 
constructed and the predicted computer configurations are compared with clinical 
observations. Although the applied models are relatively simple, the results show reasonable 
qualitative agreement with resorption patterns found in clinical studies. 
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INTRODUCTION 

The development of fibrous tissues between implant and bone is an important 
determinant for clinical loosening of orthopaedic implants. There can be little doubt that 
the resorption of interface bone and the subsequent generation of fibrous tissue is 
stimulated by wear particles (Willert et al., 1974; Pizzofeirato et al. 1991). For cemented 
implants, it is likely that excessive heat generation in acrylic cement during polymerization 
plays a role (Feith et al. 1975; Huiskes, 1980). In many cases, however, also mechanical 
factors are involved (Ferren and Rahn, 1980; Ling, 1986; Brunski, 1979, 1987; Eftekhar, 
1985; Huiskes et al., 1990; Pizzoferrato et al., 1991). The problem can be described as a 
biological resorption process of the bone facing the implant, sometimes after many years 
of successful functioning. This process can be considered as a replacement of interface 
bone by a soft tissue layer which can easily deform under compression and is not capable 
to transmit shear and tensile stresses. In some cases the situation remains stable for a 
long period of time (Brunski, 1979; Kozinn, 1986), but in many cases the process is a 
progressive one and a relative large radiolucent line around the implant can then be 
observed on a radiograph (Gruen et al., 1979; Strens, 1986). 

Brunski et al. (1979) studied tissue-implant interfaces in functional (loaded) and non
functional (unloaded) endosseous dental implants. They found fibrous tissue layers around 
all functional implants and direct or nearly direct bone contact around the non-functional 
ones. They assumed that relative motions between implant and bone causes the fibrous 
tissue formation, due to repetitive loading of the implant. The same was suggested by 
Ferren and Rahn (1980) and Ferren (1983), who reported the development of a fibrous 
tissue encapsulation around screws used for fracture fixation plates. Their results showed 
a regular pattern of resorption around the load bearing screws, which seemed to be 
related to the amount of relative motion between screw and cortical bone. Similar 
observations were reported earlier by Uhthoff and Germaine (1977), who described 
reversible fibrous tissue encapsulation dependent on the motion of the screw. S0balle et 
al. (1990) studied the effects of micromovement on bony ingrowth into titanium and 
hydroxyl-apatite coated implants. Both groups developed a fibrous membrane, although 
the type of the connective tissue in the two cases was different. 

Strens (1986) studied the failure mechanism of femoral resurfacing prostheses in 
material, retrieved from 28 revised cases. The resorption patterns showed a rather 
consistent configuration, with thick fibrous layers under the medial and lateral sides of the 
cup rim. Huiskes et al. (1990) showed that the concept of this design is such'that (micro) 
motions, in the sense of displacements of the cup relative to the bone during repetitive 
loading, will progressively increase after mechanical disruption of the bone-implant 
contact areas under the lateral and medial side of the cup rim. 

Several stress or strain related adaptive mechanisms for bone were proposed in the 
literature. Pauwels (1965) assumed that high compression leads to bone tissue 
degradation. Carter (1987) assumes in a more comprehensive theory that tissue 
differentiation depends on the magnitudes of the hydrostatic and deviatoric components 
of the stress state. In this theory it is proposed that a combination of high shear and/or 
tensile hydrostatic stress will inhibit fibrous tissue formation. Carter hypothesized that the 
latter may be responsible for a stable fibrous membrane around orthopaedic implants. 
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Cowin (1990) argued that this hypothesis needs a correction, since for anisotropic 
materials like bone, cartilage and fibrous tissue,the hydrostatic and deviatone stress modes 
are coupled. 

In this study we did not attempt to postulate an alternative mechanically induced tissue 
differentiation theory. The aim was only to investigate the hypothesis that relative (micro) 
motions are important determinants for interface bone resorption and fibrous tissue 
interposition. For this purpose a method is developed, whereby the amount of bone 
resorption and the relative motions can be interrelated quantitatively. This could possibly 
enable us later to analyses of the mechanisms behind these phenomena and to investigate 
their precise mechanical consequences. The approach uses computer simulation models 
integrated with the Finite Element Method (FEM), similar to those developed to study 
and predict adaptive bone remodeling phenomena (Carter et al., 1987; Huiskes et al. 
1987). 

METHODS 

A hypothetical scheme of gradual interface disruption and subsequent bone resorption 
is shown in Figure 1. The initiator of the process is interface disruption, shown in the 
upper loop of Figure 1. An implant-bone configuration can be characterized mechanically 
by its geometry, material properties and interface (bonding) conditions between the 
different components. Loading of such a configuration generates stresses at the interfaces 
between implant and bone. When the interface stresses exceed the strength of the 
bonding, interface disruption or debonding will occur locally. The interface conditions 
then change and a new stress distribution is obtained at the interface. At the locations 
where interface disruption occurred, the two debonded materials can now move relative 
to each other. We hypothesize that the relative motions will provoke interface-bone 
resorption when these motions exceed a certain threshold level. The bone resorbed is 
then turned over in soft fibrous tissue, hence interface conditions change. The latter 
process is governed by the lower loop in Figure 1. 

Load 

H 
Geometry 
Material properties 
Interface conditions 

Interface disruption 

> Stresses 

H 

1 
i Relative motions —> 

Interface resorption 

Strength 

X 
Resorption 
threshold 

Fig. 1 The hypothetical scheme of the aseptic loosening process, whereby the 
interface bonding characteristics and the thickness of the intermediate fibrous 
tissue layer can successively change. 

In order to obtain quantitative predictions of these processes, mathematical formula
tions of the two feedback control systems are required. For the disruption or debonding 
loop a strength criterion as presented by Stone et al. (1983) is taken. They determined 
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a multi-axial (Hoffmann's) failure criterion 
for cancellous bone, which can be described 
by an ellipsoid for three dimensional or an 
ellipse for two-dimensional cases. We as
sume a similar debonding criterion for the 
implant-bone interface. Figure 2 shows an 
ellipse describing the interface strength of 
the implant-bone interface. A combination 
of interface normal and shear stress values 
outside this ellipse provokes a failure of the 
bond. Hence, in mathematical terms, inter
face failure will occur if 

compression tension 

Fig. 2 Failure criterion for the im
plant/bone interface. Within the shaded 
area the interface bond stays intact. 

'*-*af 
On roj 

> 1 {!) 

with σ and τ the actual normal and shear stresses respectively, and CTQ , σ 3 and τ 0 con
stants as shown in Figure 2. 

The resorption feedback loop is governed by a hypothetical mathematical expression, 
relating the rate of local bone removal to the local relative tangential and perpendicular 
(micro) motions at the interface, relative to the thickness of the intermediate fibrous 
tissue layer. Although many agree that such a relationship does exist, a quantitative 
relationship based on experiments can not be found in the literature. We propose a 
relationship whereby the growth rate db/dt of the fibrous interface layer, with thickness 
b (Figure 3), depends on the strains within this layer, according to 

db 
(2) 

where db/dt is the rate of bone resorption perpen
dicular to the interface, ε^ the actual strain tensor 
in the soft tissue layer and Cjj a matrix of con
stants. The strains in the fibrous layer may be
come extremely large, relative to physiological 
bone strains, since the fibrous tissue layer is 
extremely flexible (Hori and Lewis, 1983; Weinans 
et al, 1990). The resorption threshold as proposed 
in Figure 1 is not used or can be regarded as 
taken zero in this approach. In the two dimen
sional model presently applied (Figure 3), a local 
coordinate system is defined, with the normal-axis 
perpendicular to the implant contour, and the 
parallel-axis tangential to the contour. Accordingly, 
we define the direct strains εη and ε in the layer, 

implant 

interface 

Fig. 3 Interface layer with implant 
at the left and bone at the right. 
The coordinates η-p are taken pa
rallel and normal to the interface. 
The thickness and growth of the 
interface are expressed by b and 
Ab, respectively. 
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and the shear strains, ε„„=£„„· The out-of-plane strain is assume to be zero (plane-strain 
state). Locally, the (elastic) displacements of implant relative to bone are denoted by Διι,, 
perpendicular and Л и . tangential to the interface. The amount of bone resorbed and 
replaced by fibrous tissue during time period At is ДЬ. We use the approximations 
e n =Au n /b, е П р = е р П = Д и ^ Ь , ep=ve n =-vAu n /b, where ν is Poisson's ratio. These approxi
mations are reasonable when the interface layer is relatively thin (Weinans et al., 1990). 
After forward Euler integration of equation 2 and substitution of Ли- and Ди п for the 
strain components, we may write 

Ab (cnen + cPeP + спр£пр + cpnepn ) « . 
/ Δ " η „// àUP M (3) 

with Ь the thickness of the fibrous layer and At the time step. Since no quantitative 
experimental information is available concerning this assumed relationship, we have 
chosen 1.0 mm/time-unit for the constants c' and c", which can be considered as 
preliminary values for the hypothesis. 

The equations 1 and 3 were incorporated in the FEM code (Marc Analysis Corpora
tion, Palo Alto, Ca, USA). The fibrous tissue layer was modeled as a nonlinear elastic 
foundation. Special elements, introduced earlier, described the nonlinear contact 
conditions and the nonlinear material properties of the fibrous tissue layer (Weinans et 
al., 1990). The resistance of the layer to tension and shear is assumed to be negligible 
(Hori and Lewis, 1983). For compression we assume (Figure 4) 

K\ = 25.0 
(i-kjr 

-1 -1 < e„ ÍS 0 , (4) 

hence the initial stiffness (dtr/de for e=0) is 100 MPa (Weinans et al., 1990). The initial 
thickness of the layer is taken as 0.001 mm, representing direct bone-implant contact. 
Before debonding of the interface, the layer is as
sumed to behave extremely stiff in all directions, 
simulating complete bonding. The nodal forces 
transferred by the interface layer, and calculated in 
the FEM analysis, are expressed in terms of normal 
stress, ση, and shear stress, τρ (Weinans et al., 1990). 
These stress values are used to control the failure 
mechanism of the interface bond according to equa
tion (1). A disruption of the interface bond changes 
the bonding conditions from linear to nonlinear 
contact (compression forces to be transmitted only) 
and nonlinear material properties as assumed for a 
soft tissue layer of 0.001 mm thickness (equation (4)). 
Depending on the amount of relative displacements 
(equation (3)), the nodal points of the bone, facing 

Fig. 4 Nonlinear material pro
perties for the intermediate 
layer in compression. 
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the interface, are relocated in the direction of the bone, perpendicular to the interface 
(Figure 3). This implies that the soft interface layer grows and the overall stiffness of the 
layer in compression reduces. The relocation of the bone interface nodes also changes the 
geometry of the bone. In the next iterative step, new interface stresses and relative 
displacements are determined and subsequent bone resorption and fibrous tissue 
development may occur. The process is solved in an iterative procedure, using constant 
time steps, as shown in Figure 5. In each iterative step, the nonlinear contact and material 
conditions of the soft tissue layer are solved first in an iterative Newton-Raphson sub-
procedure. The second iterative sub-procedure concerns the failure criterion, based on 
Figure 2 and equation (1). When this procedure is solved, the third procedure, governing 
the resorption rule of equation (3), is applied. The simulation process continues until it 
stabilizes or proliferation to clinical loosening is evident. 

FEM H—Qoad] 
assembly of stiffness 

matrix 

nonlinear contact 

nonlinear material 
properties 

| equilibrium test ffr no 

yes 

4" thickness of 
Interface layer 

bonding 
characteristics 

failure criterion 
equation (1) -f- failure — 

no failure 

resorption rule 
equation (3) 

Fig. 5 The chain of events in the 
iterative computer procedure. The 
first iterative procedure solves the 
nonlinear contact conditions and 
the nonlinear material properties 
(Weinans et aL, 1990). A second 
iterative loop represents the propa
gation ofdebonding of the interfa
ce (Figure 2) and finally the third 
loop describes the layer formation, 
whereby the geometry of the finite 
element mesh L· updated each ite
ration. When the third feed back 
loop slows down, a new 'stable' 
end configuration is obtained. 

The method was used in three simplified bone-implant configurations, using two-
dimensional finite element models with isoparametric, four-node, plane-stress elements. 
The first model (Figure 6.a) simulates a cortical-bone screw for fracture-fixation plates, 
similar to the configuration studied by Ferren (1983) and Ferren and Rahn (1980). The 
constants OQ, σΛ, and Tg, used in the failure criterion governed by Figure 2 and equation 
(1) were all taken as zero, representing an unbonded interface connection from the 
beginning, transmitting compressive stress only. A side plate, connecting the periosteal 
sides of the cortical bone, was used to account for the three-dimensional integrity of the 
structure. The second model concerns the fixation of a femoral resurfacing prosthesis 
(Figure 6.b), with spanning elements to model the three-dimensional rigidity of the cup 
(Huiskes et al., 1990). The parameters in the failure criterion were chosen in this case as 
σο=2.0 MPa, £7a=1.0 MPa and то=2.0 MPa. The latter two models are compared with 
experimental configurations, as mentioned in the introduction. 
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a b e 

Fig. 6 a) Finite element model of a screw fixated in the bone cortices. The elastic moduli 
are taken 200,000 MPa for the screw and 17,000 MPa for the cortical bone offrant 
and side plates. 
b) Finite element model of a femur head with a resurfacing cup. The cup was made 
out of beam elements, indicated with the thick lines (Huhkes et al, 1990). Three 
different moduli were used in the model: 17,000 MPa for the cortical bone in the 
medial and lateral femoral neck (dark shaded), 550 MPa for the cancellous bone 
in the center of the head (light shaded) and 400 MPa for the remaining cancellous 
bone (white). 
c) Simple finite element model of a cemented stem in the femoral medullary canal. 
The elastic moduli were taken: 17,000 MPa for the cortical bone; 3000 MPa for the 
bone cement and 200,000 MPa for the stem. 

The last model consist of a straight stem, cemented into a straight bone and loaded in 
pure bending (Figure 6.c), as a simple model of intramedullary fixation as in the femoral 
component of total hip arthroplasty. Again a side plate was used to account for the out 
of plane cortical bone (Huiskes, 1980). The constants used in the failure criterion were 
now taken as σ 0 = 5 . 5 MPa, a a = 2 . 5 MPa and τ 0 = 8 . 0 MPa, assuming a stronger bond 
between cement with intramedullary cancellous bone as compared to the bone of the 
femoral head in the previous example. The cement-bone bonding values were selected 
rather arbitrarily, but similar to literature values in order of magnitude (Kölbel et al., 
1976; Krause et al., 1982). The loading conditions in the three examples are indicated in 
Figure 6 and should be considered as a repetitive loading variation between zero and the 
applied load. 



126 CHAPTER VIH 

RESULTS 

As could be expected, the predicted amount of interface resorption was highly 
dependent to the actual values chosen for the parameters in the interface disruption and 
resorption rules (equations (1) and (3)), and the external loads applied on the implants 
in the models. In the present analyses, these parameters were selected in such a way that 
the end configurations were found in a realistic range, and reasonable similarity with 
experimental data could be obtained. 

Conical screw model 

The result of the cortical bone screw simulation is presented in Figure 7.a. Since an 
unbonded interface is assumed, all interface nodal points of the implant can move with 
respect to the bone. Thus, resorption can take place along the whole interface, directly 
from the first increment. After 10 iterative steps in the ensuing resorption procedure, 
proliferation of this process seemed evident and the simulation was terminated. The 
resorption pattern shows a kind of pivot point in the cortex opposite to the screw head, 
indicated in Figure 7.a. These result are very similar to the experimental ones, of which 
a typical example is shown in Figure 7.b (Ferren, 1980). 

(a) (b) 

Fig. 7 a) Result after the tenth iteration of the resorption process around the 
bone screw. The resorbed bone is indicated in blacL 
b) The general resorption pattern around bone screw fixations according 
to Penen (adapted from Penen, 1983). 
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Resurfacing cup model 

In the simulation of the loosening 
process of the resurfacing cup, the first 
debonding takes place under the medial 
cup rim, where the interface stresses were 
maximal, as shown in Figure 8.a. The 
debonding and resorption processes then 
continue, amplifying each other, and 
proliferate until the simulation is termi
nated after 12 increments. The final shear 
and normal stress patterns at the interface 
are again shown in Figure 8.b. The pre
dicted resorption patterns of the simula
tion and a clinical configuration of such 
an implant from a retrieved specimen are 
presented in Figures 9.a and 9.b. The 
retrieved specimen as shown in Fig. 9.b 
can be regarded as a typical configuration 
for the clinical results as found in 28 
resurfacing-cup revision cases (Strens, 
1986). The medial resorption is more 
extensive than the lateral one, similar to 
what is found in the computer simulation. 

normal stress (MPa) 
shear stress (MPa) 

Fig. 8 Interface stresses during two stages 
of the disruption and resorption process at 
the cup/bone interface. 

medial 

Fig. 9 (a) The resorption patterns under the cup after the 12th iteration in the resorption 
feedback loop, as predicted by the simulation model, (b) A representative configura
tion of a retrieved resurfacing cup (adapted from Strens (1986)). 
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Straight stem model 

The interface stresses at the medial bone cement interface as found during the iterative 
procedure of the straight stem simulation are shown in Figure 10.a,b,c. In the initial 
configuration (Figure 10.a), interface stress peaks are found at the proximal and distal 
ends, which is a typical pattern for a stem in a proximal femur (Huiskes, 1980; Huiskes, 
1990). At the proximal and distal parts of the medial interface and at the proximal lateral 
interface, debonding occurs, whereby the interface stress patterns change as shown in 
Figure lO.b. Relative motions now occur at the disrupted parts and subsequently bone 
resorption and more debonding follows, until the process stabilizes. The end configuration 
is represented by Figure lO.c (interface stresses) and Figure lO.d (interface resorption). 
In the mid lateral area, the interface stresses stay within the failure boundary, whereby 
a kind of pivot point is created in this area. Resorption took place predominantly at the 
proximal parts of the interface, as demonstrated in Figure lO.d. 

Initial ЛПег disruption End configuration >r\ 
10 0 5 15 0 5 15 

Ί 

normal stress (MPa) shear stress (MPa) 

Fig. 10 a,b,c) Interface stresses at the medial side of the cement-bone interface as 
successively found in the different stages of the loosening process. 
d) End configuration of the disruption and resorption process at the interface of the 
straight stem-bone model. The resorbed interface area is indicated in black. 
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DISCUSSION 

This study is a first attempt to quantitatively relate connective-tissue interposition to 
relative (micro) motions, a relationship the existence of which has been proposed in the 
literature many times (Ferren and Rahn, 1980; Brunski et al., 1979, 1987; Eftekar et al., 
1985; Walker and Robertson, 1988). The results of the analyses show that interface 
resorptive phenomena can be incorporated in FEM models, enabling a closer link 
between mechanical analyses and histo-morphological and clinical investigations. The 
present findings show that interface stress patterns and relative motions will change 
drastically during the loosening process of a prosthesis, whereby a progressive enhance
ment of the process can easily develop. There is qualitative agreement between the 
predicted resorption patterns and the animal experimental configurations as described by 
Ferren (1980) for the screw and Strens (1986) for the retrieved clinical specimens of 
resurfacing cups. This supports the hypothesis that the loosening process of these implants 
can be interpreted by a scheme as proposed in Figure 1. 

It is evident that the FEM models applied in this study are extremely simplified with 
respect to the actual situation. The models are two dimensional (although side plates or 
spanning elements were used to represent some of the three dimensional characteristics) 
and include the most important aspects of the real structure only. Several physical 
phenomena are not accounted for in the models; for instance effects of interface 
irregularities, the presence of fluid in the soft layers and the voids at the interface area, 
and fatigue failure phenomena of the interface. Furthermore, the debonding criterion 
(equation (1)) and the resorption rule (equation (3)) are hypothetical entities only. To 
predict crack propagation realistically in a quantitative sense is an extremely difficult 
numerical problem, in particular for a complicated interface as the one between implant 
and cement. From a mechanical-analysis point of view, the tip of the fracture should be 
considered as a singularity and the stress values are therefore dependent on the size, 
shape and type of the element (Carey and Ogden, 1983). Thus, for a precise (quantita
tive) description of crack propagation more sophisticated methods must be used (Lewis 
et al., 1988; Santare et al., 1987). 

The results of this study, however, do not rule out the possibility, or in fact the 
probability, that wear particles or heat generation in cement play important roles as well 
in the loosening process. Which factor plays the most important role will probably depend 
on the circumstances. An interesting finding from the present examples is, that it shows 
how interface loosening and bone resorption may interact. Interface debonding at a 
particular location may lead to an increase of the interface stresses and relative motions 
at another location. Dependent on the precise configuration (geometry, material 
properties of the components and interface characteristics) this process is progressive or 
not. The capacity of an implant to stabilize after some loosening ('secondaiy stability') is 
of course of great clinical importance. Probably the most important parameter to prevent 
initial mechanical interface failure ('primary stability'), is the quality of the interface bond. 
This factor is represented in the simulation models by the debonding criterion, which is 
dependent, in reality, on the precision of the surgical procedure, the quality of the bone 
stock and the penetration of the bone cement in case of a cemented implant (Krause et 
al., 1982) or the amount of bone ingrowth in uncemented implants. Assuming that these 
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factors are all optimized relative to bonding strength, the next step for the optimization 

of survival rates is to improve the 'secondary stability'. Implant material properties and 

geometry can be modified not only to decrease the potential for interface failure but also 

to prevent excessive relative motions to occur, once interface debonding is a fact. For 

press-fitted implants, where no direct bond between implant and bone is created, such 

design features become extremely important (Walker and Robertson, 1988). A simulation 

method as presented in this study, can eventually develop in a powerful tool for prosthetic 

design and evaluation analyses and, in this sense, benefit orthopaedic fixation techniques. 

The present investigation should be considered as a first pilot study to see whether 

interface disruption and relative motions can be responsible for the loosening processes 

as observed around many orthopaedic implants. This hypothesis is sustained by the 

results. It is well possible that indeed failure by high interface stresses and subsequent 

relative motions may together act as driving forces for (aseptic) loosening of implants. 
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CHAPTER IX 

Closing remarks 

The results of the computer simulations of adaptive bone-remodeling processes 
presented in this thesis compared favorably with clinical and animal experimental results. 
The methods appeared to be promising tools for the design process of orthopaedic 
implants. This chapter will focus on some problems with respect to verification and 
computer modeling, and on future research. The first and perhaps most important aspect 
to discuss is the verification of the simulation models. In real living biological systems 
many parameters play a role in the adaptive processes, which can make the behavior 
quite complex and seemingly stochastic. For example hormonal, metabolic and genetic 
factors were completely disregarded in the computer models. However, these factors do 
have a significant role in reality and it is likely that in each biological experiment (or 
clinical trial) the contributions of these additional factors differ. Therefor, we can not 
expect that the computer models give accurate predictions under all circumstances for 
each individual experiment. In other words, the reproducibility of a biological experiment 
(or a clinical trial) is not extremely good. So, on the one hand we deal with a determinis
tic computer model, and on the other hand we verify (or try to falsify) with a (seemingly) 
stochastic experimental biological configuration. However, here lies precisely the beauty 
of the computer predictions; they do not interfere with a stochastic distribution (as most 
models or experiments in the biological sciences do). Hence, the models can give us a 
classification of the biological/mechanical substrate, without interfering with other effects 
and focussing on mechanical aspects only. From that point of view we better compare 
with the general trends of the biology only, for instance by a comparison with average 
results. 

Obviously the applied hypothesis of the bone adaptive processes do have their 
limitations. Some aspects of simplifications of the simulation models must be referred to. 
The loading conditions in real live are usually dynamic, whereas in the computer 
simulations we simulated these dynamic loads as static ones. The question of course is: 
what is the precise mechanical signal which stimulates the osteoblasts and osteoclasts to 
increase or decrease their activity? Several ideas were proposed in the literature: 
deformation of bone cells, damage or repair processes due to micro fractures, or 
streaming potentials due to pressure gradients. Whatever the precise mechanism may be, 
we assumed in the models that there is a one-to-one relation between the peaks of the 
external dynamical in vivo loads on the bone and the bone-remodeling stimulus. This is 
confirmed in several in vivo animal experiments, using strain gages to determine the 
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strains at the bone surface and the corresponding bone reaction (Lanyon and Rubin, 
1984; Lanyon, 1987). Later it was also shown that the gradients in time (frequency) of 
these dynamic strains have a considerable effect (Mc Leod et al., 1990). In particular the 
latter aspect deserves more attention and since recently more information is provided 
with respect to the precise external loading conditions and time derivatives of these loads 
(Bergmann et al., 1990), this can now be investigated with computer modeling techniques. 

Another aspect is that the computer models treat porous cortical bone as if it is 
cancellous bone, and packed cancellous bone as cortical bone. This is probably not true 
from both a biological and mechanical point of view. Human cortical bone consists of 
haversian systems, usually well arranged in a preferred direction, whereas cancellous bone 
contains fragments of haversian systems and mostly primary lamellar bone (Currey, 1984). 
It is well possible that the mechanical properties of the bulk material of cancellous and 
cortical bone are different, although this is extremely difficult to prove (Kuhn et al., 1989, 
Rice et al., 1988). 

Two other simplifications were used with respect to the description of bone in the 
models. In the first place, we model it as a continuum material. Harrigan et al. (1988) 
showed that below a characteristic length of about three to five trabeculae this 
assumption becomes suspect. They claim that thin layers of trabecular bone and regions 
with large stress gradients can not properly be modeled using continuum assumptions. 
Secondly, both trabecular and cortical bone are usually anisotropic (the mechanical 
properties depend on direction) whereas we modeled it as an isotropic material. More 
accurate descriptions to account for the latter two aspects, can be performed by using 
micro-models of trabecular bone (Hollister et al., 1989, Chapter VI). A refined model of 
trabecular bone not only leads to a better description of the (anisotropic, continuum) 
material properties of this material, it could also give us more information about the 
actual remodeling signal on a micro-structural level. 

An important issue, with respect to the remodeling rules applied in this thesis, is the 
controversy between a site-specific and a non-site-specific assumption. In the site-specific 
approach it is believed that the value of the remodeling reference signal depends on the 
location in the bone. Under normal physiological conditions this non-uniform reference 
is given as a result of the evolutionary process. The nature of the remodeling stimulus 
(which determines the amount of bone loss or gain) is now defined as the mismatch 
between the actual signal and the signal under normal circumstances. The non-site-specific 
theory is, in practice, only different by its assumption that the remodeling signal is equal 
at all locations in the bone. However, from a scientific philosophical point of view, the 
consequences of this difference are quite extensive, which makes the latter assumption 
much stronger. The genetic information in our bones is in the latter theory reduced to 
one single constant, whereby we can predict bone morphology in any configuration, 
without knowing what is normal. The non-site-specific approach describes bone 
morphology primary as a product of ontogenesis, with a relatively minor influence of 
phylogenesis, whether in the site-specific approach these two accents are reversed. 

It must be emphasized that the application of computer simulations of adaptive bone 
remodeling is in its first decade, and we just start to identify the shortcomings and 
peculiarities of the models. This can be said in particular for the findings that the 
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trabecular structure itself is probably the result of the same simple feedback rule 
describing the remodeling process as an apparent density adaptation, indicating a self-
similar structure: a 'fractal' (chapter VI). This part of the thesis needs further develop
ment. When the remodeling rules are applied to simulate and predict trabecular 
morphology, or a classification of trabecular morphology, the models should be improved 
and refined. Instead of describing the morphology and stimuli in apparent values, tissue 
values should be taken. More refined FE-meshes or other descriptions using for instance 
homogenization method (Hollister et al., 1989), could be applied in this respect. In 
addition a more fundamental relation with self-organizing processes, often based on local 
criteria, should be worked out. 

With respect to part II of the thesis, also some considerations of the resorption rules 
and the models must be emphasized. First, about micromotion: The term micromotion 
refers to an amount of motion between implant device and bone tissue. The amounts of 
motion we are talking about are in the order of 20-30 microns, which is only slightly 
above the size of cellular dimensions (Black, 1988). It is likely that, even in well fixed 
implant devices, there are always some cells present between implant and bone. So, it is 
not always clear whether we should consider the term micromotion as relative 
displacements, deformation of cells or locally increased stress. This brings us to the 
second aspect: The interface between implant and bone is usually an extremely complex 
system with irregularities and interfacial voids filled with fluid. It is almost impossible to 
make a detailed analysis of this and only some general aspects can be taken into account. 
It seems clear, however, that gross debonding of the implant/bone interface does have 
significant adverse effects. The best approach in this respect is probably to design an 
implant such that the interface stresses are minimized globally, in order to keep the local 
interface stresses also as low as possible. 
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Summary 

Computer simulation methods were developed to study time dependent mechanically 
induced biological processes in bone around orthopaedic implants. The thesis shows that 
the methods can be used to pre-clinically test prosthetic designs, to guide the design 
process of new implants and to guide, or perhaps sometimes replace, animal experiments, 
to study the effects of fixation of orthopaedic implants. Comparison of the results of the 
numerical simulations with experimental configurations, clinical trials or animal 
experiments, were promising or even impressive in some cases (Chapter II). 

The thesis is focussed predominantly on total hip arthroplasty (THA), and it is shown 
that mechanical aspects (by means of bone-remodeling processes or proximal bone 
atrophy) do have an important contribution in the failure mechanism of THA components 
(chapters II, III, IV and V). 

Chapter II presents a comparison between an animal experiment, studying the effects 
of adaptive bone remodeling around non-cemented THA and a computer simulation of 
this experiment. The numerical simulation features a three dimensional finite element 
model, integrated with a quantitative adaptive bone-remodeling theory and including 
adaptations at the bone surface (geometry) and in internal bone morphology (density). 
It is shown that a realistic detailed prediction of long-term bone-morphology changes can 
be obtained with such an empirical theory. 

In the chapters III and Г a similar model is applied to human femoral hip 
components, in two dimensional finite element models. It is shown that most stems lead 
to drastic bone atrophy, probably threatening the long-term stability of the THA. In a 
parametric analysis it is shown that either a low modulus material (chapter III) or a 
smooth stem with a proximal press fit (chapter IV) can overcome this problem. Both 
solutions do have negative aspects as well. Low modulus materials lead to high interface 
stresses (chapter III), so the geometry and interface strength must be optimized to 
guarantee a good initial stability. Press-fit or debonded implants provoke relatively large 
motions at the bone implant interface (chapter IV), which is highly dependent on the 
precise geometry, in particular the taper, of the implant. Chapter V presents a three 
dimensional model of a proximal femur with an uncemented stem in one particular 
configuration, constructed from a CT-scan. Again the amount of bone atrophy is studied 
with adaptive bone remodeling theory, in particular with respect to the size of the 
threshold levels in the remodeling description. 

Chapter VI studied more fundamentally the behavior of the adaptive bone remodeling 
simulation models. The remodeling rule applied is, in fact, a self-optimization process, 
with a local objective. It is speculated that the existence of cancellous bone as a porous 
structure can be considered as a 'fractal' (a mathematical figure with self-similarity). The 
adaptive bone-remodeling process can be considered as a multi-variable dynamical system 
with a positive feedback: denser bone attracts more load and becomes even denser. This 
mechanism results in a discontinuous patchwork of dense bone with a maximum possible 
density alternated with complete loss off bone (a void). Such an irregular structure as a 
result of a positive feedback system is characteristic for self-organizing systems. It is 
hypothesized that trabecular bone is a chaotically ordered structure, whereby the rather 



Summary 139 

irregular (coherent) morphology with its (rares, plates and struts can then be determined 
completely from parameters affecting this process and characterized by the mathematical 
formulations, and the external loading conditions. This hypothesis is in fact not so 
different from the original 'T̂ aw of Bone Transformation" (Wolff, 1892) and can be 
regarded as its modern interpretation. This hypothesis is not only of great importance for 
the fixation of orthopaedic implants, but also for its proposed role in the development of 
diseased bone with an adverse morphology (osteoporosis). 

Part II of the thesis describes implant interface reactions. The implant/bone interface 
has a complex irregular shape with properties which are difficult to describe. In a global 
model, whereby the whole implant is modeled, one can characterize the most important 
aspects only. It is shown in chapter VII that the effects of debonding and an intermediate 
soft tissue layer between implant and bone results in an unfavorable effect on the stability 
(stress transfer and motion). Chapter VIII studies the secondary stability of an implant. 
Interface debonding and subsequent fibrous tissue formation at the interface were 
mathematically described and integrated with the finite element models. It seems better 
not to rely on the stability after debonding of the interface. The results of chapter VIII 
are very preliminary in this respect, and it is certainly not clear yet why certain debonded 
implants with an initially growing soft intermediate layer can stabilize on the longer term, 
while others do not. Well defined experiments, guided with accurate simulation models 
could probably improve our knowledge relative to this question. 
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Samenvatting 

Voor het bestuderen van tijdsafhankelijke mechanisch geïnduceerde biologische 
processen in bot rond orthopaedische implantaten, werden computersimulatiemethoden 
ontwikkeld. Het proefschrift laat zien dat de methoden gebruikt kunnen worden voor het 
pré-klinisch testen van prothese-ontwerpen, het begeleiden van de ontwikkeling van 
nieuwe prothesen en het begeleiden (of eventueel vervangen) van dierexperimenten welke 
de fixatie van orthopaedische implantaten bestuderen. Vergelijkingen van de resultaten 
van de computersimulaties met experimentele configuraties zijn veelbelovend en in een 
enkel geval (hoofdstuk II) zelfs meer dan dat. 

Het proefschrift beperkt zich voornamelijk tot de totale heup arthroplastiek (THA), 
en het laat zien dat mechanische aspecten (middels botremodellering en botatrofie) een 
belangrijke bijdrage kunnen vormen bij het faalmechanisme van de THA (hoofdstukken 
II, III, IV en V). 

Hoofdstuk II geeft een vergelijking tussen een dierexperiment, waarbij men de mate 
van adaptieve botremodellering rond ongecementeerde femorale stelen heeft onderzocht, 
en een computersimulatie van dit dierexperiment. De computersimulaties betreffen een 
drie-dimensionaal eindig elementen model, geïntegreerd met een kwantitatieve 
beschrijving van de adaptieve botremodelleringstheorie. Hierbij is zowel de botadaptatie 
aan het oppervlak (geometrie aanpassingen) als in het inwendige (interne morfologie of 
dichtheid aanpassingen) beschreven. Het model laat zien dat op basis van de gekozen 
empirische theorie, er een realistische weergave van de botmorfologieveranderingen is te 
voorspellen. 

Een vergelijkbaar model is toegepast in de hoofdstukken III en IV, waarbij de 
botaanpassing rond humane femorale heupcomponenten is onderzocht door middel van 
een twee-dimensionaal eindig elementen model. Het blijkt dat de meeste femorale 
heupcomponenten aanleiding geven tot een drastische botatrofie, welke voor de lange 
termijn bedreigend is voor de stabiliteit van het implantaat. Een parameterstudie laat zien 
dat het probleem verholpen kan worden door het gebruik van een zeer flexibel materiaal 
(hoofdstuk III), of een gladde steel ('press-fit') met een nauwkeurige proximale passing 
(hoofdstuk IV). Beide oplossingen hebben echter ook negatieve aspecten. Een flexibel 
materiaal leidt tot hoge interface spanningen (hoofdstuk III), zodat de geometrie en de 
interface sterkte geoptimaliseerd dienen te worden om voldoende initiële stabiliteit te 
bereiken. Een glad, 'press-fit' implantaat veroorzaakt relatief grote bewegingen op de 
interface tussen bot en implantaat (hoofdstuk IV), hetgeen afhankelijk is van de precieze 
geometrie van de prothese, vooral de taper. Hoofdstuk V presenteert een drie
dimensionaal model van een proximaal femur met een ongecementeerde steel in één 
specifieke configuratie, welke verkregen is d.m.v. een CT-scan van een in-vitro botstuk. 
Wederom is de mate van botatrofie bestudeerd m.b.v. de adaptieve botremodelleringsthe
orie. Vooral de grootte van de grenswaarden in de remodelleringsbeschrijving is nader 
onderzocht. 

Hoofdstuk VI bestudeert het gedrag van adaptieve botremodellering-simulatiemodellen 
op een meer fundamentele wijze. De toegepaste remodelléringswet is in feite een 
zelfoptimalisatieproces met een doelstelling welke lokaal beschreven wordt. Er wordt 
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gespeculeerd dat de poreuze trabeculaire botstructuur gezien kan worden als een 'fractal' 
(een meetkundige figuur met een in zichzelf terugkerend patroon). Het adaptieve 
botremodelleringsproces kan opgevat worden als een multivariabel dynamisch systeem 
met een positieve terugkoppeling: dicht bot trekt meer belasting aan waardoor het nog 
meer verdicht. Dit mechanisme resulteert in een discontinue structuur van dicht bot met 
een maximale dichtheid afgewisseld met het volledig verdwijnen van de botmassa (een 
holte). Een dergelijke onregelmatige structuur, als resultaat van een proces met een 
positieve terugkoppeling is karakteristiek voor een zelforganiserend coherent systeem. De 
hypothese wordt gesteld dat trabeculair bot een chaotisch geordende structuur is, waarbij 
de onregelmatige doch coherente morfologie met zijn holtes, plaatjes en balkjes, volledig 
bepaald kan worden uit parameters gekarakteriseerd door de mathematische formules 
en de externe belastingscondities. Deze hypothese is in feite niet zoveel verschillend van 
het oorspronkelijke "Gesetz der Tranformation der Knochen" (Wolff, 1892) en kan gezien 
worden als een moderne interpretatie hiervan. Het belang van deze hypothese strekt zich 
niet alleen uit tot de fixatie van orthopaedische implantaten, maar tevens tot het ontstaan 
van osteoporose en de daarmee gepaard gaande morfologie veranderingen. 

In deel II van het proefschrift worden implantaat interface reacties bestudeerd. De 
implantaat/bot interface heeft een complexe onregelmatige vorm met eigenschappen 
welke moeilijk te beschrijven zijn. In een globaal model, waarbij het gehele implantaat 
gemodelleerd wordt, is het slechts mogelijk de belangrijkste aspecten te representeren. 
Hoofdstuk VII laat zien dat de effecten van een niet volledig vast verbonden implantaat 
en een zacht-weefsellaag tussen bot en implantaat, een zeer nadelig effect hebben op de 
stabiliteit (spanningsoverdracht en beweging). In hoofdstuk VIII wordt de secundaire 
stabiliteit van een implantaat onderzocht. Het loslaten van de interface en het 
daaropvolgend proces van zacht-weefsel formatie, worden mathematisch beschreven en 
geïntegreerd met de eindige elementen methode. De resultaten van hoofdstuk VIII zijn 
erg voorlopig, en op basis van deze studie kan nog geen duidelijke verklaring worden 
gegeven voor het feit dat sommige losse implantaten met een initieel groeiende zacht-
weefsellaag na enige tijd stabiliseren en andere dit niet doen. Goed gedefinieerde 
experimenten of klinische studies, begeleidt met nauwkeurige computersimulatiemodellen 
kunnen onze kennis met betrekking tot deze vraag vergroten. 
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Stellingen behorende bij het proefschrift 
Mechanically induced bone adaptations around orthopaedic implants 

Harrie Weinans Nijmegen, 7 november 1991 

I De functionele adaptatie van bot kan kwantitatief worden voorspeld. 
(Dit proefschrift). 

II De morfologie van bot kan worden verklaard uit de veronderstelling dat het een 
zelforganiserend materiaal is, waarbij sensoren voor mechanische grootheden een 
centrale rol spelen. 

III De exacte morfologie van bot in een individu is uniek, bepaald door het toeval uit 
een oneindige set van mogelijke permutaties. 

IV De genetische code om de botmorfologie te genereren bestaat slechts uit een kleine 
hoeveelheid informatie, welke opgevat kan worden als een representatie van de 
parameters die het botremodelleringsproces beschrijven. 

V De toepassingsmogelijkheden van het beschrijven van 'fractals' liggen voornamelijk in 
de reductie van informatie voor het efficiënt opslaan van complexe geometrische 
figuren. Het is aannemelijk dat ook levende organismen hiervan gebruik maken. 

VI Gecementeerde heupprothesen moeten niet van titanium worden vervaardigd; 
ongecementeerde daarentegen wel. 
(Dit proefschrift, hoofdstuk ΙΙΓ) 

VII Computersimulaties bieden in veel gevallen een diervriendelijk alternatief voor het 
preklinisch testen van orthopedische implantaten. 

VIII Als de patient zich meer klant gaat voelen en de dokter zich meer verkoper, zal de 
gezondheidzorg een stuk goedkoper worden. 

IX Wedstrijdsport is een prima leerschool voor een stress-gevoelige baan. 

X Als de overheid een stimulerend beleid voert met betrekking tot het aantal 

opleidingsplaatsen voor medisch-specialisten zal dit resulteren in een verlaging van 

de behandelingstarieven. 

XI Het mestoverschot zou niet te overzien zijn als alle pulp van de T.V. ook nog 

toegevoegd zou worden. 

XII Een beetje promotor haalt minstens 50 uur per week uit een promovendus. 




