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INTRODUCTION

Chapter 1

What is bone 9 According to the Mernam-Webster dictionary (1993) bone is 'the hard
largely calcareous connective tissue of which the adult skeleton of most vertebrates is
chiefly composed This definition is probably so broad because of the many different
bones there are in the vertebrates and the many different functions they fulfill
Furthermore, the term bone is used for both the structural entities which make up the
skeleton, as well as the material of which one such an entity is composed The bones
enable the body to maintain its shape, they protect soft tissues, and act as the levers to
which the muscles are attached Additionally, they house the bone marrow and serve as
reservoirs for certain minerals, particularly calcium In this thesis the term bone will be
used to describe it as a material
In this chapter an overview is given first of the structure of bone and the relation
to its stiffness and strength characteristics Then it is shown that bone is not an inert
material, but a living and actively (re-)modeling organ These aspects, their roles in
osteoporosis, and the loss of bone seen around orthopedic implants is presented next
The chapter ends with an introduction to the research described in this thesis

Bone structure
Bone is a complex material with identifiable structures at several scales, bones are
definitely not the solid structures they seem to be at first sight Most bones are made up
of an outer shell of compact bone, enclosing a core of porous bone (Fig 1) The latter is
called cancellous or trabecular bone

Its volume fraction, which is the volume

percentage of bone material m a piece of trabecular bone, ranges from 5 to about 50%
The term compact bone is misleading, because it has pores as well, but on a different
scale than trabecular bone, its volume fraction is 90 to 95% The 'pores' m compact
bone are occupied by blood vessels and by osteocytes, one of the bone cell types
Trabecular bone is primarily located at the ends of the long bones, in the
vertebral bodies and between cortical plates, like in the pelvis and the skull It is a
lattice-like structure, made up by rods and plates, called trabeculae Its structure is such
that it reduces the weight of the bone while still supplying adequate stiffness and
strength
At the submicroscopic level, both compact and trabecular bone are made up of
parallel or concentrically curved sheets, called lamellae Each lamella can be seen as a
reinforced material, consisting of proteins (about 90% collagen fibers), hydroxyapatite
crystals, water and cells Each lamella is approximately 3 to 7μ thick (Jee, 1988)
Another type of bone is the rapidly forming 'woven bone', it is found in the fetus and in
fracture repair processes, where it forms the callus In woven bone the collagen fibers
are randomly oriented, whereas in the lamellae they are strongly oriented
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Figure 1: Bone and its internal structure. A: proximal part of the femur, dorsal view; b: crosssection through the proximal part of the femur, showing trabecular bone enclosed by compact
bone; c: close-up of trabecular bone. (figs, a and b adapted from Sobotta (1994); fig. c from Inst,
of Biomed. and Life Sciences, Univ. of Glasgow)

Bone as a living organ
The most fascinating aspect of bone is that it is not an inert material, but that it changes
over time: it grows, adapts, and repairs itself! In describing these processes a distinction
is commonly made between modeling and remodeling. All the processes leading to a
change in size or shape of the bone are called modeling. The term remodeling is used
for all turnover processes in which old bone is removed and replaced by new bone; in
one year about 20% of the total bone mass is replaced. The modeling and remodeling
processes are faster in trabecular bone because it has a much greater surface area per
unit volume and a greater metabolic activity. Both processes involve the same bone
cells, osteoclasts for bone resorption and osteoblasts for bone formation. Many agents,
such as growth factors and hormones influence the (re-)modeling processes, but it was
hypothesized that the metabolic expressions of these agents are governed by
mechanical stimuli (Rodan, 1998). Computer simulations showed that these hypotheses
can be true, and that the distinction between modeling and remodeling is merely
artificial and is only one of effect, not of cause (Mullender and Huiskes, 1995; Huiskes
et al., 2000). In these simulations the osteocytes, the principal cells of fully formed
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bone, are thought to sense the loading conditions (Skerry et al, 1989, Lanyon, 1993,
Klein-Nulend et al, 1995, Burger and Klein-Nulend, 1999) They send biochemical
signals to the trabecular surface, through the dense osteocytic network (Knothe Tate et
al, 1998), where the biochemical signals can affect bone forming or bone resorbmg
cells
Bone mass and bone architecture adapt to mechanical loading Disuse, such as
in immobilization, astronauts m space, and during long-term bed rest, leads to bone loss
(Bauman et al, 1999, Vico et al, 2000, Zerwekh et al, 1998), whereas overloading
during training stimulates bone formation (Suommen, 1993) Not only the magnitude of
loading is important, also the loading rate plays a key role in bone formation (Rubin and
Lanyon, 1987, Turner et al,

1995, Lanyon, 1996, Mosley and Lanyon, 1998)

In

practice, swimming and cycling hardly increase bone mass, but in high impact sports
like running, tennis, and gymnastics strong increases have been found (Courteix et al,
1998, Emslander et al, 1998, Haapasalo étal, 2000, Pettersson et al, 2000)
Already more than a century ago, Wolff (1892) observed that the trabeculae m
trabecular bone are not randomly oriented, but instead aligned in the principal load
directions He postulated that bone loading is sensed in some way and that bone
adapts according to it His ideas pointed at an externally driven organization of bone
structure This gave the idea of bone as a structure with maximal strength and minimal
weight, it inspired many people to investigate this paradigm of bone as an optimalmimmal-mass structure until this day, where computer-simulation models allow for
testing of hypotheses on bone structure and optimahty (Fernandes et al, 1999, Bagge
et al, 2000) However, this teleologica! concept that bone organizes its material such
that an optimal-mimmal-mass structure results, does not stroke with the current
concepts about bone remodeling, in which it is assumed that bone architecture is
regulated locally by cells The ideas on local regulation originate from Roux (1881), who
suggested that bone remodeling is a selforgamzational

process

Frost (1987)

formulated these ideas in the 'mechanostat' theory where local strains are assumed to
regulate bone mass Just as with Roux, Frost's hypotheses remained qualitative, but
with modern computer simulation models these ideas can at least be tested as to their
feasibilities

Osteoporosis
In the human body total bone mass increases up to approximately the age of 30 years
After this arrival at 'peak bone mass', bone mass starts to decrease gradually (Fig 2),
probably as a result of decreased activity, although it is likely that other biological
factors play a role as well In women, bone loss is additionally increased in the early

Introduction

Figure 2: Bone mass as a
function of age. Peak bone
mass is reached around the
age of thirty, after which bone
is slowly lost. Note the
increased bone loss during
menopause (adapted from
Riggs and Melton, Am J. Med.
75.899-901, 1983).
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years after menopause, due to a reduction in estrogen. Hence, women are more prone
to osteoporosis, which is defined as 'a skeletal disorder characterized by compromised
bone strength predisposing to an increased risk of fracture' (Anon., 2000). Osteoporosis
affects many; it is estimated that one third of the population in the developed countries
becomes osteoporotic (Ross, 1996; Wasnich, 1996). Osteoporosis manifests itself
through fractures after minimal trauma; the most common fracture sites are the spine,
the hip and the wrist. The direct financial expenditures for treatment of osteoporotic
fractures are estimated at $10 to $15 billion annually in the USA alone (Anon., 2000).
Presently, clinical assessment of osteoporosis relies mainly on bone density
measurements

by dual-energy

X-ray

absorptiometry

or

quantitative

computed

tomography. This approach is based on the operational definition of The World Health
Organization, which defined osteoporosis as a bone density 2.5 standard deviations
below the mean for young white adult women (Anon., 2000). This measure, however, is
often criticized, because of the difficulty in accurate measurements and standardization
between instruments and sites, its undefined diagnostic significance for men, and
across ethnic groups, but most of all because of the poor predictive capacity of bone
density. Therefore, other measures of bone quality have been sought, like the
ultrasound parameter 'speed of sound'. With ultrasound the propagation of sonic energy
through bone (or any other material) is measured. What qualities of bone are precisely
measured with this technique is still a question of debate, but there is general
consensus that the ultrasound parameters 'speed of sound' and 'broadband ultrasound
attenuation' are at least as good as bone density measurements in diagnosing
osteoporosis. Advantages of ultrasound are the absence of ionizing radiation and
substantially lower equipment costs.
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Bone loss around orthopedic implants
Bone loss is also often found after artificial joint replacements (Kroger et al., 1998;
Masri et al., 1998). The replacement of joints by prostheses has become a wellestablished technique for patients suffering from osteoarthrosis, rheumatoid arthritis,
congenital deformities or post-traumatic disorders. The objective of these operations is
to restore normal joint function and this usually leads to a dramatic relief in pain. Hips
are the most commonly replaced joints. But the number of knee replacements is
increasing also, with currently over 200,000 primary cases each year in the USA alone
(Heck et al., 1998). It is a successful operation and still improving, as survivorship
analyses of total knee arthroplasties show that modern prostheses and cementing
techniques have drastically decreased the failure rates (Rand and llstrup, 1991;
Ranawat et al., 1993; Knutson et al., 1994). Still, after placement of a prosthesis loss of
bone stock is often found (Fig. 3a). For femoral components of knee replacements,
bone loss is most severe particularly behind the anterior flange (Cameron and
Cameron, 1987; Mintzer et al., 1990; Petersen et al., 1995; Van Loon et al., 1999).

Figure 3: Bone loss after placement of an artificial joint, a: radiograph of an implanted knee
prosthesis showing severe bone resorption behind the anterior flange of the femoral part of the
prosthesis (Edidin, 2001, personal communication); b: radiograph of an implanted hip
prosthesis demonstrating resorptive remodeling of the lateral and medial cortices (from Engh et
al., J. Bone Joint Surg. 74-A; 1009-1019, 1992)
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Although it is not clear to what extent bone loss has detrimental clinical consequences,
there is evidence that only minor injuries cause the majority of periprosthetic fractures of
the femur after total knee replacement and that they are often associated with
radiological signs of bone loss (Petersen, 2000). Bone loss certainly causes serious
problems when a knee prosthesis needs revision.
Not only knee prostheses, but also hip prostheses, often lead to severe bone
loss (Fig 3b). For the bone loss seen around hip prostheses, it is commonly accepted
that it is caused by the same processes that cause bone loss due to disuse. After the
placement of the prosthesis, the area around the proximal part of the stem of the
prosthesis is much less loaded than it was before the operation, because the stem
carries part of the loading which was formerly carried by the bone alone. This
phenomenon is called 'stress shielding' and can be shown clearly with computer
analyses of stress transfer. Computer simulation models have been developed in which
the stress transfer analyses were coupled to a bone remodeling algorithm (Huiskes et
al., 1987; Fyhrie et al., 1988; Orr et al., 1990; Weinans et al., 1992, 1993; Van
Rietbergen et al., 1993; Jacobs et al., 1997; Kerner et al., 1999). Predictions of these
computer models matched both experimental and clinical findings, and effects on longterm bone mass have been shown of the prosthetic design, its bonding conditions and
the quality of the patient's bone. It has been suggested that the bone resorption
processes associated with stress shielding also induce the bone loss seen around knee
implants (Mintzer et al., 1990; Petersen et al., 1995).

Elastic properties of trabecular bone
The above-mentioned bone adaptation processes are commonly described in terms of
bone loss. However, due to the load-bearing function bones fulfill in the human body, it
makes more sense to describe the effects of the adaptation processes in terms of
stiffness and strength characteristics of the bone material. For this reason, the
assessment of bone mechanical properties has been, and still is, subject to much
research into etiology, diagnosis and treatment of skeletal disorders. It probably dates
back to Galilei (1638), who observed that longer bones had to be thicker to obtain the
same structural strength.
High correlations between bone stiffness and strength have been observed
(Hodgskinson and Currey, 1993; Goulet et al., 1994; Keller, 1994; Keyak et al., 1994;
Hou et al., 1998). Because stiffness is measured more easily than strength, most
research has focused on accurately determining bone's stiffness characteristics. It has
been found that in most physiological loading situations, bone behaves as a linear
elastic material, so there is normally no need to account for factors as viscosity and
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plasticity. Bone displays a large range in elastic moduli. Furthermore, bone is an
anisotropic material, which means that its mechanical properties are directiondependent. Measurements have shown that compact bone is a transversely isotropic
material; trabecular bone exhibits orthogonal elastic behavior (Yang et al., 1999). The
stiffness of bone material is hard to measure. It is even impossible to measure it in vivo.
The standard way to test it, is to take a bone sample and compress it while recording
the strain versus the applied load. Particularly for trabecular bone, these tests are
elaborate and inaccurate, as boundary effects can greatly influence the outcome. Other
errors are associated with influences of specimen size, shape, storage conditions and
testing protocols (Linde and Hvid, 1989; Odgaard and Linde, 1991; Zhu et al., 1994;
Keaveny et al., 1993, 1997).
Because of the difficulties in testing bone specimens, and the inability to perform
these tests in vivo, many investigators have tried to estimate the mechanical properties
in an indirect way from other, measurable, bone parameters. Carter and Hayes (1977)
first identified that the elastic modulus and the strength are functions of the apparent
density. Yet, although being highly significant, the correlation between stiffness and
bone density is poor, leaving about 30-50% of unexplained variance (Ciarelli et al.,
1991; Lotz et al., 1991; Goulet et al., 1994). Besides errors due to the testing protocol,
part of the remaining variance is due to the fact that bone is mechanically anisotropic,
which means that its stiffness is direction-dependent. For trabecular bone, this
anisotropy is caused by the orientation of the trabeculae. Hence, density alone cannot
explain the mechanical anisotropy, because it is does not give any information on the
'structural anisotropy', the orientation of the trabeculae. Therefore, more recent studies
on estimating bone's elastic properties from bone parameters have included a measure
of the structural anisotropy (a so-called fabric measure) in addition to density. Mean
Intercept Length is the most common way to determine fabric (Whitehouse, 1974;
Harhgan and Mann, 1984). When incorporating Mean Intercept Length as a measure of
fabric the unexplained variance in the predicted elastic properties was strongly reduced
(Hodgskinson and Currey, 1990; Turner et al., 1990; Van Rietbergen étal., 1998; Kabel
et al., 1999b). The predictions were found to be valid for both normal (Kabel et al.,
1999b) and diseased bone (Van Rietbergen et al., 1998). The mathematical formulation
of the relationships used were determined by Cowin (1985). This relationship assumes
that the anisotropy of the bone is due only to the geometry of the microstructure, and
that the fabric measure fully accounts for geometrical changes. To date, however, this
capacity has not been proven for any of the currently known fabric measures. But,
according to the two above-mentioned studies, Mean Intercept Length seems to do very
well.
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Recent imaging techniques and large-scale finite-element analyses allow for
computer-simulated mechanical testing of bone samples These test are based on the
fact that at any particular moment in time, the elastic behavior of bone (in fact, of any
material) depends on two factors the 'architecture' and the elastic properties of the
bone materials The term 'architecture' is used here to describe the three-dimensional
distribution of bone material in space, hence, as a quality combining both the spatial
arrangement of the trabeculae and the amount of bone mass Serial sectioning, microCT and micro-MRI allow for the accurate reconstruction of the architecture of a bone, or
a bone sample Using large-scale finite-element analyses, the elastic behavior of this
architecture can be determined, assuming a homogeneous elastic modulus of the bone
tissue itself as additional input It is likely that these tests are at least as accurate as real
mechanical testing, because part of the errors associated with the conventional
experimental set-up can be limited Although the assumptions of a homogeneous and
isotropic tissue modulus seem to be valid (Ladd et al, 1998, Kabel et al, 1999a), there
are indications that the specific value is subject to individual, regional and temporal
differences (Fyhne et al, 2000) The reason for this is that trabeculae are composed of
packets of remodeled bone of different tissue ages and different degrees of
mineralization In vitro tests may reveal the (local) tissue modulus, but there are as yet
no means to measure tissue modulus in vivo, let alone to measure the local tissue
modulus

Structure of this thesis
We know that the typical bone-loss patterns seen in the years after replacement of a
hip, can be explained by stress shielding It has been shown that this stress shielding
phenomenon is influenced by the bonding characteristics and the design of the implant
For chapter 2 the question was asked whether the remodeling patterns found in the
distal femur after placement of a knee prosthesis can also be explained by stress
shielding Furthermore, an answer was sought to the question whether prosthetic
bonding characteristics may affect bone mass maintenance The question whether
stemmed knee prostheses may give rise to increased bone resorption, and thus might
explain the increased failure rates seen for revision prostheses, was subject of chapter
3 The aim of that study was to determine the influence of a stem, its diameter and
interface bonding conditions, on the bone remodeling patterns in the distal femur
The bone material properties used in the simulation models of chapters 2 and 3
were chosen isotropic, and modeled as a function of apparent density only The step
towards orthotropic material properties was made in the chapters 4 and 5 For these
chapters the relationships between architecture and elastic properties were subject of

Chapter 1

research. Although we know from two recent studies that the combination of volume
fraction and MIL seems to predict bone's elastic properties well, we do not know why
this is so. In chapter 4 an answer was given to the question whether these relationships
are valid for porous materials in general and applicable also for diseased bone. We
found that these relationships are not applicable in general. In chapter 5 these analyses
were used to determine what conditions must be fulfilled for these relationships to be
valid, and what this tells tell us about the architecture of trabecular bone. We
hypothesized that the trabecular architecture is characterized by a restricted local
variety in trabecular thickness.
In the chapters 6 and 7 the prospects of ultrasound were described for
determining mechanical properties of trabecular bone. These measurements could
become useful in diagnoses and in treatment therapies of osteoporosis. First, in chapter
6 it is reported whether the ultrasound parameter 'speed of sound' could give
information about the apparent stiffness characteristics of trabecular bone, and how this
compares to the predictability based on bone density. For the research described in
chapter 7 this technique was pushed further to determine whether it is possible to
calculate the elastic stiffness of the trabeculae themselves, the so called 'tissue
modulus'. The interest here lies in determining individual differences, which might be
caused by the presence of micro-cracks or other deficiencies which are not detected by
Dual Energy X-ray Absorptiometry

or other radiological measurements. These

differences may reduce the strength of cancellous bone much more than bone density
suggests.
A discussion of the studies presented in this thesis, their implications and their
limitations is reported in chapter 8. It is followed by a summary.
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ABSTRACT
Inadequate bone stock is often found in revision surgery of femoral components of total
knee replacements Our aim was to test the hypothesis that these remodeling patterns
can be explained by stress shielding, and that prosthetic bonding characteristics affect
maintenance of bone mass
We made a three-dimensional finite-element model was made of an average
male femur with a cemented femoral knee component This model was integrated with
iterative remodeling procedures

Two extreme prosthetic bonding conditions were

analyzed and gradual changes in bone density were calculated
The long-term bone loss under the femoral knee component resembled clinical
findings which confirms the hypothesis that stress shielding can cause distal femoral
bone loss Our study predicts, contrary to clinical findings, that an equilibrium situation
is not reached after two years, but that bone resorption may continue This hidden bone
loss may be so drastic that large reconstructions are needed at the time of revision

INTRODUCTION
Recent survival analyses of total knee replacements (TKR) show that modern
prostheses and cementing techniques have drastically decreased the failure rates
(Rand and llstrup, 1991, Ranawat et al, 1993, Knutson ef a/, 1994) The Swedish
National Knee Register now shows that a cumulative revision rate of about 8% after 10
years (Knutson et al, 1994), the mam reason being aseptic loosening (46%) At revision
of femoral components, inadequate bone stock is often apparent (Rand, 1991,
Whiteside, 1993, Tsahakis et al, 1994) Radiological studies have also shown distal
femoral bone resorption, particularly behind the anterior flange (Cameron and Cameron,
1987, Mmtzer et al, 1990) Animal experiments have also indicated that considerable
bone remodeling may take place in the distal femur (Bobyn ef al, 1982)
Petersen et al (1995) measured postoperative bone mineral density (BMD) in
the distal femur, using dual-energy X-ray absorptiometry (DEXA), they found an
average decrease of 36% in BMD in the anterior distal femur after two years The exact
amount of distal femoral bone loss is uncertain, because radio-opaque pegs or
intercondylar parts of the femoral component shield much of the distal femur from
radiography or DEXA measurements
It is generally accepted that stress shielding of the proximal femur is the cause of
bone loss after total hip replacement A reduction in mechanical stresses was also
found in the distal femur due to placement of a knee prosthesis, these reductions were
found using finite element models (Walker ef a/, 1982, Angelides et al, 1988, Tissakht
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et al., 1992). From studies of THR it is known that bonding characteristics also influence
the patterns of bone resorption around hip stems.
Our aim was to determine whether the remodeling patterns found in the distal
femur can be explained by stress shielding, and whether prosthetic bonding
characteristics affect maintenance of bone mass. We have therefore investigated the
relationship between mechanical loading and the resorption of periprosthetic bone,
using computer-simulation models, based on finite element (FE) analysis and strainadaptive bone remodeling theory.

METHODS
Finite element model
From a collection of 250 femora, we selected ten bones with similar dimensions in the
distal area, to represent average values for a normal man (Seedhom et al., 1972;
Erkman and Walker, 1974; Mensch and Amstutz, 1975; Mizrahi and Benaim, 1987).
Quantitative CT was performed at three specified positions in the distal femur, and used
to calculate bone mineral content, average BMD, moments of inertia and average
Young's moduli. These values were compared for the ten femora and the average bone
was selected for full investigation.
The geometry of this femur was determined from 28 cross-sectional CT scans,
separated by 4 mm distally, to a maximum of 16 mm more proximally, to cover a total
length of 232 mm. These scans were transferred to a graphics computer program, and
used to construct a three-dimensional FE model which consisted of 2520 8-node
isoparametric brick elements.
We made an FE model of the femoral component of a total knee prosthesis
(PFC with intercondylar box, Johnson
and

Johnson,

Bracknell,

UK)

and

connected this to the FE model of the
intact femur. Elements representing the
cement layer were added. The postoperative

femur

model,

including

prosthesis and bone cement, consisted
of

3116

8-node

isoparametric

brick

elements, 385 gap elements and 4650
nodes (Fig. 1). The gap elements were
positioned between the prosthesis and
the cement to allow relative movement
between them, but keeping the two

Figure 1 : FE model of the prosthesis and the
operated femur.
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surfaces from penetrating each other. Two kinds of analysis were performed: one with a
fully unbonded interface, using the gap elements without friction, and one with a fully
bonded interface, at which no micromovement was allowed.
The prosthetic CoCr-alloy and the bone cement (PMMA) were assumed to have
linear elastic, homogenous and isotropic properties, with Young's moduli of 210 GPa
and 2.1 GPa, and Poisson's ratio's of 0.3 and 0.4, respectively. The Young's moduli of
the bone elements were derived from their apparent densities, calculated from the CTdensity values. Hvid et al. (1989) found a very high linear correlation between CT value
and apparent density. The maximum apparent density in the FE model was normalized
at 1.73 g/cm3. The Young's modulus (E) of each bone element was determined from
the actual apparent density (p) according to Carter and Hayes (1977) as follows:
E = 3790 ρ 3 M Pa

(1)

Poisson 's ratio for all bone elements was assumed to be 0.3.
Knee loading
We applied three load cases out of a normal daily loading cycle. The knee forces in the
first and second case represented those during fast level walking at 1.7 m/s at 15% and
45% of the walking cycle, one the peak forces just after heel strike and one for the peak
forces before toe-off. These data were obtained from three-dimensional gait analysis
(Koopman, 1989; Van Lenthe, 1994). The third load case represented the peak forces
during cycling (Ruby et al., 1992). By creating a statically determinate three-dimensional
knee model, these forces and moments of force acting on the knee were calculated to
forces working at the medial and lateral condyles of the tibiofemoral joint and at the
patellofemoral joint (similar to those of Morrison, 1970). Contact points between the tibia
and the femur, required for these calculations, were estimated roughly from the model
of Yamaguchi and Zajac (1989); contact points for the patellofemoral joint were
estimated from that of Van Eijden et al. (1986). An overview of the estimated
tibiofemoral and patellofemoral contact forces is given in Table 1. Fcc is the force along
the caudal-cranial axis, defined from a point between the femoral condyles towards the
center of the femoral head. Fmi is the force along the mediolateral axis, defined as
perpendicular to the caudal-cranial axis and directed laterally. Fap is the force along the
anteroposterior axis, which is perpendicular to both previously defined axes and is
directed posteriorly.
Remodeling simulation
Long-term prediction of apparent bone density was based on a strain-adaptive bone
remodeling theory (Huiskes et al., 1987, 1992; Van Rietbergen et al., 1993; Weinans et
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patellofemoral contact

tibiofemoral contact
load
case

medial condyle

lateral condyle

F m i(N) F a p (N) FCC(N)

Fm,(N) F a p (N) FCC(N)

1

-23 0 -932 5 1362 0

2

-24 0

75

714 0

3

-37 5 -320 5

152 5

-11 0 -734 5

664 5

F m l (N) F a p (N) F CC (N)
339 0 1546 0

754 0

23 0

238 0

27 0

94 0

13 0

-12 5 -222 0

51 0

1215

352 5

610 5

-8 0

Table 1 : Overview of the three different load cases applied to the FE model (see text)
a/, 1993) used in conjunction with the FE code (MARC Analysis Corporation, Palo Alto,
California) In this theory, bone cells are assumed to react to local deviations in strain
energy per unit of mass In each time step of the simulation, the remodeling signal S is
compared with the reference, preoperative, signal Sref in the corresponding location If S
- Srei is positive then bone is formed, and if it is negative bone is lost A 'dead zone' was
assumed with a threshold level of s = 0 75S Below this level, no bone loss or bone
formation was assumed to take place (Huiskes et al, 1987) The use of this threshold
level was known to produce realistic results in simulations of non-cemented hip
replacements m man (Weinans et al, 1991, Huiskes et al, 1992, Huiskes, 1995) Our
simulations continued until the treated bone was fully adapted to the mechanical
changes produced by the implant The mathematical formulation of the remodeling
process is available from the corresponding author (RH) on request
Calculated computer time is related to real time by a time constant t, which was
determined empirically by comparing the results of two-year animal experiments and
associated computer simulations (Weinans et al, 1993) This showed that τ is about
130 g2mm 2 J 1month 1 As human metabolism is slower tan that in the dogs used in the
animal experiment, it is to be expected that bone turnover will be slower, hence τ will be
lower in man For this study, we assumed arbitrarily that idogs = 4Tman, implying that bone
turnover in man is four times slower than in dogs
To be able to visualize the postoperative changes in the bone density, and to
compare them with clinical results, we developed a DEXA simulation program which
could produce projections of the BMD patterns which would be found if the FE model
were a real bone The DEXA simulation algorithm superimposes a large voxel set on
the FE model of the bone A calculation is then made to determine the element in which
the midpoint of each voxel is positioned The density at the midpoint of the voxel is
interpolated from the density values in the nodes of the determined element and the
amount of bone in each voxel is calculated These voxel data are then superimposed in
the frontal and lateral planes to provide two two-dimensional projections, which
resemble DEXA scans
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RESULTS
Bone resorption m the distal femur was quantified by calculating the time-dependent
BMD changes in five regions of interest (ROI). When these five ROIs had reached
remodeling equilibrium they showed a wide range of BMD changes from a local BMD
increase of 3% to a decrease of 96% (Fig. 2). Bone loss occurred particularly at the
most distal part of the femur. For both the bonded and unbonded simulations the two
most distal ROIs showed the largest and fastest decrease in BMD, with more and faster
bone loss in the bonded example. In the bonded case, most loss was predicted in the
anterior distal ROI (No. 1); in the unbonded case it was in the posterior distal ROI (No.
5). The long-term decreases in BMD in these two distal ROIs were 96% and 9 1 % in the
bonded simulation and 62% and 68% in the unbonded simulation. In the distal anterior
femur, bone loss was greater in the lateral than in the medial condyle (Fig. 3a). These
simulated DEXA scans show BMD values immediately after operation and when
equilibrium had been reached. The prosthesis would have obscured the bone, and it
was therefore removed from the FE model before the DEXA scans were made, as was
the cement layer. In the bonded case, the lateral condyle was almost completely
resorbed; in the unbonded case, bone loss was somewhat less.
Bone resorption in the bonded simulation was not only more extensive, but also
faster, than in the unbonded simulation. BMD decreases in the two most distal ROIs
were in the bonded simulation almost equally fast taking an estimated 18 months before
25% of the bone in the condyles had been resorbed, 3.5 years for 50% and 8 years for
75%. In the unbonded simulation, bone loss in ROI 5 was much faster than in ROI 1.
For ROI 5 there was 25% and 50% bone resorption at 1.75 and 5 years, respectively. In
ROI 1 these periods were 5 and 28 years, respectively.

5 years

25 years

Figure 2: Time dependent changes in BMD in bonded (a) and unbonded (b) analysis. The BMD
value directly after operation is set to 100%.
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pre-remodeling

post-remodeling

bonded
pre-remodeling

unbonded

post-remodeling

bonded

Figure 3: Simulated
frontal (a-c) and lateral
(d-f) DEXA scans. The
prosthesis
and the
cement were removed
from the FE model
before
the
DEXA
simulation was carried
out.

unbonded

% difference

Figure 4: Long-term
increases in BMD in
bonded and unbonded
analysis calculated from
lateral DEXA scans and
expressed
as
a
percentage
change
compared with directly
postoperative BMD.

!

bonded

unbonded

Some bone formation was also predicted. In both the bonded and unbonded
simulations an area of BMD increase was found, which started at the proximal part of
the anterior flange of the prosthesis (Fig. 4). In the bonded simulation, the increase in
BMD started at the proximal tip of the prosthesis. The area behind the flange was stress
shielded, as can be concluded from the 49% decrease in BMD in ROI 2. In the
unbonded case, a large area of bone densification began somewhat more distally, with
a long-term increase in BMD of 3 percent in ROI 2. There was another area of bone
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densification at the most proximal edge of the posterior part of the condyles; this was
predicted only in the bonded simulation. Distal to this there was some bone loss which
resulted in a net 9% of loss in BMD m ROI 4. The unbonded simulation showed bone
loss m ROI 4 both proximally and distally, to an average of 27%.

DISCUSSION
Our study aimed to determine whether patterns of bone resorption under femoral TKR
components could be explained by strain-adaptive bone remodeling. We therefore
constructed a three- dimensional FE model of a distal femur with a total knee
prosthesis. We used this in conjunction with an iterative remodeling procedure designed
to predict the time-dependent changes in bone mass. Similar simulations of
periprosthetic bone remodeling after THR have produced realistic results, as compared
with those of animal experiments (Van Rietbergen ef al., 1993; Weinans et al., 1993)
and clinical retrieval studies (Huiskes, 1995). It must be made clear that our study was
exploratory in nature, and not necessarily very precise. Several major assumptions and
simplifications were used for the simulation model and no explicit validation was
possible.
We used loading conditions which we calculated from analyses of fast walking
and seated cycling. The external forces and moments of force from these two studies
were used in conjunction with anatomical data for the knee to calculate the forces at the
different joint surfaces. We realize that daily activity consists of more than walking and
cycling, and that in real life, the loads on joints are highly variable. The use of the sitespecific remodeling theory, however, in which loads are assumed to be equal before
and after the implantation make the precise loading conditions of less importance
(Huiskes et al., 1987). We assumed that the three loading conditions adequately
represented normal daily activity for our purpose.
At the unbonded interface, we assumed that there was no friction. This is a
simplification, but the fluids in the knee do provide some lubrication at the interface, and
friction will therefore probably be low.
The dead-zone threshold level below which no remodeling will occur is known to
have an important influence on the amount of bone eventually lost or gained, and also
to influence the rate of remodeling. We used a threshold level of s = 0.75S, because it
had produced realistic results in simulations of non-cemented clinical hip replacements
(Huiskes et al., 1992; Huiskes, 1995).
Biochemical or biomechanical reactions other than energy-dependent bone
remodeling were not taken into account. For example, it is likely that the infiltration of
wear debris causes histiocytic responses (Cadambi et al., 1994). This debris may gain
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access to the distal femoral metaphysis through the bone-implant interface, and we took
no account of such reactions
Another factor which will influence the result is the initial distribution of bone
density The postmortem analysis of 11 well-functioning unilateral hip replacements
showed that penprosthetic bone loss was highly correlated with the mineral content of
the contralateral hip (Sychterz and Engh, 1996) Bone loss was greater in femora with
initially low bone mineral content than in those with a high bone mineral content This
phenomenon was also seen in our remodeling simulations of THR (Huiskes et al,
1992) The aim of our present study was explanatory rather than precise, and we have
therefore not yet studied this variable but it is clear that the actual amount of bone
resorption will vary considerably in a population of patients
At present the only possible validation of our findings is from reports of
quantitative radiological data In a DEXA study, Petersen et al (1995) found an average
36% decrease in BMD m the anterior distal femur after two years
Cameron (1987) and Mmtzer et al

Cameron and

(1990), evaluating different prostheses with

conventional radiographs, found bone loss in the anterior distal femur within three
months to one year in about 70% of all TKR cases reviewed To compare these results
with the predicted BMD values m our study, we calculated the time by which the BMD in
the distal femur had decreased by 30% We chose this level because a BMD decrease
of 30% is needed before the loss becomes visible on conventional radiographs
(Robertson et al, 1994) For the bonded analysis a 30% losses m ROI 1 and ROI 5
were reached after 23 and 19 months, respectively In the unbonded analysis this level
of loss was reached after 25 months m ROI 5, and only after 80 months in ROI 1 These
results are similar to those of Petersen et al (1995) for the anterior distal femur,
although our results are only rough estimates because the value of the time constant τ
was chosen arbitrarily The prediction of the correct time scale is difficult because little
quantitative data are available for the estimation of time constants for the remodeling
equations In the other three ROIs (2, 3 and 4) bone resorption was much less In the
bonded analysis, 30% loss took 7 5 to 10 years In the unbonded analysis only ROI 3
eventually reached a 30% BMD reduction These results, combined with the common
finding that at revision that a cemented TKR is at least partially unbonded, may explain
why radiological bone resorption in the distal femur is hardly ever found after placement
of a prosthesis with an intercondylar box When revision surgery is needed for any
reason, however, only then is it found that the distal bone quality is much reduced,
requiring major reconstructions
Our predictions (Fig 3a) showed that for both the bonded and unbonded cases,
the BMD dropped more on the lateral than on the medial side This can be explained by
considering the position of the anterior flange of the prosthesis in relation to the shaft
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Proximally, the flange is more medial in relation to the bone, with its proximal end
sticking out somewhat more medially This produced a difference between transfer of
the forces applied at the medial and lateral condyles We calculated that the interface
forces at the distal lateral condyle were reduced relatively more than those at the distal
medial condyle, implying more stress shielding and more bone loss
Our results predicted some important effects of the bonding conditions of the
implant Remodeling studies of THRs have also shown clearly that interface conditions
may have a large influence on bone resorption (Van Rietbergen, 1993, Wemans et al,
1994, Huiskes and Van Rietbergen, 1995) and on interface stresses (Huiskes and Van
Rietbergen, 1995) In our study, we examined the influence of two bonding conditions
on bone resorption, fully bonded and fully unbonded These can be seen as two
extreme conditions for changes in BMD after TKR We have shown that bone loss in the
distal femur is more severe and occurs faster in the bonded than in the unbonded
simulation, and this can be related to the extent of stress shielding In the bonded case,
knee forces were transferred to the bone more proximally as shown by the bone
densification near the anterior and posterior flanges and by the severe loss of bone
distally

In the unbonded case, these forces were shifted anteriorly, reducing the

stresses in the posterior and distal regions This initial stress shielding effect has
already been demonstrated (Walker et al, 1982, Angelides et al, 1988, Tissakht et al,
1992) We showed that it continues during remodeling In the bonded simulation, a
large part of the load was transferred as shear stresses through the proximal anterior
flange In the unbonded case, the intercondylar box carried a much greater part of the
load and forces near the anterior flange were increased, leading to local bone
formation
Our results indicate that the remodeling simulation does represent an actual
remodeling process The bonding characteristics of the implant had significant effects
on the long-term conservation of BMD As compared with the bonded configuration,
BMD values in the unbonded distal femur were higher and the rate of bone loss was
lower The predicted long-term bone loss resembled the actual clinical findings up to a
period of two years and can therefore be explained as a long-term effect of stress
shielding Contrary to estimates from radiographs, our study predicts that equilibrium is
not reached after two years, but that bone resorption continues for much longer This
hidden loss in bone stock, with almost total resorption of the distal condyles in the
equilibrium situation, may be so drastic that at the time of revision some complex
reconstructions are necessary
Our results suggest that component design and the unbondmg of the prosthesis
may reduce the amount of stress shielding in the distal femur and lead to less bone
resorption
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Abstract
Although the revision rates for modern knee prostheses have decreased drastically, the
total number of revisions per year is increasing due to the strongly increased number of
primary knee replacements. At time of revision bone loss is often encountered,
compromising prosthetic stability. To improve stability intramedullary stems are often
used. The aim of this study was to estimate the influence of a stem, its diameter and the
interface bonding conditions on the bone remodeling patterns in the distal femur.
We created finite element models of the distal half of a femur in which four
different knee prostheses were placed. The bone remodeling process was simulated
using a strain-adaptive bone remodeling theory. The amount of bone remodeling was
determined by calculating the changes in bone mineral density in nine regions of
interest from simulated DEXA scans.
The computer simulation model showed that revision prostheses are likely to
provoke more bone resorption than primary ones, especially in the most distal regions.
Predicted long-term bone loss due to a revision prosthesis with a thin stem was equal to
the bone loss around a prosthesis with an intercondylar box. However, strong regional
differences were found, with, for the stemmed prostheses, more bone loss in the most
distal areas and some bone gam in the more proximal areas. A prosthesis with a thick
stem resulted in increased bone loss. When the prosthesis-cement interface was
bonded additional bone loss was predicted, as compared to an unbonded interface.
These results suggest that a stem, which increases stability initially, might reduce
stability in the longer term, due to increased stress shielding and bone resorption.

Introduction
The cumulative revision rate of knee prostheses in the Swedish Knee Arthroplasty
Register is 17% at 10 years, and 28% after 19 years (Robertsson et al., 1999). Similar
revision rates were reported by Rand and llstrup (1991) in a report on 9200 total knee
replacements. Although the revision rates for modern knee prostheses, using better
implantation techniques, have decreased drastically (Knutson et al., 1994), the total
number of revisions per year is increasing world-wide due to the strongly increased
number of primary knee replacements (Haas, 1995). The main reason for revision is
aseptic loosening (Knutson et al., 1994; Lonner et al., 1999), although this may be
design dependent (Schai et al., 1998). At time of revision bone loss is often found
behind the anterior flange of the femoral component (Van Loon et al., 1999), resulting in
inadequate support for a revision component. It has been shown that these typical bone
loss patterns can be explained by stress shielding, the process in which the prosthesis
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carries part of the load which was formerly carried by the bone alone (Tissakht et al.,
1996; Van Lenthe et al., 1997). This stress shielding phenomenon is influenced by the
bonding characteristics and the design of the implant (Van Lenthe et al., 1997).
In revision surgery of failed knee prostheses, large bone defects are usually filled
with metal augmentations or by bone grafting (Engh and Ammeen; 1999; Van Loon et
al., 1999). To improve prosthetic stability, cemented or press-fitted intramedullary stems
are often used (Whiteside, 1993; Murray et al., 1994). The stem is intended to transfer
the load to the diaphyseal part of the bone and to improve stability (Engh and Ammeen,
1999). However, these stems may give rise to even more bone loss due to increased
stress shielding. Clinical results show that the cumulative revision rates for revision
knee prostheses are higher than the ones for primary prostheses (Scudere and Insali,
1993; Ritter, 1991; Haas, 1995), although the reported values differ considerably in the
various studies (Haas, 1995). Accurate bone loss measurements using dual-energy Xray absorptiometry (DEXA) have not been reported for revision prostheses and no
attempts have been made to examine the results of revision surgery on the basis of the
extent of bone loss (Engh and Ammeen, 1999). Hence, questions of whether a stem is
needed, or whether the stem must be cemented, cannot be answered on the basis of
the current clinical literature.
The question whether stemmed knee prostheses may give rise to increased
bone resorption, and thus might explain the increased revision rates seen for revision
prostheses, was subject of this study. The aims were to determine the influence of a
stem, its diameter and interface bonding conditions, on the bone remodeling patterns in
the distal femur.

Methods
We examined the amount of bone loss induced by stress shielding due to a knee
prosthesis, using a strain-adaptive bone remodeling theory (Huiskes et al., 1987, 1992)
in conjunction with a finite element (FE) model. An FE model of the distal half of a male
femur was created. This model was based on 28 cross-sectional CT-scans, separated
from 4 mm distally to a maximum of 16 mm more proximally, to cover a total length of
232 mm. The model was similar to the one described by Van Lenthe ef al. (1997), be it
that the density distribution of the femur was slightly changed. The density of the model
was based on CT-scans in combination with DEXA-scans.
Finite element models of four knee prostheses (PFC, Johnson & Johnson,
Bracknell UK) were created (Fig. 1). For the revision prosthesis two stem diameters
were simulated: a canal-filling stem (18 mm) and a thinner one (12 mm), the latter
surrounded by relatively soft bone. The canal-filling stem is the one used most often;
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Figure 1: A: Finite element model of the distal femur with one of the four implanted knee
prosthesis; B-Ε: the four prostheses studied; B: primary prosthesis; C: prosthesis with an
intercondylar box; D: revision prosthesis with a thin stem; E: revision prosthesis with a thick
stem.
the thinner stem must be used in conjunction with impaction bone grafting and might be
an option to reduce stress shielding. To accurately study the effects of the stem, a finite
element model of a prosthesis with intercondylar box, but without stem, was made.
However, this type of prosthesis is not often used, so we also created a model of a
primary prosthesis, to be able to compare the effects of the stem relative to those of
primary prostheses.
The prosthetic models were all connected to the FE model of the intact femur,
after removing the appropriate bone cuts. Elements representing the cement layer were
added between prosthesis and bone. The stems were not cemented. This type of
'hybrid' fixation is the most common technique (Engh and Ammeen, 1999); it is meant
to create a bonded prosthesis-cement interface and an unbonded, press fit, stem-bone
interface. At the bonded interface, no micro-motion can occur in the model, while
tensile, shear and compressive forces can be transmitted; tensile forces cannot occur at
the unbonded interfaces. In revision operations, it was often found that the prosthesiscement interface is unbonded (Van Loon et al., 1999, 1999). This condition can alter the
bone-remodeling patterns strongly (Van Lenthe et al., 1997), and therefore its effects
were studied by also evaluating bone loss for an unbonded prosthesis-cement interface.
The unbonded interfaces were assumed frictionless.
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All materials were taken as linear and isotropic in the FE analyses The elastic
modulus of the prostheses (CoCr alloy) and the bone cement (PMMA) were 210 GPa
and 2 1 GPa, respectively, the Poisson ratios were 0 3 and 0 4, respectively The
Young's modulus of the bone elements was estimated from their apparent bone
densities (ρ3ρρ) as (Carter and Hayes, 1977)
E = 3790p^ p (MPa)

(1)

with ρ app in g/cm3 The Poisson ratio was 0 3 for all bone elements
In the FE analyses no displacements were allowed for the upper part of the
femur model The model was loaded at the knee, using three different loading
conditions representing functions of normal daily living Each loading case represented
the patello-femoral and tibio-femoral joint forces The joint forces were the same as
previously described (Van Lenthe eia/, 1997)
Long-term prediction of apparent bone density was based on a strain-adaptive
bone remodeling theory (Huiskes et al, 1987, 1992, van Lenthe et al, 1997) The theory
proposes that bone in the treated femur strives to normalize its stress-strain patterns
locally to the same values as in the intact femur, under the same loading conditions
This process is regulated by the strain energy per unit of mass (Carter, 1987), which is
determined as
S =

Ισε

2

Papp

(2)

in which S is the strain energy per unit of mass, σ and ε are the stress and strain
tensors, respectively, and papp is the apparent density In each iterative step of the finite
element simulation the apparent bone density of each element was adapted based on
the local difference between S and Srei, where Srei is the strain energy per unit of mass
in the intact femur A threshold level, under which no bone adaptation occurs, of 75% of
the physiological strain energy per unit of mass (Srei) was used This value produced
realistic results m simulations of bone remodeling around human total hip replacements
(Huiskes et al, 1992, Huiskes and Van Rietbergen, 1995) The minimum and maximum
apparent densities of each element were set to 0 01 g/cm3 and 1 73 g/cm3, respectively
The simulations stopped when the operated bone had adapted to the mechanical
changes produced by the implant
The amount of bone remodeling was determined by calculating the gradual
changes in bone mineral density (BMD) in 9 regions of interest (ROI's, Fig 2) from
simulated DEXA scans This also allows for (future) comparisons with clinical data on
bone resorption In the DEXA simulation program a 2D projection was made of the bone
mineral in the model The bone mineral density per element was calculated as

ig Π
H il
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Figure 2: Simulated DEXA scans
showing the 9 regions of interest
(ROI's) for which the bone mineral
density was determined. Both a
primary and a revision prosthesis are
shown to indicate clearly the location
of the six ROI's.
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pash =0.533papp-0.0028

(3)

in which the ash density (pash) and the wet apparent density (paPp) are both in g/cm3. Eq.
3 was obtained from the relationship between ash density and apparent density of dried
bone (Keller, 1994) and the relationship between the apparent densities of hydrated and
dried trabecular bone (Keyak et al., 1994). In the DEXA simulating process we could
choose whether or not to project the prostheses on the DEXA scan. This allowed us to
analyze bone areas (ROI's 1 and 9) which can not be seen on clinical DEXA scans.

Results
Removal of bone during the operation led to an immediate loss of bone. For the thickstemmed revision-prosthesis 31 grams of bone (16% of initial mass) had to be removed
(Table 1). The placement of the primary part accounted for 62% of the 31 grams of
bone loss, the intercondylar box and the thin stem accounted for 12% and 7%,
respectively. Replacing the thin stem with a thick stem accounted for the remaining
19%.
In the postoperative situation the stresses and strains in the distal femur were
much lower than in the intact femur. The bone remodeling theory predicts that this
stress shielding effect results in bone resorption. This can be observed clearly from the
simulated DEXA scans of the model with the thin-stemmed prosthesis (Fig. 3). These
simulated DEXA scans also show that the bonding conditions strongly influenced the
bone loss predicted. Particularly in the distal part of the femur bone loss is more severe
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Bone loss

Predicted long term bone

due to

loss induced by bone

operation

remode ing
unbonded

bonded

Primary prosthesis

-10%

-8%

-14%

Prosthesis with box

-12%

-8%

-16%

Thin stem

-13%

-7%

-15%

Thick stem

-16%

-9%

-16%

Table 1. Bone loss as a percentage of initial bone mass. A differentiation is made relative to the
bone loss as a result of bone removal during the operation and to the predicted long-term bone
loss for the fully unbonded and for the bonded interfaces.

Figure 3: Simulated DEXA scans of
the model with the thin-stemmed
revision prosthesis. The prosthesis
was removed before the DEXA
simulation was performed to clearly
show the bone loss in the distal
femur. A: immediately postoperative;
B: predicted long-term bone density
for the unbonded prosthesis; C:
predicted long-term bone density for
the bonded prosthesis.

for the bonded prosthesis. Proximal to the stem and along its upper half, stresses and
strains were higher, resulting in bone gain. We found that bone resorption and bone
gain were fast initially but eventually decreased to zero, so that BMD reached
equilibrium. This was found consistently for all prostheses and both interface bonding
conditions.
The bonding conditions strongly influenced the bone loss predicted. First, the
results for the bonded analyses are presented. These had a bonded prosthesis-cement
interface, but, when a stem was present, it was unbonded. The long-term bone loss
induced by the remodeling process was 14% to 16% of the initial bone mass (Table 1).
Although the predicted total bone loss was not very different for the four designs, the
presence of a stem resulted in markedly different bone remodeling patterns. For both
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posterior half

anterior half
1

2

3

4

5

6

7

S

9

primary prosthesis

-95

-49

+8

+1

0

+3

+6

-35

-77

prosthesis with box

-95

-63

+8

+7

0

+2

+2

-50

-91

revision (thin stem)

-99

-82

+27

+23

+8

+11

-7

-67

-95

revision (thick stem)

-99

-77

+27

+14

+6

+7

-14

-72

-95

ROI:

Table 2a: Long-term bone remodeling patterns for the bonded analyses. Bone loss (-) and bone
gam (+) are given per region of interest and per prosthesis; they are ex-pressed as a percentage
of the immediate post-operative value. The prosthesis-cement interface was assumed bonded,
whereas the stem-bone interface (when present) was assumed unbonded.
anterior half

posterior half

1

2

3

4

5

6

7

8

9

primary prosthesis

-47

-18

+5

+1

0

0

+1

-27

-52

prosthesis with box

-57

-10

+10

+1

0

0

-1

-40

-60

revision (thin stem)

-63

-31

0

+21

+11

+10

+2

-49

-64

revision (thick stem)

-80

-36

-12

+3

+8

+5

+2

-33

-70

ROI:

Table 2b: Long-term bone remodeling patterns for the unbonded analyses. Bone loss (-) and
bone gam (+) are given per region of interest and per prosthesis; they are expressed as a
percentage of the immediate post-operative value. Both the prosthesis-cement interface and the
stem-bone interface (when present) were assumed unbonded.
the thin and the thick stem, more bone was lost distally (ROI 2 and 8), whereas further
proximal (ROI's 3-6) more bone was gained (Table 2a). The bone remodeling patterns
due to the thick stem were nearly the same as for the thin stem. The box itself also
presented an effect on bone loss, as was observed by the 15% more bone resorption in
ROI's 2, 8 and 9 as compared to the bone loss for the primary prosthesis.
The bone loss predicted was less severe for the fully unbonded interfaces, with
about half the loss as compared to the bonded analyses (Table 1). The long-term bone
loss ranged from 7% to 9% of the initial bone mass. In ROI 1 to 3, the thin stem resulted
in 5 to 17% less bone loss than the thick stem, and 18% more bone gain m ROI 4
(Table 2b). However, on the posterior side, bone loss was increased by 16% for ROI 8.
Again, the influence of the stem was significant. Comparing the prosthesis with a thin
stem to the prosthesis with the box, we found 6% and 2 1 % more bone loss, and 10%
less bone gain, in ROI 1, 2 and 3, respectively. However, 10% to 20% more bone gain
was found in ROI 4 to 6. These increases were such that, in total, slightly less bone was
lost for the thin stem design. Also the box itself affected the bone remodeling patterns,
as shown by the increased bone loss distally as compared to the bone loss for the
primary prosthesis.
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Discussion
The goal of this study was to estimate the effects of a revision stem, its diameter and
bonding conditions on long-term bone density in the distal femur. We found that the
stemmed revision prostheses would create more bone resorption than the primary
prosthesis. Long-term bone loss due to the revision prosthesis with a thin stem was
predicted to be nearly the same as bone loss due to the prosthesis with intercondylar
box. However, there were strong regional differences, with, for the revision prosthesis,
increased bone loss distally, but some gain more proximally. In contrast, it was
predicted that the thick stem would provoke significantly increased loss of bone, mainly
due to additional removal of bone during the operation. Bonding conditions strongly
influenced the bone loss predicted; bonded prostheses led to about 15 gram (7% of
initial mass) more resorption than prostheses which were fully unbonded.
Quantitative validation of the remodeling algorithm used in this study was
performed comparing the predictions of the computer simulations of bone loss around
hip prostheses with results obtained in vivo. In a study on dogs good agreement was
found between the predictions made with the computer model versus resorption after
both 6 months and 2 years (Weinans et al., 1993; van Rietbergen et al., 1993). A good
agreement was also found for bone loss patterns in patients with hip replacements
(Kerner et al, 1999), although the amount of long-term bone loss was somewhat
overestimated.
A quantitative validation of the remodeling routines for predicting resorption
patterns around knee prostheses is not possible, because no accurate data of bone
loss around revision knee prostheses is reported in the literature. A few authors
reported bone density measurements

in the distal femur after primary

knee

replacement, using dual photon absorptiometry (Petersen et al., 1995; 1996) or dual
energy X-ray absorptiometry (Liu et al., 1995; Spittlehouse et al., 1999; Van Loon étal.,
2000). However, the use of this data for validating the model is limited because there is
no standard on the definition of the regions of interest; in each study other ROI's are
defined. Furthermore, due to the relatively small areas of the ROI's, accurate placement
of the ROI's is of the utmost importance; in a preliminary study, we found large
differences in BMD when malpositioning a small ROI only slightly. This indicates that a
comparison between published data and the results obtained here can only be
qualitative. To allow for future comparison with clinical data, we defined ROI's like the
Gruen zones (Gruen et al., 1979) which are commonly applied for examining bone loss
around hip replacements. The definition of the ROI's is based on easily identifiable
landmarks, as the most distal and proximal part of the anterior flange and the tip of the
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stem. The height of the ROI's 3 to 7 was chosen equal. A line divides the anterior and
posterior regions such that both areas are equal.
We used the same density distribution for the femur model for all analyses. This
allowed for accurate evaluation of the effects of a stem. However, it does not resemble
a situation which would occur in the clinic, as a stemmed prosthesis is only used when
the bone in the distal femur is too weak to support a primary prosthesis. Hence, in the
patient, the initial density distribution of the femurs would be different, which could lead
to a different remodeling process.
Although the density distribution was chosen equal for all analyses, the finite
element representation of the femur was different for the four models. This could have
introduced changes in the stress and strain distributions within the femur; hence, it
could have influenced the bone remodeling process. However, due to an appropriate
element density (Stolk et al., 1998) the effects on local stresses and strains are only
small and the effects on the bone remodeling process, if any, are negligible.
An advice on the use of a stem must take other factors than stress shielding
alone, like stability, into account. Intramedullary stems are intended to increase the
stability and, in case of bone grafting, prevent the graft from high stresses. This
stabilizing factor has been demonstrated in an in vitro study (Van Loon et al., 2000). In
the present study, we did not evaluate stability, however, because it is not clear how
much protection a stem should give and to what forces in particular it should be a failsafe for. Furthermore, stability strongly depends on the interface between prosthesis
and bone and/or cement. These interfaces were assumed perfect in this study, which
makes stability analyses inaccurate.
In summary, predicted long-term bone loss due to a revision prosthesis with a
thin stem was equal to bone loss for the prosthesis with an intercondylar box. However,
strong regional differences were found, with, for the stemmed prostheses, more
resorption in the most distal areas and some bone gain in the more proximal areas. A
prosthesis with a thick stem resulted in increased bone loss. When the prosthesiscement interface was bonded additional bone resorption was predicted as compared to
a fully unbonded interface. This amount of bone loss was equal for both primary and
revision prostheses. These results suggest that a stem, which increases stability
initially, might reduce stability in the longer term, due to increased stress shielding and
bone resorption. This is a classical dilemma in implant fixation: in order for bone to
remain healthy and strong, it requires loading. But in order to increase interface stability,
stress transfer must be limited.
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ABSTRACT
The mechanical quality of trabecular bone is commonly assessed from its threedimensional elastic stiffness characteristics. A goal of bone biomechanics is to estimate
these characteristics directly from trabecular morphology. It has been shown earlier that
reasonable correlations can be found between experimentally determined elastic
parameters and morphological ones, such as volume fraction, in combination with
'fabric', an expression of trabecular directionality. Fabric is commonly measured by
Mean Intercept Length (MIL). Mathematical relationships have been proposed to predict
elastic parameters directly from apparent density and MIL. Validation studies have
shown good results, relative to experiments and to finite-element computer simulations.
The question posed here was whether these relationships are valid in general, and
applicable to all kinds of trabecular bone. In addition, the effectiveness of measures for
fabric alternative to MIL was studied.
For that purpose generic, two-dimensional trabecular-bone models were
developed, created from repetitive unit cells. For each model, the elastic parameters
were assessed directly with finite-element analyses and predicted from volume fraction
and fabric parameters, using mathematical relationships. It was found that volume
fraction and MIL could not predict the mechanical properties accurately as a rule.
Similar results were found when fabric was expressed by other measures, like Volume
Orientation, Star Length Distribution, Star Volume Distribution and Line Fraction
Deviation.
We conclude that the quality of a porous structure cannot always be accurately
estimated from current parameters of morphology. However, for bone, accurate
correlations between estimated and real elastic properties have been found in
experimental studies. We hypothesize that trabecular bone is restricted in its
morphological variability to those architectures which realize those correlations. This
may be an inherent effect of the bone-remodeling regulatory process.

Bone quality assessment
Bone is not the solid structure it seems at first sight. Most bones are made up of an
outer shell of compact bone, enclosing a core of porous bone material. This so called
trabecular bone is also found at the end of long bones. It is made up from rods and
plates, and it reduces the weight while still supplying adequate stiffness and strength.
But how stiff and how strong is a person's bone? What load can it withstand? Is it likely
to break easily? And under what conditions? How much does the fracture risk of a bone
increase with decreasing bone mass? To answer these questions one would need to
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know the bone external properties, like geometry and specific loading situation
Furthermore, one would need to know the bone material properties, like stiffness and
strength The difficulty in answering the above questions is that bone material properties
are hard to measure, it is even impossible to measure them m vivo and they can only be
determined ex vivo via compression tests These tests are hard to perform and
inaccurate, as boundary effects can greatly influence the outcome Other errors are
associated with influence of specimen size, shape, storage condition and testing
protocol (Linde and Hvid, 1989, Odgaard and Linde, 1991, Keaveny et al, 1993, Zhu et
al, 1994, Keaveny ei al, 1997) Furthermore, compression tests can only be used to
determine the longitudinal stiffness of a specimen

Measurement of transversal

displacement for the calculation of Poisson's ratio's is difficult and inaccurate Shear
tests, necessary to determine the shear moduli, are nearly impossible to perform m an
experimental setting To circumvent part of these problems large specimens need to be
tested However, these cannot be taken from a patient, as it would weaken the bone,
which may already be at risk For this reason, many investigators have tried to estimate
the mechanical properties in an indirect way from other, measurable, bone parameters
Bone quality assessment. Its application
When bone mechanical properties can be estimated accurately from bone morphology
this can be of great use as an alternative to the laborious and tedious direct mechanical
measurements It can also be of great use in a clinical setting, for example in estimating
the fracture risk of a person's bone This will be of great importance for the treatment of
patients with osteoporosis, a disease characterized by a loss of bone and impairment of
the trabecular architecture (the arrangement of the rods and plates from which a piece
of bone is built) Assessment of the in vivo trabecular bone architecture is not possible
as yet, because present methods for CT and MRI scanning have limited precision,
although future improvements will eventually provide the means to do that For the
moment, an estimate of trabecular orientation can be obtained from texture analysis
performed on images obtained from current CT and MRI scans, or even from plain
radiographs
Another application lies in computer modeling of bone It is possible now to
reconstruct the trabecular architecture very accurately, although not yet based on in
vivo measurements These structures can be converted directly to large scale finite
element models (Van Rietbergen et al, 1995) However, for a normal human femur such
a model would exceed 109 elements (Van Rietbergen, 1996), it is not yet possible to
perform analysis on such large models These models could be reduced in size
enormously when relationships would exist between trabecular bone architecture and
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its mechanical properties. In that case 'super elements' with anisotropic material
properties could be created from many small ones. Such a super element would then
mechanically behave exactly the same as all smaller ones together. Substituting the
large number of small elements with less 'super-elements' would effectively reduce the
computational size of the model.

Estimating bone quality from bone morphology
Bone quality may be expressed as a combination of bone strength and bone stiffness. It
has been shown in experimental studies that strength and stiffness are highly correlated
(Brown and Ferguson, 1980; Goldstein et al., 1983; Rice et al., 1988). This means that
if one is able to predict stiffness accurately, bone strength comes as a bonus. So the
question regarding bone quality can now be reformulated as: 'How to estimate bone
stiffness from measurable bone morphological parameters? Or to be more precise:
'How to estimate the elastic properties?'. These elastic properties can be expressed as
the constants of the stiffness matrix E, which relates the stresses to strains in a
structure.
Estimating bone elastic properties. What is known?
In earlier studies, only the volume fraction (the percentage bone volume per total
volume) was used to quantify the morphology. It was found that a strong correlation
exists between volume fraction and stiffness (Carter and Hayes, 1977; Rice et al., 1988;
Linde ef al., 1989), but the relationships found in different studies were not the same
and unexplained variance remained. Part of this variance is due to the experimental
errors associated with the testing of the bone specimens, as already mentioned before.
Part of the remaining variance is due to the fact that bone does not have the same
mechanical properties in all directions. This 'mechanical anisotropy' of a bone specimen
can, of course, not be explained by volume fraction, as it is a scalar. To investigate this,
more recent studies have included a measure of the structural anisotropy. This is
quantified by a so called fabric measure (Cowin, 1985), which tries to capture the
preferential orientations of the trabeculae. The common way to 'measure' architectural
directionality is by means of the Mean Intercept Length (Whitehouse, 1974; Harrigan
and Mann, 1984). MIL is generally expressed as a second order tensor, and is thought
to give an accurate representations of the bone architecture. This measure of
architecture can be calculated from three-dimensional reconstructions of trabecular
bone (Fig. 1). Such a reconstruction can be obtained from μΟΤ scanning (Feldkamp et
al., 1989; Ruegsegger et al., 1996) or from serial sectioning procedures (Odgaard et al.,
1990). These reconstructions are built up from very small voxels; for a specimen of
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5x5x5 mm 3 they are generally on the
order

of

calculation

105-106
of

voxels.

the

Besides

fabric

tensor

components (H), these reconstructions
also allow for the determination of the
elastic properties of the architecture
without the errors in the conventional
experimental set-up, using large scale
computing techniques (Van Rietbergen
et al., 1995). Only the elastic modulus
of the bone tissue itself (Et) is needed
as extra input.
By means of a mathematical
relationship (Cowin, 1985) the stiffness

Figure 1: Trabecular bone specimen of 6.8 χ

tensor E is related to the fabric tensor

6.8 χ 6.8 mm.

H.

This

relationship

is

valid

for

materials with orthotropic elastic properties, which criterion has always been found to be
(nearly) fulfilled for bone. These relationships take the form
Em, = ki + 2 k 6 + (k 2 + 2 k 7 ) l l + 2(k3 + 2 k 8 ) H i i + (2k 4 + k 5 + 3k 9 )H?
Enj = k, + k 2 ll + k3(H ij + Hjj) + k 4 (H2 + hf) + kgHüHjj

Ep = k6 + k7ll + M H , + Hj,) + k9(H? + Hf)
with:

i, j = 1, 2, 3; i ^ j

where Equ are the components of the elasticity tensor and H,, the components of the
fabric tensor. In this relationship nine functions (^...kg) of volume fraction appear which
are not known a priori and need to be determined from experiments. When these
functions are determined they can be backsubstituted into eq. (1), and the relationship
can then be used to predict the elastic constants from volume fraction and fabric. To
determine the accuracy of the relationship, the predicted values can be compared
statistically with the values obtained from the finite element analysis. This approach is
schematically shown in Figure 2.
In two recent studies by Van Rietbergen et al. (1998) and Kabel et al. (1997) the
above-mentioned approach has been followed, the only difference being that instead of
determining the elasticity tensor E, the compliance tensor C, which is defined by C =
E - ', was determined. The nine functions k, were written as k, = kn + Μ ( ν ν ) 2 , so 18
constants needed to be determined. In the study by Van Rietbergen et al. (1998)
excellent correlations were found between the elastic constants determined in the micro
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Figure 2: An overview of the methods used in assessing relationships between bone
morphology and bone mechanical properties. The 3D architecture of bone is assessed and
stored as a voxel mesh. This voxel mesh is used to determine volume fraction vv and fabric H
via structural analysis; the elastic properties E are determined via finite element analysis. Vv, H
and E are related via a mathematical relationship in which some constants appear who need to
be determined. Once this has been done, the relationship can be used to predict E on the basis
of ν« and H. These prediction are then compared with the results obtained from the finite
element analysis in statistical correlation.
finite element models and those predicted with the above formulas, showing that the
elastic constants can be accurately predicted from their MIL and volume fraction. In the
study of Kabel et al. (1997), analyzing the data of 107 human bone specimens, good
correlations were found between the predicted elastic constants and those determined
from the finite element models, although not as excellent as in the whale study.
However, in the whale study all specimens came from one whale vertebral body,
whereas in the human study the specimens came from various sites in several normal
individuals. This might indicate that the specimens formed a homogeneous set, which
could explain the high correlations. So the question is: are the relationships found valid
in general? Do they hold for diseased bone? The only way to answer this question is by
testing large series of bone specimens. But even then one cannot be sure that the
correct relationship is found and valid for all specimens. We therefore chose to create
generic geometric models of trabecular-bone like structures to answer that question.
Estimating bone elastic properties. Use of a model
The use of a model circumvents the problem of actually testing real specimens.
Furthermore, there is great freedom to create all different kinds of architectures. In this
way we are able to really test specimens with a wide range in volume fractions and with
differing degrees of anisotropy.
The approach followed was as schematized in Figure 3. With only a limited set of
parameters a trabecular structure is mimicked by the model. This step can be repeated
many times, giving a different structure when different values for the parameters are
used. In this way we can end up with as many structures as we want. The rest of the
analysis then parallels the analyses of Van Rietbergen et al. (1998) and Kabel et al.
(1997), that is the fabric tensor H is calculated by structural analysis and the mechanical
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Figure 3: An overview of the methods used in assessing relationships between bone
morphology and bone mechanical properties. With use of a generic bone model different twodimensional structures are built. For each model the volume fraction vv and fabric H are
determined via structural analysis; the elastic properties E are determined via finite element
analysis. Vv, H and E are related via a mathematical relationship in which some constants
appear who need to be determined. Once this has been done, the relationship can be used to
predict E on the basis of v„ and H. These prediction are then compared with the results obtained
from the finite element analysis in statistical correlation.
properties are calculated by finite element analysis. Both are input to the relationships
defined by Cowm (eq. 1) and the unknown constants can be fitted by multiple leastsquares regression. After backsubtitution of the fitted constants the relationship can be
used to determine the mechanical properties from volume fraction and fabric. To test
the predictive value of the relationship the predicted elastic properties can be compared
with the values obtained from finite element analysis in statistical correlation.

Development of a generic bone model
Bone models are often built from repetitive unit cells. By doing so, only a small part of
the bone structure needs to be analyzed. For our model we set the requirements that
volume fraction and pore size should be easily variable. We also set the requirement
that the mechanical behavior of the structure as a whole be orthotropic, as it is known
for bone that it is (nearly) orthotropic. Such a structure is shown in Figure 4a. It also
shows the unit cell we defined. The whole structure can be thought of as being built up
from these unit cells. Each unit cell was defined by three parameters, vv: the area
percentage of bone; ER: ellipse ratio, the ratio between both ellipse axes (H1/H2); and Θ:
the angle which defines the orientation of the ellipses relative to each other.
Generic bone models have been studied extensively by Gibson (1985) and
Gibson and Ashby (1988). Our model closely resembles the hexagonal models of
Gibson et al. (1988), with the important staggering of the voids, which allows for
bending in the cell walls, as has been observed in several experimental studies. This is
due to the fact that, although we used unit cells, we added ellipses at the corner of each
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Figure 4: a: part of an orthotropic structure with the proposed unit cell; b: finite element
representation of the unit cell. It is modeled with sixty quadratic elements.
unit cell (Fig. 4a). This allowed for much lower volume fractions than the 2D model used
by Beaupré and Hayes (1985). The main advantage of our model was that when MIL is
calculated it is represented by an ellipse, as is commonly found in real bone, whereas in
Gibson's model it would give a honeycomb. Another difference is that their models had
uniform trabecular thickness, whereas in the models presented here trabecular
thickness changes from site to site. This made it necessary to calculate the mechanical
properties from FE-models, whereas the model of Gibson et al. (1988) can be analyzed
using beam theory.
Mechanical properties
The elastic constants of each structure were obtained using a direct mechanics
approach in combination with a commercial finite element package (MARC Analysis
Corporation, Palo Alto, CA). Three independent strain cases (two uni-axial deformations
in x- and y-direction and one shear deformation) were applied to each FE model, and
the tissue strains were determined as a function of the apparent strains. In order to
obtain these strain values each model was converted to a finite element model (Fig.
4b). Each unit cell was modeled with 60 plain stress quadratic elements with isotropic
material properties, with Young's modulus E = 1000 MPa, and Poisson's ratio ν = 0.3.
The relationship between tissue strains and local strains was stored in a localization
matrix. The apparent stiffness matrix was then calculated from this localization matrix
and the tissue stiffness matrix (Suquet, 1985; Holhster and Kikuchi, 1992; Van
Rietbergen et al., 1996). This procedure will give an upper limit of the elastic moduli,
whereas uniaxial stress cases would result in a lower limit of the moduli. When using
more unit cells both results converge to the same value: the elastic properties of the
structure as it were an infinite plate. We approximated this value by creating a structure
built from 25 unit cells. The stiffness matrix was then calculated from the strains of the
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middle unit cell, as this cell resembles closely the behavior if the structure were an
infinite plate.
Morphology
For the generic models used in this study it can be shown that MIL equals the ellipse
ratio ER and that it is independent of Θ. Although MIL is mostly used to characterize
trabecular orientation, other fabric measures exist. We calculated several other fabric
measures which might give a better representation of the architecture, and hence might
be better predictors of the mechanical properties. These fabric measures were Volume
Orientation (Odgaard et al., 1990), Star Length Distribution, Star Volume Distribution
(Odgaard et al., 1997), and Line Fraction Deviation (Geraets et al., 1997). These
measures were calculated by superimposing a set of test lines on each structure. All
intersections of the lines with the ellipses were calculated. The test lines were rotated
repeatedly over an angle of six degrees, and all intersections were again calculated.
From the data of all these intersections the fabric measures were calculated.
The eigenvalues of the fabric tensor (Cowin, 1986) were normalized by the
requirement that Ht + H2 = 1 (Cowin, 1985). An anisotropy parameter A was then
introduced, so that A = H^ - Vfe. From this definition, A can range from zero, when the
fabric is described by a circle, to a maximum of 0.5.
The eigenvectors determine the principal axes of an associated ellipse. From
symmetry considerations it follows that the eigenvectors parallel the ellipse axes. So the
fabric directions equal the material orthotropy directions.
Relationship between morphology and elastic properties
For an orthotropic material in plane stress the stiffness matrix E contains four non-zero
constants when the stiffness matrix is rotated to the directions of elastic symmetry. The
relationships between the stresses and strains can be given by

σ

· 22

E1111

E1122

0
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0
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where {σ} are the stresses and {ε} are the strains.
The relationship of eq. 1 was simplified here for the 2-dimensional case, and was
written as

cc
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where A is the anisotropy parameter (0 < A < Vz). In the present relationship six
unknown functions of v„ appear that must be determined. These functions were chosen
as (Turner et al., 1990; Van Rietbergen étal., 1998)
f.(Vv) = f . i + f . 2 V $

(4)

With six functions, a total of 12 constants are involved which are determined from a
multiple least-square regression.

Model analysis
The three parameters of the unit cell (Vv, ER, θ) were varied systematically, enabling us
to study the effects of volume fraction, shape of the voids and arrangement of the voids
on the mechanical properties independently. We did this by varying volume fraction (vv)
from 0.3 to 0.7 in equal steps of 0.025, and the ellipse ratio (ER) from 1.0 to 3.0 in steps
of 0.25. For each combination of vv and ER, four values for θ were chosen. When we
would select an arbitrary value for Θ, we would find that for low and high values for θ the
ellipsoids intersect, so they do not represent valid structures. Therefore, four values for
θ were chosen such that the whole range of possible values was covered. Thus, for
each combination of vv and ER four mechanically different structures were formed,
which led to a total of 612 different structures.
For all structures the mechanical properties and fabric measures were
calculated. Using multiple least-squares regression the functions f, were determined so
that the best representation of eq. 3 was found. This relationship was then used to
predict the mechanical properties from Vv and MIL fabric data. These data were then
correlated with the elastic constants as determined from the finite element models. For
the pooled data set (the combination of E m i , E2222, E1122 and E1212 versus the predicted
values E n n , E2222, E1122 and E1212) the correlation coefficient was high, R2 = 0.97 (Fig.
5a). However, the correlation coefficients as determined for the individual stiffness
components was much lower; they ranged from 0.36 to 0.94 (Fig 5b-5e).
Hence, the relationships between Vv and MIL on the one hand and mechanical
properties on the other were not perfect. That the relationships found were not perfect
can be explained by Fig. 6. It shows part of two structures with the same Vv and the
same ER. The Young's modulus (the stiffness in a certain direction) is shown in a polar
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Figure 5: a: All stiffness components (Em,, £2222, E1122 and E^^) as calculated from the FE
models versus those predicted from volume fraction and MIL; b-e. real versus predicted stiffness
components for Enn, £2222, EH22 and E1212, respectively.
architecture

MIL

Young's modulus
Figure 6: Two structures
with the same volume
fraction
and
Ellipse
Ratio. Both structures
have the same Mean
Intercept Length, but
different
mechanical
properties.

plot. It can be seen that, for the two structures, they differ very much, so the mechanical
behavior of both structures is very different as well. Because vv is the same for both
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structures, it is obvious that Vv alone cannot predict the elastic constants accurately
Furthermore, MIL is the same for both structures (see also Odgaard et al, 1990, Stoyan
and Benes, 1991, Fyhne ef a/, 1992) This implies that an unambiguous relationship
between MIL and mechanical properties cannot exist, and that MIL-based estimates of
mechanical properties may differ from the real values
It has been proposed that other fabric measures could possibly characterize the
trabecular architecture better, and might therefore be better m predicting the mechanical
properties We tested this for the fabric measures Volume Orientation, Star Length
Distribution, Star Volume Distribution, and Line Fraction Deviation We calculated these
fabric measures and again used multiple least-squares regression to determine the
functions f, in eq 3 Again this relationship was used to predict the mechanical
properties and correlate them with the real values as obtained from the FE models The
correlation coefficients (Table 1) were worse than those found when MIL was used as
measure of fabric The combination of v*, and VO, Vv and SVD and vv and LFD produced
only slightly better estimates than vv alone

SLD as a fabric measure produced

reasonable estimates of the mechanical properties
Quality of fit, Ff
Vv

vv + MIL

vv + VO

Vv + SLD

Vv + SVD

Vv + LFD

pooled

0 46

0 97

0 48

0 93

0 61

0 55

Emi

0 31

0 94

0 14

0 85

0 39

0 47

E2222

0 39

0 87

0 25

0 66

0 35

0 23

E1122

0 03

0 73

0 14

0 66

0 12

0 04

E1212

0 39

0 36

0 47

0 39

0 40

0 43

2

Table 1: Adjusted R for correlation between the elastic properties as determined from the FE
analyses versus those predicted from morphology

Conclusion
In this study we tried to estimate the quality of a porous material on the basis of
morphology To be able to do this we developed a generic model with which we
determined relationships between the elastic stiffness characteristics (as a predictor of
quality) and morphology We conclude that the quality of a porous structure cannot be
accurately estimated from current parameters of morphology

However, for bone

accurate correlations between estimated and real elastic properties have been found in
experimental studies

We hypothesize that trabecular bone is restricted in its
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morphological variability to those architectures which realize those correlations. This
may be an inherent effect of the bone-remodeling regulatory process.
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Abstract
Two observations underlie this work First, that the architecture of trabecular bone can
accurately predict the mechanical stiffness characteristics of bone specimens when
considering the combination of volume fraction and fabric, which is a measure of
architectural amsotropy Second, that the same morphological measures could not
accurately predict the mechanical properties of porous structures in general

We

hypothesize that this discrepancy can be explained by the special nature of trabecular
bone as a structure m remodeling equilibrium relative to the external loads
We tested this hypothesis using a generic model of trabecular bone Five series
of 153 different architectures were created with this model Each architecture was
subjected to morphological analysis, and four different fabric measures were calculated
to evaluate their effectiveness in characterizing the architecture Relationships were
determined relating morphology to the elastic constants

The quality of these

relationships was tested by correlating the predicted elastic constants with those
determined from finite element analysis
We found that the four fabric measures used could estimate the mechanical
properties almost equally well So the suggestion that fabric measures based on
trabecular bone volume better represent the architecture than mean intercept length
could not be affirmed
We conclude that for structures with equally sized elliptical voids only those with
limited variety in trabecular thickness morphology could predict the mechanical
properties well These structures closely resemble previously developed models of
trabecular bone Furthermore, they are stiff in the principal fabric direction, hence,
according to Cowm (Cowm S C , 'Wolff's law of trabecular architecture at remodeling
equilibrium', J

Biomech

Eng,

108, 1986, pp

83-88), they are in remodeling

equilibrium These structures are also stiff over a large range of loading orientations,
hence, are relatively insensitive to deviations in direction of loading

Introduction
The mechanical quality of trabecular bone depends on both its stiffness and strength
characteristics Owing to a very strong correlation between stiffness and strength (R2 =
0 95, Goulet et al, 1994, Hou et al, 1998) the mechanical quality can be assessed from
its three-dimensional elastic stiffness characteristics Knowledge of these properties is
of great importance in studying bone adaptation due to total joint replacement or bone
diseases, and in estimating fracture risk The direct assessment of the mechanical
properties of trabecular bone in vivo is impossible, determination of these properties ex

Estimates of mechanical quality of trabecular structures depend on thickness variations
situ is subject to large errors

As an alternative the assessment of mechanical

properties from morphological parameters has been proposed
The mechanical properties of trabecular bone are anisotropic, due to the
orientation of the trabeculae Volume fraction, a first-order measure of architecture,
cannot

predict direction-dependent

properties, hence, a measure of

'structural

amsotropy' must be included Structural amsotropy is quantified by a 'fabric' measure
(Kanatam, 1984, Cowm, 1985), which captures the preferential orientations of the
trabeculae The Mean Intercept Length (MIL, Whitehouse, 1974, Harngan and Mann,
1984), a second-order measure of architecture, is the most common way to assess
architectural directionality In two recent studies, high correlations were found between
elastic properties (Young's moduli, shear moduli and Poisson ratios) calculated from
experiments versus those estimated from volume fraction and fabric The relationships
were found to be valid for both normal (Kabel et al, 1999) and diseased bone (Van
Rietbergen et al, 1998) So, it was concluded that trabecular bone volume fraction and
MIL could accurately predict bone's elastic properties Such relationships could become
very useful in estimating fracture risk in patients, as soon as high-precision in vivo
scanning techniques become available
The finding that volume fraction and MIL can accurately predict the elastic
properties is in fact surprising, because the same morphological parameters could not
accurately predict the elastic properties of porous structures in general (Van Lenthe and
Huiskes, 1999) This seeming discrepancy can be explained by the fact that neither
volume fraction nor MIL uniquely define a particular architecture, hence, porous
structures can have similar volume fractions and MIL parameters, but totally different
elastic properties (Odgaard et al, 1990, Van Lenthe and Huiskes, 1999) These results
indicate that trabecular bone is not an arbitrary porous structure, but rather a special
architectural subset This may be an inherent effect of the bone-remodeling regulatory
process, which provides architectures adjusted to the external loads (Wolff, 1892,
Huiskes et al, 2000) In this adaptation process, trabecular thickness is thought to be
governed by load transfer, but limited on the upper level by restrictions in cell-signaling
or diffusion distances from the inner part to the surface (Mullender and Huiskes, 1995,
Fyhne and Kimura, 1999) These ideas formed the starting point for the present study
where we hypothesized that, as an effect, trabecular architecture in remodeling
equilibrium is characterized by a restricted local variety in trabecular thickness, and that
this makes it to the special subset of generally feasible architectures for which
morphology gives accurate estimates of the mechanical properties
This hypothesis was investigated by comparing the elastic constants predicted
from morphology with those determined in computer-simulated testing in subsets of
generic porous architectures with varieties in trabecular thickness

Besides Mean
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Intercept Length, three other methods for characterizing anisotropy were used for the
morphological predictions, to test their relative efficacies.

Methods
The porous structures analyzed were built from two-dimensional, repetitive unit cells;
thus, only a small part of the structure needed to be analyzed (Fig. 1). Each unit cell
was described by three parameters. The first one is volume fraction Vv, which for this
2D-case is the area percentage of bone. The second one is the ellipse ratio ER. This is
defined as the ratio between the two lengths of the axes of the ellipse shaped voids
(H1/H2). The third parameter is the angle Θ, which defines the orientation of the voids
relative to each other, hence, also determines the shape of the rods in the porous
structures. These rods will be called trabeculae, as an analogy to the trabeculae in
trabecular bone.

Figure 1: a: part of a structure with a unit cell; b: finite element representation of the unit cell.
Each cell is modeled with sixty quadratic elements. It is defined by three parameters: vv, which
is the area percentage of bone; the ellipse ratio ER, which is defined as Η,/ΗΪ; the angle Θ,
which defined the orientation of the ellipses relative to each other.
With use of this unit cell a diverse set of porous structures was created. Volume
fraction was varied from 0.3 to 0.7 in steps of 0.025; the ellipse ratio was varied from
1.0 to 3.0 in steps of 0.25. For a given set of vv and ER, the angle θ determines the local
variety in trabecular thickness. This was used to create the subsets of architectures
suitable to investigate our hypothesis. For each combination of vv and ER the angle θ
was varied from 1 to 89 degrees. For each structure, defined by Vv, ER and Θ, the
trabecular thickness ratio (TTR) was determined. TTR was defined as the ratio of the
minimum trabecular thickness to the maximum trabecular thickness, where the
thickness of a trabecule was defined as the radius of the circle which just fitted into the
trabecula. Fig. 2 shows the TTR as a function of θ for a certain combination of vv and
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Figure 2: The trabecular thickness

Trabecular thickness ratio (TTR)

ratio (TTR) as a function of Θ. TTR
is defined as the ratio of the
minimum trabecular thickness to
the maximum trabecular thickness.
Shown is the TTR for vv = 0.35 and
ER = 1.50. Five structures were
selected for further analysis (A to
E).
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ER. For low and high values of θ the ellipses intersect, hence, no valid structures result.
For two particular values of θ the ellipses touch, hence the thickness of the thinnest
trabecula is 0 and TTR is 0, too. Increasing θ from the lowest value increases the TTR
until it reaches a maximum. For higher Θ, the TTR decreases, reaches a minimum, and
then a second maximum is reached, just before the elliptical holes touch again. For
each combination of Vv and ER, 5 structures with different θ values were selected. The 5
values for θ were the two providing local maximums in the TTR, the one providing a
local minimum1, and two halfway those values providing zero and maximal TTR (Fig. 2).
This gave us a total of 765 structures for further analysis of morphology versus elastic
constants. They were separated into five series A to E, each consisting of 153
structures.
For each of the structures the trabecular orientation was characterized by four
different measures. First, the Mean Intercept Length (MIL) was calculated. For the
generic models used in this study it can be shown that MIL equals the ellipse ratio ER
and that it is independent of θ (Van Lenthe and Huiskes, 1999). Although MIL is
commonly used to characterize trabecular orientation, other fabric measures have been
suggested as well. The fabric measures we also tested were Volume Orientation
(Odgaard et al., 1990), Star Length Distribution, and Star Volume Distribution (Odgaard
et al., 1997).
1

Due to a slightly different criterion used in an earlier version of this manuscript some of the
structures in series C did not exactly match the criterion that TTR had a local minimum.
However, the error was small, with, on average, TTR being 8% higher than of the local
minimum. This will hardly influence the shape of the structures, hence will hardly effect the
mechanical properties.
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The eigenvalues, Hi and H2, of the fabric tensor were normalized by the
requirement that H, + H2 = 1 (Cowm, 1985) An amsotropy parameter A was introduced,
as A = Hi -1/2 'A' can range from zero, when the fabric is described by a circle, and no
preferential orientation is suggested, to a maximum of Vè From the symmetry in each
structure it follows that the eigenvectors parallel the ellipse axes
The elastic constants for each structure were obtained using a direct mechanics
approach m combination with a commercial finite element package (MARC Analysis
Corporation, Palo Alto, CA) Each model was converted into a finite element model (Fig
1) Each unit cell was modeled with 60 plane stress quadratic elements with isotropic
material properties, with an arbitrary Young's modulus Et = 1000 MPa, and Poisson's
ratio ν = 0 3 Three independent strain cases (two um-axial deformations m χ- and ydirection and one shear deformation) were applied to each FE model, and the tissue
strains were determined as a function of the apparent strains The relationship between
tissue strains and local strains was stored m a localization matrix The apparent
stiffness matrix was then calculated from this localization matrix and the tissue stiffness
matrix (Suquet, 1985, Holhster and Kikuchi, 1992, Van Rietbergen et al, 1996) The
stiffness matrix was calculated from the strains of the middle unit cell of a structure built
from 25 unit cells We performed a convergence analysis to verify that the elastic
properties were accurately determined by following this approach The model was made
symmetrical, from which it follows that the mechanical properties of the structure as a
whole were orthotropic This restriction was put onto the model, as it is known that bone
is orthotropic (Yang et al, 1999) The orthotropic directions parallel the eigenvectors of
the fabric tensor and the orientation of the voids
A simple relationship exists between the stresses and strains in an elastic
orthotropic material in plane stress When the stiffness matrix is rotated to the directions
of elastic symmetry, the relationships between the stresses and strains are given by
'-n

^12

• σ.

-22

σ 12

0

v

G

< ε.
2ε12

(1)

where {σ} are the stresses and {ε} are the strains
For an orthotropic material a mathematical exact relationship exists between
morphology and elastic properties (Cowm, 1985), provided that the amsotropy of the
porous elastic structure is due only to the geometry of the microstructure represented
by the fabric tensor This relationship was simplified here for the 2-dimensional case as
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where A is the previously defined architectural anisotropy parameter (0 < A < Vz) In the
present relationship six unknown functions f, appear that must be determined These
functions depend on v v and were chosen as (Turner et al, 1990, Van Rietbergen ef a/,
1998)
f,(Vv) = f , i + f , 2 v ;

(3)

where f,1 and f,2 are constants With six functions, a total of 12 constants were involved
which were determined from a multiple least-squares regression between the elastic
constants as determined from morphology versus those determined from FE analysis
For each series a different set of constants was established After back-substitution of
the fitted constants into eq 2 the relationship was used to determine the elastic
properties from volume fraction and fabric The goodness of fit, R2, of equation 2 was
determined by comparing the predicted elastic properties with the values obtained from
finite element analysis in statistical correlation as described before (Turner ef a/, 1990,
Van Rietbergen ef a/, 1998, Kabel ef a/, 1999)

Results
Widely varying structures were obtained, even for structures with identical volume
fraction and pores (Fig 3) The elastic constants varied widely for structures with
different volume fractions (Vv), but also for structures with the same vv For example, for
the structures with a volume fraction of 0 30, En ranged from 76 MPa to 681 MPa The
correlation between v v and the elastic constants was only moderate, for example, R2 for
En was only 0 30
The same shape, as shown in Fig 2, for TTR as a function of θ was found for
every combination of vv and ER

With increasing v v the value for maximum and

minimum TTR decreased, with increasing ER the range in values for θ which result m a
structure got smaller and shifted to smaller values
The elastic properties of the structures in series B, with θ providing a minimum
TTR (Fig 2), are shown in Fig 4 Shown are the four non-zero entries of the stiffness
matrix The values as determined from the finite element analysis are plotted against
the ones determined directly from volume fraction and MIL (eq 2) For all elastic
constants very high correlation coefficients were found, with R2 greater than 0 96 High
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correlations were also found for series D, much lower Revalues were found for the
other series and even lower values for the combination of all structures from series A to
E (Table 1) For series B, more-or-less similar results were found when SLD was used
as a measure of fabric Slightly lower R2-value were found when SVD or VO were used
as measures of fabric (Table 2) That these fabric measures do give information on the
orientation of the trabeculae is clearly shown by the fact that when volume fraction
alone was used as morphological measure, the correlation coefficients between
predicted and FE-calculated elastic constants dropped to very low values (Table 2)

A

Β

C

D

E

A-E

En

0 93

0 98

0 97

0 98

0 91

0 85

E22

0 88

0 99

0 98

0 99

0 99

0 59

E,2

0 78

0 96

0 78

0 97

0 69

0 51

G,2

0 67

0 98

0 03

0 96

0 77

0 54

Table 1 Revalues between the elastic constants as predicted from morphology versus those
determined from finite element analyses The results are shown for the individual entries of the
stiffness matrix (En, E22, £,2, G^) The Revalues are given per series A to E and for the joint fit,
in which all the structures from series A to E are included Morphology was described by the
combination of volume fraction and Mean Intercept Length

Vv

vv+MIL

vv+SL.D

v v +SVD

Vv+VO

E11

0 31

0 98

0 99

0 91

0 87

E22

0 56

0 99

0 99

0 94

0 93

E12

0 03

0 96

0 96

0 89

0 79

G12

0 75

0 98

0 98

0 97

0 97

Table 2: Revalues for series Β between the elastic constants as predicted from morphology
versus those determined from finite element analyses The results are shown for the individual
entries of the stiffness matrix (En, E22, E12, G^) Morphology was described by different
measures
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structure

Young's modulus

Ε ι, predicted from morphology
1000

Figure 3: One structure out of every series. All
have a volume fraction of 0.35 and an ellipse
ratio (ER) of 1.5. For this combination of
volume fraction and ER, θ is 19, 22, 35, 51 and
54 degrees for the structures out of series A, B,
C, D, and E, respectively. Also shown is the
Young's modulus, shown as a function of angle
of measurement. The mechanical properties
are orthotropic for all structures.
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Figure 4: The stiffness
components for the 153
structures from series B.
Shown are the stiffness
components (En, E22,
E,2, G12) as calculated
from the finite element
models versus those
predicted from volume
fraction
and
mean
intercept length.
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Discussion
For 765 porous structures the elastic properties were determined from finite element
analysis to test our hypothesis in their predictability from morphology We used a
simplified cellular model of trabecular bone instead of real trabecular bone The reason
is that we were interested in the effects of architecture only In real bone, there would
also have been the effects of material mhomogeneities And above that, by using a
model, we could create all different kinds of architectures In this way we were able to
test specimens with a wide range in volume fractions and with differing degrees of
mechanical and structural amsotropy For simplicity we used a two-dimensional model
But the same principles will be valid in three dimensions The volume fractions created
were higher than found for real trabecular bone which is inherent to the use of a twodimensional model The minimum volume fraction used was, however, much lower than
in the two-dimensional model used by Beaupré and Hayes (1985) This was realized by
the specific character of the unit cell, which allows for bending in the cell walls This
staggering of voids is also present in the well-known models of Gibson (1985) and
Gibson and Ashby (1988) Depending on the specific values of the three parameters
defining the unit cell, our structures closely resemble both their cubic as well as their
hexagonal models, for which they showed that they accurately described the elastic
behavior of trabecular bone, indicating that our models have the same capacity
The procedure applied to calculate the elastic constants of a unit cell from three
strain cases will, in principle, provide an upper limit to its values, whereas three stress
cases would result in a lower limit However, when using more unit cells in one structure
both approaches converge to the same value the elastic properties of the structure as if
it were an infinite plate We performed a convergence study and found that this value
could be approximated by creating a structure built from 25 unit cells The stiffness
matrix was then calculated from the strains of the middle unit cell, as this cell resembles
closely the behavior if the structure were an infinite plate
No inherent relationship exists between MIL and the other fabric measures
tested Hence, it is surprising that all four fabric measures could estimate the
mechanical properties almost equally well The reason for testing different fabric
measures was that, in principle, eq 2 is only valid when the amsotropy of the porous
structures is due only to the geometry of the microstructure as represented by the fabric
tensor (Cowm, 1985) However, this capacity of the fabric tensor has not been proven
for any specific fabric measure It has been suggested that SLD, SVD and VO could
better than MIL represent the architecture, and hence the mechanical properties, due to
the fact that SLD, SVD, and VO are descriptions of the trabecular bone volume around
a typical point within a trabecula This in contrast to MIL, which describes the orientation
of interfaces between bone and marrow (Odgaard, 1997) However, the present study
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could not confirm that SLD, SVD or VO could better represent the architecture than MIL;
slightly higher correlations were even obtained with MIL.
We hypothesized that only for porous structures with little variety in trabecular
thickness the mechanical properties could be predicted accurately. The results of this
study affirmed this hypothesis: they showed that only for those structures (series Β and
D) good estimates of the mechanical properties can be obtained from volume fraction
and fabric. These results can be understood by considering the relationship between
elastic constants and morphological parameters (eq. 2). When no morphological
anisotropy is present (A = 0) it can be shown that eq. 2 represents an elastic isotropic
material. By inspection of all structures we found that the structures in series Β and D
were (nearly) mechanically isotropic when they were morphologically isotropic (A = 0).
Furthermore, we found that an increase in morphological anisotropy generally resulted
in structures of stronger mechanical anisotropy; we also found that, as expected, an
increase in volume fraction resulted in stiffer structures. Subsequently, the mechanical
properties can be estimated well from morphology. The structures in series A, C and E
were also stiffer with increasing volume fraction, but they lacked the mechanical
isotropic behavior when the morphological measures were isotropic, hence the
predictive capacity of morphology is less accurate. The predictive capacity might be
improved by developing models including higher order invariants of fabric.
For all structures of series A, B, D and E the orientation of the largest Young's
modulus equals the orientation of the voids, and hence, the principal fabric direction
(Fig. 3). This is also true for real trabecular bone (Yang et al., 1999). When it is
assumed that bone is predominantly loaded in its stiftest direction, which is an
interpretation of Wolff's Law, this implies that for these structures the principal axes of
the strain, stress and fabric tensors will coincide. This indicates that if these structures
were real trabecular bone, these structures would be in remodeling equilibrium (Cowm,
1986). For the structures of series C the direction of the largest Young's modulus does
not equal the principal fabric direction (Fig. 3).
Another interesting observation for the structures of series C is the large change
in Young's modulus as a function of loading orientation. The structure is only stiff in a
limited range; when the load would be off by a few degrees, the structure looses nearly
all its stiffness. This is in contrast to the structures from series Β and D (Fig. 3). These
are stiff in a large range of loading orientations.
We conclude that for structures with equally sized elliptical voids only those with
limited variety in trabecular thickness volume fraction and MIL provide accurate
estimates of the elastic properties, even when volume fraction and MIL differ over a
wide range. These structures closely resemble previously developed models of
trabecular bone (Gibson, 1985; Gibson and Ashby, 1988). Furthermore, they are stiff in
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the main fabric direction and in remodeling equilibrium, according to the definition of
Cowin (1986). SLD, SVD and VO also provide good estimates of the elastic properties,
although not as good as MIL.
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ABSTRACT
We analyzed the ability of the quantitative ultrasound (QUS) parameter speed of sound
(SOS), and bone mineral density (BMD), as measured by dual-energy X-ray
absorptiometry (DXA) to predict Young's modulus, as assessed by microstructural finite
element analysis (μΡΕΑ) from microcomputed tomography (pCT) reconstructions With
pFEA simulation, all bone elements in the model can be assigned the same isotropic
Young's modulus; therefore, in contrast to mechanical tests only the trabecular structure
plays a role in the determination of the elastic properties of the specimen. SOS, BMD,
and μΟΤ measurements were performed in 15 cubes of pure trabecular bovine bone in
three orthogonal directions: anteroposterior (AP); mediolateral (ML); and craniocaudal
(CC). The anisotropy of the architecture was determined using mean intercept length
(MIL) measurements. SOS, MIL and Young's modulus (E) values were significantly
different in all three directions (p<0.001), with the highest values in the CC direction.
There was a strong linear relationship between E and SOS in each of the three
orthogonal directions, with r2 being 0.88, 0.92 and 0.84 (all p<0.0001) for the CC, ML
and AP directions, respectively. The relationship between E and BMD was less strong,
with r2 being between 0.66 and 0.85 (all p<0.0001) in the different directions. There was
also a significant, positive correlation between SOS and BMD in each of the three axes
(r2 being 0.81, 0.42 and 0.92 in the CC, ML, and AP direction, respectively; p<0.0001).
After correction for BMD, the correlations between SOS and E in each of the three
directions remained highly significant (r2 = 0.77, p<0.0001 for AP direction; r2 = 0.48,
p<0.001 for the CC directions; r2 = 0.52, p<0.005 for the ML direction). After correction
for SOS, BMD remained significantly correlated with Young's modulus in the AP and
CC directions (r2 = 0.52, p<0.005 and r2 = 0.30, p<0.05, respectively), but the
correlation in the ML direction was no longer statistically significant. In a stepwise
regression model, E was best predicted by SOS in each of the orthogonal directions.
These observations illustrate the ability of the SOS technique to assess the architectural
mechanical quality of trabecular bone.

Introduction
Osteoporosis is a skeletal disorder, characterized by a reduction of bone mineral
density (BMD) that accompanies architectural deterioration (Anon., 1993). At present,
the clinical assessment of osteoporosis relies mainly on BMD measurements by dualenergy X-ray absorptiometry (DXA) or quantitative computed tomography (OCT).
Density is a commonly used predictor of cancellous bone stiffness (Rice et al., 1988;
Ashman et al., 1989; Ciarelli et al., 1991; Martin, 1991; Langton étal., 1996; Njeh étal.,
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1996). However, cancellous bone stiffness is also dependent on the trabecular
architecture (Goldstein, 1987; Mosekilde, 1989; Turner et al., 1990; Van Rietbergen et
al., 1998) and the quality of the mineralized tissue (Burr et al., 1998; Fazzalari et al.,
1998).
Quantitative ultrasound (QUS) was developed as a tool for the assessment of
cancellous bone mechanical quality (Langton et al., 1984). Broadband ultrasound
attenuation (BUA) and speed of sound (SOS) are the two most commonly used
parameters. Because QUS parameters and BMD show independent associations with
hip fracture risk, it is likely that QUS measures other qualities of bone as compared with
BMD (Hans et al., 1996; Bauer et al., 1997). Postmortem specimen studies have shown
that ultrasound velocity is structure related, as evidenced by its dependence on the
measuring direction in bone cubes (Nicholson et al., 1994; Njeh et al., 1996; Njeh et al.,
1997b; Hosokawa and Otani, 1998; Hans et al., 1999). Furthermore, strong correlations
between elastic moduli and ultimate strength on the one hand, and ultrasound velocity
on the other, have been found in bovine (Turner and Eich, 1991; Njeh et al., 1996;
Hodgskinson et al., 1997) and human (Bouxsein and Radloff, 1997; Han et al., 1997;
Hodgskinson et al., 1997; Njeh et al., 1997b; Hans et al., 1999) trabecular bone
samples.
Recently, high-resolution microcomputed tomography (pCT) reconstruction of
trabecular bone was introduced. The μΟΤ system generates sequential microscopic
optical images and allows a geometric reconstruction of the trabecular architecture of
bone specimens by reconstructing the images in a three-dimensional matrix (Feldkamp
et al., 1989; Ruegsegger et al., 1996). This represents the geometry of the trabecular
architecture. The microarchitecture can be assessed accurately by μΟΤ when its
resolution is around 20 μιη (Muller et al., 1996). Uchiyama et al. (1997) showed
significant correlations between μΟΤ assessed microarchitecture and conventional
histomorphometry, using a spatial μΟΤ resolution of 26 μιη. The voxel matrix can be
used as input for microstructural finite element analysis (μΡΕΑ) models. These \iFEA
models can be used to simulate real mechanical tests and to evaluate the elastic
properties of trabecular bone specimens (Van Rietbergen et al., 1995).
In the results of mechanical tests, the effects of architectural qualities (which
depend on morphometric parameters such as connectivity, trabecular number and
width, and bone volume fraction) and of mineralized tissue qualities (which depend on
degree of mineralization, lamellar arrangement, microcracks, and resorption lacunae)
on specimen stiffness cannot be discriminated. However, with pFEA simulation, all bone
elements in the model can be assigned the same isotropic Young's modulus, as it has
been found that the tissue anisotropy has a negligible effect on the apparent Young's
moduli (Van Rietbergen et al., 1997; Ladd et al., 1998; Kabel et al., 1999). In this way,
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only the architecture plays a role in the determination of the specimen stiffness (Van
Rietbergen et al., 1995; Van Rietbergen et al., 1996). The association of QUS
parameters with pCT based morphometric parameters has been investigated previously
(Gluer et al., 1994; Nicholson et al., 1998), but not the association of QUS parameters
with Young's modulus as determined by the pFEA model
The objective of this study was to compare the abilities of BMD, as measured by
DXA, and the QUS parameter SOS, to predict the Young's modulus, as assessed by
pFEA from pCT reconstructions For this purpose, BMD measurements were performed
on bovine specimens, and, in addition, the SOS was measured in three directions. The
specimens were pCT-scanned, and Young's moduli were determined in three directions
with pFEA.

Materials and methods
Sample preparation
Seven proximal and eight distal bovine femora were obtained freshly from a local
butcher and kept frozen at -35° C until required for testing. After thawing, 15 cubes of
pure trabecular bone measuring 25 χ 25 χ 25 mm were prepared using a high precision
diamond saw. Care was taken to produce parallel surfaces. The edges of the samples
were approximately in line with the anteroposterior (AP), mediolateral (ML), and
craniocaudal (CC) axes of the bones from which they were obtained. Because defatting
has no measurable effect on ultrasound velocity (Njeh and Langton, 1997), bone
marrow was not removed. During preparation the samples were kept moist. Prior to
ultrasound measurements, the specimens were thoroughly degassed underwater in a
vacuum desiccator, removing air bubbles trapped within the intertrabecular spaces. For
BMD and ultrasound

measurements, the whole

cubes were

used. For

pCT

measurements, a cylindrical core with a diameter of 15.5 mm and a length of 25 mm
was removed in the CC direction from each cube, using a high-precision drill. The AP
and ML directions were marked on the cylinders with waterproof ink.
Ultrasound measurements
SOS measurements were conducted using the ultrasound bone imaging scanner UBIS
3000 (DMS, Montpellier, France). This system uses a pair of focused broadband 0.5
MHz transducers, 29 mm in diameter, mounted coaxially. The resolution at the focal
zone is approximately 4-5 mm. A scan of 60 χ 60 mm in steps of 1 mm is performed to
obtain an image (Laugier et al, 1994; Laugier et al, 1997).
The measurements were performed undenwater at a stable temperature of 30°
C. A solution for reducing air bubbles and foaming reactions in the water, delivered by
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the manufacturer, was added. The bone samples were placed in a Perspex holder for
easy and accurate positioning. Each specimen was measured along the three
orthogonal axes of the cubes and the measurements were repeated three times with
interim repositioning. SOS was calculated using a circular region of interest with a
diameter of 15 mm placed within the center of the sample. To avoid measurement
artifacts at the edge of the sample, this was the largest diameter used for
measurements of the whole specimen. For comparison with the small volume of interest
used for determination of the pCT parameters, a subregion with a diameter of 7 mm
was also analyzed. Because there was no significant difference between SOS in the 7
and 15 mm regions, only the latter results are reported in this paper.
BMD measurements
BMD measurements were performed in a water tank. The specimens were measured
along the three orthogonal axes of the cubes, using the high-resolution scan mode of
the Hologic QDR 1000 densitometer. The area of bone analyzed was the total area of
the specimen (6.25 cm 2 ). We also analyzed a subregion of 7 χ 7 mm in the center of the
sample, for optimal comparison with the volume of interest selected for determination of
the μΟΤ parameters. There was no significant difference between BMD in the two
regions, so only the total area BMD is reported in this study.
μ€Τ measurements and μΡΕΑ simulation
For μΟΤ measurements, a pCT 20 (Scanco Medical, Bassersdorf, Switzerland) was
used. All samples were positioned in a cylindrical Perspex sample holder with a 15.5
mm inner diameter. After a scout view, a total of 600 microtomographic slices with a
resolution of 17 μπι were acquired. Measurements were stored in three-dimensionalimage arrays. For subsequent analysis, a volume of interest (VOI) of 6.8 χ 6.8 χ 6.8 mm
(400 χ 400 χ 400 voxels) was selected in the center of the specimen to avoid the
influence of preparation artifacts at the surface. For optimal segmentation of bone and
marrow, a thresholding optimization procedure was used before analyses of the bone
samples. Morphometrical indices can be determined from the microtomographic
reconstructions. The anisotropy of specimen architecture was determined using mean
intercept length (MIL) measurements (Harngan and Mann, 1984). MIL determines the
average distance between bone and marrow interfaces and is measured by tracing test
lines in different directions in the VOI examined. From this measurement, a MIL tensor
was calculated, giving the anisotropy in each of the three orthogonal directions.
The bone voxels in the pCT-based voxel matrix were converted to eight-node
brick elements. But first, the number of voxels was reduced by grouping 4x4x4 voxels; a
new voxel was assumed to be bone if more than half of its original voxels represent
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bone. The finite element representation of the specimen was detailed enough to obtain
accurate values for the stiffness characteristics (Van Rietbergen et al., 1995; Ulrich et
al., 1998). All elements were assigned an arbitrarily chosen isotropic Young's modulus
of 1 GPa, as it has been found that tissue anisotropy has a negligible effect on the
apparent Young's moduli (Van Rietbergen et al., 1997; Ladd et al., 1998; Kabel et al.,
1999). These studies showed close agreement between the experimentally determined
Young's modulus and the Young's modulus as calculated from microfinite element
models.
The finite element models were subjected to six different mechanical tests (three
compression tests and three shear tests), and the local strains in the architecture were
determined. From the calculated strains the complete stiffness characteristics of the
specimen were determined (Van Rietbergen et al., 1996). In this finite element model,
only the architecture plays a role in the determination of the specimen stiffness,
because all elements were assigned the same Young's modulus (Van Rietbergen et al.,
1995; Van Rietbergen et al., 1996).
Statistics
The data exhibited a normal distribution. Analysis of variance (ANOVA) with repeated
measures was used to determine if any significant differences occurred among the
three orthogonal directions. Simple linear regression was used to determine the
associations between ultrasonic and densitometric parameters, on the one hand, and
Young's moduli, on the other. Bonferroni's correction for multiple comparison
procedures was used and two-tailed p<0.001 was taken as the level of significance.
Partial correlation coefficients were calculated to adjust for multiple variables. Multiple
stepwise regression was used to test whether combinations of parameters improved the
predictive ability. Values for r2 refer to the adjusted coefficient of determination. Data are
presented as mean ± SD.

Results
SOS, BMD, MIL, and Young's modulus In the orthogonal directions
The mean values (± SD) for SOS, BMD, MIL, and Young's modulus (E) in the three
orthogonal directions are reported in Table 1. SOS, MIL, and E values were, in all three
directions, significantly different (p<0.001), with the highest values in the CC direction.
BMD was not different in the three directions.
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CC
SOS (m/s)

E (Mpa)

AP
a

1976±182 ' '

1740±115

0.74 ±0.15

0.74 ±0.15

0.70±0.20ab

0.51±0.13 a

0.60±0.13

74.7 ± 35.9a

97.7 ± 42.6

BMD(g/cm 2 )
MIL

ML
a :

123.9 ± 43.3

a b

1857 ±163
0.73 ±0.14

Table 1: Mean values (±SD) for speed of sound (SOS), bone mineral density (BMD), mean
intercept length (MIL), and Young's modulus (E) in the three orthogonal directions,
anteroposterior (AP), mediolateral (ML), and cramocaudal (CC).
a
p<0.001 versus AP direction,
b
p<0.001 versus ML direction.

Relationship between SOS, BMD, MIL, and Young's modulus in each orthogonal
direction
Linear regression models were used to examine the relationship between Young's
moduli, on the one hand, and SOS, BMD, and MIL on the other. There was a strong
relationship between Young's modulus and SOS in each of the three orthogonal
directions, with r2 being 0.88, 0.92, and 0.84 (all p<0.0001) for the CC, ML, and AP
directions, respectively. The relationship between Young's modulus and BMD was less
strong, with r2 being between 0.66 and 0.85 (all p<0.0001) in the different directions.
The regression equation for each orthogonal direction is given in Table 2. There was
also a significant, positive correlation between SOS and BMD in each of the three axes
(r2 being 0.81, 0.42, and 0.92 in the CC, ML, and AP directions, respectively; p<0.0001)
(data not shown in Table 2).
Both SOS and BMD were independent predictors of Young's modulus. After
correction for BMD, the correlations between SOS and E in each of the three directions
remained highly significant (r2 = 0.77, p<0.0001 for the AP direction; r2 = 0.48, p<0.001
for the CC direction; r2 = 0.52, p<0.005 for the ML direction). After correction for SOS,
BMD remained significantly correlated with Young's modulus in the AP and CC
directions (i2 = 0.52, p<0.005; r2 = 0.30, p<0.05, respectively), but the correlation in the
ML direction was no longer statistically significant. When using stepwise regression
models, Young's modulus was best predicted by SOS in each of the orthogonal
directions. When using both SOS and BMD as predictors for Young's modulus, r2 was
improved by 0-0.08 when compared with SOS as single predictor (Table 2). In the ML
direction, the addition of BMD to SOS did not improve the predictive value of Young's
modulus.
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Intercept

Coefficient

r5

t-ratio, ρ value

CC direction
SOS

-317 8

BMD

-68 1
-233 6

SOS and BMD

0 23

9 93, <0 0001

0 88

260 9

8 46, <0 0001

0 85

0 14and 115 1

3 22 and 2 29,
<0 01 and <0 05

0 92

0 30

11 9, <0 0001

0 92

220 3

7 90, <0 0001

0 83

0 22 and 17 0

3 58 and 0 22,
<0 01 and η s

0 92

ML direction
SOS

-444 9

BMD

-88 7
-421 5

SOS and BMD
AP direction
SOS

-349 1

BMD

-75 5
-312 0

SOS and BMD

0 24

8 30, <0 0001

0 84

237 8

4 97, <0 0001

0 66

0 18and 1104

6 54 and 3 64,
<0 001 and <0 01

0 92

Table 2: Summary of the linear regression equation and coefficient using speed of sound (SOS)
and bone mineral density (BMD) as predictors for E in the three orthogonal directions
CC craniocaudal ML mediolateral, AP anteroposterior, η s not significant

2400

1400
04

05

06

07

08

09

10

11

MIL (mm)
Figure 1: Relationship between MIL and SOS in three orthogonal directions for each individual
bone cube ML mediolateral direction, AP anteroposterior direction, CC craniocaudal direction
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SOS was significantly and negatively correlated with MIL in each orthogonal direction
(CC r2 = 0 67, p<0 001, ML r2 = 0 37, p<0 001, AP r2 = 0 47, p<0 001) Furthermore,
we found significant correlations between SOS and MIL measured m the two directions
perpendicular to SOS (SOS in CC direction with MIL in AP and ML directions r2 = 0 71
and 0 65, SOS in ML direction with MIL in CC and AP directions r2 = 0 72 and 0 63,
SOS in AP direction with MIL in CC and ML directions r2 = 0 60 and 0 51, respectively,
all p<0 001) BMD was also significantly and negatively correlated with MIL in each of
the three directions (CC r2 = 0 74, ML r2 = 0 49, AP r2 = 0 70, all p<0 001) After
correction for BMD, SOS was no longer significantly correlated with MIL However, in all
but one, we found a positive relationship between MIL and SOS when analyzing the
three orthogonal directions in each individual bone specimen (Figure 1) In a multiple
regression model, MIL did not contribute to the prediction of E in the models that
included SOS or BMD or both SOS and BMD (data not shown)
When the data from the three different directions are combined into a linear
regression model, the predictive value of SOS for Young's modulus is better than that of
BMD, with the r2 values being 89% and 60%, respectively (the regression lines are
depicted in Figure 2)

Discussion
We observed a directional dependence of the pFEA-estimated Young's modulus, MIL,
and SOS in trabecular bovine bone cubes The mechanical properties of cancellous
bone vary with direction as a consequence of adaptation to the applied load (Mullender
and Huiskes, 1995) The highest values for Young's modulus were found in the
pnncipal-weight-beanng CC direction SOS also varied with direction, with values being
highest in the CC direction Other studies (Nicholson et al, 1994, Njeh ef al, 1996,
Nicholson étal, 1998, Hans étal, 1999) also reported similar results
In the present study, SOS accounted for 84% - 92% of the variance in μΡΕΑestimated Young's modulus in each of the three perpendicular directions, and for 89%
when the directions were pooled In previous studies, the associations between
stiffness and ultrasound velocity in human bone specimens were reported as r-values
between 0 44 and 0 77, (Han et al, 1997, Njeh et al, 1997b, Hans et al, 1999) and r2
values between 0 41 and 0 72 (Bouxsein and Radloff, 1997, Hodgskmson et al, 1997)
In the bovine model, r2 values between 0 79 and 0 83 have been reported (Njeh et al,
1996, Hodgskmson et al,

1997)

In these studies, stiffness was assessed by

mechanical testing and not by pFEA These studies differed also with respect to
location and type of trabecular bone used (human calcaneal, lumbar spine or femoral
neck bone samples (Bouxsein and Radloff, 1997, Han et al, 1997, Njeh et al, 1997b,
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Hans et al, 1999), bovine femoral bone samples (Njeh et al, 1996), or both human and
bovine samples (Hodgskmson et al, 1997)), the preparation and size of the bone
samples, and the ultrasound system used, so it is difficult to compare the results with
our study Nevertheless, it seems evident that the associations between SOS and
stiffness, estimated by μΡΕΑ in the present study, are stronger than the associations
reported in the studies in which stiffness was assessed by mechanical testing
The results of compression tests and those of the μΡΕ analyses show good
agreement (r2 = 92%, Kabel et al, 1999), indicating that the FE approach can provide
information similar to mechanical tests However, in a number of studies, inaccuracies
in compression test experiments and their possible consequences for the apparent
mechanical properties measured have been reported (Linde and Hvid, 1989, Odgaard
and Linde, 1991, Keaveney et al, 1993, Zhu et al, 1994) It must be considered that
the Young's modulus can be underestimated by 20%-45% (Odgaard and Linde, 1991,
Keaveney et al, 1993) The application of μΡΕΑ models to simulate compression tests
can be used to reduce these errors (Van Rietbergen et al, 1998) This may explain the
higher association between SOS and E in the present study Furthermore, in the results
of mechanical tests, the effects of architectural and mmerahzed-tissue qualities on
specimen stiffness cannot be discriminated With pFEA, an effective tissue modulus is
assigned to the mineralized tissue, so only the architecture plays a role in such
analysis This gives the opportunity to assess the relation between BMD and SOS on
the one hand, and the architectural mechanical quality of these bone samples, on the
other

The strong association between SOS and stiffness found in this study

emphasizes the ability of SOS to assess the architectural mechanical quality of
trabecular bone
BMD accounted for 66%-85% of the variance in Young's modulus in the three
directions and for 60% when the directions were pooled These associations are similar
to those reported by others (Langton et al, 1996, Njeh et al, 1996, Bouxsem and
Radloff, 1997, Han et al, 1997, Hodgskmson étal,

1997, Njeh etal,

1997b, Augat ei

al, 1998, Jiang et al, 1998, Hans et al, 1999) Because density is a scalar quantity,
which cannot account for amsotropy, different relationships between Young's modulus
and SOS, on the one hand, and BMD, on the other, are bound to be found m the
different directions

This also explains the weaker association between BMD and

Young's modulus when the directions were pooled
Because SOS was significantly

correlated with BMD, stepwise

regression

models were used to examine the relationship between Young's modulus, on the one
hand, and SOS and BMD, on the other

In these models, SOS was the strongest

independent predictor of Young's modulus in each of the three directions, and the
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addition of BMD to SOS improved the prediction of the pFEA estimated Young's
modulus by only 0%-8%
Earlier, it was mentioned that pFEA-estimated elastic properties assess
exclusively the architectural mechanical quality of trabecular bone The architectural
quality

includes

both

quantity

(bone

volume

fraction)

and

spatial

trabecular

arrangement Trabecular arrangement is expressed in morphometnc scalar parameters
such as connectivity, trabecular number, trabecular spacing, and trabecular thickness
In recent studies, modest correlations between these scalar parameters, as evaluated
by magnetic resonance imaging (Hans et al, 1999), pCT (Gluer et al, 1994, Nicholson
et al, 1998), and histomorphometry (Hans et al, 1995) and ultrasound velocity were
reported Furthermore, significance was lost after adjustment for density (Hans et al,
1995, Hans et al, 1999, Nicholson et al, 1998) It seems inappropriate to correlate
QUS with these scalar parameters for evaluation of the ability of SOS to explain
trabecular arrangement, because these parameters do not discriminate between
architectural arrangement and quantity of bone (Odgaard, 1997)
Directionality of trabecular architecture can be adequately quantified by MIL
(Turner et al, 1990, Odgaard, 1997, Van Rietbergen et al, 1998) Because SOS is
direction dependent, one would expect a significant correlation between SOS and MIL
in each direction, which was the case in the present study Remarkably, we found a
negative correlation Because MIL is not independent of density, as shown by its
significantly negative correlation in each of the three directions m the present study, this
influenced the relation between SOS and MIL Indeed, after correction for BMD, SOS
was no longer significantly correlated with MIL in each direction However, when the
three MILs of each individual bone specimen (thus with equal BMD) were analyzed, we
found a positive relationship with SOS This confirms the relation between directionality
of trabecular architecture and SOS In one study with bovine trabecular specimens, a
positive correlation between ultrasound velocity and MIL was also reported, even after
correction for BMD (Gluer et al, 1994) In a recent study no correlation was found
between amsotropy, expressed in MIL ratios between different directions, and
ultrasound velocity (Hans et al, 1999) However, in the latter study, ultrasound waves
with a higher frequency (1 25 MHz), and human specimens were used, in contrast to
the study by Gluer et al (1994) and our study Nevertheless, based on the correlations
between SOS and MIL m the present study, we suggest that the SOS differences
between the three directions can be explained at least partly by the sensitivity to the
directionality of the trabecular structure
Our study has some limitations First, the sample size was limited Second, we
used bovine trabecular bone specimens, so the results cannot be extrapolated to
human trabecular bone due to the differences with regard to trabecular spacing and
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thickness that could influence ultrasound wave propagation (Njeh et al., 1997a). We
used an ultrasound device, commonly used for patient studies and the data acquisition
mode was comparable to the regular patient examination mode. However, this may not
be an important limitation, because the ultrasound imaging technique enabled us to
determine the exact measurement location in the samples and the focused transducers
allowed for the measurement of small regions of interest. Hence, boundary artifacts
were avoided as much as possible and more optimal comparison with the small pCT
volume-of-interest measurement could be carried out.
In conclusion, we demonstrated significant associations between SOS, on the
one hand, and both density and trabecular orientation expressed as MIL, on the other,
in bovine trabecular bone cubes. Furthermore, we demonstrated that SOS accounts for
84%-92% of the variance in μΡΕΑ-βεΙίΓΠΒίβα Young's moduli. SOS was the strongest
independent predictor of stiffness in each of the three directions, and the addition of
BMD to SOS improved the prediction of the pFEA-estimated Young's moduli by only
0%-8%. These observations illustrate the ability of the SOS technique to assess
architectural mechanical quality of trabecular bone and also its potential for noninvasive
clinical assessment of bone quality.
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ABSTRACT
Osteoporosis commonly is assessed by bone quantity, using bone mineral density
(BMD) measurements from dual-energy X-ray absorptiometry (DXA). However, such a
measure gives neither information about the integrity of the trabecular architecture nor
about the mechanical properties of the constituting trabeculae. We investigated the
feasibility of deriving the elastic modulus of the trabeculae (the tissue modulus) from
computer simulation of mechanical testing by microfinite element analysis (μΡΕΑ) in
combination with measurements of ultrasound speed of sound (SOS) and BMD
measurements.
This approach was tested on 15 postmortem bovine bone cubes. The apparent
elastic modulus of the specimens was estimated from SOS measurements in
combination with BMD. Then the trabecular morphology was reconstructed using microcomputed tomography (μΟΤ). From the reconstruction a mesh for μΡΕΑ was derived,
used to simulate mechanical testing. The tissue modulus was found by correlating the
apparent moduli of the specimens as assessed by ultrasound with the ones as
determined with μΡΕΑ.
A mean tissue modulus of 4.5 GPa (SD 0.69) was found. When adjusting the
μΡΕΑ-αβίθΓπιίηβα elastic moduli of the entire specimens with their calculated tissue
modulus, an overall correlation of R2 = 96% with ultrasound-predicted values was
obtained.
We conclude that the apparent elastic stiffness characteristics as determined
from ultrasound correlate linearly with those from μΡΕΑ. From both methods in
combination, the elastic stiffness of the mineralized tissue can be determined as an
estimator for mechanical tissue quality. This method can already be used for biopsy
specimens, and potentially could be applicable in vivo as well, when clinical CT or
magnetic resonance imaging (MRI) tools with adequate resolution reach the market. In
this way, mechanical bone quality could be estimated more accurately in clinical
practice.

Introduction
A main area in which biomechanical research and technology are of particular
importance to osteoporosis is the assessment of bone strength. This is important for the
diagnosis of osteoporosis, evaluation of fracture risk, prevention of fractures, and
management of fracture fixation. Most osteoporotic fractures occur in cancellous bone.
It is known that cancellous bone strength is highly correlated with its elastic stiffness
(Hvid et al., 1989; Linde and Hvid, 1989; Odgaard et al., 1989; Linde ef al., 1992;
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Figure 1: The elastic properties of a bone specimen (the 'apparent elastic properties') depend
on the mechanical properties of the bone tissue and on its spatial distribution, the 'architecture'.
The elastic properties of the bone tissue depend, among others, on degree of mineralization,
lamellar arrangement, microcracks, resorption cavities, osteocyte lacunae, and collagen matrix.
Hodgkinson and Currey, 1993; Goulet et al., 1994; Keller, 1994; Keyak et al., 1994; Hou
et al., 1998). Hence, much research is devoted to estimating the stiffness properties of
trabecular bone structures, which are easier to determine than strength. At any
particular moment in time, bone strength and stiffness only depend on the mechanical
properties of the bone tissue and on its spatial distribution, the 'architecture' (Fig. 1).
Architecture is defined here as a quality to capture the distribution of bone tissue in
space; hence, as a quality combining both the spatial arrangement of the trabeculae
and the amount of bone mass. However, only bone density is commonly used clinically
as an estimator for the mechanical properties of bone. Yet, although being highly
significant, the correlation between strength or stiffness and bone density is poor,
leaving about 30-50% of unexplained variance (Ciarelli et al., 1991; Lotz JC étal., 1991;
Goulet et al., 1994). At least part of the variation can be explained by taking the
anisotropy of the specimens into account. Strong evidence for this are the much higher
correlations between apparent density and stiffness when examined in only one loading
direction (Goulet et al., 1994; Keller, 1994; Keyak et al., 1994; Njeh et al., 1996;
Hodgkinson et al., 1997). The combination of bone density and a measure of the
trabecular anisotropy increased the predictive value, but still unexplained variance
remained up to 10-28% (Turner et al., 1990; Hodgkinson and Currey, 1990; Kabel et al.,
1997; Van Rietbergen et al., 1998). One possible reason for the remaining variance is
that although bone density represents the amount of mineralized tissue in a trabecular
architecture, it does not give an indication of its mechanical properties. Particularly, the
presence of micro-cracks or other deficiencies (Fig. 1), which are not detected by dualenergy X-ray absorptiometry (DXA) or other radiological measurements, may reduce
the strength of cancellous bone much more than bone density suggests.
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In recent years, new methods have emerged with the potential to estimate
cancellous bone stiffness in a more direct way. One of these is the quantitative
ultrasound parameter speed of sound (SOS), which depends on both stiffness and
density. By determining the SOS through a bone, using experimental ultrasound
scanners, the elastic modulus of bone specimens can be assessed, at least by
approximation (Ashman et al., 1987; Rho et al., 1993). Using clinical ultrasound
scanners, good correlations were found between SOS and the combination of stiffness
and apparent density (Njeh et al., 1996; Hodgkinson et al., 1997), stiffness and the
combination of SOS and bone mineral density (BMD; Njeh et al., 1997) or SOS and the
combination of stiffness and BMD (Hans et al., 1999).
Another new method involves computer simulation of mechanical testing with
microfinite element analysis (μΡΕΑ). For this purpose, a graphics reconstruction of the
trabecular architecture is made, using magnetic resonance imaging (MRI) or microcomputed tomography (μΟΤ), which is transformed into a μΡΕΑ mesh. In a computer
simulation of mechanical testing the elastic (Young's) moduli of the μΡΕΑ mesh can be
determined as the constants determining stiffness (Van Rietbergen et al., 1995, 1996;
Hou étal., 1998; Ladd étal., 1998; Kabel et al., 1999).
Where SOS estimates the apparent stiffness of the entire specimens, μΡΕΑ
captures the effects of trabecular architecture only. Hence, in theory, the elastic
modulus of the mineralized tissue (the tissue modulus) could be assessed by
'subtracting' one from the other. We hypothesize that, in principle, the combination of
μΡΕΑ and ultrasound could allow us to determine the contribution of both architecture
and mineralized tissue to the apparent elastic modulus separately. The purpose of this
study was to investigate this hypothesis in postmortem bovine specimens.

Methods
A brief overview of the methods used to determine the tissue elastic modulus is given in
Fig. 2. It will be explained in more detail in this section.
Specimens
We used 15 trabecular bone cubes (25 χ 25 χ 25 mm 3 ), cut from 8 bovine femora.
These femora were freshly obtained from a local butcher and kept frozen at -35 0 C until
testing. Seven cubes were cut from the femoral neck and eight from the distal condyles
(Van den Bergh et al., 2000). Care was taken to produce parallel surfaces. The cubes
were aligned according to the anatomical axes (anteroposterior [AP], mediolateral [ML],
cramocaudal [CC]). Bone marrow was not removed because it has no measurable
effect on SOS (Njeh and Langton, 1997).
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Trabecular bone specimen
μΟΤ

,r

architecture
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modulus, eq 4 (E,lssue)

Figure 2: Overview of the methods used to determine the tissue elastic modulus. Using speed
of sound (SOS) and bone mineral density (BMD) measurements the apparent stiffness of the
trabecular bone specimens can be determined. Using an arbitrary tissue modulus, the apparent
stiffness of the specimens can be determined also with micro finite element analysis (μΡΕΑ),
based on the μΟΤ-αβΙεπηιηβα architecture. From the combination of both methods, the stiffness
of the trabeculae (the tissue modulus) can be determined.

Ultrasound measurement
Before the ultrasound measurements, the specimens were degassed thoroughly under
water. SOS measurements were performed under water using the Ultrasound Bone
Imaging Scanner 3000 (DMS, Montpellier, France). This system uses a pair of focused
broadband 0.5-MHz transducers. The resolution at the focal zone is approximately 4-5
mm. The specimens were placed m a Perspex holder for easy and accurate positioning.
The configuration was such that longitudinal sound waves were propagated (Ashman
and Rho, 1988; Njeh eia/., 1996).
The apparent elastic properties of the entire trabecular bone specimens were
determined from SOS. From the measured longitudinal velocity (Viong), the bar velocity
(Vbar) was estimated based on the work of Njeh et al. (1996), as
V b a r = 1.055 V l o n g -1090 (m/s)

(1)

The apparent Young's modulus (Eapp, sos) was then calculated for each direction, using
a well-known relationship for waves in elastic materials (Pain, 1985; Ashman and Rho,
1988), as
I

app,SOS " Papp ''bar

(Pa)

(2)
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where papp (kg/m3) is the apparent density of the specimen. The apparent density was
calculated from the BMD as assessed by DXA.
BMD measurement
BMD measurements were performed in a water tank along the three orthogonal axes
using the high-resolution scan mode of the Hologic QDR 1000 densitometer (Hologic,
Bedford, MA, USA). Two areas were scanned: the total area of 625 mm 2 , and a
subregion of 49 mm 2 for comparison with the volume of interest for which the
architecture was determined using μΟΤ. No significant difference was found between
the BMD in the two scanned regions; so only the total area BMD is reported.
The apparent density (papp) of the specimens was estimated from the strong
relationship (Keyak et al., 1994; R2 = 0.98) between apparent density and ash density
as
p a p p = 1.79 B ^ D +0.0119 (g/cm3)

(3)

in which d is the thickness of the specimens and BMD/d the ash density.
μΟΤ measurement
A cylindrical core, with a diameter of 15.5 mm and a length of 25 mm, was removed
from each specimen in the CC direction. μΟΤ scans were made of the central part of
this core, using the μΟΎ 20 (Scanco Medical, Bassersdorf, Switzerland), with a
resolution of 17μπι (Ruegsegger et al., 1996). A subregion of 6.8 χ 6.8 χ 6.8 mm 3 ,
representing the central part of the cube, was used for subsequent analysis to avoid the
influence of preparation artifacts. Individual

global thresholds were applied to

discriminate between bone and nonbone and to determine the volume fraction. The
threshold of each specimen was determined using an adaptive method (Koller, 1998).
Microfinite element analyses
The μΟΤ scans were converted to voxel meshes and coarsened by grouping 4 x 4 x 4
voxels; a new voxel was assumed to be bone if more than half of its original voxels
represent bone. The finite element representation of the specimen was detailed enough
to obtain accurate values for the stiffness characteristics (Van Rietbergen et al., 1995,
Ulrich étal., 1998).
Each element was assigned the same mechanical properties, with an arbitrarily
chosen tissue modulus (Et.ssue FEA) of 1 GPa and a Poisson's ratio of 0.3. It has been
found that the tissue anisotropy has negligible effect on the apparent Young's moduli
(Van Rietbergen et al., 1997; Ladd et al., 1998; Kabel et al., 1999), and because the
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analyses are linear elastic, the results can be scaled to any isotropic tissue modulus
with the same Poisson's ratio
The finite element models were used to calculate the apparent stiffness of the
entire architecture (Eapp FEA), using a direct mechanics approach Six mechanical tests
(three uniaxial strain deformations and three shear deformations) were simulated and
the strains within the trabeculae were determined as a function of the apparent strains
From the calculated strains, the complete stiffness matrix, built from 21 independent
constants, can be determined (Suquet, 1985, Holhster and Kikuchi, 1992, Van
Rietbergen et al, 1996) The Young's moduli in each of the three measurement
directions were calculated and used in further analyses

Because all elements were

assigned the same tissue modulus, the finite element models used evaluate the effect
of the architecture only
The μΡΕΑ based moduli of the specimen's architecture were then compared to
the ultrasound-based moduli The scaling factor between the two is the 'effective tissue
modulus' Etissue It was calculated for each specimen separately, as (Kabel et al, 1999)

F
c

- cF

tissue -

tissue FEA

Ε | (app SOS)

1

νί

_

2. _
ι=Η Ε ι (app FEA) )

J

ì

(dì
W

where ι = 1, 2, 3 represents the three measurement directions, Enssue FEA IS the tissue
Young's modulus used m the FEA, Eapp sos the apparent Young's modulus as estimated
from SOS, and Eapp FEA the apparent Young's modulus as estimated from the finite
element model The tissue modulus calculated using Eq 4 is uniform and isotropic
throughout the specimen This concept has been shown to be valid (Van Rietbergen et
al, 1995, 1997, Hou étal, 1998, Ladd étal, 1998, Kabel étal, 1999)

Results
The descriptive statistics of measured SOS and BMD, calculated apparent densities,
and apparent and tissue Young's moduli are summarized in Table 1 The measured
SOS (viong) was significantly different (p < 0 001 ) for the three directions It was highest
in the CC direction, indicating that this is the stiftest direction
As expected, no differences
2

in BMD were found in the three
2

orthogonal

2

directions (0 73 ± 0 14 g/cm , 0 74 ± 0 15 g/cm and 0 74 ± 0 15 g/cm m the AP, ML
and CC directions, respectively) Therefore, the mean of the three BMD measurements
of the whole area was used in the calculation of the apparent density (Eq 3) We found
a mean apparent density of 539 kg/m3, with a standard deviation of 106 kg/m3 The
apparent stiffnesses as determined from SOS and apparent density (Eq 2) were 439,
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Mean

SD

Range

Vlong AP

(m/s)

1857

163

1532-2112

Viong ML

(m/s)

1740

115

1575-1916

Vlong CC

(m/s)

1976

182

1621 -2249

BMD

(g/cm2)

0 736

0 148

0 540 - 0 987

Papp

(kg/m3)

539

106

399-718

Eapp SOS AP

(MPa)

439

206

110-801

Eapp SOS ML

(MPa)

324

161

130-623

Eapp SOS CC

(MPa)

585

308

153-1147

Etissue

(GPa)

4 482

0 693

3 307 - 5 744

Table 1 Mean values, standard deviations and ranges for ultrasound velocity, bone mineral
density, apparent density, the apparent Young's moduli as determined from ultrasound, and the
effective tissue modulus
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Figure 3: The Young's modulus as
determined from ultrasound (Ε3ρρ sos)
on the horizontal axis versus those as
determined from the micro-finite
element analysis (Eapp FE A) on the
vertical axis A strong correlation was
found between the two

D

AP
'ML
"CC

0
250

500
-app

SOS

750

1000 1250

(MPa)

324, and 585 MPa, in the AP, ML and CC directions, respectively These values were
significantly different (p < 0 001) for the three directions
Based on the μΟΙ reconstructions the finite-element models were created The
resulting models consisted of 150,000 - 350,000 elements The volume fractions for the
specimens ranged from 0 16 - 0 36
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In all specimens the stiftest direction as determined from μΡΕΑ equaled the
direction of highest SOS. And in all but one specimen, the other directions also
matched. When the same isotropic tissue modulus (1 GPa) was assumed for all
specimens, high correlations were found between SOS and μΡΕΑ-αβΙβπηίηβα Young's
moduli: R2 = 0.84 in AP-direction, 0.88 in CC-direction and 0.92 in ML-direction. When
SOS was combined with BMD, the correlation with μΡΕΑ-αβΙβπηιηβα Young's moduli
was 0.92 m each direction.
Mean values of 4.5 GPa (SD 0.69 GPa) were found for the tissue moduli (Eq. 4).
When the μΡΕΑ-αβΙβπτιίηβα Young's moduli were adjusted to the calculated tissue
moduli and correlated with the SOS-predicted values an overall correlation of R2 = 0.96
was obtained (Fig. 3).

Discussion
We found a good correlation (R2 = 0.88 for the combined directions) between apparent
Young's moduli determined with ultrasound and those determined with μΡΕΑ simulation
of mechanical testing, when using an arbitrary, uniform tissue modules of 1 GPa in the
μΡΕΑ simulations. The correlation improved to 96% after adjusting the μΡΕΑ tissue
moduli to the ultrasound results. This indicates that the tissue modulus is not the same
for all specimens, but that the individual differences are not very large in this data set.
We found an average value of 4.5 GPa for the tissue modulus which is close to the
average values of 5.3 to 7.6 GPa found when comparing μΡΕΑ evaluation with
laboratory testing of trabecular bone (Hou et al., 1998; Ladd et a/., 1998; Kabel et a/.,
1999). This implies that the method we propose for the assessment of tissue modulus is
feasible in principle.
There are several reasons to assume that the relationship we used to derive the
apparent stiffness of the specimens from SOS (Eq. 1) can be seen only as a first
estimate. First, no theory exists that fully explains the influence of bone tissue
properties and architecture on ultrasound transmission through trabecular bone
(Hosokawa and Otani, 1997, 1998; Maire and Langton, 1999), although strong
correlations between SOS and stiffness have been found in vitro for both bovine (Njeh
et a/., 1996; Hodgkinson et a/., 1997) and human trabecular bone (Bouxsein and
Radloff, 1997; Han et ai, 1997; Njeh et al., 1997; Hans et ai, 1999), and even stronger
correlations for the combined measures of SOS and BMD (Njeh et ai, 1997) or SOS
and apparent density (Njeh et ai, 1996; Hodgskinson ei ai, 1997); second, because
this relationship was derived from a range of reference materials not including bone;
and third, because the SOS measured by Njeh et ai (1996), also measuring bovine
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specimens from identical locations, were significantly higher than we measured,
indicating that different ultrasound scanners measure different SOS This could also
mean that Eq

1 is not valid in general, but dependent on the type of scanner

Therefore, we tested different relationships for Eq 1 of the form Vbar = V|0ng - C, with C a
constant We found that the calculated tissue modulus was strongly influenced by the
value of C However, the overall correlation between Young's moduli as determined
from ultrasound versus those determined from μΡΕΑ hardly changed
We used a μΟΤ routine to determine individual global thresholds for each
specimen

Recently, it has been shown (Ding et al,

1999) that this routine

underestimates volume fraction (Vv) by 12 3% when v v is low (vv < 0 20) and that it
overestimates vv by 7 2% when Vv is high (Vv > 0 30) We checked this with our
specimens and found a negative correlation (R2 = 0 69) between the tissue density
(determined as pussue = Papp/Vv) and vv When we corrected vv for our specimens, there
was no association anymore between possje and vv
The method proposed was tested on postmortem bovine specimens in this
study, which is only a first step Ultimately, we want to determine the tissue modulus for
estimating tissue quality in the clinical setting Before that can be realized, a number of
problems will have to be solved

First, a method is required to provide for

reconstructions of trabecular architecture in vivo Developments in whole-body CT or
peripheral quantitative computed tomography (pQCT) resolution may provide that or,
alternatively, MRI scanning methods Second, more work will have to be done on
ultrasound precision, as used clinically Particularly disturbances by soft tissues must be
corrected for
We conclude that the elastic stiffness characteristics of bovine trabecular bone,
as determined from ultrasound, agreed closely with those from μΡΕΑ From both
methods in combination, the elastic stiffness of the mineralized tissue can be
determined as an estimator of mechanical tissue quality This method can already be
used for biopsy specimens and may eventually be applicable in vivo In this way, bone
tissue quality could be estimated clinically
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General discussion
Bone has been subject of study in many disciplines, such as biology, endocrinology,
orthopedics, and biomechamcal engineering The research described m this thesis is
focused on the mechanical quality of bone, its relationship with the trabecular structure
and its adaptive response to the placement of knee prostheses Due to the load-bearing
functions of bone, these aspects play an important role in the etiology, diagnosis and
treatment of skeletal disorders, such as osteoporosis and failure of orthopedic implants

Bone loss after total knee replacement
In chapters 2 and 3 bone adaptation after implantation of knee prostheses was
discussed as studied using computer-simulation models

Of relevance for the

applicability of these simulation models is an answer to the question of how accurate its
predictions are relative to the clinical reality The process of determining the closeness
to reality is often called 'validation' However, strictly speaking, validation of a theory or
a computer simulation model is not possible, theories can only be falsified (Popper,
1937, 1963) The same is true for the bone remodeling simulation models described in
this thesis For such computer models, representing complex processes, confirmation is
the best what can be expected (Oreskes, 1998) In the chapters 2 and 3, confirmation
was found for the predicted bone loss patterns, which showed at least qualitative
agreement with bone loss observed in patients

These findings confirmed our

hypothesis that stress shielding can explain the bone loss commonly found around knee
implants
When evaluating the bone-remodeling simulations in more detail, we can roughly
distinguish between two processes The first process is the determination of the tissue
loading, the second one is relating the tissue loading to adaptation in mass and
architecture of the bone The first process is subject to several limitations An obvious
inadequacy is that only apparent properties were incorporated into the model, the finite
element representations do not include individual trabeculae However, a convergence
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analysis of finite element models of the proximal part of the femur (Stolk ef a/, 1998)
indicated that our models are accurate with respect to geometry and mass distribution
and that they provide for accurate average stresses Of course, stresses at the
trabecular level will locally be higher (or lower) than the average values, but this does
not

hamper

our predictions

because the

remodeling

routines

are based on

homogenized properties as well Less well understood is how micromotions at the
prosthesis-bone interface, or non-optimal fit of the prosthesis, influence the formation of
a fibrous tissue layer and how this influences the precise bonding conditions and stress
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transfer between prosthesis and bone But this aspect is of more importance for noncemented prostheses, hence, not for the cemented prostheses discussed in this thesis
Two other limitations in the determination of tissue loading are that specific muscle and
joint loads and the relationship between bone density and elastic modulus are not
exactly known But it has been shown that due to the site-specific nature of the bone
remodeling algorithms, these uncertainties do not affect the predictions on bone loss
much (Wemans et al, 2000)
The second process is the translation of tissue loading to adaptation in mass and
architecture of the bone This adaptive process was captured by an empirical rule which
incorporates the idea of site-specificity This assumes that, after implantation of a
prosthesis, bone adapts in such a way as to restore the mechanical conditions from
before the implantation This does not necessarily mean that bone adaptation follows
site dependent rules perse Only the outcomes are of interest, and for analyses of bone
loss around hip prostheses these site specific rules provide reasonable outcomes if
reasonable external loading conditions are applied (Wemans and Sumner, 1997) On
the other hand, there is biological support for site-specificity, as it has been found that
cells from different sites in the body respond different to the same environmental
conditions (Turner, 1999, Verna et al, 1999) Still, it is clear that the postulated rule
does not capture all the biological processes at work One of the assumptions of the
remodeling routine applied is that the cells remember their original stress state forever
It was recently suggested that such an extreme memory function does not exist, but
rather that cells have a 'decaying memory' (Turner, 1999) This hypothetical behavior,
where bone cells get used to their stress and strain environment, may also explain the
findings of Kerner et al (1999) They analyzed clinical data on bone loss around hip
stems (Engh et al, 1992) with computer simulations They found that the eventual
predicted bone loss was overestimated in the computer model, whereas a close
agreement was obtained when the simulation was terminated after a certain cut-off
time

This cut-off time can be interpreted, not as a gradual, but as a sudden

accommodation of the cells to their environment, because the adaptative process stops
immediately
Although the credibility of a model will be higher when as much of the biological
processes known are incorporated, ultimately it is not its closeness to reality, but its
predictive capacity, that makes it a useful model The methods used to determine bone
remodeling patterns around the femoral part of the knee implant were, in principle, the
same as the ones used to determine bone loss patterns around femoral hip stems
(Huiskes et al, 1987, Wemans et al, 1993, van Rietbergen et al, 1993, Kerner et al,
1999) There is no reason to believe that the quantitative agreement found in these
studies would not be valid for the bone remodeling simulations around knee prostheses
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as well, although the study of Kerner et al (1999) suggests that bone loss may be
overestimated

Qualitatively, our predictions matched the clinically found bone

resorption patterns Unfortunately, we did not have the means to test the quantitative
agreement to the bone loss found in patients due to lack of sufficient clinical data
It must be emphasized that in Chapters 2 and 3 only the stress-shielding aspect
of prosthetic implants was investigated If the amount of stress shielding would be the
only aspect of a good prosthesis, it would be clear that prostheses need to be more
flexible to cause less stress shielding and less bone loss But other mechanisms
influence the success of a prosthesis as well It is useful to look at these aspects using
the concept of 'failure scenarios' (Huiskes, 1993), such as accumulated damage in the
bone cement, wear particles causing interface reactions, failed bonding of the prosthetic
interfaces and destructive wear The likelihood and consequences of each scenario can
be tested separately From these tests it follows that prosthetic implants are subject to
incompatible design goals

For example, a flexible prosthesis will reduce stress

shielding, but on the other hand will increase the interface stresses between prosthesis
and bone These increased interface stresses can, just post-operatively, lead to the
formation of a fibrous tissue layer, preventing bone ingrowth, or may induce wear This
shows that preclinical testing of prostheses must evaluate all these known failure
mechanisms

What can these bone remodeling simulations be applied for'? First of all, these models
show that the clinically found bone loss can be explained by the stress-shielding effect
of prostheses, hence, that these models can be used to predict bone loss Second,
these models can be used in studying effects of prosthetic design changes does a
particular prosthesis induce more or less bone resorption than another one 7 In this way,
using optimization methods, the best prosthesis can be designed, as shown by Kuiper
et al (1997) for a prosthetic hip stem Again, it is important not only to assess the
amount of bone loss, which would simply require very flexible prosthetic devices, but
also the likelihood of other failure scenarios to occur
Bone remodeling simulation can also be a valuable tool in limiting animal
experiments Animal experiments are often conducted for development or testing of
orthopedic bone implants, such as joint prostheses To be able to define areas for
research into animal alternatives, Russell and Burch defined the 'three R's concept'
(1959) of refinement, reduction, and replacement The close quantitative agreement
found in the predicted bone loss around hip prosthesis versus the bone loss found in
vivo in both humans and animals suggests that the bone remodeling simulations can at
least be used as methods to avoid unsafe prostheses to be tried in animals (and
patients) This can lead to a reduction of animal experiments, because only those
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designs that seem promising need to be tested. When the use of computer simulation
models is established in the scientific community they can even be used as a
replacement of animal experiments.

Relationships between trabecular structure and its
mechanical properties
Research into bone loading and adaptation has recently seen three important
breakthroughs. The first one is the possibility to determine stresses and strains at the
trabecular tissue level in a complete proximal human femur (Van Rietbergen et al.,
2000). This is important because only for whole bones the external loading conditions
can be estimated accurately. This is possible now using instrumented prostheses
(Graichen et al., 1999), the second breakthrough. The third one is the development of a
computer simulation model capable of predicting trabecular organization by mechanical
loading based on individual cell expressions (Mullender and Huiskes, 1995; Huiskes et
al., 2000). These models showed that a simple regulatory mechanism based on local
stresses can explain the emergence and maintenance of trabecular architecture,
supporting the current beliefs that bone growth and adaptation are regulated locally by
cells. The combination of these three developments could enhance the simulation of
bone remodeling after joint replacements, and be used to accurately investigate bone
ingrowth processes around prostheses. Unfortunately, the determination of tissue
loading as well as the simulation model of trabecular growth and adaptation are only
feasible at the expense of excessive computer time, even in super computers. This
indicates that simulations of bone adaptation at this detailed level are not yet possible
for whole bones, and will not be so for the next years, even with strong increases in
computer performance.
But it might be possible to circumvent these problems by two substitutional
processes. The first one would be the grouping of many small elements into 'superelements', where one super-element would mechanically behave exactly the same as
all smaller ones together. Substituting the large number of small elements with less
super-elements would effectively reduce the computational size of the model. The
second process would be to create a kind of 'look-up table', in which it can be found
how a particular trabecular architecture, subject to a particular loading condition, would
adapt towards a new architecture. Such a look-up table could be created by performing
bone-remodeling

simulations

on

small

bone

specimens

with

many

different

architectures and subject to many different loading conditions. This will cost a lot of
computer time, but it only needs to be done once. The first process in reducing the
complexity of huge finite element models by grouping many small elements into super-
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elements formed the rationale for investigating the relationships between trabecular
architecture and its mechanical properties (Cowin, 1985). It was not known whether
these relationships were valid for all kinds of trabecular architectures, but if they are,
they could be very useful in creating the super-elements.
It turned out that the high correlations between bone architecture and elastic
properties found in two experimental studies (Van Rietbergen et al., 1998; Kabel étal.,
1999) were not obvious at all. We could explain their high predictive values by
assuming that the thicknesses of the trabeculae are not random, but instead limited to a
specific range. These results then indicated that trabecular bone is not an arbitrary
porous structure, but rather a special architectural subset. We assume that this is an
inherent effect of the bone-remodeling regulatory process, which provides architectures
adjusted to the external loads (Wolff, 1892; Huiskes et al., 2000). In this adaptation
process, trabecular thickness is thought to be governed by load transfer, but limited on
the upper level by restrictions in cell-signaling or diffusion distances from the inner part
to the surface (Muhender and Huiskes, 1995; Fyhrie and Kimura, 1999).
Our findings contribute to the accumulating evidence that trabecular bone is not
an arbitrary porous structure, but that there must be a close relationship between
mechanics and the growth and adaptation of bone architecture. Yang et al. (1999)
showed that knowledge of only volume fraction and the 'grain' (the principal direction of
the trabeculae in a certain region) is just as good in predicting the elastic properties as
the combination of volume fraction and a fabric tensor, even though the fabric tensor
provides more information on trabecular architecture than the grain. This shows that
volume fraction must be highly correlated with architecture, and that a decrease in bone
mass always results in similar resorption patterns. The strong relationship between
volume fraction and architecture was confirmed by Hildebrand et al. (1999), who
showed a strong correlation between volume fraction and the structure model index
(Hildebrand and Rüegsegger, 1997), which is a measure of trabecular architecture.
Their results indicate that bone is more rod-like at low volume fractions and more platelike at higher volume fractions.
Although we know that bone architecture is the result of a local regulatory
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mechanism, it is tempting to evaluate our subset of trabecular structures with respect to
'optimality'. Optimality of bone is commonly defined in terms of minimal energy density
(Pedersen, 1989; Cowin, 1994), which means that for a given loading condition, the
mimmal-energy-density structure is the stiftest structure possible. This property directly
shows the difficulty in assessing the optimality of bone: optimality can only be evaluated
when the loading conditions are known relative to the orientation of a structure.
Therefore, it cannot really be evaluated for the structures described in the chapters 4
and 5. However, when it is assumed that the structures are loaded in their stiftest
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direction, which for these structures coincides with the mam fabric direction, then they
are optimal structures For real trabecular bone, optimahty was not found in two studies
(Van Rietbergen et al, 2000, Fyhrie et al, 2000) This, of course, is not a strange
finding First of all, because there is no overall mathematical optimization principle at
work Second, because if there would be some kind of overall optimization, then it
would probably optimize bone for a collection of loading conditions, indicating that bone
is not optimal with respect to one particular loading condition And third, because the
growth and adaptation of trabecular bone is path-dependent (Mullender and Huiskes,
1995, Wemans, 1998) trabeculae once lost, cannot be regained This shows that
growth and adaptation simply do not allow for a complete rebuilding of a piece of
trabecular bone to an optimal structure

Applicability and limitations of ultrasound
There is accumulating empirical evidence that ultrasound 'works' Good correlations
between ultrasound parameters and bone stiffness were found in vitro for trabecular
bone specimens for both bovine (Njeh et al, 1996, Hodgskinson ef a/, 1997) and
human bone (Bouxsem and Radloff, 1997, Han et al, 1997, Njeh et al, 1997b, Hans et
al, 1999) In our ultrasound study, described m chapter 6, we found even stronger
correlations between speed of sound and stiffness (r2 = 0 9) than described m the
literature (r2 = 0 8, Njeh et al, 1996, Hodgskinson ef al, 1997) This is likely due to the
fact that we used finite element analysis to determine the stiffness, instead of
performing real mechanical testing, the latter being subject to several measurement
errors (Linde and Hvid, 1989, Odgaard and Linde, 1991, Zhu et al, 1994, Keaveny et
al, 1993, 1997)

Interestingly, m a stepwise regression model, stiffness was best

predicted by speed of sound, even when corrected for direction of testing, indicating
that ultrasound is a better predictor of stiffness than bone mineral density These
observations illustrate the ability of ultrasound to assess bone mechanical quality, and
for this reason it actually is increasingly being used as a method to assess bone quality
in osteoporosis (Njeh et al, 1997a)
We showed in chapter 7 that the combination of ultrasound, bone mineral
density measurements, micro-CT and micro-finite element analysis allows for the
determination of the tissue modulus of trabecular bone With this technique, differences
in the integrity of the trabecular architecture and the mechanical properties of the
constituting trabeculae can be detected This can be a useful tool m osteoporosis
research, because the normally performed bone mineral density measurements do not
provide this information Furthermore, this technique could be a valuable tool m the
etiology and treatment of osteoarthrosis because it was recently indicated that the
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trabecular tissue modulus in these patients is reduced (Day et al., 2000). We showed
that this technique is feasible in principle, but it is hard to tell how accurate it is. The
rather small standard deviation we found for the tissue moduli suggests it to be a robust
method, but we did not test our findings relative to other techniques to determine the
tissue modulus.
Despite the fact that ultrasound seems to be suitable to assess osteoporosis at
least as well as the routinely measured bone mineral density, we must remain careful.
The reason for this is that with ultrasound it is not known in detail what is actually being
measured. The precise relationships between ultrasound wave propagation and
trabecular bone parameters like density, architecture and elasticity, are not well
understood. This problem is further complicated by the finding that the speed of sound
measurements depends on the type of scanner (Strelitzki and Truscott, 1998).
A more serious potential threat to the use of ultrasound was recently raised by
Nicholson and Bouxsein (2000). They induced fractures in trabecular bone specimens
and showed that, as a result, stiffness was decreased considerably, but that speed of
sound was equal before and after the fractures. This would indicate that speed of sound
does not intrinsically reflect the elastic properties of trabecular bone, but that it reflects
other properties like volume fraction or architecture. These measures correlate well with
elastic stiffness, hence, can explain the good correlations found between speed of
sound and elastic stiffness. More research is needed to elucidate these findings. If,
however, it really turns out that speed of sound does not reflect elasticity, then our
proposed method to determine the elastic tissue modulus is not feasible.
Even when these problems are solved, the method to determine trabecular
tissue modulus cannot be used in the clinic yet. No method is currently suitable to
assess trabecular architecture in vivo. Future improvements in computed tomography or
magnetic resonance imaging may eventually provide the means for that. Another
present limitation is that we only demonstrated the method on bone specimens without
the presence of soft tissues, which disturb the outcome. The challenge is to find ways to
make the method work in vivo, where soft tissues around the bony structures absorb
most of the sonic energy. For the moment, the method can be applied to bone biopsies
•J 1 2

t0

determine the elastic stiffness of the mineralized tissue. This can be used as an

estimator of mechanical tissue quality.

References
Bouxsein ML and Radloff SE (1997) Quantitative ultrasound of the calcaneus reflects the mechanical
properties of calcaneal trabecular bone. J Bone Miner. Res. 12 839-846.

General discussion

Cowin SC (1985) The relationship between the elasticity tensor and the fabric tensor. Mech.
Materials Λ : 137-147.
Cowin SC (1994) Optimization of the strain energy density for linear anisotropic elastic materials J.
Elasticity 34: 45-68.
Day JS, Ding M, van der Linden JC et al. (2000) Trabecular bone tissue modulus is reduced in early
osteoarthrosis. Trans. Eur. Soc. Biomech. 12: 12.
Engh CA, McGovern TF, Bobyn JD and Harris WH (1992) A quantitative evaluation of periprosthetic
bone-remodeling after cementless total hip arthroplasty. J. Bone Joint Surg. Am. 74· 10091020.
Fyhne DP and Kimura JH (1999) Cancellous bone biomechanics. J. Biomech. 32: 1139-1148.
Fyhrie DP, Hoshaw SJ, Hamid MS and Hou FJ (2000) Shear stress distribution in the trabeculae of
human vertebral bone. Ann. Biomed. Eng 28: 1194-1199
Graichen F, Bergmann G and Rohlmann A (1999) Hip endoprosthesis for in vivo measurement of
joint force and temperature. J. Biomech 32: 1113-1117.
Han S, Medige J, Davis J et al (1997) Ultrasound velocity and broadband attenuation as predictors
of load-bearing capacities of human calcanei. Calcif. Tissue Int. 60: 21-25.
Hans D, Wu C, Njeh CF et al (1999) Ultrasound velocity of trabecular cubes reflects mainly bone
density and elasticity. Calcif. Tissue Int. 64. 18-23
Hildebrand Τ and Rùegsegger Ρ (1997) Quantification of bone microarchitecture with the structure
model index. Computer Methods in Biomechanics and Biomedical Engineering 1. 15-23.
Hildebrand T, Laib A, Muller R et al. (1999) Direct three-dimensional morphometric analysis of
human cancellous bone: microstructural data from spine, femur, iliac crest, and calcaneus. J.
Bone Miner. Res. 14: 1167-1174.
Hodgskmson R, Njeh CF, Currey JD and Langton CM (1997) The ability of ultrasound velocity to
predict the stiffness of cancellous bone in vitro. Sone 21: 183-190.
Huiskes R (1993) Failed innovation in total hip replacement. Diagnosis and proposals for a cure. Acta
Orthop. Scand. 64: 699-716.
Huiskes R, Ruimerman R, van Lenthe GH and Janssen JD (2000) Effects of mechanical forces on
maintenance and adaptation of form in trabecular bone. Nature 405: 704-706.
Huiskes R, Wemans H, Grootenboer HJ et al. (1987) Adaptive bone-remodeling theory applied to
prosthetic-design analysis. J. Biomech. 20' 1135-1150.
Kabel J, van Rietbergen Β, Odgaard A and Huiskes R (1999) Constitutive relationships of fabric,
density, and elastic properties in cancellous bone architecture. Sone 25: 481 -486.
Keaveny TM, Borchers RE, Gibson LJ and Hayes WC (1993) Theoretical analysis of the
experimental artifact in trabecular bone compressive modulus. J. Biomech. 26: 599-607.
Keaveny TM, Pinilla TP, Crawford RP et al. (1997) Systematic and random errors in compression
testing of trabecular bone. J. Orthop. Res. 15: 101-110.
Kerner J, Huiskes R, van Lenthe GH et al. (1999) Correlation between pre-operative periprosthetic
bone density and post-operative bone loss in THA can be explained by strain-adaptive
remodelling. J. Biomech. 32: 695-703
Kuiper JH and Huiskes R (1997) Mathematical optimization of elastic properties: application to
cementless hip stem design. J. Biomech. Eng 119: 166-174.

Chapter 8

Linde F and Hvid I (1989) The effect of constraint on the mechanical behaviour of trabecular bone
specimens J Biomech 22 485-490
Mullender MG and Huiskes R (1995) Proposal for the regulatory mechanism of Wolff's law J Orthop
Res 13 503-512
Nicholson PH and Bouxsem ML (2000) Quantitative ultrasound does not reflect mechanically induced
damage in human cancellous bone J Bone Miner Res 15 2467-2472
Njeh CF, Boivm CM and Langton CM (1997a) The role of ultrasound in the assessment of
osteoporosis a review Osteoporos Int 7 7-22
Njeh CF, Hodgskmson R, Currey JD and Langton CM (1996) Orthogonal relationships between
ultrasonic velocity and material properties of bovine cancellous bone Med Eng Phys 18
373-381
Njeh CF, Kuo CW, Langton CM et al (1997b) Prediction of human femoral bone strength using
ultrasound velocity and BMD an in vitro study Osteoporos Int 7 471-477
Odgaard A and Linde F (1991) The underestimation of Young's modulus in compressive testing of
cancellous bone specimens J Biomech 24 691-698
Oreskes Ν (1998) Evaluation (not validation) of quantitative models Environ Health Perspect 106
1453-1460
Pedersen Ρ (1989) On optimal orientation of orthotropic materials Structural Optimization 1 101106
Popper KR (1937) The logic of scientific discovery Harper Torchbooks, New York
Popper KR (1963) Conjectures and refutations the growth of scientific knowledge

Harper

Torchbooks, New York
Russell WMS and Burch RL (1959) The principles of humane experimental technique Methuen,
London
Stolk J, Verdonschot N, and Huiskes R (1998) Sensitivity of failure criteria of cemented total hip
replacements to finite element mesh density J Biomech 31 SI 65
Strelitzki R and Truscott JG (1998) An evaluation of the reproducibility and responsiveness of four
'state-of-the-art' ultrasonic heel bone measurement systems using phantoms Osteoporos
Int 8 104-109
Turner CH (1999) Toward a mathematical description of bone biology the principle of cellular
accommodation Calcif Tissue Int 65 466-471
van Rietbergen Β, Eckstein F, Koller Β ei al (2000) Trabecular bone tissue strains in the healthy and
osteoporotic human femur Trans Orthop Res Soc 46 33
van Rietbergen Β, Huiskes R, Wemans Η et al (1993) ESB Research Award 1992 The mechanism
of bone remodeling and resorption around press-fitted THA stems J Biomech 26 369-382
Verna C, Meisen Β and Meisen F (1999) Differences in static cortical bone remodeling parameters in
human mandible and iliac crest Sone 25 577-583
Wemans H (1998) Is osteoporosis a matter of over-adaptation'' Technol Health Care 6 299-306
Wemans H and Sumner DR (1997) Finite element analyses to study penprosthetic bone adaptation
In Sone research in biomechanics Lowet G, Ruegsegger P, Wemans H and Meunier A
(eds), pp 3-16, IOS Press, Amsterdam etc

General discussion

Weinans H, Huiskes R, van Rietbergen Β et al. (1993) Adaptive bone remodeling around bonded
noncemented total hip arthroplasty: a comparison between animal experiments and
computer simulation. J Orthop. Res. 11- 500-513.
Weinans H, Sumner DR, Igloria R and Natarajan RN (2000) Sensitivity of penprosthetic stressshielding to load and the bone density-modulus relationship in subject-specific finite element
models. J. Biomech. 33 809-817
Wollf J (1892) Das Gesetz der Transformation der Knochen A. Hirchwild, Berlin. Translated as' The
law of bone remodeling P. Maquet and R. Furlong, Springer-Verlag, Berlin (1986).
Yang G, Kabel J, van Rietbergen Β ef al. (1999) The anisotropic Hooke's Law for cancellous bone
and wood J. Elasticity 53: 125-146.
Zhu M, Keller TS and Spengler DM (1994) Effects of specimen load-bearing and free surface layers
on the compressive mechanical properties of cellular materials. J. Biomech. 27' 57-66.

SUMMARY

Summary
Bone is an intriguing material. It is a living, constantly renewing, material. It adapts its
geometry and internal structure to changing loading conditions and it is able to repair
itself when (micro-) cracks appear. Three main topics on bone research are described
in this thesis. First, the adaptive response of bone to the placement of knee prostheses
is described, how this can be explained by stress shielding and what the effects of
prosthetic bonding conditions and presence of a stem on bone loss are. Second,
relationships were studied which predict the elastic properties of trabecular bone from
density and a measure of the trabecular directionality. It is shown that such
relationships are not valid in general, and that trabecular thickness might be the clue to
explain the high predictive capacity found in recent experimental studies. And third, the
prospects of estimating the mechanical quality of bone from ultrasound is described,
and how this compares to the predictability based on bone quantity. Due to the loadbearing functions of bone, these aspects play an important role in the etiology,
diagnosis and treatment of skeletal disorders, such as osteoporosis and failure of
orthopedic implants.
Placement of a knee prosthesis often leads to bone loss in the distal femur. This
loss is clearly visible on X-rays, but due to the inaccuracies associated with X-rays, the
severity of the bone loss is often only encountered during a revision operation. The
question is what causes this bone loss. We know that the typical bone-loss patterns
seen in the years after placement of a hip prosthesis, can be explained by stress
shielding. Stress shielding is the local load-reducing effect of a prosthesis when the
prosthesis carries part of the load which was formerly carried by the bone alone. For
chapter 2 the question was asked whether the remodeling patterns found in the distal
femur can also be explained by stress shielding. Furthermore, an answer was sought to
the question whether prosthetic bonding characteristics may affect bone mass
maintenance.
To answer this question, a three-dimensional finite-element (FE) model was
created of an average male femur with a cemented femoral knee component. This
model was subject to three different loading conditions, representing functions of normal
daily living. The FE model was integrated with iterative remodeling procedures, which
simulate the bone adaptation process. During this simulation, the amount of bone loss
was determined by calculating the changes in bone mineral density (BMD) in several
regions of interest from simulated DEXA scans (dual-energy X-ray absorptiometry).
The predicted bone loss resembled clinical findings, which confirmed the
hypothesis that stress shielding can cause distal femoral bone loss. Furthermore, we
observed that the bone loss was strongly influenced by the bonding conditions, where a
strong bonding between prosthesis and bone led to more severe bone loss as compare
to no bonding.
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When a knee prosthesis needs revision and when severe bone loss is present,
intramedullary stems are often used to improve prosthetic stability. The question
whether these stemmed knee prostheses may give rise to increased bone resorption,
and thus might explain the increased failure rates seen for revision prostheses, was
subject of chapter 3. The specific aims of this research were to estimate the influence of
a stem, its diameter and interface bonding conditions, on the bone remodeling patterns
in the distal femur.
The computer simulation-model showed that revision prostheses are likely to
provoke more bone resorption than primary ones, especially in the most distal regions.
A prosthesis with a thick stem resulted in increased bone loss as compared to a thin
stemmed prosthesis. The amount of bone loss predicted for the prosthesis with a thin
stem was similar to the predicted loss for a prosthesis with only an intercondylar box,
although there were strong regional differences. When the prosthesis-cement interface
was bonded additional bone loss was predicted, as compared to an unbonded interface.
These results suggest that a stem, which increases stability initially, might reduce
stability in the longer term, due to increased stress shielding and bone resorption.
The bone material properties used in the simulation models described in chapters 2 and
3 were chosen isotropic, and modeled as a function of apparent density only. This
representation of the bone mechanical properties appeared to be accurate enough for
the predictions of bone loss induced by the placement of a prosthesis, but for other
situations this approach might be too crude. More accurate relationships are needed
that describe the direction-dependent elastic behavior of bone. Such relationships,
which take the orientation of the trabeculae (the 'fabric') into account, in addition to
apparent density, were subject of research in chapters 4 and 5. In chapter 4 an answer
was sought to the question whether these relationships are valid for porous materials in
general and applicable also for diseased bone. The most commonly used fabric
measure is 'Mean Intercept Length' (MIL). The effectiveness of other fabric measures
was studied as well, to evaluate their effectiveness in characterizing the trabecular
orientation. These other fabric measures were Volume Orientation, Star Length
Distribution, Star Volume Distribution and Line Fraction Deviation.
For that purpose generic, two-dimensional trabecular-bone

models were

developed, created from repetitive unit cells. For each model, the elastic parameters
were assessed directly with FE analyses. Furthermore, each architecture was subjected
to morphological analysis to determine its fabric. Subsequently, the elastic parameters
were predicted from volume fraction and fabric parameters, using mathematical
relationships. It was found that volume fraction and MIL could not predict the
mechanical properties accurately as a rule, hence, these relationships are not
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applicable in general Similar results were found when fabric was expressed by the
other measures So the suggestion that fabric measures based on trabecular bone
volume better represent the architecture than mean intercept length could not be
affirmed
Still, in two recent experimental studies on trabecular bone, similar relationships
could predict the elastic properties accurately How can this be explained' Apparently,
trabecular bone is restricted in its morphological variability to those architectures for
which the elastic properties can be estimated accurately from apparent density and
fabric We hypothesized that the trabecular architecture is characterized by a restricted
local variety in trabecular thickness This may be an inherent effect of the boneremodeling regulatory process The research described in chapter 5 was directed to
testing this hypothesis Five series of 153 different architectures were created with the
same generic model of trabecular bone as described in chapter 4 Again, each
architecture was subjected to morphological analysis to obtain fabric and relationships
were determined relating fabric to the elastic constants

The quality of these

relationships was tested by correlating the predicted elastic constants with those
determined from finite element analysis
We found that, using this model, only for the structures with limited variety m
trabecular thickness fabric could predict the mechanical properties well Also for these
specific structures the different fabric measures used could estimate the mechanical
properties almost equally well Interestingly, these structures are stiff in the principal
fabric direction, which indicates that, if these structures were real trabecular bone, they
would be in remodeling equilibrium. Furthermore, these structures are stiff over a large
range of loading orientations, hence, are relatively insensitive to deviations in direction
of loading
The third mam topic of research described in this thesis is presented m the chapters 6
and 7. There, the prospects of ultrasound were described for determining the apparent
stiffness of trabecular bone as well as the stiffness of the individual trabeculae
themselves These measurements could become useful in diagnoses and in treatment
120

therapies of osteoporosis. Osteoporosis is commonly assessed by bone quantity, using
BMD measurements. Such a measure, however, gives neither information about the
integrity of the trabecular architecture nor about the mechanical properties of the
constituting trabeculae In chapter 6, we analyzed the ability of both the ultrasound
parameter 'speed of sound' (SOS) and BMD, to predict the apparent stiffness
characteristics of trabecular bone.
SOS was determined for 15 post-mortem cubes of pure trabecular bovine bone
in three perpendicular directions BMD was measured by DEXA and the architecture of

Summary

the specimens was determined from micro-computed tomography (μΟΤ)
reconstructions Using large-scale FE analyses, the elastic behavior of this architecture
can be determined, assuming a homogeneous elastic modulus of the bone tissue itself
as additional input
We found a strong linear relationship between Young's modulus and SOS in
each of the three orthogonal directions (r2 = 0 9) The correlations were less strong
between Young's modulus and BMD (^ = 0 8) Still, these correlations were higher than
reported in the literature, probably as a result of using FE analysis to assess the
stiffness characteristics These analyses limit some of the errors made in the
conventional mechanical testing of bone These observations illustrate the ability of
ultrasound to assess the mechanical quality of trabecular bone
For the research described in chapter 7 this technique was pushed further to
determine whether it is possible to calculate the Young's modulus of the trabeculae
themselves, the so called 'tissue modulus' The interest here lies in determining
individual differences, which might be caused by the presence of micro-cracks or other
deficiencies which are not detected by DEXA or other radiological measurements
These differences may reduce the strength of trabecular bone much more than bone
density suggests We investigated the feasibility of deriving the tissue modulus from
computer simulation of mechanical testing by FE analysis in combination with
measurements of SOS and BMD This approach was tested on the same data set of the
15 bone specimens described in chapter 6 For each specimen, the apparent elastic
modulus was estimated from SOS m combination with BMD The tissue modulus was
found by correlating the apparent moduli of the specimens as assessed by ultrasound
with the ones as determined with FE analysis
A mean tissue modulus of 4 5 GPa (SD 0 69) was found When the calculated
tissue modulus was used to adjust the apparent elastic moduli as determined from FE
analysis, a very strong agreement (R2 = 0 96) with ultrasound-predicted values was
obtained These results indicate that the elastic stiffness of the mineralized tissue can
be determined as an estimator for mechanical tissue quality This method can already
be used for biopsies, and could potentially be applicable in vivo as well, when clinical
CT or MRI tools with adequate resolution reach the market In this way mechanical
bone quality could be estimated more accurately in clinical practice
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Samenvatting
Bot is een intrigerend materiaal Het is niet een dood materiaal, maar het is constant
bezig zich te vernieuwen Het past zijn vorm en interne structuur aan veranderende
belastmgscondities aan en het kan zichzelf herstellen als er (micro-) scheurtjes
optreden Drie thema's op het gebied van botonderzoek worden beschreven m dit
proefschrift

Als eerste wordt beschreven hoe bot zich aanpast wanneer er een

knieprothese wordt geplaatst, hoe dit kan worden verklaard door 'stress shielding' en
wat de effecten op de botafname zijn van de mate van binding tussen prothese en bot
en de aanwezigheid van een steel Het tweede thema betreft de relatie tussen de
elastische eigenschappen van trabeculair bot en de dichtheid en oriëntatie van het
betreffende bot

Er wordt aangetoond dat de huidige relaties die de elastische

eigenschappen voorspellen met algemeen geldig zijn Tevens wordt aangetoond dat de
trabeculaire dikte de sleutel kan zijn m de verklaring waarom toch een grote
voorspellende waarde is gevonden in recente experimentele studies Het derde thema
betreft de vooruitzichten om de mechanische kwaliteit van bot te schatten op basis van
ultrageluid, en hoe zulke voorspellingen zich verhouden tot schattingen op basis van de
botdichtheid

Vanwege de dragende functies van bot spelen deze aspecten een

belangrijke rol in de etiologie, diagnose en behandeling van skeletafwijkingen zoals
osteoporose en het falen van orthopedische implantaten
De plaatsing van een knieprothese leidt vaak tot een afname van de
bothoeveelheid m het distale deel van het femur Dit verlies is vaak duidelijk zichtbaar
op röntgenfoto's Vanwege de onnauwkeurigheid met betrekking tot röntgenfoto's wordt
de ernst van de afname echter vaak pas duidelijk tijdens een revisieoperatie De vraag
is waardoor deze resorptie wordt veroorzaakt

Het is bekend dat de typische

botresorptiepatronen die optreden in de jaren na plaatsing van een heupprothese
kunnen worden verklaard door stress shielding Stress shielding is het verschijnsel dat
lokaal de belasting van het bot vermindert doordat de prothese een deel van de
belasting draagt die voorheen alleen door het bot werd gedragen In hoofdstuk 2 wordt
de vraag gesteld of de remodellermgspatronen zoals die in de distale femur optreden
ook door stress shielding kunnen worden verklaard Tevens wordt een antwoord
gezocht op de vraag of de mate van binding tussen prothese en bot van invloed is op
het behoud van botmassa
Om deze vragen te beantwoorden werd een driedimensionaal eindig elementen
(EE) model ontwikkeld van een femur waarin een gecementeerde knieprothese was
geplaatst Dit model werd belast door drie verschillende belastmgssituaties die functies
uit het normale dagelijkse leven weergeven Het EE model werd gekoppeld aan een
wiskundige formulering van het remodellermgsproces, waarmee het verloop van de
botadaptatie kon worden gesimuleerd Gedurende deze simulaties werd de hoeveelheid

Samenvatting
botresorptie berekend aan de hand van veranderingen in botmmeraaldichtheid (BMD) m
bepaalde gebieden op gesimuleerde DEXA-scans ('dual energy X-ray absorptiometry')
De voorspelde botafname kwam overeen met klinische gegevens Dit bevestigt
de hypothese dat stress shielding inderdaad de oorzaak van de resorptie m het distale
femur kan zijn Tevens zagen we dat de mate van resorptie sterk beïnvloed werd door
de bindingskarakteristiek tussen prothese en bot, een sterke binding leidde tot meer
resorptie dan wanneer er sprake was van een losse binding
Wanneer een revisie van de knieprothese nodig is en wanneer dit gepaard gaat
met een ernstige afname in botdichtheid, dan wordt vaak een mtramedullaire steel
gebruikt die de stabiliteit

van de prothese verbetert

De vraag

is of

deze

revisieprothesen wellicht aanleiding geven voor een verhoogde botresorptie en
daarmee kunnen verklaren dat de levensduur van zulke prothesen minder lang is Deze
vraag was onderwerp m hoofdstuk 3 De specifieke doelstellingen van dit onderzoek
waren om de invloed van een steel, zijn diameter en de mate van binding tussen
prothese en bot, te schatten op de mate van botremodellenng in de distale femur
Het computersimulatiemodel liet zien dat revisieprothesen waarschijnlijk meer
botresorptie veroorzaken dan primaire prothesen, voornamelijk m de meest distale
gebieden Een prothese met een dikke steel het een grotere botafname zien dan een
prothese met een dunne steel De voorspelde botresorptie voor een prothese met een
dunne steel was gelijk aan de voorspelde afname voor een prothese met alleen een
mtercondylaire box, al waren de locaties sterk verschillend Wanneer er een sterke
binding was tussen prothese en botcement werd een groter verlies voorspeld dan voor
een losse binding Deze resultaten suggereren dat een steel m eerste instantie de
stabiliteit verhoogt, maar juist verlaagt op de langere termijn vanwege de verhoogde
stress shielding, met als gevolg een verhoogde mate van botresorptie
De materiaaleigenschappen van bot, zoals gemodelleerd in de simulatiemodellen
beschreven m de hoofdstukken 2 en 3, waren isotroop en alleen een functie van de
lokale

botdichtheid

Deze

representatie

bleek

nauwkeurig

genoeg

voor

de

voorspellingen van de botresorptie veroorzaakt door de plaatsing van een knieprothese,
voor andere situaties kan deze aanpak te grof zijn Nauwkeuriger relaties zijn nodig die
rekening houden met het richtmgsafhankelijke elastische gedrag van bot Zulke relaties,
die naast de dichtheid ook rekening houden met de oriëntatie van de trabekels, zijn
onderzocht m de hoofdstukken 4 en 5 In hoofdstuk 4 werd een antwoord gezocht op de
vraag of zulke relaties algemeen geldig zijn voor poreuze materialen en toepasbaar
voor 'ziek' bot De meest gangbare maat voor trabekelonentatie is 'Mean Intercept
Length' (MIL) De effectiviteit van andere maten voor de trabekelonentatie werd ook

Samenvatting
bestudeerd Deze andere maten waren 'Volume Orientation', 'Star Length Distribution',
'Star Volume Distribution' en 'Line Fraction Deviation'
Voor dit doel werden generieke, tweedimensionale modellen van trabeculair bot
ontwikkeld Deze waren opgebouwd uit zich herhalende eenheidscellen De elastische
eigenschappen werden voor elk model bepaald met EE analyses Verder werd elke
structuur onderworpen aan morfologische karakterisering om de mate van trabeculaire
oriëntatie te bepalen
elastische

Vervolgens werden met behulp van wiskundige relaties de

eigenschappen

trabekelonentatie

voorspeld

op basis van de volume fractie

en de

Er werd gevonden dat volume fractie en MIL de mechanische

eigenschappen met altijd nauwkeurig kon bepalen, de relaties zijn dus met algemeen
geldig Vergelijkbare resultaten werden gevonden wanneer de trabekelonentatie werd
uitgedrukt door middel van een van de andere maten De suggestie dat deze maten, die
gebaseerd zijn op trabeculair volume, de architectuur beter representeren dan MIL, kon
dus met worden bevestigd
Toch is gebleken uit twee recente experimentele studies dat soortgelijke relaties
de elastische eigenschappen van echt trabeculair bot goed konden voorspellen Hoe
kan dit worden verklaard? Blijkbaar is het zo dat de architectuur van echt trabeculair bot
beperkt is tot die architecturen voor welke de elastische eigenschappen goed voorspeld
kunnen worden op basis van dichtheid en trabekelonentatie Onze hypothese was dat
de architectuur van echt trabeculair bot gekarakteriseerd kan worden door een beperkte
lokale variatie m trabeculaire dikte Dit zou een inherent effect kunnen zijn van het
botremodellermgsproces Het onderzoek dat deze hypothese testte is beschreven in
hoofdstuk 5 Vijf groepen van ieders 153 verschillende structuren werden gemaakt met
behulp van hetzelfde generieke model van trabeculair bot als beschreven m hoofdstuk
4 Wederom werd van elke structuur de trabekelonentatie bepaald en werden de
relaties bepaald die de morfologie relateren aan de elastische eigenschappen

De

kwaliteit van deze relaties werd getest door de voorspelde eigenschappen te correleren
met de eigenschappen zoals voorspeld door de EE analyses
Op basis van dit model vonden we dat alleen voor de structuren met een
beperkte variatie m de dikte van de trabekels de mechanische eigenschappen goed
voorspeld konden worden Tevens was het zo dat voor deze structuren de verschillende
maten voor trabekelonentatie de mechanische eigenschappen ongeveer even goed
konden voorspellen Het is interessant dat deze structuren stijf zijn m de hoofdrichtingen
van de oriëntatie Dit betekent dat, wanneer deze structuren echt bot zouden zijn, ze m
remodellermgsevenwicht zouden verkeren Ook bleek dat deze structuren stijf zijn m
een groot aantal richtingen, ze zijn dus relatief ongevoelig voor veranderingen in de
richting van de belasting
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Het derde onderzoeksthema wordt beschreven in de hoofdstukken 6 en 7 van dit
proefschrift. Hier worden de mogelijkheden voor ultrageluid beschreven om de stijfheid
van trabeculair bot te bepalen als ook de stijfheid van de individuele trabekels. Zulke
bepalingen kunnen belangrijk worden in de diagnose en in de behandeling van
osteoporose. Osteoporose wordt gewoonlijk vastgesteld door de bothoeveelheid ('bone
mineral density', BMD) te bepalen. Deze meting geeft echter geen informatie over de
integriteit van de trabeculaire architectuur noch over de mechanische eigenschappen
van de individuele trabekels. In hoofdstuk 6 staan de analyses beschreven om de
stijfheid van trabeculair bot te voorspellen op basis van de ultrageluid parameter
'geluidssnelheid' ('speed of sound', SOS) en op basis van de botdichtheid.
De analyses zijn uitgevoerd op 15 blokjes puur trabeculair runderbot. Voor elk
blokje is SOS bepaald in drie onderling loodrechte richtingen. BMD is gemeten middels
DEXA en de architectuur door middel van micro-computed tomography (μΟΤ). De
elastische eigenschappen van elke architectuur werden bepaald door middel van EE
analyses.

Hiervoor

werd

als extra

input

een homogene

elasticiteitsmodulus

aangenomen voor het botweefsel zelf.
We vonden een sterke lineaire relatie tussen de elasticiteitsmodulus en SOS in
elk van de drie richtingen (r2 = 0.9). De correlaties waren minder sterk tussen de
elasticiteitsmodulus en BMD (r2 = 0.8). Toch waren ook deze correlaties hoger dan
beschreven in de literatuur. Dit komt waarschijnlijk door het gebruik van EE analyses
om de stijfheidseigenschappen te bepalen. Zulke analyses beperken sommige fouten
die gemaakt worden tijdens de conventionele manier om de elasticiteitsmodulus te
bepalen.
Het onderzoek beschreven in hoofdstuk 7 was er op gericht om deze techniek
verder te ontwikkelen en te onderzoeken of het mogelijk is om de elasticiteitsmodulus
van de trabekels zelf te bepalen. Dit wordt ook wel de 'weefselmodulus' genoemd. De
interesse ligt hier in het bepalen van individuele verschillen, die veroorzaakt kunnen
worden door de aanwezigheid van microscheurtjes en andere onvolkomenheden die
niet worden opgepikt door DEXA of andere radiologische bepalingen. Zulke verschillen
kunnen de sterkte van trabeculair bot veel meer beïnvloeden dan op basis van
botdichtheid alleen kan worden vermoed. Wij hebben onderzocht of het mogelijk is om
de weefselmodulus

te bepalen op basis van computersimulaties

van mechanisch

onderzoek door EE analyse in combinatie met metingen van SOS en BMD.
Deze aanpak werd getest op dezelfde data set van de 15 botspecimens
beschreven in hoofdstuk 6. Van elk specimen werd de elasticiteitsmodulus

geschat

door SOS in combinatie met BMD. De weefselmodulus kan dan worden bepaald door
de elasticiteitsmodulus van de specimens te vergelijken met de waarden zoals bepaald
door de EE analyses.
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We berekenden een gemiddelde weefselmodulus van 4 5 GPa (SD 0 69 GPa)
Wanneer de berekende weefselmodulus werd gebruikt om de elasticiteitsmodulus te
corrigeren, vonden we een zeer sterke correlatie (R2 = 0 96) met de waarden
gebaseerd op ultrageluid Deze resultaten wijzen erop dat de elasticiteitsmodulus van
het gemineraliseerde weefsel kan worden bepaald als een schatting van de
mechanische kwaliteit van het weefsel Deze methode kan al worden gebruikt voor
biopten, en kan potentieel ook in vivo worden gebruikt wanneer klinische CT en MRI
apparatuur met voldoende resolutie op de markt verschijnen Op deze manier kan in de
klinische praktijk de mechanische kwaliteit van bot beter worden geschat
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Nomenclature
A

anisotropy parameter

AP

anteroposterior

BMD

bone mineral density

BUA

broadband ultrasound attenuation

C

compliance tensor

CC

craniocaudal

CT

computed tomography

DEXA, DXA

dual-energy X-ray absorptiometry

E

Young's modulus; elasticity tensor

Eapp, SOS

apparent Young's modulus determined from ultrasound

Eijkl

component of elasticity tensor

Ep

predicted Young's modulus

E,

tissue modulus

Eiissue, FEA

assumed value of tissue modulus used in finite element analysis

ER

ellipse ratio

FE

finite element

H i , H2

normalized length of major and minor axis of ellipse, respectively

H,
LFD

component of fabric tensor

MIL

mean intercept length

ML

mediolateral

MRI

magnetic resonance imaging

line fraction deviation

pQCT

peripheral quantitative computed tomography

QCT

quantitative computed tomography

QUS

quantitative ultrasound

ROI

region of interest

S

strain energy per unit mass

Srei

strain energy per unit mass in reference case

SLD

star length distribution

SOS

speed of sound

SVD

star volume distribution

IHR

total hip replacement

TKR

total knee replacement

TTR

trabecular thickness ratio

Vbar

bar velocity

V|ong

longitudinal velocity

Vv

volume fraction

VO

volume orientation

VOI

volume of interest

ε

strain tensor

ε,,, γ,

component of strain tensor

μΟΤ

microcomputed tomography

μΡΕΑ

microfinite-element analysis

ν

Poisson's ratio

θ

parameter describing orientation of voids relative to each other

p, papp

apparent density

Pash

ash density

σ

stress tensor

σ,,, τ,,

component of stress tensor

τ

time constant in remodeling routine
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-IBotresorptie rond een knieprothese kan worden verklaard door stress shielding.
(dit proefschrift)
-IIDe steel van een knieprothese dient ter vergroting van de stabiliteit. Op lange
termijn kan het echter aanleiding geven tot stabiliteitsvermindering.
(dit proefschrift)
-IIIDe bevinding dat de stijfheid van trabeculair bot te bepalen valt uit een tweede
orde fabric tensor en de volumefractie is niet triviaal.
(dit proefschrift)

-IVln veel klinische literatuur staat ten onrechte 'stress shielding'. Stress shielding
valt niet te zien op röntgenfoto's; er wordt dus 'botresorptie' bedoeld.
-VDe ultrageluid parameter 'speed of sound' is een betere maat voor het
vaststellen van botsterkte dan botmineraaldichtheid.
-VIAangezien er veel minder genen in het DNA aanwezig zijn dan het aantal
eiwitten waar ze voor coderen, zal genetische modificatie voor onvoorziene
verrassingen zorgen.
-VIIOmdat 'katholiek' betekent 'algemeen, universeel' dient de Katholieke
Universiteit Nijmegen niet langer als 'Bijzondere Universiteit' te worden geduid.

-VIIIWie met beide benen op de grond blijft staan, komt niet ver.
(Loesje)
-IXHet Bauhaus principe 'Form follows function', dat al decennia eerder in de
biologie werd beschreven, heeft een positieve bijdrage geleverd aan de
leefbaarheid van gebouwen. Gebouwen kunnen nog leefbaarder worden
wanneer architecten zich ook rekenschap geven van het door de 'structural
biology' beschreven principe 'Function follows form'.
-XDe invoering van een kiesdrempel bij referenda zal leiden tot een lager
opkomstpercentage. Immers, wanneer iemand tegen een voorstel stemt kan het
juist worden aangenomen terwijl het voorstel zou worden verworpen als degene
niet had gestemd. Het leidt daarmee tot uitholling van de democratie.

-XIHardlopen is een effectieve manier van onthaasten.
(R. de Wit)
-XIIShoot for the moon. Even if you miss you'll land among the stars.
(L Brown)
-XIIIHet is niet verwonderlijk dat juist koeien heilige dieren zijn in het hindoeïsme.
Wie deze dieren in Delhi midden op snelwegen ziet lopen, beseft dat ze wel een
extreme mate van innerlijke rust en verlichting moeten hebben bereikt.
-XIVSporten waarin gewichtsklassen bestaan, horen op de Paralympics thuis.

4

Cover:
Wollt J (1892) Das Gesetz der Transformation der Knochen. A. Hirchwild, Berlin. Translated
as: The law ot bone remodeling. P. Maquet étnd R. Furlong, Springer-Verlag, Berlin (1986);
Fig. 2, p. 4. Reprinted with permission.

