-KzdV
Lew

p i eì2 ехъ δ, 4 δ | 5 (
h 2 П2 e23 δ 2 4 0 2 5 ¿
: № *23 ί'33 δ 3 4 δ 3 5 α
δ|4 δ 2 4 δ 3 4 r 4 4 δ 4 5 δ
δ
)5 δ 2 5 δ 3 5 δ 4 5 е 5 5 δ.
ί δ ΐ 6 δ 2 6 δ 3 6 δ 4 6 δ5 6 е(

t/iW(Si
№ef)

0.01<р<1.73ос пГ Л

ifS<(l-s)s,

MECHANICAL BEHAVIOR AND ADAPTATION OF
TRABECULAR BONE
IN RELATION TO BONE MORPHOLOGY

ISBN 90-9010006-7

Print: Ponsen & Looijen bv, Wageningen

This publication was financially supported by grants from:
Ortomed bv, Zwijndrecht
Merck Biomaterial, Amsterdam
Dr. h. с Robert Mathys Stiftung (Foundation), Bettlach, Switzerland
Osteonics Corporation, Allendale, NJ, USA
A.R.D. Ltd., Pretoria, South Africa
West Orthopedics, Bilthoven
Oudshoorn bv, Oss
BioHorizons Inc., Birmingham, AL, USA
Nederlandse Orthopaedische Vereniging

No part of this book may be reproduced in any form without written permission of the author.

MECHANICAL BEHAVIOR AND ADAPTATION OF
TRABECULAR BONE
IN RELATION TO BONE MORPHOLOGY

een wetenschappelijke proeve op het gebied van de Medische Wetenschappen
Proefschrift
ter verkrijging van de graad van doctor
aan de Katholieke Universiteit Nijmegen,
volgens besluit van het College van Decanen in het
openbaar te verdedigen op maandag 2 december 1996
des namiddags om 1 30 uur precies

door

Bert van Rietbergen
geboren op 14 maart 1963
te Heemskerk

Promotor
Prof Dr Ir R Huiskes
Co-promotor Dr Ir H Weinans

Manuscnptcomissie

Prof Dr A Ο H Axelsson
Prof Dr J A Jansen
Prof Dr A van Oosterom

Contents
Chapter 1

Introduction

7

Chapter 2

The mechanism of bone remodeling and resorption around pressfitted THA stems

15

Chapter 3

Computational strategies for iterative solutions of large FEM
applications employing voxel data

39

Chapter 4

A new method to determine trabecular bone elastic properties and
loading using micromechanical Finite Element models

65

Chapter 5

The role of trabecular architecture in the anisotropic mechanical
properties of bone

81

Chapter 6

Direct mechanics assessment of elastic symmetries and properties of
trabecular bone architecture

91

Chapter 7

Fabric and density accurately predict the elastic properties of
trabecular bone architecture

101

Chapter 8

A three dimensional model for osteocyte-regulated remodeling

117

simulation at the tissue level
Chapter 9

Discussion

129

Summary

133

Samenvatting

137

Dankwoord

141

Curriculum Vitae

143

7

1

INTRODUCTION

Bone tissue, which forms the skeleton, is a remarkable material. It displays a
fascinating wide variation in architecture, varying from dense and compact (cortical bone) to
highly porous architectures (trabecular bone), build of rods and plates. Even more intriguing
are its dynamic capabilities; it can grow, adapt and repair itself, enabling it to last a lifetime.
With these architectural and dynamic characteristics, it is also a very complex material. As
yet, the processes that take place during formation, adaptation and repair are not fully
understood. From biological observations it is known that the adaptive capabilities of bone
tissue are due to the fact that it is never metabolically at rest; old bone is continually removed
by osteoclast cells and new bone tissue is formed by osteoblast cells (Eriksen and Kassem,
1992) This coupled process of formation and resorption, called bone turnover, enables
adaptation and redistribution of material. How this process is controlled, and how it produces
functionally adapted shapes and internal architecture which are mechanically efficient and
effective is not clear
Already over 100 years ago, Wolff observed that the overall orientation of the
trabeculae in trabecular bone is not random, but instead, well-aligned with the mechanical
principal load directions (Wolff, 1892). He also speculated that changes in load produced
changes in the trabecular orientation via a process of bone remodeling, such that the
trabeculae again line up with the new principal load directions. Wolff thus concluded that
there must be a relationship between bone architecture and load. Although the hypothesis that
the shape and internal structure of bone adapt to functional or mechanical loading generally
has become known as Wolffs law, the present idea that remodeling of bone is a continuous
dynamic control process originates from Roux (1881). He suggested that the adaptive
processes in bone are regulated by cells, influenced by local states of stress.
The dynamic, adaptive capabilities of bone are not easily recognized in the healthy
mature skeleton During lifetime, only gradual changes in bone architecture and bone mass
occur, with a mild reduction of bone mass after the age of 30 as the most obvious one. For
almost one third of women in the US over age 65 (and a smaller percentage of men) however,
a much larger decline in bone mass of 20-40% is found by the age of 65 (Rüegsegger et al.,
1984, Melton et al, 1992). This condition of excessive bone loss, usually in combination with
a deteriorated bone architecture, is called osteoporosis, and is a result of metabolic diseases.
The inferior mechanical quality of osteoporotic bone leads to an increased risk of bone
fractures. Such fractures, the first symptom of osteoporosis, most commonly occur at the
femoral neck, vertebral bodies and the distal radius As a public health issue, osteoporosis is
now considered as an epidemic, directly attributing to over 1.2 million fractures annually in
the US alone (Riggs and Melton, 1992; Stevenson, 1990). For a 50 year old woman today, the
risk of hip fracture over her remaining lifetime is about 17% (Meunier, 1993) By the age of
70, 40% of US women will experience a fracture due to osteoporosis (Conference Report,
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1993) With the increase in the average age, the number of bone fractures will become an
increasing problem for society It is estimated that the number of hip fractures will increase to
over 6 2 million worldwide in 2050 (Cooper, 1992) Such bone fractures are catastrophic
events, the one year mortality rate from hip fractures is 25% and the probability of an older
patient to regain the previous level of function after a hip fracture is less than 30%
(Magaziner et al, 1989, Chrischilles et al, 1991, Cooper et al, 1993)
Except by metabolic diseases, the bone stock is also threatened by the load adaptive
mechanism itself when the loading of the bone is decreased A state of reduced mechanical
loading of bone throughout the body is experienced for example by astronauts and by patients
subjected to long bed rests or immobilization (Rambout et al, 1979, Tilton et al, 1980,
LeBlanc, 1990) The loss of bone stock under conditions of micro-gravity is a limiting factor
for long duration space flights , whereas bone loss after bed rest or immobilization can lead to
the need of a long rehabilitation period to recover at least some of the bone lost At a more
local level, dramatic bone loss due to unloading is often seen after orthopedic treatment, in
particular around medullary implants (Engh et al, 1987, Galante 1988, Rosenberg, 1990 ) In
this case the mechanical unloading is a consequence of the fact that the relatively stiff implant
now carries part of the load that was formerly carried by the surrounding bone alone ('stress
shielding') This form of bone loss has been recognized as a factor that can seriously threaten
the success of hip arthroplasties It also limits the success of revision operations, since the
bone stock that is left can be insufficient for the fixation of a new implant Bone loss due to
stress shielding is in particular a problem for patients that received the implant after a hip
fracture due to osteoporosis, since in these cases the bone stock is already at a minimum
An important difference between bone loss due to metabolic diseases and due to
reduced mechanical loading is that the first form is caused by a de-regulation of the bone
turnover process, whereas the second form is due to a normal, but undesirable, load
adaptation process It is likely, however, that the mechanism of bone turnover by osteoclast
and osteoblast cells is the same in both cases, and that differences are only in the control of
this bone turnover process (Parfitt, 1982, Enksen, 1992) To get better insight in these
processes of bone loss, the question to answer is which are the factors that determine the
formation and adaptation of trabecular bone, and what is the role of mechanical loading in
this process*7 This question in fact asks for the description of a biological control process to
study the effect of different factors, where it is not even clear which are the components that
play a role in this process, nor what the links are between components The only way to
proceed with this is by proposing a hypothetical biological control model, and then compare
the results produced by this model relative to biological observations If there is good
agreement, one can conclude that the proposed mechanism is realistic
Over the last decades, a large number of researchers have applied this approach
(Huiskes et al, 1987, Carter et al, 1989, Hart and Davy, 1989, Beaupré et al, 1993) In these
studies, the physical and biological properties of bone, such as its shape and density
distribution and the location of load sensitive and bone adaptation cells, are usually
represented in a computer model The local loading conditions within the bone are calculated
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using the finite element technique With this technique, the complex geometry of the bone is
divided in a finite number of more simple subvolumes (elements) for each of which the
mechanical properties and loading can be calculated The local biological and loading
conditions are then used as input for a hypothetical remodeling model, usually based on ideas
put forward by Wolff and Roux, which adapts the local bone density in the model Such
computer models have been successfully used to predict changes in bone density due to
changes in local loading conditions after total hip arthroplasty In the more recent studies the
results of such simulations were found to compare well to results of animal experiments and
measurements of bone density in patients (Huiskes, 1993, Wemans et al, 1993) This has
resulted in the recommendation of these computer simulation methods as a tool for the
prediction of bone resorption around implants in the design stage In this way implant designs
that would induce excessive bone loss could be recognized before being used (Huiskes and
Van Rietbergen, 1995)
By coincidence, it was found that at a smaller scale, these kinds of computer models
are likely to produce noncontinuous patchworks, not unlike trabecular bone in appearance
(Weinans et al, 1992) This has resulted in the development of more physiological computer
models that describe the remodeling process at the trabecular level (Mullender and Huiskes,
1995) In these models individual cells are modeled as load sensors that stimulate the
surrounding cells in the bone tissue to add or remove bone The results of these studies
indicate that the generation and adaptation of trabecular architecture of bone at the
macroscopic level indeed can be explained as a result of local loading conditions, in
accordance with Wolffs Law Such models are particularly suited for investigation and
prediction of the dependence of the remodeling behavior on physiological parameters in the
remodeling process Eventually, these models can be helpful for the design of effective drug
therapies, since they have the potential to predict how the architecture will be affected when
biological or mechanical conditions are changed, and thus where drugs should be most
effective So far, however, only two-dimensional models have been used, which are limited in
the way they can represent the physiological conditions and parameters The extension to
three-dimensional models may look straight-forward, but it is not, since the high
computational costs for solving three-dimensional models and the remodeling equations
practically inhibits their application More advanced numerical methods will be needed to
make this step into the third dimension The development of such methods and the
implementation of these in a three-dimensional remodeling model is one of the issues that are
explored in this thesis
Until a safe and effective therapy has been developed that can stop or even reverse the
process of bone loss, the prevention of bone fractures should be the primary goal of treatment
(Conference report, 1993) The load carrying capacity of bones depends on two factors First
the strength of the bone tissue itself (yield stress) which, in turn, is highly correlated with the
stiffness (elastic modulus) and the degree of mineralization of the tissue The second is
morphology This includes the external and internal shape of the bone as well as the
arrangement of the trabecular architecture Trabecular architecture can be represented by two

10

Chapter 1

qualities. First the volume fraction, which determines the volume of bone tissue per unit of
volume. This quality may also be expressed in the total mass per unit of bone volume, which
is called the apparent density, and comprises the degree of mineralization as well. Second the
directionality of the trabecular architecture, which determines its anisotropy
Most diagnostic methods used at this moment to determine bone mechanical quality are based
on the only material property that can be clinically measured in a noninvasive way: the bone
apparent density In fact, osteoporosis is often defined purely in terms of bone density as "a
condition whereby the density of bone is two times the standard deviation less than the
average density of a representative population at the age of 30". In practice, however, this is
not a very accurate definition, since it does not account for the role of architecture in bone
strength.
Most of the treatments used now are purely focused on restoring bone mass. For the
same reasons, it can be questioned if this is an optimal strategy. The effect of the treatment
should be a restoration of the healthy mechanical properties of the bone, in particular its
strength and stiffness, since these mechanical properties determine the risk of bone fracture.
A proper diagnosis thus requires an accurate assessment of bone in vivo mechanical
properties. This is not an easy task. Most engineering methods to determine material
properties require mechanical testing of a sample of the material. Taking out a bone sample
from patients that may already suffer from insufficient bone stock clearly is not desirable. As
an alternative, it has been proposed to determine bone mechanical properties in an indirect
way, from measurements of its density and, as far as it can be measured, its architecture. So
far however, no general relationships between bone density and architecture on the one hand,
and bone mechanical properties on the other, have been derived, and the question to answer
is can general valid and accurate relationships exist at all?
As a different approach to answering this questions it has been proposed to use finite
element models representing trabecular specimens for the determination of trabecular
mechanical properties, rather than real trabecular specimens. A number of studies have
applied this finite element approach using generalized, and thus simplified, models of
trabecular architecture (Beaupré and Hayes, 1985; Gibson, 1985). It can be questioned,
however, if this is a good approach; it is well possible that as many aspects of bone behavior
are due to irregularities in its structure as there are due to regularities. The only way to find
this out is by using models of trabecular bone from which relevant mechanical and biological
parameters can be obtained, while leaving this complex architecture intact as much as
possible. This, however, requires the accurate assessment of trabecular architecture on the one
hand and the development of computer models to derive relevant parameters from this data
on the other.
With recently developed techniques for creating high resolution three-dimensional
computer reconstructions of trabecular bone, accurate assessments of trabecular architecture
are now possible. With this technique, sequential cross sections of trabecular bone samples
are digitized and stored in a computer as a set of sequential high-resolution images. It is
important to realize that the complete set of images by itself is a very accurate representation
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of bone morphology, which can be quantified by describing the coordinates of all bone pixels.
Of course, this is not a very practical measure, and for this reason this data set is usually
reduced by using it for measuring traditional measures, such as fabric tensors and bone
volume fraction, which quantify the average morphology of the reconstructed bone specimen.
These reconstructions offer a new approach towards finding relationships between
bone morphological and mechanical parameters: using the bone pixel coordinates to quantify
bone morphology, these relationships are the same as those that describe the finite element
problem for a model with this morphology as its geometry. By solving this finite element
problem, it is thus possible to determine the mechanical properties of these complex
trabecular architectures. This procedure also can be seen as a way to reduce the data set
provided by the images; in this case to obtain the average mechanical properties of the data
set. It is well possible that good correlations exist between the material properties obtained in
this way and the more common fabric measures obtained from the same computer
reconstruction, since with this approach many uncertainties and inaccuracies present with
traditional techniques are eliminated.
The construction of such detailed finite element models, however, is not a trivial step
It requires the extremely complex trabecular architecture to be modeled in a detail which,
with standard methods, is near impossible and would result in models with an unprecedented
large number of elements, that can not be solved by any computer code presently available.
Hence, it can be concluded that both the three dimensional bone remodeling
simulation models and the detailed finite element models of trabecular bone potentially can
offer very useful information about the mechanical and biological behavior of bone, but their
application is inhibited by high computational requirements. In this thesis, it was investigated
if new and innovative numerical techniques and the use of supercomputers can overcome this
barrier. The overall purpose of the research presented in this thesis is to explore if a
multidisciplinary approach which combines biology, mechanical engineering and computer
sciences, can lead to new insights in the understanding of the mechanical and biological
behavior of bone, in relation to bone morphology.
Structure of the thesis
The second chapter in this thesis describes a 'conventional' bone remodeling
computer simulation study to determine load induced changes in bone density after
implantation of a press-fit hip implant, in comparison to experimental results. This chapter
differs from the rest of the thesis in that a continuum approach is used to model bone. It is
included here, because it demonstrates that complex nonlinear remodeling phenomena can be
addressed by Wolffs Law. On the other hand, it demonstrates the limitation of this type of
studies where the trabecular architecture is considered; more detailed models are needed to
simulate changes in this architecture as seen in the animal experiments. The step to this
macroscopic level is introduced in the third chapter where numerical methods are presented
that are needed to create microstructural finite element models from computer reconstructions
and to solve the thus generated (very large) finite element models In the fourth chapter, these
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methods are used to create a finite element model of a piece of bone of the size of a test
specimen With this model it is aimed to calculate trabecular tissue loading as well as the
tissue and overall mechanical properties of the bone specimen In the fifth chapter, another
bone specimen is modeled that was mechanically tested before reconstruction By a
comparison of anisotropic mechanical properties calculated from microstructural finite
element models and those measured m compression tests, it is aimed to distillate the role of
the trabecular architecture for the overall anisotropy of the bone specimen A more advanced
method for the calculation of the overall mechanical properties from these finite element
models is introduced in chapter six With this method, it is possible to obtain all nine
orthotropic elastic constants and the mechanical principal directions of a bone specimen from
six microstructural finite element analyses This method is applied in chapter seven to
determine the elastic properties of a set of reconstructed bone specimens The architecture of
these specimens is measured as well from the reconstruction data It is aimed in this study to
find the relationship between bone architecture and elastic properties In chapter eight, the
new solving methods for three-dimensional finite element models are incorporated with a
remodeling model in which osteocytes play the role of load sensors With this model, it is
aimed to explain the development of typical three-dimensional trabecular architectures as a
result of loading A discussion of the results, implications and limitations of the studies
presented in this thesis is given in the last chapter
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THE MECHANISM OF BONE REMODELING AND
RESORPTION AROUND PRESS-FITTED THA STEMS1

В van Rietbergen, R Huiskes, H Weinans, D R Sumner2, Τ M Turner2 and J О Galante2

A b s t r a c t - A major problem threatening the long term integrity of total hip replacement is
the loss of proximal bone often found around noncemented stems in the long term It is
generally accepted that 'stress shielding' is the cause for this problem after implantation of
the prosthesis the surrounding bone is partially 'shielded' from load carrying and starts to
resorb One of the proposed answers to this problem is the application of press-fitted stems
These smooth-surfaced implants are thought to provoke higher proximal bone loading, and
hence less stress shielding than bonded implants, because they are wedged into the femur
every time when loaded However, in a two-year experiment m dogs, similar amounts of
resorption of the proximal cortex were found around press-fitted and bonded implants The
question arises how similar resorption patterns can develop under completely different stress
conditions, and whether this phenomenon can be explained by adaptive bone remodeling
theories based on Wolffs law
In the present study an answer was sought for this question An advanced iterative
computer simulation model was used to analyze the remodeling process in the animal
experiment Three dimensional finite element models were constructed from the animal
experimental configuration, in which smooth, press-fitted stems were applied unilaterally in
the canine The FE model was integrated with iterative remodeling procedures, validated m
earlier studies In the model an appropriate nonlinear representation of the loose boneimplant interface was realized, also capable of simulating the proximal interface gap that was
found around the uncoated implants The simulation models predicted similar amounts of
proximal bone loss and distal bone densification as found in the animal model Hence, the
cortical bone loss could indeed be predicted by the strain adaptive bone remodeling theory
By unraveling the simulation process, the question stated above could be answered
Densification of the distal bone bed during the initial remodeling process was found to cause
reduced axial stem displacement (elastic subsidence), decreasing the wedging effect of the
stem and, hence, decreasing the loading of the proximal bone, resulting in proximal bone
loss Hence, whereas in the case of bonded stems the proximal resorption process develops
monotonously to a new equilibrium, the process around smooth, press-fitted stems develops
nonmonotonously This is due primarily to the unbonded interface conditions and the
development of a proximal fibrous membrane The remodeling process then gradually causes
the stem to be jammed in the distal diaphysis (proximal 'stress bypass')
1
2

Reprinted from the Journal of Biomechanics, vol 26 pp 369-382,1993
Rush-Presbytenan-St Luke's Medical Center, Dept Orthopaedic Surgery, Chicago, IL, USA
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Introduction
Bone resorption around femoral hip stems is a disturbing phenomenon, threatening
the long-term integrity of stiff, noncemented implants in particular Resorption, in the sense
of reduced cortical thickness and increased porosity, is seen in most patients who have
received noncemented total hip arthroplasty (Engh et al, 1987, Galante, 1988, Rosenberg,
1989, Kirath et al, 1991) It has also been reported in animal experiments (Miller and
Kelebay, 1981, Turner et al, 1986, Bobyn et al, 1990, Sumner et al, 1992a) Major clinical
problems in patient series caused by this phenomenon have not been reported as yet
However, it is uncertain how long the process will continue late postoperatively, or whether
it reaches a status quo at a particular point in time Late loosening, stem failure or bone
fracture are problems which might occur, not to mention a reduced amount of bone stock
available for revision surgery Although the amount of resorption on the mid-long term in
patient series was usually described as moderate (Engh et al, 1987, Rosenberg, 1989), recent
studies with more precise X-ray methods such as dual-energy absorptiometry (Kirath et al,
1991) suggest that 40 to 60 percent bone loss in five years time is a rule rather than an
exception They also suggest that the resorption processes have not terminated by this time
(Steinberg et al, 1991) Certainly, bone resorption around prostheses is a problem worth
avoiding and, hence worth investigating
It is generally assumed that the resorptive phenomena are a result of 'stress shielding'
and adaptive bone remodeling in accordance with 'Wolffs law' The stem 'shields' the bone
from stress, because it shares the load which is normally taken by the bone alone As a result,
the bone stresses are reduced and the bone-remodeling process then reduces its mass
accordingly Because the bone stress and stress-shielding patterns depend on the material,
geometrical and bonding characteristics of the implant (Lewis et al, 1984, Walker et al,
1987, Rohlmann et al, 1988, Huiskes, 1990), the bone resorption patterns must also depend
on these characteristics For example, when a stem is less stiff, stress shielding is less severe
and, hence, the amount of bone resorbed should be reduced This was indeed confirmed in
patient studies and animal experiments (Engh et al, 1987, Bobyn et al, 1990, Maistrelli et
al, 1991) Recently, strain-adaptive bone remodeling theories have been developed which
can be used in combination with finite element models of THA configurations to describe the
remodeling process quantitatively and predict the resorption patterns depending on the
implant characteristics (Cowin and Hegedus, 1976, Carter, 1987, Huiskes et al, 1987, 1989,
Orr et al, 1990, Weinans et al, 1992) This method was used to simulate animal experiments
with hip prostheses and predict the resorption patterns (Weinans et al, 1992) The similarity
between predicted and experimental results provided confirmation for the mechanical basis
of the resorption process and validation of the theory
Because of the relationship between implant characteristics and stress patterns,
prosthetic designs can be optimized to produce as little bone loss as possible It has been
proposed, for instance, to fabricate stems out of titanium mstead of CoCrMo, making them
less stiff, and even to use 'iso-elastic' composites with a similar elastic modulus as bone
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(Bobyn et al, 1990, Maistrelli étal, 1991, Orth et al, 1991, Sumner et al 1992b) Another
measure often applied is the limitation of porous or hydroxyl-apatite coatings to the proximal
part of the stem only, thereby promoting proximal load transfer and limiting the extent of
stress shielding (Engh and Bobyn, 1988, Geesink, 1989) A third method often suggested to
avoid resorption is the application of smooth press-fitted stems without coating (Walker et
al, 1987, Huiskes et al, 1989) The philosophy behind this method of fixation is that the
(tapered) stem is wedged into the medullary canal ('press-fitted'), whereby the endosteal
cortex is compressed continuously by the hip-joint force The endosteal compression then
generates hoop stresses in the bone, which will cause it to maintain its mass An additional
feature is the reduced rigidity of the stem-bone complex because of the lack of bonding This
will cause more bone deformation in bending, hence less stress shielding These expectations
have been confirmed in FE analyses (Rohlmann et al, 1988, Huiskes et al, 1989, 1990) and
in laboratory experiments with femur specimens (Walker et al, 1987, Fulghum, 1991) In
both cases, the bone stresses around bonded and unbonded, press-fitted stems were
compared, and it was found that they were higher in the case of the press-fitted prosthesis In
an animal experiment described below, the post operative morphology around press-fitted
(smooth, uncoated) THA stems was investigated and compared with previously studied
bonded (porous ingrowth) stems of the same design (Turner et al, 1986, Sumner et al,
1992a) Six months post operatively, marked cortical resorption around the bonded stems,
but no statistically significant bone loss around the press-fitted stems was noted Hence the
theory seems to be confirmed However, at two years, similar amounts of bone loss were
observed with the bonded and press-fitted stems
So the question is, that if the bone-remodeling and resorption phenomena around hip
stems can be explained by adaptive bone remodeling, and if the stress patterns around bonded
and unbonded stems are so different, how can it be that they produce the same remodeling
patterns in the long term? Can an explanation be found which is consistent with adaptive
bone remodeling theory and Wolffs law? And, if so, can this explanation be extrapolated to
a better understanding of bone remodeling around unbonded stems in general? These
questions were addressed in the present project, using the working hypothesis that the
remodeling in the unbonded stem case was influenced by the mechanical effects of a fibrous
tissue layer around the stem, which developed gradually postoperatively
To answer these questions an animal model and a computer simulation model were
used in combination The strain-adaptive bone remodeling theory was applied in a three
dimensional FE model of the canine THA configuration Whereas the theory was validated
earlier relative to experiments with bonded implants (Weinans el al, 1992), this time it was
applied to simulate the bone-remodeling process around the unbonded, smooth implants
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MBAF = [ M B A ) χ 100%
VMA-PAJ

(2)

where MBA represents the area of bone within the medullary canal, MA is the medullary
area (ι e, the area bounded by the endocortical surface) and PA is the prosthesis area For the
control side, PA=0 For the statistical analyses, the difference in MBAF (dMBAF) was
calculated in a fashion analogous to the calculation of dCA For purposes of presentation it is
more helpful to present the actual values of MBAF for the control and the treated sides rather
than dMBAF because at the most distal sections MBAF m the control femur is very small
These measurements were made at cross sections C, D, F, H and J (Fig 2) In addition, the
nature of the host implant interface was studied using toluidine blue and basic fuchsin surface
stained sections The thickness of the membrane found between the implant and host bone
was measured at three equidistant points on each stem face using an eyepiece micrometer
These measurements are reported as the average thickness of the membrane for the proximal
(sections В and C), middle (sections D and E) and distal (sections F and G) levels of the
stems
Multivariate analyses of the variance for repeated measures were used to asses the
influence of section location and time on membrane thickness Similar analyses, paired /-tests
and student's r-test were used to analyze dCA and dMBAF Correlation matrices between
these variables were calculated
Finite element model
Three FE models were created, one representing the direct postoperative femur with
prosthesis and direct bone contact, one representing the same with a partial fibrous interface,
and a third model representing the contralateral femur of the dog The geometry of the
contralateral model was determined from contact radiographs of the 2 mm slices, together
with longitudinal radiographs from a lateral and an anteroposterior view, of one particular
dog The periosteal and endosteal contours of the cortical bone cross sections were digitized
from the contact radiographs of the nonoperated femur The periosteal contours in the
longitudinal radiographs of this femur were also digitized to determine the three dimensional
orientations of the cross sections Using a finite element preprocessor, the shape determined
by the cortical contours was divided into a three-dimensional finite element mesh, consisting
of isoparametric brick elements with eight nodes A finite element mesh of the contralateral
femur was obtained in this way (Fig 2)
This model was mirrored to represent the left leg of the dog In addition, contour
measurements of the prosthesis were made from the digitized cross sectional radiographs and
longitudinal radiographs of the treated femur of the dog These data were used to dimension
the elements representing the implant The elements representing the femoral head in the
contralateral model were replaced by elements representing the prosthesis, to create the finite
element model for the direct postoperative femur (Fig 2)
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Loads
The orientations and points of
application of the loads on both the
contralateral and the treated femur were
identical and chosen in accordance with
Bergman et al, (1984). The force on the
femur head was 288 N, 15° medial of the
central axis and 30° anterior of the midfrontal plane (Fig 2). In the treated femur
model, the neck of the prosthesis was
modeled in such a way that the point of
application of this force is the same in both
models. A distributed load of 144 N, 30°
medial of the central axis, was applied to the
greater trochanter of both models.

15°

15°

30°;

Material properties
The material properties of the bone
Fig. 2 Three dimensional finite element
were taken as linear elastic and isotropic.
meshes of the operated femur (left) and the
The Young's modulus of bone was
contralateral femur (right). The sections B-J,
determined from the apparent density values which correspond to the animal experimental
by a cubic relationship (Carter and Hayes, ones, are indicated. The stem tip is located
1977). The maximum value for the Young's near section H.
modulus of cortical bone was taken as
22,000 MPa. The corresponding maximal apparent density p m a x was taken as 1.73 gem"3,
hence the relationship between modulus and density is given by
E = cp\

(3)

with c= 4249 (MPa g"3 cm9).
The apparent densities in the cross sections C, D, F, H and J were taken from the mean
values of the medullary bone area fractions (MBAF) in the control femurs, of 22 dogs used in
a previous study (Weinans et al., 1992), to represent the immediate postoperative density
distribution. A MBAF of 100% corresponds to an apparent density of 1.73 gem", hence the
MBAF values were multiplied by 1.73/100% to calculate the apparent density. The unknown
densities in the cross sections B, E, G, I and К were calculated from the interpolated MBAF
values. In the immediate postoperative situation, the density distribution in each section was
assumed uniform. The modulus of the cancellous bone of the femoral head and the greater
trochanter were assumed uniform, with a value of 1000 MPa. This value was taken rather
arbitrarily, since its effects on the deformations in the rest of the structure are relatively
small. The Young's modulus of the titanium alloy stem was taken as 110,000 MPa.
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Interface conditions
No bonding between implant and
surrounding bone was assumed. Hence,
appropriate nonlinear interface conditions
have to be specified in the model of the
treated femur. This was achieved by using
special nonlinear gap elements at the boneimplant
interface
(MARC
Analysis
Corporation, Palo Alto, CA). These elements
allow local slip and separation to occur. In
the model no friction was assumed at the
interface. Hence, only compressive stresses,
directed normal to the surfaces, are
transferred through the interface. By
implementing these nonlinear gap elements,
the FE problem has to be solved in an

Fig. 3 Dimensions of the proximal gap as
modeled in one of the finite element models
of the operatedfemur.

iterative process to determine the status of the gap elements (i.e. open or closed).
To study the effects of a proximal fibrous tissue interface, relative to a situation with
intimate bone-implant contact, two models were constructed. In the first model, intimate
bone-implant contact was assumed. In this case the model represents an implant that fits
exactly in the reamed canal over its entire length. In the second model, a proximal gap
between implant and surrounding bone was assumed. The proximal gap was represented by
increasing the closure distance of the proximal gap elements. The gap width was taken 1 mm
at the most proximal section B, and linearly decreased to zero in the distal direction over 40
mm (Fig. 3). Hence, for the sections F-H intimate bone contact was assumed also in this
model. The collar of the prosthesis is assumed not to make contact with the bone, in
accordance with the animal experimental findings.
Adaptive bone remodeling theory
The adaptive bone-remodeling simulation theory used is based on a site-specific
(conservative) formulation, whereby it is assumed that the bone in the treated femur attempts
to normalize its stress-strain patterns locally to the same value as in the untreated one, under
the same loading conditions (Cowin and Hegedus, 1976; Huiskes et al. 1987, 1991). The
precise formulation of the procedure applied here is the same as that used earlier to simulate
the canine experiments with bonded prostheses (Weinans et al., 1992).
The theory proposes that bone mass is regulated by the (elastic) strain energy per unit
of mass (Carter, 1987), which is called the remodeling signal S (Jg"1). S can be determined
from the strain-energy density υ='/2εσ (with ε the strain tensor and σ the stress tensor) and
the apparent density p, according to
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S - í
Ρ

(4)

According to the site-specific formulation, the local bone in the operated femur strives for
equalizing its actual remodeling signal S to the corresponding local value S„r in the
nonoperated one for the same external loads, by removing or adding bone Hence, if the rate
of net bone-mass turnover equals dM/dt, then
^ ~ S - W
at

(5)

The theory further assumes a threshold level for the remodeling response (Frost, 1964)
Hence, when \S-Sn¿ is smaller than the threshold value, no remodeling response occurs The
remodeling objective can, thus, be formulated by
(l-s)Sra<S<(\+S)STe[,

(6)

with s a constant The region between (i-s)Snf and (l+s)Snf represents the non-responsive
area, or 'dead zone' In accordance to the earlier validation study (Weinans et al, 1992), s is
set to 0 35, or 35%
As it is the objective to simulate external remodeling (or surface modeling) at the
periosteal surfaces and internal remodeling in trabecular bone concurrently, a method is
needed to connect the two processes in the time domain For that purpose, the theory of
Martin (1972) is applied According to this theory it is assumed that bone apposition and
resorption can occur only at free bone surfaces and, hence, at the periosteal bone surface
(external remodeling or modeling) and inside the bone at the pore surfaces (internal
remodeling) Martin (1972) calculated the amount of internal free surface as a function of the
porosity characteristics, assuming spherically shaped pores Using these assumptions, the
internal free surface area per unit volume of whole bone (cancellous or cortical),
=
3
а(р)=А(р)І , was estimated (Fig 4) For p=p ma x l 73 gem' it is assumed that α(ρ)=0 0,
hence no remodeling takes place if p=p m a x To avoid inaccuracies in the FE calculation, the
minimum value for the apparent density was set to p min =0 01 gem", which then represents
complete resorption
The adaptive process in the operated femur can then be expressed in terms of the rate
of net bone turnover
^ =
at
^-=0,
dt

((р)(5-(1-л)5 г е Г ) i f S < ( l - 5 ) S r e f (
ii(\-S)STe[<S<(\

^f = xA(p)(S - (1 + s)SKi),
at
0 0 1 < p < l 73gcm - 3 ,

+ s)sKf,
if S > (1 + s)SKf,

(7)
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whereby τ is a time constant given in g mm Γ per month, Afp) is the free surface at the
periosteum or in the internal bone structure (Fig 4), and s represents the 'dead zone'
threshold level The time / is given in units of months With the finite element model of the
contralateral femur the reference signal SK{ [=(^p)ref] and W l t n ш е model of the operated
femur the actual signal S are determined
The rate of net bone turnover àMIât can now be expressed as the rate of change of the
external (periosteal) geometry dxldt, by
dM
dx
= pAл — ,
ál
At

(8)

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

dp
d/ '

(9)

with V the volume in which the bone mass change takes place (the volume of the element
concerned) and aplát the rate of change in apparent density Equation (7) can now be written
in terms of dx/dt for modeling and ш terms of dp/dt for remodeling Through forward Euler
integration, the equations can be solved iteratively, to find the new coordinates of the surface
nodes and the new apparent density values in the integration points after every iterative step
In the computer program, the integration is carried out in steps of τΔί, which represents the
proceeding of the modeling and remodeling processes at an arbitrary scale, which can be
considered as the simulation time scale The time
Free surface density a(p) in mnAnm"3
constant τ was empirically determined in the
earlier validation study by comparing the two-year
animal and simulation results for bonded implants
(Wemans et al, 1992) It was found that the value
of τ should be set to τ=130 g mm" Γ per month to
have the time / given in units of one month
The time step in the integration process is
variable and determined in each iterative step such
that the maximal density change in the integration
point where the maximal rate of density change
occurs will not exceed '/2pmax (=0 865 gem ) This
can be accomplished by calculating the time step
Δ/ after each iterative step using the maximal
possible value for the expression za(p)(S-(]±.s)Srei)
from all integration points, as

05
1
15
Density ρ in g cm"3
Fig
4 Relationship between the
apparent density ρ in gem' and the
free surface area per unit of bone
volume a(p)=A(p)/V in mm mm

Chapter 2

24

Δί =

О 865

(IO)

{™(p)(S-(l±.OS r el)} n

with the positive sign if S>(l+s)Stet and the negative sign if S<(l-s)SKt
The scheme of Fig 5 demonstrates the iterative computer simulation program The
model of the intact contralateral (control) femur provides the reference signal Sn{, which is
compared m each integration point (internal remodeling) and in each periosteal nodal point
(external modeling) with the actual signal S in the corresponding point in the model of the
operated femur The differences between S and SKÍ determine the rates of modeling and
remodeling, which occur concurrently After each iteration a new S is determined Due to the
nonlinear gap elements used to simulate the unbonded interface, the calculation of the actual
stimulus itself requires an iterative process as well
In order to reach convergence, the process must be continued until no more density or
geometric changes occur This means that all points fulfill equation (6), or have reached the
maximal or minimal values for the apparent density tolerated (1 73 or 0 01 gem ,
respectively) To monitor the convergence rate, object functions were defined according to
F=I

(П)

S1-(\±s)SieS,1\

J=1

The summation takes place over η number of (sensor) points, which are represented in the
iterative remodeling process by the element integration points for internal remodeling and the
periosteal nodal points for external modeling Internal points with a maximal or minimal
value for the apparent density (1 73 or 0 01 gem ), or points having a signal within the dead
zone, take no part in the summation of equation (11) The object functions for internal and
external remodeling are determined after each iteration

iterative
interface
setting

FEM

Ч ДРК
Δχ

Remodeling rules
equations (8) and (9)

treated
femur

Threshold
dead zone

i 1

Calculation of
time step,
equation (10)

Load
Actual remodeling
signal S

FEM

Reference signal

control
femur

Fig 5 Schematic representation of the iterative computer simulation model
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Representation of data
For all cross sections B-J the medullary bone area fraction [MBAF, equation (1)] and
the changes in cortical area [equation (2)] are determined in the simulation after each time
step The MBAF is determined within the FE code, by averaging the extrapolated volume
fraction at the nodal points in the cross sections The volume fraction is determined as p/p max
The cortical area (CA) is determined within the FE code, by calculating the cross-sectional
areas of the cortical elements directly from the coordinate data
The density distributions as predicted by the simulation model are compared per
cross-section to the cross-sectional radiographs of the treated femur in the two-year animal
experiment In addition, the results of the simulation in terms of medullary bone area fraction
and changes in cortical area are compared with the averaged experimental results over the
whole animal experimental group

Results
Animal expenment
All of the animals bore weight on the operated limb within one week The animals
had a normal range of motion and appeared to have normal function within two weeks
postoperatively and throughout the course of the study At sacrifice all hips were stable and
all acetabular and femoral components were securely fixed to the host bone Figure 6 shows
the two-year remodeling patterns m radiographs from four sections of a dog of the
experimental group The contralateral (untreated) control sections are shown as well
The host-implant interface included, in order of most common occurrence, a
membrane, intimate bone contact and marrow The membrane consisted of collagen fibers
and fibrocytes oriented parallel to the implant The average thickness of the membrane
increased from six months to two years proximally, but not distally (Fig 7) In most places
the membrane was separated from the surrounding marrow by a trabecular shell of bone At
two years, the proximal membrane was usually continuous with rare areas of bone or marrow
in direct contact with the implant Distally substantial portions of the interface included
intimate bone contact at both six months and two years
At two years there was a 20 - 23% reduction in cortical area proximally (Table 1) At
six months the magnitude and extent of the proximal bone loss was not as great as at two
years and the treated-control side differences were more variable Thus, at six months the
differences between the treated and control femurs were not statistically significant, whereas
at two years these differences were significant proximally (p<0 05) The thickness of the
proximal bone-implant membrane was inversely related to the dCA at section С (r=-0 69,
p<0 05) and section D (r=-0 88, p<0 001), indicating that a thicker proximal membrane was
associated with a greater loss of proximal cortical bone
There were 15-fold increases in the amount of medullary bone in both the six month
and the two-year animals near the tip of the stem (Table 2) Elsewhere, changes in the
density of bone within the medullary cavity were less dramatic, although proximally in the
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Table 1 Percentage change m corneal bone area measured in the
six months and the two year animal experiment
Percentage change in Cortical Area
Section
С
D

mean
-16 1
-1 6

Six months
95% П
-48 6 / 1 6 4
-16 2 / 1 3 1

mean
-22 7*

F

-5 8

-211/96

-116*

-21 3/-1 9

H

52

-78/183

35

-89/158

J

36

-55/126

15

-40/70

Two years
95% CI
-36 8 / -8 6
-20 0** -31 8/-8 2

different from control, p<0 05, paired Mest
' different from six month group, p<0 05, /-test

Table 2 Medullary bone area fraction measured m the six-month and the two-year
animal experiment
Medullary bone area fraction
1Control

1

Six months

Two years

Section

mean

95% CI

С
D

24 7
20 2

20 5/28 9
17 5 / 2 2 9

38 2*
22 1

320/444
18 4 / 2 5 8

26 2*
20 5

157/368
18 5 / 2 2 5

F

10 1

6 2 / 139

32 7 "

14 6 / 5 0 8

29 2

10 9 / 4 7 5

H

34

1 2/56

54 6** 44 6 / 6 4 7

52 3*'

362/685

J

39

-1 1/8 9

49

16/83

mean

11 9

95% CI

-5 9 / 29 8

combined data from the six months and two years time periods
different from control, p<0 05, paired Mest
different from control, p<0 01, paired Mest
different from control, p<0 001, paired Mest
different from six month group, p<0 05, Mest

mean

95% CI
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Membrane Thickness (μπι)

proximal

middle

distal

Fig 7. The average membrane thickness at six months and at two years (mean and 95%
confidence interval).
Computer simulation
In the immediate postoperative situation, we find high stresses (hence, high values of
the remodeling signal S) in the bone surrounding the implant, particularly at the proximal
side. This is illustrated for section С in Fig. 8. Particularly in the case of the perfectly fitting
implant, the stem taper in combination with the loose interface generated interface
compressive and hoop stresses, which cause high values of the strain energy per unit of mass.
In the model including the proximal gap (Fig. 8), the high-stress regions are at the medial
side only; laterally, the gap is too wide for contact during loading.
As S-S„f is the stimulus for the bone-remodeling process, one would expect both
densification of trabecular bone and bone apposition at the periosteal surface (Fig. 8).
However, when we consider the two-year results of the simulation (Fig. 9), we find quite the
opposite. In fact, proximally, in the antero-medial region in particular, we find cortical
resorption in both models, with and without interface gap (sections С and D). In the middle
region (section F) we also find some cortical resorption medially and laterally, very similar to
what was found in the animal experiments (Fig. 6). The trabecular morphology is also very
similar. Trabecular densification occurs adjacent to the implant and particularly distally. At
the proximal side, the model with interface gap generated more bone loss than the model of
the perfectly fitting stem (Fig. 9). On the distal side, the morphology is almost equal in both
models.
The explanation for this seemingly inconsistent remodeling behavior, whereby the
two-year results defy the immediate postoperative distribution of the remodeling signal, is
found when the iterative process in the simulations is regarded more closely. In order to
understand the course of affairs, it is important to note that the high stress values generated in
the bone initially (Fig. 8) are caused by a wedging effect of the tapered implant, whereby
loading the stem causes high interface compression through axial relative displacement (or
elastic subsidence). Then, initially, densification of trabecular bone, adjacent to the whole
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The convergence of the iterative process according to equation (11) is illustrated in
Fig. 11, showing the values of the object functions for internal and external remodeling as
found in the model with the proximal gap. As can be seen in this figure, the simulation was
continued until 53.5 months postoperatively. The internal remodeling process occurs much
faster than the external (surface) process because there is more free surface available in the
trabecular bone. In fact it is predicted that the cortical resorption process continues until far
beyond the two-year period of the animal experiment. It is not impossible that in time the
whole proximal cortex would disappear.

Remodeling signal

Mode) with proximal gap

Coni relaterai model

Fig. 10 Distribution of the remodeling signal S in cross section С in the model with a
proximal interface gap, just after distal jamming of the stem has occurred (left). The
distribution in the contralateral controlfemur is drawn on the right side (compare Fig. 8).
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Fig. 11 Convergence of the object functions as defined in equation (11) after the distal
jamming of the stem has occurred, for the internal and the external remodeling processes.
The values of these functions before distal jamming are too far out of range to draw in this
graph. (Note that according to equation (9) the time step is variable, hence, the initial
gradient is simulated with many small time steps).
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Animal experiments versus computer simulation
Comparing Figs 6 and 9 shows quite a reasonable similarity between the two-year
postoperative animal experimental results and the results of the simulation, where it concerns
both trabecular densification patterns and cortical resorption The most important trends
shown in the animal results are reproduced in the simulation, particularly with the model in
which the proximal gap is accounted for the proximal anteromedial cortex reduction, the
lateral and medial cortex reduction in the mid-stem region, the proximal trabecular
densification adjacent to the stem and resorption on the periphery, and the trabecular
densification patterns in the mid-stem and distal region, predominantly associated with the
edges of the stem
Figures 12 and 13 summarize the mean densities and morphological results of the
animal experiments and the simulations Figure 12 shows the mean area fractions (related to
the densities) for the six experimental dogs per section (two-year results), in the sections C,
D, F, H and J Also shown are the mean area fractions of the contralateral control femur,
which are equal to the initial mean area fractions for the simulations Furthermore, the
simulation results are shown for a six-month and a two-year follow-up period, also as means
per section, for the perfectly fitting model (left part of Fig 12) and the model with the
proximal interface gap (right part of Fig 12) It should be noted that whereas the animal
experimental results are shown as averages for six dogs, the simulation results concerned the
geometry of one particular dog The two-year simulation results fit well within the 95%
confidence intervals of the experimental results, particularly for the model with the proximal
interface gap On the proximal side (sections С and D) this model predicts hardly any
increase of the mean trabecular density, as was also found m the experiments As discussed
above, density changes do occur here, as densification adjacent to the implant and resorption
near the endosteal periphery, but the average values in the sections remain almost the same
In sections F and H severe densification occurs in simulation as well as in experiments to
about the same values, from about 8 - 30% and from about 2 - 45%, respectively The results
of the simulation model with the perfectly fitting implant (left part of Fig 12) do not nearly
agree as well with the animal experimental results as those of the interface-gap model In all
regions but section H, near the tip of the stem, we find much more densification This trend is
reversed in section H
Fig 13 shows the mean changes in cortical bone area per section for the two-year
animal experiment, compared to the simulation results for six months and two years, in both
models In this case, the results of the model with a perfect fitting implant and the one with
the proximal interface gap are not very different In simulations and experiments we see
decreasing amounts of cortical resorption from proximal to distal The agreement of the
model predictions with the animal values is adequate, between the 95% confidence interval
levels, but less close to the mean values than in Fig 12, relative to the trabecular densities
The agreement with the six-month animal results is also within the 95% confidence interval
levels
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Fig. 12 Medullary bone area fractions predicted by the computer simulation at six months
and at two years, and the two-year animal experiment results (mean and 95% confidence
interval). The initial value is the same for both the animal experiments and the simulation,
and is drawn at each cross section at the left.
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Fig. 13 Change in cortical bone area predicted by the computer simulation at six months and
at two years, and the two-year animal experiment results (mean and 95% confidence
interval).
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Discussion
A three-dimensional FEM computer simulation model was employed in conjunction
with animal experiments, in order to find an explanation for the bone remodeling behavior
around smooth, press-fitted femoral hip prostheses The simulation model, including the
quantitative formulation of the time-dependent remodeling process, was validated earlier
relative to bonded prostheses in the same animal model (Weinans et al, 1992) The FE
model used is quite advanced, featuring, apart from its three-dimensional characteristics,
nonlinear interface conditions to describe the unbonded interface behavior and the interface
fibroustissue gap In the computer simulation process, this implies that an interface setting
iteration had to be performed within the remodeling iterations Hence, a large amount of
computer capacity was required Nevertheless, the computer simulation model remains what
it is, a model and, hence a simplified representation of reality First of all, its limitations must
be briefly discussed
In view of the computer capacity required, the FE mesh was less refined than one
would ideally wish for However, it was adequate The eight-node brick elements used
adequately describe the cross-sectional contours of the bone The elements can also
degenerate into a tetrahedron without causing problems (MARC Analysis Corporations, Palo
Alto, CA) To improve precision, the strain-energy density and the apparent density values
were determined per integration point rather than per element Mesh refinement was tested in
one calculation with 20-node brick elements, assuming a bonded stem-bone interface No
important differences were found in the strain-energy density distribution in comparison with
the eight-node element
The loads were taken according to in vivo experiments performed by Bergmann et al
(1984) In reality, of course, the loads are highly variable However, when using the sitespecific remodeling theory, whereby the actual bone deformations in the treated femur are
always related to those in the natural bone under the same loading conditions, the precise
loading characteristics are of lesser importance, as long as they represent a typical load in
which axial, bending and torsional components are included (Huiskes et al, 1987)
No friction was assumed at the implant-bone interface In the area where the soft
tissue layer is present, this assumption is certainly legitimate (Hon and Lewis, 1982) For
areas in which intimate bone-implant contact is present, friction will occur However, in view
of the biological environment and the smoothness of the stem, it will probably be very low
The proximal gap in the animal experiments was found to be occupied by fibrous tissue This
membrane is known to have very low initial stiffness in compression, negligible tensile
stiffness, and negligible stiffness in shear (Hon and Lewis, 1982) If this layer is modeled as
in the first FE model, with no proximal gap, the initial stiffness in compression is too high
Weinans et al (1991) have shown that the stress distribution in this situation may differ
significantly from the distribution found when more realistic conditions are assumed at the
interface In the second FE model, a better representation of the interface material properties
is obtained by taking the gap into account
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The trigger between the external and internal processes in the simulation model is
determined by the relationship between apparent density and free surface area in the
trabecular bone (Fig 4), which is based on an analytical model and not necessarily equal ш
the experiment In addition, no porosity was assumed to develop in cortical bone As a
consequence of these two aspects, external modeling developed more slowly than internal
remodeling It may be that the relative velocities of the two processes, as predicted in the
model, are not entirely realistic
The 'dead zone' threshold levels, set at ± 35% of the reference signal to obtain the
best conformity with the experimental results, have important influences on the amount of
bone eventually resorbed or added Maloney et al (1989) found in autopsy-retrieved human
femoral specimens with cemented hip prosthesis, 50% reduced cortical strain values up to 17
years postoperatively, suggesting a threshold value of ± 50% in this case Frost (1990)
assumes that these threshold values may have considerable inter-individual variations, and
even that they may vary throughout life in the same person
The FE model was reconstructed from contact radiographs of a typical dog, out of the
experimental group Ideally, one would wish to have separate models for each expenmental
animal for a quantitative comparison It should be emphasized that the predicted results for
one particular dog were compared with the average results of animal experiments
Furthermore, the medullary bone area fraction and the changes in cortical area are the
average values of a cross section Hence, serious cortical bone loss on one side of a cross
section and simultaneous bone apposition on the other side can result in a zero change in
cortical bone area for this section
Notwithstanding all these simplifications and limitations of the models, the agreement
between the simulation predictions and the expenmental findings after six months and two
years postoperatively is quite satisfactory Hence, the first conclusion can be that this study
provided a validation of the adaptive-remodeling simulation model, in addition to the
validation study performed earlier relative to bonded (ingrown) prostheses (Wemans et al,
1992) Using the present simulation results as a descriptive analytical basis for the animal
experimental findings, the questions put forward in the introduction can be answered Indeed,
it was confirmed that the smooth press-fitted stems produce high proximal bone stresses due
to its wedging effects in the bone, as was earlier reported as a result from analytical studies
(Rohlmann et al, 1988, Huiskes et al, 1989, 1990) and laboratory experiments (Walker et
al, 1987, Fulghum et al, 1991) However, this is only true in the immediate postoperative
configuration With time, a process evolves whereby the stress patterns gradually change, due
to bone adaptations This process is illustrated in Fig 14, which is a conceptual interpretation
of the simulation findings Initially, the bone stresses (hence, also the remodeling signal) are
high compared to normal This is mainly a result of the wedging effect of the stem, pressed
into the bone Hence, the axial relative displacement of the stem (the elastic subsidence) is
also high (Fig 14) As a result, trabecular bone densification takes place This stiffens the
bone bed, particularly at the distal tip, so the axial relative displacements reduce Hence, also
the bone stresses in the proximal bone reduce This process continues until the stem is
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jammed distally in the intramedullary canal,
and the proximal bone is bypassed and,
hence, resorbs until a new equilibrium is
found This process occurs in the model with
a perfectly fitting stem and when a proximal
interface gap is assumed, but is much more
prominent in the latter case Proximal
interface gaps were found in all
experimental animals, and the simulation
results better agreed with the experimental
ones if this interface gap was accounted for
Thus, the present experimental results with
smooth stems underscore the importance of
time as a variable m situations where the
histologic character of the interface changes
With identical implants fixed by bone
ingrowth, the amount of cortical remodeling
had reached a steady state within six months
(Turner et al, 1986, Sumner et al, 1992a),
but in the present study it is not known if a
steady state was reached within the two year
course of the experiment Given the
evidence of a thickening proximal
membrane, it is entirely possible that a
continued loss of cortical bone could occur

Proximal femur
Axial stem
displacement +
0

Stram energy
density
+
normal

Bone
apposition

+
0

i

i

operation 6 months

2 years

Fig 14 Axial relative stem displacement,
stram energy density, and bone apposition in
the proximal part of the femur during the
remodeling process The postoperative bone
apposition, predicted initially, turns into
bone loss after the axial stem displacement is
reduced due to distaljamming of the stem.

In short, the finding that proximal bone resorption is similar m bonded and unbonded,
press-fitted implants alike in the long term can be explained consistently with adaptive bone
remodeling theory and Wolffs law Whereas the bonded stem generates monotonous
resorption until a new homeostatic equilibrium is found, the resorptive process around the
unbonded, smooth stems is nonmonotonous This is caused by the axial displacement
characteristics of the stem m relation to the adapting stiffness characteristics of the bone, and
enhanced by the formation of a proximal interface gap The present results also suggest that
proximal cortical resorption may continue far beyond the two-year term until the proximal
cortex is completely gone Although such a phenomenon has indeed been reported in the
literature (Miller and Kelebay, 1981, Tronzo, 1989), it has not been confirmed as yet in the
present canine model
In extrapolating the present results to press-fitted, unbonded stems in general, the
third question posed in the introduction, one should be careful It must be appreciated that the
mechanism unraveled here and illustrated in Fig 14 depends on the surface contour of the
prosthesis, in relation to the envelope of the endosteal bone, and on the smoothness of the
implant surface Hence, it can be more or less pronounced if the taper angle is smaller or
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bigger, or when the implant surface is more or less structured to increase friction and reduce
elastic subsidence However, if a prosthesis, whatever its shape or surface, is allowed to
gradually subside and find support distally in the relatively stiff diaphysis, a 'stress bypass'
will develop, and the same phenomenon as shown here is bound to occur in the longer term
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COMPUTATIONAL STRATEGIES FOR ITERATIVE
SOLUTIONS OF LARGE FEM APPLICATIONS
1
EMPLOYING VOXEL DATA

В van Rietbergen, H Weinans, В J W Polman2, R Huiskes

Abstract - FE models for structural solid mechanics analyses can be readily generated from
computer images via a 'voxel conversion' method, whereby voxels in a two- or three-dimensional
computer image are directly translated to elements in a FE model The fact that all elements thus
generated are the same creates the possibilities for fast solution algorithms that can compensate for
a large number of elements The solving methods described in this paper are based on an iterative
solving algorithm in combination with a unique-element Element-By-Element (EBE) or with a
newly developed Row-By-Row (RBR) matnx-vector multiplication strategy With these methods
it is possible to solve FE models on the order of 10 three-dimensional brick elements on a
workstation and on the order of 10 elements on a Cray computer
The methods are demonstrated for the Boussinesq problem and for FE models that
represent a porous trabecular bone structure The results show that the RBR method can be 3 2
times faster than the EBE method It was concluded that the voxel conversion method in
combination with these solving methods not only provides a powerful tool to analyze structures
that can not be analyzed in another way, but also that this approach can be competitive with
traditional meshing and solving techniques

Introduction
In the last decade, FE methods have developed into the direction of universal tools for all
kinds of linear and nonlinear structures Sophisticated element formulations in combination with
improved meshing methods, using CAD information that can be directly fed to FE preprocessor
codes, have made it possible to mesh every construction that can be manufactured The challenge
in the development of automatic mesh generators has always been to create methods which
provide user-fnendliness on the one hand, and cost-effective meshes on the other, while
maintaining adequate mesh refinement for FE accuracy This has generally resulted in methods
which create nonuniform mesh density, using refinement where it matters, but saving elements
where it does not If however, the number of elements became irrelevant, with, for example, as
many elements in a cross section of the FE model as the number of pixels on a computer monitor,
it would be possible to use a regular pattern of equally sized cubic elements, and still describe the
geometry of the structure as accurate as it is represented on the monitor The two- or threeRepnnted from the International Journal for Numerical Methods in Engineering, vol 39, pp
1996
2
Department of Mathematics, University of Nijmegen, Nijmegen, The Netherlands

2743-2767,
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dimensional data set displayed on the monitor can then be directly translated to a FE model by
converting voxels to equally sized brick elements Compared to traditional meshing methods, this
'voxel conversion' method is far more simple and faster, providing maximal userfriendlinesswhile
reducing the matter of accuracy to one single parameter, the (one-dimensional) size of the base
elements The fact that all elements thus generated have the same shape, size and orientation
creates the possibilities for fast solution procedures, which can compensate for the large number of
elements required in such an approach In this paper, two such methods, one based on an elementby-element algorithm, the other on a newly developed 'row-by-row' algorithm, are explained With
these methods, the approach outlined here is indeed possible for data sets on the order of 105-106
voxels
The new methods discussed here were bom out of necessity In the field of modeling
biological structures, problems still arise when constructing even a simple FE mesh The irregular
shape of biological tissues and their orthotropic material properties make it very difficult to create
models that can describe these materials reasonably well Trabecular bone is such a biological
tissue that, due to its load carrying abilities, is of great mechanical interest It is a porous material
with an extremely irregular internal architecture made of 'struts' and 'plates' This spongy-like
internal geometry determines the quality of the bone in terms of mechanical strength and stiffness
A precise description of the architecture and its mechanical consequence is fundamental for the
study of the behavior of bone Biological processes in bone and bone failure depend on the local
mechanical conditions Hence, m order to study these processes, it is important to evaluate the
stresses and strains at the microstructural or tissue level of bone However, a detailed evaluation of
tissue stresses and strains has been inhibited for two reasons First, the irregularity of the trabecular
structures makes it very difficult to create a geometrically accurate FE model Second, to obtain
both relevant tissue and apparent properties a reasonably large region of trabecular bone must be
represented in detail Such a model must be build of a great number of elements, thus making the
solving of the resulting FE problem very expensive, if possible at all Recently methods have been
described to generate three-dimensional voxel data sets that can describe the trabecular structure at
the microscopic level in detail (Feldkamp et al, 1989, Odgaard et al, 1990) Such data sets in
combination with the voxel conversion method have been successfully used to overcome the mesh
generation problem (Fyhne et al, 1992, Hollister et al, 1992, Hollister and Kikuchi, 1992, Edidin
et al, 1993) However, the large number of elements generated by the voxel conversion method
has restricted the application of this method to small pieces of bone (up to 2 3 mm cubes)
The aim of the present study was to develop numerical methods that fully explore the
unique element concept, thus enabling the use of the voxel conversion FE method to study a piece
of trabecular bone that is large enough to allow for proper continuum assumptions (Harngan et
al, 1988)
In the following paragraphs, it is demonstrated first how large such a FE model is in terms of
number of elements and nodes Based on these two parameters, a fractal dimension is introduced
that is very convenient for estimating the accuracy of the FE mesh and the computational needs for
solving the FE problem To solve the resulting large scale FE problems, the Preconditioned
Conjugate Gradient method (Axelsson and Barker, 1984, Strang, 1986) is used A limiting factor
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with this procedure is the calculation of the global stiffness matnx-vector product It is shown first
that the actual assembly of the total stiffness matrix is not desirable Two alternative solution
strategies that do not require this assembly are demonstrated In the first method a unique-element
approach of the element-by-element technique is used Although this concept was recognized
before (Fried, 1963, Hughes et al, 1987, Chapman and Cox, 1991), the practical applications of
this approach were always limited since, as yet, few FE models are built of unique elements The
second method makes use of a newly developed 'row-by-row1 algorithm that allows a very fast
assembly of a row of the matrix when needed for the multiplication The computational
requirements and performance of both methods are demonstrated for the well-known Boussinesq
problem and for FE models representing a cube of trabecular bone digitized with different voxel
resolutions Computational results are presented for a Cray YMP computer and for a commonly
used engineering workstation (Silicon Graphics Ins Indigo)
Although the present study focuses on the three-dimensional trabecular bone models, the
method can be advantageous to study any porous, irregular, or even homogenous structure, for
which voxel data can be obtained

The voxel conversion method
Construction of digitized meshes of a trabecular bone specimen
The three-dimensional serial reconstruction technique (Odgaard et al, 1990) was used to
determine a detailed description of the trabecular geometry This method makes use of a
microtome and a video camera to obtain images of sequential, thin slices of bone After
digitization of the images, a set of voxel information is created A voxel m the digitized data set
can represent either bone or interstitial fluid From this data set a FE model can be created by
converting each voxel that represents bone to an equally sized three-dimensional eight-node bnck
element and assigning global node numbers to the elements (Appendix A) The resolution for
digitization should be chosen relative to the size of typical structures For trabecular bone the
typical structures are the trabeculae which are approximately 100 micron in thickness To create a
data set that has on average 2x2 voxels in a cross section of the typical structures, a resolution of at
least 50 micron is required
For the present study, a 4 8x4 8x4 8 mm cube of trabecular bone was digitized in this way
A resolution of 40 micron was chosen in each direction, ι e the total number of voxels m the data
set Nvox equaled 1203= 1,728,000 In this data set 530,571 voxels represented bone, thus the
volume fraction of the bone equaled 530,571/120 = 0 31 After converting the bone voxels to
elements, a FE model with 530,571 elements and 755,432 nodes was created (Fig 1)
The sequential images of the structure were remeshed with resolutions set to 60 micron, 80
micron and 120 micron For the 4 8 mm cube, the number of voxels Nvox in the resulting data sets
was 80 , 60 and 40 , respectively The number of elements and nodes after conversion to FE
models are listed in table I
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= N,xN2

H«obHNi+lMN2+№N3+l)
Nsl

lìmf=l
N -wo

lim/=2
ЛГ:->»

lim/=3

=ЛГ,х^2х^3

Fig. 2 The fractal dimension calculated from eq. 1 for four reference
modeh.
It should be noted mat relation (1) gives the fractal dimension of the FE model and not the
fractal dimension of the geometrical structure. A FE model representing a cube of limited size, i.e.
a fully three dimensional structure, will have a fractal dimension close to three, but not equal to
three. With the present definition, only an infinitely large cube will have a fractal dimension of
three, which basically means that in that case every element has a 'perception' of being in a three
dimensional configuration, since it has a neighboring element at all its borders. This is for the
accuracy of the model the optimal situation. If the dimension is small the accuracy is poor, since
there are only few elements in typical parts of the structure. In this way, parameter/can be used to
estimate the resolution and accuracy of FE models.
For the microstructural FE models representing trabecular bone, a fractal dimension close
to one indicates that the trabeculae are represented by strip-like structures with only one element in
a cross section. It is clear that such FE models can not represent the geometry of the trabeculae
very well and produce poor results when loaded in bending. FE models with a fractal dimension
close to three give a very accurate representation of the trabecular structure, and accurate
numerical results. However, such a model will have a large number of elements in the cross
section of each trabecule, resulting in time consuming if not unsolvable FE problems. It was stated
before that an acceptable FE model of a trabecular structure must have at least 2x2 elements in a
trabecular cross section. For trabecular structures with a strut-like architecture, this criterion can
now be translated to the requirement that the fractal dimension of the FE models must be greater
than 1.83 (Fig 3). For constructions with a plate-like architecture a minimum fractal dimension of
2.42 can be calculated (Fig. 3).
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Strut like architecture:
^
N
,

lim/=1.83

•^^jK^T^.>^..T»^.^^^»se-^4^s^

Nd =Nx4

Plate-Hke architecture:
ΝηοΛ, = (Νι+1)χ(Ν2+1)χ3
Na

lim ƒ= 2.42

=ІУ,хі 2х2

Fig. 3 Thefractaldimension for a strut-like structure with 4 elements in each
cross-section, and for a plate-like structure with 2 element layers.
The fractal dimension of the FE model can also be used to estimate the average number of
neighbor nodes Nneighb !° Γ the nodes in the FE model. The average number of neighbor nodes
multiplied with the number of degrees of freedom per node Nio{ is an indication for the number of
nonzero entries in a row of the global stiffness matrix for the FE problem. For the models of Fig. 2
the average number of neighbor nodes
can easily be calculated. The minimum
•"neighb
number is found for the FE model with a
1
1
1
7fi
fractal dimension of zero where each
Œ Reference models
'M
0 Other models
node has eight neighbor nodes (including
-f- Trab, bone models
itself) at the corners of the element. For
Й
the model with a fractal dimension of one
20
each node has 12 neighbor nodes, for a
18
fractal dimension of two there are 18
neighbor nodes, and in the maximum
16
case, for a model with a fractal
/
M
dimension of three, each node has 27
17
neighbor nodes. Fitting a cubic function
10
through these four data points gives the
diagram of Fig. 4. For other FE models,
8r
0.5
1
1.5
2
2.5
the relation between fractal dimension
fractal dimension ƒ
and the average number of neighbor
nodes can deviate somewhat from this
line. To check for this, the average
number of neighbor nodes is explicitly

Fig. 4Relation between thefractaldimension and the
average number of neighbor nodes for the reference
models of Fig. 2 and 3 and for the trabecular FE
models.
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calculated for the FE models of Fig 3 and for the trabecular models (Table I), and these data
points are included in Fig 4 For the piece of trabecular bone with a plate-like architecture (Fig
1), it was calculated that the fractal dimension should be greater than 2 42 The fractal dimensions
for the trabecular bone models with different resolution are specified in Table I It can be seen that
this criterion is met only for the FE model generated from 40 micron voxels (NvaK=l20 )
Therefore, this model is considered as typical for a microstructural FE model of trabecular bone
In the following, computational requirements are demonstrated for this model

The FE approach, a storage and operation count
The Preconditioned Conjugate Gradient method to solve the FE problems
The displacement formulation of the FE method results in the following set of linear equations
Ku = f

(2)

with К the global stiffness matrix, u the unknown displacement vector, and f the external force
vector The order Neq of the problem equals
Neu - Niot

x

Nnoic

(3)

with TVnode the number of nodes in the mesh and Ndo{ the number of degrees of freedom for each
node In the three-dimensional situation there are three degrees of freedom for each nodal point
Ardof=3 Matrix К defines the stiffness relations between the degrees of freedom, it is positive
definite, symmetric, and very sparse The bandwidth of К is determined by the maximum
difference in the node numbers of an element multiplied with the number of degrees of freedom at
each node For a FE model created
xo= 0
(a)
from a cubic voxel data set with N
=
voxels on each side of the cube, the
ro
bo
(b)
bandwidth of matrix К is m the
1
1
order NdolxNxN For large models
Solve M z | - i = гі-і
(c)
with N=120 or more, this
Τ
(Φ
bandwidth in combination with the
(except P j = 0)
β = Ζ,-1ΓΗ
P
J
τ
order of the matrix inhibits the use
of direct solving methods that
d
(except d\= zn)
(e)
r zJ-l+ß|<J-l
require filling the band of К
τ
Instead, an iterative solving
(0
J
method can be used The
d]Ad}
Preconditioned Conjugate Gradient
xj= χ,-i + ajd,
(g)
(PCG) method has been described
r
=
ryì-afAdj
as an effective method to solve
(h)
}
ι
equation (2) (Axelsson and
Barker, 1984, Strang, 1986, Fig 5 The preconditioned conjugate gradient scheme
[takenfromStrang (1986)]
Hughes et al, 1987, Ferencz,
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1989) A scheme of the PCG method as used in the present code, taken from Strang (1986), is
shown in Fig. 5. Diagonal scaling was used as a preconditioner. For this, the preconditioning
matrix M is replaced by the diagonal a of the global stiffness matrix K. Solving the set of
equations at (c) in the scheme can then be done by multiplying theright-handside vector by the
inverse of a. The total storage requirements for the PCG solving method include the storage of
matrix К and five vectors of order ΛΌ, that are needed during the PCG solving process: the
estimated displacement vector x, a residue vector r, a pseudo residue vector z, a direction vector d,
and the diagonal a of matrix К The right-hand side of equation (2) contains relatively few
nonzero entries and can be stored in compact form by storing only the position and value of the
nonzero components. The global stiffness matrix is needed only once per iteration for the matrixvector multiplication at step (f) in the scheme The result is stored in vector z, to be used again in
step (h). It is shown in the following paragraph that the explicit assembly and storage of К is not
desirable for large problems, not even when using a sparse matrix storage scheme. Two alternative
algorithms are demonstrated, one based on element-by-element techniques, the other on a newly
developed row-by-row technique Both methods enable the matrix-vector multiplication without
storing the global stiffness matrix As the matrix vector product calculation involves the biggest
part of all multiplications needed in each iterative increment, the actual number of multiplications
for this operation largely determines the incremental cpu-time. Therefore, the number of
multiplications is calculated explicitly for the assembly method and for the two alternative
methods.
Storage and operation count for the assembly method
As matrix К is very sparse, it is favorable to use a compact storage technique that only
stores the nonzero matrix entries and the location of these (Pissanetzky, 1984; Seager, 1988).
The number of nonzero matrix entries in a row of the matrix can be determined from the number
of neighbor nodes for the node associated with that row. At row i of matrix К there are
AW x Nneighb.n matrix entries, with AWghb.n ш е number of neighbors of node η that
corresponds to row /. The total number of matrix entries in К can be estimated from
AW x AWghb x Ntq, with AWghb m e average number of neighbor nodes, which can be
estimated from the fractal dimension of the FE model, as shown in Fig. 4. As the matrix is
symmetric, AW x AWghbx A'eq / 2 real numbers must be stored to hold matrix K. Another
(AW x ^neighb +1) χ A'eq / 2 integers must be stored to reconstruct the location of each term in
the matrix (Pissanetzky, 1984; Seager, 1988) Using eq. (3) the total memory requirements to
store matrix К and the five iteration vectors in the three-dimensional situation (MEM^) can be
expressed as a function of the number of nodes in the FE model.
MEMASS = [9xÑw¡ghb*NDoae/2 + 15 x AWJ words of real,

and
[(3x AWghb + 1 ) χ 3 χ AW« / 2] words of integer

(4)
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For the matrix-vector product calculation, each matrix component is to be multiplied with the
corresponding vector component. The total number of multiplications (ΑΛ/LASS) thus equals the
number of matrix entries:
(5)

MUL ASS = 9 X JVneighb x #„g<fe

For the typical trabecular bone model with a fractal dimension of 2.49, the average number of
neighbor nodes was ]Vndghb =21.7 and the number of nodes NnoA¿= 755,432. From equation (4) it
can be calculated that for solving this FE problem when storing the assembled matrix K, one
needs to store 85 Mword of reals and another 75 Mword of integers. Presently, only large
supercomputers are equipped with enough core memory to hold this.
The unique-element implementation of the element-by-element matrix-vector
algorithm
With the EBE method, the global stiffness matrix К is not assembled, but instead, the
vectors are disassembled for each element (Hughes et al., 1987; Ferencz, 1989; Chapman and
Cox, 1991). The matrix-vector multiplication then takes place at the element level by multiplying
the element stiffness matrix with the corresponding disassembled vectors. For FE models created
from voxel data, this approach is very favorable because, as all elements are identical in size and
have the same orientation and material properties, all element stiffness matrices are the same.
Thus, only one element stiffness matrix has to be stored (300 words). This reduction even applies
when each element would have a different Young's modulus, because the isotropic element
stiffness matrix is a linear function of this modulus. For the assembly and disassembly of the
vectors, an element localization matrix must be stored, which defines the mapping of the 24
degrees of freedom for each element to the global degree of freedom numbers. As the local and
global degree of freedom numbers can be derived from the node numbers, it is sufficient to store
an array that defines the mapping of the 8 element node numbers to the global node numbers.
Using a consequent numbering scheme in the construction, with node numbers increasing with
increasing »-coordinate, the storage requirements can be further reduced by storing only the 'offset
node numbers' at the х=х„т face of each element (Fig. 6).
Thus, for the construction of the element localization
matrix 4xNd words of integer have to be stored. Including
offset
the five iteration vectors for the Preconditioned Conjugate
nodes
Gradient method, thetotalstorage requirements for threedimensional problems can be estimated from:

T\

MEMEBE ~ Π 5 x Nnakl words of real,
and
[4 x Nel] words of integer

(6)

Fig. 6 Definition of the four offset
nodes at the x=xmi„ element face,
used to define the element
connectivity for the EBE method
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The reduction in memory requirements compared to the assembly method can be demonstrated for
the typical FE model where, instead of 85 Mword real and 75 Mword integer storage, for the EBE
method only 11 Mword real and 2 1 Mword integer storage is needed For computers that use 8
byte storage for (double) real variables and 4 byte storage for integer variables, the memory
requirements expressed in bytes is
MEMEBE=UOxNnode

+ 16 x7Vel (byte)

(7)

The Cray computer uses 8 byte storage for both real and integer variables For this computer
(A4EtfEBE)cray = 1 2 0

x

Wnode + 32 χ Νά

(byte)

(8)

The number of multiplications for the EBE matrix-vector calculation is determined by the number
of elements only For each three-dimensional eight-node brick element, the 24 rows of the element
stiffness matrix are to be multiplied with the 24 components of the disassembled vector The total
number of multiplications is thus
Aft/¿EBE = 2 4 x 2 4 x # e i

(9)

In general the number of multiplications for the EBE method is larger than for the assembly
method The actual increase m the number of multiplications compared to the assembly method is
a function of the number of elements to the number of nodes ratio, and thus of the fractal
dimension of the FE model For models with a fractal dimension close to three, the number of
elements approaches the number of nodes and the average number of neighbor nodes approaches
/Vneighb = 27, the number of multiplications for the assembly method is then by good
approximation (eq 5) /u/í/¿ASS=9x27xArci, and for the EBE method /v/t/Z,EBE=24x24x/Vd The
increase in multiplications for the EBE method over the assembly method, represented by the ratio
ΛΛ/Ζ,ΕΒΕ over/v/i/Z,ASS, is then 2 37 For models with a fractal dimension less than three, this ratio
is less 1 77 for models with a fractal dimension of two, and 1 33 for a fractal dimension of one
The row-by-row matrix-vector algorithm
Another alternative for the full assembly and storage of matrix К is the assembly and
storage of entries in К only when needed for the matnx-vector multiplication The row-by-row
algorithm is an algorithm in this category that assembles a row of matrix К every time when it is
needed for the multiplication The row assembly can be done very efficiently by using the fact that
only a limited number of row configurations are possible in the global matrix К These row
configurations can be determined on beforehand by analyzing all possible neighbor-node
configurations for a node in the model In the voxelgnd situation, each node is surrounded by eight
voxels that represent either bone or void space Thus, after conversion of the bone voxels to
elements in the FE model, there are 2 = 256 possible environments for a node in the mesh The
case in which there is no element at all can be excluded, leaving 255 cases of interest (Fig 7)
Each case can be uniquely defined from the numbering scheme as shown in Table II The case
number of each node can be determined during the preprocessing stage by checking for
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neighboring elements (Appendix B). Each case
results in a specific set of matrix entries at the Náot
matrix rows that correspond to the node. The
configuration of these rows can be preassembled for
each nodal case. By creating a subroutine library
that contains the preassembled cases, the matrix
entries in a row of the matrix can be found easily if
the 'case number1 of the node is known. To assemble
a row of the global stiffness matrix, the location of
each term must be determined. For this a nodal
localization matrix is used which defines the
mapping of the degrees of freedom numbers of the
base cube of Fig. 8 to the global degree of freedom
numbers. As the degree of freedom numbers can be
derived from the node numbers, it is sufficient to
store an array that defines the mapping of the 26
node numbers surrounding the central node of the
basecube of Fig. 8 relative to the global node
numbers. This requires the storage of 26 integers
per node number. Using the consequent numbering
scheme mentioned before, with node numbers
increasing with increasing x-coordinate, the storage
requirements can be further reduced by storing only
the global node numbers of nine 'offset node
numbers' at the x=Xa,^ face of the basecube of Fig. 8
for each nodal point. The node numbers of the
midnodes of the cube and of the nodes at the plane
x=xmax can be derived from the offset numbers by
adding one or two, respectively, to the
corresponding offset number. Using this numbering
scheme, Naodex9 integer words are needed to store
the nodal offset numbers (Appendix С and D).
The steps involved for using the RBR
matrix-vector multiplication are summarized in
Fig. 9.

•v

V

•^

^
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*N,

-Ν

<.чч.

case 1

case 2

case 15

case 255

Fig. 7 Four of the 255 possible cases.

Table II. Numbering scheme for the 255
cases
case number
1
2
3

Element
12 3 4 5 6 7 8
xOOOOOOO
0 x 0 0 0 0 0 0
x x O O O O O O

255

x x x x x x x x

χ = element
0 = no element
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25

26

27

Fig. 8 Definition of the offset nodes at the x=xmi„face of the basic cube used to define the nodal
connectivityfor the RBR method
Preprocessing
1) Read voxel grid, store in three-dimensional array ielgr:
ielgr(ij,k)= 1 if bone voxel
ielgr(ij,k)= 0 if void
2) Conversion of voxels tot elements;
Calculation of node numbers in FE model (App. A)
3) Determine case number of each node according to Table II (App. B).
4) Determine offset numbers for each node according to Fig. 8,
sort per case and write to file (App. С)
Solving
5) Read offset numbers, convert to offset dof (App. D)
6) Calculate unique terms in the stiffness matrix
Iterative PCG loop
7) Calculate matrix-vector product row-by-row (App. Б)
Fig. 9 Overview of the steps involved with the RBR solving strategy
Including the five iteration vectors the total storage requirements for this method in the
three-dimensional situation can be written as a function of the number of nodes:
MEMmR = [15 χ Nnode] words of real, and [9 χ N „odd words of integer

(10)

The memory requirements in bytes for computers that use 8 byte storage for (double) real
variables and 4 byte storage for integer variables can be determined as:
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A4SMRBR=l56x^„ode (byte)

(Π)

and for the Cray computer with 8 byte storage for both real and integer variables:
(MÜV/RBR)cray = 1 9 2

x

(12)

Ми* (byte)

An advantage of the row-by-row method is the reduced number of multiplications compared
to the assembly method, due to symmetries in the case configurations Assembly methods require
the multiplication of all matrix entries that are assembled in a row of the matrix. For the RBR
method however, the zero entries due to symmetries can be removed from the case libraries,
thereby saving the cost of multiplying with zero entries during the matrix-vector multiplication.
The number of symmetries Λζ^ for the three matrix rows that correspond to a node in the
construction can be determined from its casenumber, as each case has its specific number of
symmetries As the distribution of the case numbers is a function of the fractal dimension, the
number of symmetries can also be expressed as a function of the fractal dimension. The graph of
Fig. 10 shows the average number of symmetries per node for the reference models of Fig. 2 and 3
as a function of their fractal dimension It can be seen from this graph that the reduction in
multiplications due to symmetries is a function of the fractal dimension For the trabecular bone
models the actual number of symmetries was explicitly calculated from the casenumber
distribution, these data points are also included in Fig. 10 The average number of symmetries per
node for a trabecular bone model is less than that for a reference model with the same fractal
dimension, because of the more 'jagged' boundaries in the trabecular models. Hence, the values
found for the reference models represent the
upper boundaries for the number of symmetries
The actual number of multiplications for
the RBR matrix-vector calculation can now be
determined from the relation.

100

WSymPernode
1
1
•

80 -

0

1

Reference models
Other models

/

+ Trab bone models

MULmK = (9 x F n a g hb-N s y J x Nnoi, (13)

/

60

For models with a fractal dimension of three,
assembly methods require the multiplication of
9xJV,neighb = 243 matrix entries for each node in
the FE model, of which Nsym =90 zero entries
Thus, using the RBR method, the number of
multiplications can be reduced by 37%
compared to the assembly method For FE
models with a fractal dimension of two, 44 of
the 162 matrix entries are zero, reducing the
cpu-time by 27% and for FE models with a
fractal dimension of one a 15% reduction is
obtained

/

>/ '
+

40

'

+

20

05

1

15

2

25

fractal dimension ƒ
Fig 10 The average number of symmetries
N sym a s a function of the fractal dimension
of the FE model.
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For the RBR method, the actual matrix-vector product calculation is reduced to a nodalcase-dependent subroutine call (Appendix D). To avoid a case-subroutine call for each node, all
nodes of the same case are grouped and processed together in the corresponding subroutine. The
multiplications in each case-subroutine can be performed in a vectorized manner, with a vector
length that equals the number of nodes for that case.
Test problems for a performance study of the EBE and RBR solution method
The EBE and the RBR method are demonstrated for two groups of problems. The first
group represents a set of three-dimensional Boussinesq problems (Hughes et al., 1987; Ferencz,
1989); a half-space with a unit point load. The number of elements in the Boussinesq cube was
chosen equal to the number of voxels in the trabecular bone models: 403, 603, 803, and 1203,
resulting in FE models with 64,000 to 1,728,000 elements (Table III). The second group consists
of the four trabecular bone models digitized with different resolutions. For these models a uniform
unit displacement in the z-direction was applied to the top-face of the cube. At the bottom face the
displacements in the z-direction were constrained. All other faces of the cube were unconstrained.
In all models the material properties were linear elastic and isotropic with a Young's modulus of
1000 MPa and a Poisson's ratio of 0.3.
The iterative process was terminated as soon as the norm of the residual vector over the
norm of the reaction force vector was less than 1E-4:
^'<lE-4
¡ f read

(14)

For the Boussinesq problems, the norm of the reaction force equals the norm of the externally
applied load: |f reacl^-0- F° r m e trabecular bone models the reaction force vector was calculated
at increment 1,2,4,8,16,.... The norm of the last update of the reaction force vector was used to test
criterion (14) at the next increments. All problems were solved using one processor of a Cray
YMP/4 computer with 64 Mword of memory. To demonstrate the performance of both methods
on other computers, the problems also ran on an engineering Rise workstation (Silicon Graphics
Iris Indigo with Mips R4000 processor, 48 Mbyte core memory and 1 Mbyte cache). All problems
ran 'in core'. The number of iterations and the total cpu-time on each platform was recorded.
Table III. Dimensions of the Boussinesq
problems
N
40 3
60 3
80 3
1203

NA
64,000
288,000
512,000
1,728,000

•"node

68,921
226,981
531,441
1,771,561

/
2.89
2.93
2.95
2.96
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Numerical results for the EBE and the RBR solution method
Storage requirements
The storage requirements for both the EBE and for the RBR method [eq. (6) and (10)] can
be expressed as a function of the number of elements only, if the fractal dimension of the FE
model is known For a FE model with a fractal dimension close to three (such as the Boussinesq
problem), it can be calculated from equation (1), (8), and (12) that the RBR method needs 26.3%
more workspace than the EBE method on the Cray computer. On the workstation, 14 7% more
workspace is needed. For a fractal dimension close to two (such as the trabecular models), 41%
more workspace is needed for the RBR method compared to the EBE method on the Cray, and
22% more on the workstation. The relation between the number of elements and the core memory
needed on the Cray computer for the EBE and for the RBR methods is shown by three lines in
Fig. 11 for models with a fractal dimension of one, two and three
The actual storage requirements as listed in Tables Г and V include the storage of
additional problemsize dependent, but relatively small vectors for prescribed and suppressed
displacements and for the prescribed load It does not include the storage of the code itself
(approximately 1 Mbyte for the EBE code and 2 Mbyte for the RBR code). The data points of
Tables IV and V are also included in Fig 11

Table IV. Memory requirements for the threedimensional Boussinesq problems

N
'vox
40 3
60 3
80 3
1203
1

Cray YMP
RBR
EBE
Mbyte
Mbyte
13 27
10 36
34 24
43 67
80.32
102 20
268 24
340 49

Rise workstation
EBE
RBR
Mbyte
Mbyte
10 77
9 32
35 45
30 74

Table V. Memory requirements for the trabecular
bone models
Rise workstation
Cray YMP
RBR
EBE
RBR
EBE
Mbyte
Mbyte
Mbyte
Mbyte
N
' ' v o x5
40
577
8І8
544
664
3
60
16 74
23 27
15 64
18 90
803
36 39
49 85
33 76
40 50
1203
107 76
145 17
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Fig. 11 Total Core memory needed on a Cray computer to solve the Boussinesq problems (0)
and the trabecular problems (+), Results for the EBE method are shown on top, for the RBR
method on the bottom.

Computational time
The number of multiplications for the different matrix-vector product calculation [eq. (5),
(9) and (13)] can also be expressed as a function of the number of elements in the FE model, if the
fractal dimension of the model is known. The number of multiplications per element for the
reference models when using the EBE, the assembly and the RBR method is shown in Fig. 12 as a
function of the fractal dimension. For a FE model with a fractal dimension close to three (such as
the Boussinesq problem), it follows that the EBE method needs 3.76 times more multiplications
than the RBR method. For models with a fractal dimension close to two, 2.43 times more
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# multiplications per element

500

400

300

200

D Reference models
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L
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3.0

fractal dimension ƒ
Fig. 12 The average number of multiplications per element as a function of thefractaldimension
of the FE modelfor the EBE, the ASS and for the RBR method
multiplications are needed. The number of multiplications per element was explicitly calculated
for the trabecular models, these data points are included in the graph of Fig. 12.
From the actual cpu-time per iteration for the Boussinesq problems shown in Table VI it
can be seen that the speed increase for the RBR over the EBE method on the Cray computer is a
little bit less than calculated from eq. (9) and (13): a factor of 3.0 for the model with Λ ^ ^ Ο 3 to
3.22 for the model with Nvax=l20 . This is due to the additional gather and scatter operations and
vector-vector multiplications in each iterative increment which are not included in eq. (9) and (13).
For the trabecular bone models, speed-up factors of 1.85 for the model with Nvox=40 to 2.37 for
the model with NVOX=1203 were found (Table П). The speed-up factor on the workstation is
somewhat less: approximately 2.5 for the Boussinesq problems to 1.5 for the trabecular models.
This indicates that the cache-hit rate for the RBR algorithm is less than for the EBE algorithm. The
total cpu-time to solve the trabecular bone models on both the Cray and the workstation is shown
in Fig. 13. It can be seen that the largest model can be solved in approximately one hour on the
Cray computer when using the RBR algorithm.
Table VI. Cpu-time per iteration needed to solve the
Boussinesq problems
Cray YMP
N

Rise woi•kstation

EBE

RBR

EBE

sec

sec

sec

RBR
sec

40 3

Ν*
241

0.284

0.095

6.10

2.43

60 3

350

0.956

0.320

3

456

2.263

0.751

20.48
-

8.00
-

653

7.860

2.439

80
1203

-

-
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Fig. 13 The total cpu-time for a Cray YMP computer and for a workstation to solve the FE
problems for the trabecular bone models when using the EBE method or the RBR method
Table VII. Cpu-time per iteration needed to solve
the trabecular bone problems
Cray YMP
Riscwworkstation
EBE RBR
EBE
RBR
sec
N
sec
sec
sec
Niter
403
1299 0.092 0.064
2.16
1.58
4.68
603 2161 0.311 0.168
6.84
3
80
2673 0.779 0.347 16.11 10.04
1203 4295 2.351 0.991
-

Discussion
The present study has demonstrated that it is possible to solve three-dimensional FE
models with in the order of 105-106 unique elements. Such solving methods in combination with
the 'voxel conversion' method provide a powerful FE tool to analyze structures that can not be
analyzed in another way. This approach can also be competitive with traditional meshing and
solving methods to analyze structures for which voxel data can be obtained in a relative easy way
(from, for example, video, Magnetic Resonance Imaging (MR1), or Computed Tomography (CT)
images) (van Rietbergen el al., 1994).
The method is essentially a geometric linear FE method; an incremental element geometry
update results in nonunique elements. However, materially nonlinear analysis can be performed
with the unique-element EBE strategy. With this method, a different (isotropic) Young's modulus
can be specified for each element at costs of storing one additional vector of length Nü that holds
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the isotropic Young's modulus for each element The method then can be used as a sub-iteration
technique for the solution of small deformation materially nonlinear problems, whereby the
materials remain linear during the solution step and the outside loop is an appropriate nonlinear
solving algorithm In another study we have used this approach to simulate the nonlinear process
of adaptive bone remodeling (van Rietbergen et al, 1995b, 1996) Several other researchers
have used similar nonlinear techniques and FE models in combination with standard solving
techniques to solve optimization and adaptation problems (Weinans et al, 1992, Harngan and
Hamilton, 1993, Bendsoecf al, 1995)
The present study has been focused on solving linear-elastic FE models of trabecular bone
structure, simply because, as stated in the introduction, there is no other way to solve FE problems
of such irregular structures of this size The numerical results for the trabecular bone models
demonstrate that the EBE and the RBR solution method can be used to solve these problems
within reasonable limits of cpu-time and core memory For the trabecular bone models
investigated, the RBR method performs up to 2 37 times faster than the EBE method on the Cray
computer, at a cost of using 35% more core memory An advantage of the EBE method is the fact
that a different (isotropic) Young's modulus can be specified for each element This enables the
specification of an element Young's modulus based on the Houndsfield-unit number when using
voxel data obtained from (micro-) CT scanning For the RBR method the effect of different
element material properties can be accounted for by separating the contribution of the geometry
and the material properties to the matrix entries The entries can then be constructed by
multiplying the geometry factor with the material factor However, the increased number of
multiplications that are needed for this and the fact that no zero entries due to symmetries exist for
arbitrary material properties will slow down the performance of this method
In general, the maximum size of the FE problems that can be solved with the methods
described in this paper is determined by a 'hard limit' ι e the available core memory, and by a 'soft
limit', the available cpu-time On workstations, the 'hard limit' can be increased by using swap
space at cost of using more computer time For a workstation with 48 Mbyte of memory available,
the hard limit restricts the size of solvable FE model to approximately 250,000 elements for the
EBE or RBR method In comparison when the stiffness matrix is fully assembled and stored ш
compact form, the maximum size would be approximately 30,000 elements Using the EBE and
RBR method on a Cray computer with 430 Mbyte of available memory, the size of the FE models
is limited to approximately 2,800,000 elements
The cpu time for solving the FE problems dependends on the number of elements on the
one side and the number of iterations on the other The cpu time per iteration can be easily
estimated from the number of multiplications per increment [equation (5), (9) and (13)] and the
performance of the computer The number of iterations however is largely dependent on the
architecture of the FE model, and on the loading and boundary conditions for the model For the
solid Boussinesq cubes 653 iterative increments are needed to solve the largest model with over
1 7 million elements For the largest trabecular bone model however, having 69% less elements,
6 6 times more iterations are needed with the same tolerance of convergence Thus, an estimation
of the total cpu time can be obtained only if the number of iterations can be estimated It must be
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noted that a judicious use of the convergence entena can reduce the number of iterations and still
provide a sufficiently accurate answer
It is possible that the numerical results can be improved by the implementation of a more
powerful preconditioning method than the diagonal scaling used in the present study For the EBE
solver, element-based preconditioned have been desenbed that can substantially reduce the
number of iterations (Winget, 1985, Hughes et al, 1987, Coutinho et al 1990), but the
reduction in total cpu-time was much less due to the additional matnx-vector multiplication at the
preconditioning stage The RBR solving method offers a better opportunity for preconditioning
since with this method the global stiffness matnx is known 'row-by-row1 Suitable preconditioners
would be matrices which can be assembled in the same way as the global stiffness matnx, as used,
for example, by the Successive Over Relaxation (SOR) method (Axelsson and Barker, 1984,
Strang, 1986) The recurrences in the forward-backward substitution schemes with such
preconditioners require an element blocking scheme to run in a vectorized way For this a different
data input scheme is needed and therefore such preconditions methods are not discussed in this
paper
One of the points to be discussed is the inaccuracy introduced by the jagged surfaces in
digitized models when compared to the more-or-less smooth surfaces in traditional meshes To
assess the error associated with these surfaces, Holhster et al (1992) used a two-dimensional
model of a void structure that was analyzed using both a smooth and a digitized mesh They found
that the errors in the stiffness determination resulting from the digitization are less than 10% for
images with 50 micron cubic voxels, where typical structures are 100-200 micron in thickness In
an earlier study (van Rietbergen et al, 1995a), we used a mesh convergence study to estimate the
error in the apparent results and in the element stress and strain distribution for realistic threedimensional trabecular bone structures In that study it was found that the actual voxel size is not
so important as long as the resulting FE model can describe the trabecular structures (especially
the volume fraction) reasonably well It was found also that for FE models with an element size of
80 micron or smaller, the maximum difference in histograms for the tissue stress and strain
distnbution was less than 7% when compared to histograms made from a 20 micron model It
should be noted that the errors in the actual tissue stress and strain at a specific boundary location
may be much higher On the other hand, the fact that all elements are cubic eliminates the errors
found in FE models that use distorted quadnlateral elements with poor aspect ratios
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Appendix A Determination of node numbers in voxel grid
The voxel data is stored in a three-dimensional array i e i g r d , ] , k ) which is
dimensioned such that it is one voxel larger on each side than the actual data set For voxels that
represent bone ielgr(i,;),k)=l, for voxels that represent void, ï e l g r ( і , э , к ) = 0 A onedimensional array ïnogr(i) maps the grid-node position to global node numbers in the FEmodel A two-stage algorithm is used for this At the first stage bone voxels are searched and the
eight grid-nodes that are connected to these elements are marked by setting the corresponding
inogr entry to one At the second stage the grid-nodes thus found are numbered sequentially
+
Q*

*

*

subroutine mesh(nxgr,nygr,nzgr,nnogr,nnode,nel,
ïelgr,inogr)
# *

#

с
с inс
nxgr,nygr,nzgr• dimension of the voxel data set
с
nnogr
number grid nodes = (nxgr+3)*(nygr+3)*(nzgr+3)
с
ïelgr(і,з,k) · =1 for bone voxel, =0 for void voxel
с out
с
nnode
. number of global nodes
с
nel
: number of elements
с
inogr(1)
: maps grid node position to global node numbers
с
c

* * * * **
dimension ïelgr(0-nxgr+l,0 nygr+1,0.nzgr+1),inogr(nnogr)
nncs= (nxgr+3)*(nygr+3)

c**** initialize array inogr
do 10 k=l,nnogr
inogr(k)= 0
10
continue
c ****

mark nodes in grid

40
30
20

ne= 0
do 20 iz-l,nzgr
do 30 iy=l,nygr
do 40 ix-1,nxgr
if delgr d x , ìy, ìz) eq 1) Then
k= iz*nncs+iy*(nxgr+3)+1Х+1
ne= ne+1
inogr(k
)= 1
inogr(k+1
)= 1
inogr(k+nxgr+3) = 1
inogr(k+nxgr+4)= 1
inogr(к
+ nncs)- 1
inogr(k+1
+ nncs)= 1
inogr(k+nxgr+3+ nncs)= 1
inogr(k+nxgr+4+ nncs)= 1
endif
continue
continue
continue

c**** number nodes sequentially
node= 0
do 50 k=l,nnogr
if (inogr(k) ne 0) Then
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node- node+1
inogr(k) = node
endif
continue
nnode= node
return
end

Appendix В Calculation of case number for each node
The case number of each node is found by checking the element environment for each
node in the FE-model The cases are numbered in accordance with Table II
subroutine nodcases(nxgr,nygr,nzgr,nnogr,nnode,
+
ïelgr,inogr,ncase)
c* * * * * *
с in:
с
nxgr,nygr,nzgr: dimension of the voxel data set
с
nnogr
: number of grid nodes= (nxgr+3)*(nygr+3)*(nzgr+3)
с
nnode
: number of global nodes
с
ïelgrd,j,k)
• =1 for bone voxel, =0 for void voxel
с
inogr(ι)
: maps grid node position to global node numbers
с out
с
ncase(ι)
. case number of node ι
с
Q*

* * * * *

dimension ïelgr(0-nxgr+l,0 nygr+1,0 nzgr+1),
+
inogr(nnogr),ncase(nnode)
nncs = (nxgr+3)*(nygr+3)
c**** determine case
do 70 iz=l,nzgr+1
do 70 iy=l,nygr+l
do 70 ix=l,nxgr+l
k= iz*nncs+iy*(nxgr+3)+1X+1
node= inogr(k)
icase= 0
if (node ne 0) Then

if ( ï e l g r ( i x - 1 , i y - 1 , i z - 1 )
if d e l g r d x
,iy-l,iz-l)
if ( ï e l g r ( i x - 1 , î y
,iz-l)
if d e l g r d x
, îy , i z - l )

eq.l)
eq.l)
eq 1)
eq.l)
if (ïelgr(ix-l,iy-1,îz
).eq 1)
if d e l g r d x
,iy-l,iz ).eq 1)
if (ïelgr(ix-1,îy
,îz ) eq 1)
if d e l g r d x
, îy , lz ).eq 1)
ncase(node)= icase
endif
70

continue
return
end

icase·• icase+1
icase·= icase+2
icase;= icase+4
icase:= icase+8
lease:=icase+16
icase:=icase+32
lease·• icase+64
icase:=icase+128
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Appendix С Determination of nodal offset numbers per node, sort
and write
Nine offset node numbers, as defined in Fig 8, are calculated for each node in the FEmodel The global node number of the offset nodes is found from array inogr For offset nodes
that are not connected to an element, a value of -1 is found Output is written to a file
subroutme wrnodcon(mod,nel,nnode,nnogr,
+
nxgr,nygr,nzgr,inogr,ncase)
£* * * * * *
с in:
с
mod
: unit number of output file
с
nel
: number of elements
с
nnode
: number of global nodes
с
nnogr
: number of grid nodes= (nxgr+3)*(nygr+3)*(nzgr+3)
с
nxgr,nygr,nzgr: dimension of the voxel data set
с
inogr(ι)
: maps grid node position to global node numbers
с
ncase(ι)
: case number of node ι
с out:
с
a file of nnode lines that holds at each line a node number, the case
с
number and the nodal offset numbers for this node
с
Q*

* * * * *

dimension inogr(nnogr),ncase(nnode)
dimension noff(9)
nncs=

(nxgr+3)*(nygr+3)

c**** group cases while writing

10
2010

do 10 icase=l,255
do 10 k=l,nnogr
node= inogr(k)
if (node.ne.0) Then
if (ncase(node).eq lease) then
noff(l)- inogr(k-nncs-nxgr-3)-1
noff(2)= inogr(k-nncs
)-1
noff(3)= inogr(k-nncs+nxgr+3)-1
noff(4)= inogr(knxgr-3)-1
noff (5)= inogr (k
)-l
noff(6)= inogr(k+
nxgr+3)-1
noff(7)= inogr(k+nncs-nxgr-3)-1
noff(8)= inogr(k+nncs
)-1
noff(9)= inogr(k+nncs+nxgr+3)-1
write (mod, 2 010) node,ncase (node) , (noff (3) ,3-1,9)
endif
endif
continue
format(12ιθ)
return
end
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Appendix D Read nodal offset and convert to dof offset
At the start of the solving procedure, the offset nodes are read from a file generated during
the preprocessing stage and stored in array nof f The offset node numbers in this array are then
converted to the corresponding degree-of-freedom offset numbers needed with the matrix-vector
multiplication

10

do 10 k=l,nnode
readdndat, 1010) node,ncase, (nof f (] ,Ю , j=l, 9)
nncas(ncase)= nncas(ncase)+1
continue

20

do 20 ]=1,9
do 20 i=l,nnode
noff(],i)- 3*noff(:,i) 2
continue

Appendix E Matrix-vector multiplication routines
The actual matrix vector multiplication routine is reduced to a case-dependent subroutine
call Since the nodes are sorted per case, all nodes with the same case-number are processed
together in the corresponding subroutine
subroutine matvec(n,nnode,x,b,st,noff,nncas)
Q

* * * * *

*

Q

* * * * *

*

с
rbr matrix vector multiply
с
ax=b
с in:
с
η
: order of the vectors and matrix = 3*nnode
с
nnode
: number of nodes
с
x(n)
: multiplication vector
с
std)
. holds the 129 unique entries in stiffness matrix a
с
noffd,])
· array that holds the l'th offset degree-of-freedom
с
of node ]
с
nncas(ι)
: holds the number of nodal points of case ι
с out.
^
с
b(n)
result vector
implicit double precision(a-h,o-z)
double precision x(n),b(n)
dimension noff(9,nnode),nncas(255)
double precision st(129)
m= 0
if(nncas(
if(nncas(
if(nncas(

D.gt.0) call caseOOl(m,n,nnode,nncas(
2).gt.O) call case002(m,n,nnode,nncas(
3).gt.O) call case003(m,n,nnode,nncas(

1),noff,st,b,x)
2),noff,st,b,x)
3),noff,st,b,x)

if(nncas(253) .gt.0) call case253(m, n, nnode,nncas(253),noff,st,b,x)
if(nncas(254).gt.O) call case254(m,n,nnode,nncas(254),noff,st,b,x)
if(nncas(255).gt.0) call case2 55(m,n,nnode,nncas(255),noff,st,b,x)
return
end
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Following is an example of one of these case-subroutines Each routine consists of a loop
over the number of nodes for this case For each node three lines in the stiffness matrix associated
with this node are assembled and multiplied with vector χ The entries in the stiffness matrix are
'hard coded' in each subroutine by the indices of array st, their column position in the stiffness
matrix is found from array nof f The number and value of the row entries as they appear in the
rows of the stiffness matrix are different for each case subroutine
The loop starting at label 10 can be fully vectorized Data dependencies with respect to
array b can not occur since each node has a unique offset degree-of-freedom number stored m
noff The compiler directive for the Cray Fortran compiler, prior to this loops, is needed to
inform the compiler about this, thus taking care that the loop is vectorized
Note that the entries in noff can be negative up to -5 (in case a value of -1 was assigned to
an offset node, which is converted to an offset degree-of freedom of -5 as shown in appendix D)
This implies that vector χ must be dimensioned as x(-5 n) in physical memory, with x(-5 0) filled
with zeros Passed as a dummy argument to subroutines, χ can be passed with a six position offset
and dimensioned with length η
subroutine caseOOl(m,n,nnode,nncas,noff, st , b,x)
implicit double precision(a-h,o-z)
dimension noff(9,nnode)
double precision st (129) ,b(n) ,x(n)
cdir$ ïvdep
do 10 1=111+1, m+nncas
b(noff (5,i)+3) =
+
st( 43)*x(noff(l,i) )
+
+ st( 44) *x(noff (l,i)+l)
+
+ st( 45)*x(noff (l,i)+2)

st(
st(
st(

1) *x(noff (5,i) +3)
2)*x(noff (5,i) +4)
3)*x(noff (5,i)+5)

b(noff (5,l)+4) =
st( 44)*x(noff(1,1) )
st( 46)*x(noff (l,i)+1)
st( 47)*x(noff (l,i)+2)

+ st(
+
+

2)*x(noff (5,i)+3)

st( 4)*x(noff (5,i)+4)
st( 5)*x(noff (5,i) +5)

btnoff (5,1)1+5) =

st( 45)*x(noff(l,i) )
+ st( 47)*x(noff (l,i)+l)
+ st( 48)*x(noff(l,i)+2)

+

st( 3)*x(noff (5,i)+3)

+ st(
+ st(
10

continue
m= m+nncas
return

end

5)*x(noff (5,i)+4)
6) *x(noff (5,i)+5)
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A NEW METHOD TO DETERMINE TRABECULAR
BONE ELASTIC PROPERTIES AND LOADING USING
MICROMECHANICAL FINITE-ELEMENT MODELS1

B. van Rietbergen, H. Weinans, R Huiskes and A. Odgaard2

Abstract - The apparent mechanical behavior of trabecular bone depends on properties at
the tissue or trabecular level. Many investigators have attempted to determine trabecular
tissue properties and loading. However, accuracy and applicability of all methods reported are
limited. The small size of the trabeculae and a possible size effect are complicating factors
when using traditional testing methods on single trabeculae Other methods reported, using
models that describe the trabecular structure, are of limited value because they consider bone
as a repetitive structure in order to describe a reasonably large region of bone.
The present study introduces a new Finite Element Method strategy that enables
analysis of reasonably large regions of trabecular bone in full detail. The method uses threedimensional serial reconstruction techniques to construct a large-scale FE model, by directly
converting voxels to elements. A 5 mm cube of trabecular bone was modeled in this way,
resulting in a FE model that consists of 296,679 elements Special strategies were developed
to solve the set of equations that results from the FE approach
Using this model in combination with experimental apparent data taken from the
literature, the upper and lower boundaries for the tissue modulus were calculated to be 10.1
GPa and 2.23 GPa respectively. From the local stress and strain distributions it was concluded
that the deformation mode of the trabeculae in the present cube was predominantly in
bending. It was concluded that the method developed offers new perspectives for the study of
trabecular bone.

Introduction
Trabecular bone distributes load from articular surfaces to cortical bone through its
bone matrix The trabeculae in this matrix constitute the actual load carrying construction,
and thus, the material properties of the trabeculae, in combination with their architecture,
determine the strength and stiffness of trabecular bone. Under loading, these properties
determine the strains at microstructural levels that are believed to regulate the biological
adaptive processes in trabecular bone (Frost, 1987, Martin and Burr, 1989) In spite of their
importance, little is known about the microstructural properties and loading of the individual
trabeculae

' Reprinted from the Journal of Biomechanics, vol 28, pp 69-81, 1995
Biomechanics Laboratory, Orthopaedic Hospital, University of Aarhus, Denmark.
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Several attempts have been described in the literature to determine the trabecular
tissue material properties In these studies a wide range of possible values was reported, with
many studies suggesting that the actual tissue modulus is much less than generally accepted
for cortical bone (16-20 GPa) Methods reported include traditional tensile and bending tests
applied to single trabeculae or similar sized specimens Ryan and Williams (1989) used
tensile testing experiments on single trabeculae, and found a trabecular tissue modulus of 0 43 6 GPa Other studies, using three or four point bending experiments, have resulted in tissue
values of 3 81-5 72 GPa (Choi et al, 1990, Kuhn et al, 1989, Choi and Goldstein 1992)
Recently, Rho et al (1993) determined the Young's tissue modulus of single trabeculae, using
microtensile testing and ultrasonic techniques, finding a tissue modulus of 10 4-14 8 GPa An
indirect way to determine the tissue properties uses a numerical or analytical model
representing a typical piece of trabecular bone, in combination with apparent experimental
data These models can also be used to determine the stresses and strains in the trabeculae
Williams and Lewis (1982) used a two-dimensional FE model of a trabecular cross section in
combination with experimental results They found a trabecular tissue modulus of 1 3 GPa In
later studies, three-dimensional models were used to model the trabecular structure Gibson
(1985) considered trabecular bone as a cellular material, and used different analytical cell
models to represent the trabecular architecture She found that cancellous bone develops four
types of structures, dependent on its density Beaupré and Hayes (1985) also modeled
trabecular bone as a repetitive cellular structure They used a three-dimensional FE model of
the cellular structure to calculate the apparent stiffness and the tissue stress and strain
distribution Recently, Holhster et al (1991) introduced homogenization theory in
combination with the FEM for modeling large regions of trabecular bone in detail This
theory assumes trabecular bone to be a structure of unit cells, each having the same
microstructural morphology The unit cells can either be simplified, regular structures
(Holhster et al, 1991), or represent the detail of trabecular morphology (Holhster and
Kikuchi, 1992) The accuracy and applicability of all methods reported is limited Methods
using single trabeculae or similar sized machined specimens suffer from size effects or
irregularities due to the cutting of the specimens Also, these methods can not be used to
determine m situ tissue stresses and strains The accuracy of methods that use a trabecular
bone model depends on their capability to describe a realistic trabecular architecture Twodimensional models can only represent realistic bone morphology in those rare cases that
trabecular bone has a cylindrical structure of constant cross-section All three-dimensional
microstructural models mentioned above assume trabecular bone to be built of identical unit
cells However, it is clear that such a repetitive structure is very rare for trabecular bone
A more accurate way for determining tissue stresses and strains in a specific piece of
trabecular bone can be obtained if the structure of a large region of bone can be modeled in
detail Two methods are presently available to measure and represent the trabecular structure
on a microlevel One is a nondestructive method, using micro-CT-scanning, with a typical
voxel size of 50 microns (Feldkamp et al, 1989) The other technique for routine threedimensional reconstruction involves automated serial sectioning, which can provide a
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connected to the main structure, also using a special-purpose program. All elements in the
model are rectangular and equally sized: 40.26 by 28.44 by 40 microns in х-, y- and z3
directions, respectively. The cube has 128 voxels at each side (Fig. 2), hence, (128) voxels in
total, of which 296,679 represent bone. Accordingly, the volume fraction of the bone equals
Kv=296,679/(128)3= 0.14. The total number of degrees of freedom equals 1,381,602.
A special purpose FE code was developed to solve the set of equations that results
from the finite element approach: Ku=f, with К the global stiffness matrix, u the
displacement vector, and f the external forces. The conjugate gradient iterative solving
technique, with diagonal scaling as a preconditioner (Strang, 1986; Hughes et al., 1987) was
used to calculate the unknown displacement vector u. Each iteration requires a multiplication
of the global stiffness matrix К with a direction-vector p. The memory required to solve this
problem was reduced by three separate strategies. First, the entire global stiffness matrix is
never actually computed. Instead, an element-by-element (EBE) approach (Hughes et al.,
1987) is applied which allows for the multiplication at element level Κρ=ΣΚ^ρ8 where K,, is
the element stiffness matrix (order 24) and p e the decomposed vector p. Second, because all
elements are identical in size and have the same orientation, the global structure can be
described by the element connectivity alone. Hence, no nodal coordinate data has to be
stored. Finally, all elements have identical material properties which allows for an identical
element stiffness matrix K,, for all elements. This reduction even applies when each element
would have a different Young's modulus, because the isotropic element stiffness matrix is a
linear function of this modulus. Compared to traditional EBE solving techniques which must
store all elements stiffness matrices, the required core size is drastically reduced as only one
element stiffness matrix has to be stored. This can be demonstrated for the present model,
where instead of 296,679 element stiffness matrices, now one element stiffness matrix has to
be stored, or a reduction in memory requirements by 99.99966%.
To reduce the cpu-time, vectorization schemes as described by Hughes et al. (1987)
and Hayes and Devloo (1986) were applied to the global stiffness matrix-vector product,
taking full advantage of the CRAY-YMP computer which was used for the calculations. To
monitor the convergence of the process the norm of the residual force vector |fres| was
calculated every increment. The iterative process was terminated as soon as this norm was
less than 1E-6 N. After calculating the reaction forces, the
accuracy of the results was determined by calculating the ratio
^_ΛΧ_-*^
|fres|/|freac|, with |freac| the norm of the reaction force vector. The
solution was considered sufficiently accurate if this ratio was
less than 1E-5.
The validity of the algorithms developed was checked by
calculating stresses, strains and strain energy densities in a much
smaller FE model, consisting of 1497 elements, representing a
— 128
voxels
typical part of 20 by 20 by 20 voxels taken from the trabecular
structure. This model was analyzed using both the MARC FE Fig. 2 Definition of the
code (MARC Analysis Corporation, Palo Alto, CA) and the dimensions of the cube
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methods described here. The results using the newly developed EBE strategy, compared
exactly to those found using the MARC FE code within the accuracy of the computer. The
validity of the algorithms for larger problems was checked by simulating unconfined
compression experiments on solid (Fy=l) square cube models of up to 100 by 100 by 100
elements. The results matched the analytical solution for this problem.
Boundary conditions of the FE model were varied to represent the situation in a
compressive-test setup first, and in situ conditions later. In the compressive-test model, a
displacement up of -0.0512mm was prescribed to the top face (in the z-direction), equivalent
to 1% strain for the cube as a whole. At the bottom face the displacements in the z-direction
were constrained. All other faces of the cube were unconstrained (Fig. 3). This case simulates
a compression test on the cube, with zero friction between the test platens and the bone.
Hence, the cube is in a state of uniaxial stress at the apparent level. In the in situ model, the
displacements of the other faces were suppressed as well, but only in the directions
perpendicular to the cup faces (Fig. 3). Linde and Hvid (1989) demonstrated that the increase
in stiffness due to these rigid side-constraints is in the same order of magnitudes as found in
situ where bone is side-constrained by surrounding bone. The same displacement мр as in the
compressive-test model was applied to the top face. So, in effect this model simulates
confined compression conditions and a state of uniaxial strain on the apparent level. The
loading axis, in this case, coincides with the longitudinal axis of the tibia, and the uniaxial
displacement represents the displacement under the tibial plateau, due to articular loading.
All elements in the model were given isotropic material properties with an arbitrarily
chosen Young's modulus of 1000 MPa, and a Poisson's ratio of 0.3. Since the analysis is
linear elastic, the results can be scaled
Boundary conditions
to any isotropic Young's modulus with
the same Poisson's ratio.
compression-test
in situ
Stresses, strains, Von Mises
equivalent stresses and strain energy
densities were calculated at tissue and
at apparent levels. Tissue values will be
presented in histograms, as ratios
between the tissue and the apparent
value. To obtain more accurate results
Degrees of freedom
for the strain energy density, this value
no constraints
was calculated directly from the
prescribed ± face
element nodal displacements and
suppressed 1 face
forces, rather than from the element
stresses and strains. The apparent strain Fig. 3 The constraints applied to the in situ model
energy density was calculated from the (left), and the compression-test model (right). For both
external nodal forces
and the models a prescribed displacement up was applied at the
top face -while displacements were suppressed at the
corresponding displacements.
bottom face, but only in the direction perpendicular to
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Results
The calculated apparent Young's modulus for the mesh convergence test models
varied between 80 and 102 MPa (Fig 5) The maximum difference relative to the model with
20 micron voxel size was 19% for the model with 100 micron voxels, but no correlation was
found between the apparent modulus and the voxel size for the range investigated. However,
the variations in the modulus were correlated with differences in the volume fraction which
was not exactly the same in all models (varied between 0 309 and 0 328). It was concluded
that for the apparent stiffness calculation the actual voxel size is not so important as long as
the resulting FE model can describe the trabecular structure (and the volume fraction)
reasonably well The maximum differences between the tissue stress and strain histograms
and the histograms for the 20 micron model, increased with increasing voxel size (Fig. 5) For
the 40 micron voxels used in the present study, the differences in the stress and strain
histograms compared to a model with double that resolution will be less than 1.8% and 1 2%
respectively Accordingly, it was concluded that the 40 micron voxel mesh was sufficiently
converged
The number of iterations required to solve the tibia sample FE model was dependent
on the boundary conditions. For the in situ model, the Conjugate Gradient Iterative solver
used a total of 4119 iterations and 1.7 hours cpu time on the CRAY-YMP computer, to obtain
the solution within the accuracy interval The compressive-test model required 10,082
iterations and 4.2 hours cpu-time The ratio |fres|/|freac| was less than 3E-6 for both models.
At the apparent level, the total reaction forces were determined to be -9.10 N for the
in situ model, and -7 40 N in the compressive-test model (Table I) The apparent stress
calculated from these reaction forces is -0 485 MPa for the in situ model and -0.394 MPa for
the compressive-test model For the latter model an apparent Young's modulus of 39.4 MPa
was calculated Assuming that the bone tissue is a homogeneous, isotropic and linear elastic
Apparent modulus

Tissue stress and strain histograms
Absolute difference relative to 20 μπι voxel size

20

40

60 80 100 120
Voxel size (um)

60
80 100
Voxel size (μιη)

Fig 5 Results of the mesh convergence test On the left the calculated apparent modulus as a
function of the voxel size, on the right ¡he absolute differences (m %) between the stress and strain
histograms for the 20 μ/и model when compared to the other models.
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Table I The apparent values calculated for both model, the displacement at the top and thus
the strain m the z-direction were prescribed
m situ model

Compressive-test model

Displacement top

Mp=-0 0512 mm

«p= -0 0512 mm

Total force top

F =-9 ION

FT= -7 40 N

Strain z-direction

ε | ζ = - 0 01

ε|ζ=-0 01

Stress z-direction

о ^ = - 0 485 MPa

|z=-0 394MPa

CT
2

ίΛ=0 197E-02Nmm'2

lf= 0 242E-02 Nmm"

Strain energy density

material, its actual tissue Young's modulus can be estimated from the apparent Young's
modulus, by scaling the calculated apparent modulus to an experimentally determined value
For a human proximal tibia, a range of realistic apparent Young's moduli as determined from
experiments can be estimated from the apparent density using for instance the formula's given
by Hodgkinson and Currey (1992) (£\, w =10 ( - 4 1 0 + 2 4 7 l o g p ) for the lowest, (E a ) m e a n =
0

( 2 43 + 196Io E P )
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established Young's modulus, where ρ represents the apparent density In the present example
an approximated value for the apparent density is 280 kgm' (approximated from the volume
fraction of 0 14, and a bone tissue density of 2 0E3 kgm" ) Using the above formulas, a
lowest apparent Young's modulus of 88 0 MPa was calculated, a mean value of 233 MPa and
a highest apparent Young's modulus of 400 MPa The apparent Young's modulus calculated
for the compression-test model was 39 4 MPa, using a tissue modulus of 1000 MPa Since the
stresses and strains are linearly related to the tissue modulus in the model, it can be
established that a tissue modulus of 2 23 GPa would give exactly the lowest apparent
modulus value, a tissue value of 5 91 MPa the mean apparent modulus value, and a tissue
modulus of 10 1 GPa would give the highest apparent modulus
At the microstructural level, stresses and strains m the trabeculae were calculated from
the FE results for the in situ model It was found that the strains in the trabeculae, shown in
Fig 6, are generally much less than the apparent value eiz> few elements have values that
exceed the apparent value Some ratios exceed 1 0, but these are not shown m the graphs of
Fig 6, the maximal ratio of tissue and apparent strain found was 50 8 for the eL component
The stress distribution, shown in Fig 7, is wider than the tissue strain distribution because the
tissue stresses are generally higher than the apparent stress The maximal tissue-to-apparent
stress ratio was 115 0 for the a L component However, few elements have values that exceed
w a s
20 times the apparent value The mean tissue-to-apparent ratio oL/ozz
7 07 For the
Von Mises equivalent stress (Fig 8) the mean ratio between the tissue and the apparent values
was 10 7, the maximal tissue-to-apparent ratio was 144 3 The strain energy density
distribution at tissue level (Fig 8) is the widest, with a maximal ratio of 1029 times the
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apparent strain energy density. The mean ratio of tissue and apparent strain energy density
was = 7.07. A contour plot of the tissue strain energy density distribution for a 10 elements
thick cross section taken from the middle of the cube is shown in Fig. 9. The distribution
shows relatively high loaded regions inside trabeculae oriented in the overall load direction.
Tissue strain distributions
in situ model
%Elements in interval

%Elements in interval

%Elements in interval

Fig. 6 Histograms showing the distribution of the tissue strain components in the in situ model. On
the horizontal axis the ratio between the tissue strain component and the longitudinal apparent strain
is indicated, on the vertical axis the number of elements in a bin as a percentage of the total number
of elements. The bin width is set to 0.lz%,- Note that the apparent strain is the same in all
histograms.
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Tissue stress distributions
in situ model
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Fig. 7 Histograms showing the distribution of the tissue stress components in the in situ model. On
the horizontal axis the ratio between the tissue stress component and the longitudinal apparent stress
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error is not necessarily reduced when the element size is reduced However, the error in the
histograms will be reduced because the fraction of elements in the jagged area is reduced, and
thus the accuracy of the histograms is verified Third, the exact m situ boundary conditions
for the present bone sample are unknown It is possible that realistic in situ conditions would
allow for some more deformation at the sides of the specimen than the confined compression
condition imposed at the m situ model used m the present study To check for this, tissue
strain histograms were also determined for the compressive-test model, which allows for
more deformation than the in situ situation It was found that the histograms for the
compressive-test model are very similar to those shown in Fig 6, and thus that the actual
conditions at the side of the cube hardly affect the conclusions
In the present study we used average experimental values to calculate a realistic range
for the tissue Young's modulus 2 23 to 10 1 GPa A mean value of 5 91 MPa was calculated
This value is in good agreement with the experimentally established trabecular tissue modulus
in the proximal tibia of 4 59 GPa found by Choi et al (1990) and of 5 72 GPa found by Choi
and Goldstein (1992) However, the comparison between direct measurements on small
specimens and the values as determined in the present study can be misleading The small
size of single trabeculae specimens and damage effects due to machine cutting of small
specimens will likely lead to an underestimation of the bulk tissue modulus The indirect
measurement method presented here does not suffer from these effects, and thus a significant
higher tissue modulus would be expected The fact that a higher value is not found in the
present study can be explained by systematic errors in the determination of the apparent
modulus in compression experiments Odgaard and Linde (1991) and Keaveny et al (1993)
have demonstrated that artifacts at the bone-platen interface may result in a substantial
underestimation of the experimentally established apparent moduli and thus of the tissue
modulus as determined in the present study Therefore it is expected that a realistic tissue
modulus is closer to the upper boundary of the range determined
Although not the aim of the present study, the methods presented here can be used to
exclude the damage artifact error This can be done by creating a full size model of a
specimen that was experimentally tested, thereby also modeling the damaged zone with
platen-specimen boundary conditions chosen exactly as in the experiment Such experiments
can also be used to determine material properties that are nonlinear functions of the
deformations, such as the Poisson's ratios
At the tissue level, the ratios between the mean tissue stress and the apparent stress m
the load direction and between the mean tissue and the apparent strain energy density must
equal 1/FV where Vw is the volume fraction of the cube (Appendix A) Indeed it was found in
the present analysis that о щ / о ? г = 7 07 and U /£/ a =7 07 which is precisely equal to VVV
for Fv=0 14 in the present model In fact, this result confirms the validity of the stress and
strain energy density calculation for the present FE model Carter et al (1987) have
introduced the mean tissue strain energy density in the bone tissue UJVy as the objective
function for bone remodeling The present analysis shows that the actual strain energy density
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in the trabeculae can be much higher (up to 1029FV=144 times higher) than the mean tissue
strain energy density Since the effect of mechanically induced bone remodeling is considered
at the apparent level (by the change in apparent density) the actual distribution of the
objective function may be of lesser importance However, for processes that are initiated by
the maximum tissue strain energy density or maximum tissue effective stress, for example
microdamage processes, the mean tissue value in not a good measure The ratio between the
mean tissue Von Mises equivalent stress and the apparent Von Mises stress does not equal
MVy, indicating that the mean tissue Von Mises stress can not be estimated from the apparent
Von Mises stress divided by the volume fraction (Appendix A)
From the tissue stress and strain distributions as shown in Fig 6 and 7 a number of
conclusions can be derived First, it can be seen that the axial deformation in the tissue
material (eL) 1 S smaller than the apparent deformation ( Е ' Ц ) , very few elements have a
tissue-to-apparent ratio greater than 1 0 (Fig 6) Gibson (1985) has shown that this result is
typical for asymmetric structures, in which the deformation mode is in bending rather than in
axial deformation From this, it can be concluded that the trabecular structure investigated in
the present study can be characterized as an asymmetric structure rather than a columnar one
Due to bending effects, trabeculae can be tensile strained under compressive apparent loading
(Fig 10), resulting in tissue-to-apparent stress and strain ratios m the load direction which are
less than zero From Fig 6 and 7 it can be seen that such deformation modes are indeed
present in the structure This paradoxical effect of trabeculae being tensile strained under
compressive apparent loading was found earlier by Odgaard and Linde (1991), when using
optical strain measurement on the individual trabeculae Second, for the bin width chosen, the
stress distributions show a peak at zero for all components, ι e at most locations in the tissue
the individual stress components are very small The Von Mises stress distribution however,
shows no high peak at zero This indicates that at most locations the elements are distorted
and thus implying that most trabeculae are load carrying High tissue-to-apparent ratio's are
found for the Von Mises stress and for the strain energy density, although the number of
elements with excessive values is relatively small It is possible that a more physiological
loading condition (for instance obtained from
multiaxial load cases) will reduce the maximal Von
Mises and strain energy density values
The applications of the new method
discussed here are, of course, only examples of its
applicability Other examples are the investigation of
various bench tests for trabecular bone by simulating
the test conditions For example, the boundary
effects in compressive tests can be evaluated
Secondly, the method can be useful to estimate
tissue stresses m vivo, in various circumstances and
locations It can be used to study damageaccumulation processes by successively eliminating

Fig

10 Tissue tensile strams

(Exzz>0)

can occur under compressive apparent
loading (г^і^)

due to bending effects
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elements that are overloaded from the model, and bone remodeling processes at the tissue
level Finally, it can be applied as a link between mechanics at the whole-bone level and the
microscopic level.
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Appendix a: Ratio between mean tissue and apparent value for
stresses and strain energy density
The ratio for the mean tissue to apparent stress in load direction can be determined for
a cube with no constraints in the load direction at the sides of the cube The average tissue
stress in r-direction equals

<4=-и<4«ІГ 1 = ì-tfaLd^dz,

(1)

where V =VVV" is the tissue volume as a function of the volume fraction F v and the apparent
volume V, and AX=V^A is the tissue area at a cross section perpendicular to the load direction,
with a surface fraction Vs The total apparent force Fz in the z-direction must balance the total
tissue force in that direction in each perpendicular cross-section
/<z =

fclzdA1

(2)

From equation (1) and (2) it follows

ïi-Vi'y-^-^-F«·«

»

Vх
Vх
Vх A
Vw
where hz is the size of the cube in z-direction The same ratio holds for the stress component
in x- and .y-direction as long as the equilibrium equation (2) holds in each cross section
perpendicular to the corresponding direction For the Von Mises equivalent stress however
such an equilibrium equation in general can not be found, and therefore the average tissue
Von Mises equivalent stress can not be determined from the apparent value and the volume
fraction
For the strain energy density another equilibrium equation can be used based on the
total apparent energy V*lf that must equal the total internal energy in the tissue material
Vх U , where Lf' is the average tissue strain energy density, thus

(Г1=—ия=--иа

(4)
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THE ROLE OF TRABECULAR ARCHITECTURE IN THE
ANISOTROPIC MECHANICAL PROPERTIES OF BONE1

В van Rietbergen, R Huiskes, H Weinans, A Odgaard2 and J Kabel2

Abstract - As yet, no unique relationship between mechanical and structural parameters
has been established for trabecular bone A possible explanation for the variability in the
relationships obtained so far is that the results of mechanical tests represent more factors than
the trabecular morphology alone In the present study the results of such a mechanical test are
compared to results of a numerical experiment from which the isolated mechanical role of the
trabecular architecture of a bone specimen is obtained For this, a mechanically tested bone
specimen was reconstructed in a computer and converted to a microstructural FE model As
the results of experiment and FE simulation are not exactly the same it is concluded that,
indeed, the experimental results depend on more factors than the trabecular morphology
alone It is hypothesized that experimental artifacts are the most important factors affecting
the mechanical test results, thus causing variability m the relationships More accurate
relationships are expected when these artifacts can be excluded, for example, by using
microstructural FE models
The unclear relationships between the mechanical properties and the morphology of
trabecular bone
Because of its load carrying function the quality of trabecular bone is best
characterized by its apparent mechanical properties The most straight-forward way for the
determination of bone quality is in using mechanical testing methods So far however, no
mechanical tests have been developed that can be used in vivo For this reason many
investigators have tried to estimate the mechanical properties of bone m an indirect way, from
morphological parameters such as apparent density, volume fraction, connectivity or mean
intercept length, which can be measured m vivo by using bone imaging and reconstruction
techniques The relationships between morphological parameters and bone stiffness or
strength have been investigated in a number of studies for example by using experimental
designs in which morphological parameters are correlated with mechanical properties,
measured in compression test experiments for a large number of bone samples (Carter and
Hayes, 1977, Goulet et al, 1988, Rice, 1988, Turner et al, 1990, Ciarelli, 1991, Hodgkinson
and Currey, 1992) In spite of these studies, the relationships between morphological
parameters and mechanical properties are still unclear In some studies good correlations were

' Reprinted from Bone structure and remodeling (Ed by Odgaard, A and Weinans, H ), World Scientific,
Singapore, 1995
2
Biomechanics Laboratory, Orthopaedic Hospital, University of Aarhus, Denmark
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found between stereological measures and (anisotropic) material properties of bone (Goulet et
al, 1988, Hodgskinson and Currey, 1990, Turner et al, 1990) In some other studies
however, only weak or no correlations were found (McCubbrey et al, 1992) When
comparing the results of different studies relative to each other, the predictive value of the
morphological parameters is even less clear, as different relationships are found
To explain the variability in the correlation between mechanical properties and bone
morphology as described by stereological parameters, three possible causes can be identified
1) errors in the compression-test results, 2) the morphology of the sample is not very well
represented by the parameter that is used, or 3) local variations in the tissue material
properties are important for the apparent material properties of trabecular bone
A number of investigators have addressed experimental errors and have found that
boundary effects in the compression test in particular distort the apparent properties (strength,
stiffness) obtained (see Keaveny and Hayes (1993) and Linde (1993) for reviews of this
work) This produces an inherent variability in the test results which is significant There is
also an inherent variability in the results of micro-mechanical tests of trabecular specimens,
due in particular to size effects (Choi et al, 1990, Rho et al, 1993) Hence, if the apparent
properties are affected significantly by local variations in local trabecular properties, then
presently it would be impossible to evaluate them As a consequence, the only way to purely
correlate trabecular architecture and mechanical amsotropy experimentally is to use large
numbers of specimens, in order to statistically correct for species, anatomical location and the
two factors mentioned above The numbers required would be virtually prohibitive
It is, however, possible to investigate the isolated role of trabecular architecture,
represented by morphological parameters in a numerical experiment In this case, the micromorphology of the bone is represented in a FE model, used to simulate compression tests In
this simulation, the apparent elastic constants obtained depend only on trabecular architecture,
since all other parameters can be made identical for all tests In this chapter, this method is
introduced and discussed
The true mechanical properties of the trabecular architecture, the use of idealized
models
In a number of studies trabecular architectures have been modeled using idealized
analytical or numerical models build of two- or three-dimensional unit cells (Beaupré and
Hayes, 1985, Gibson, 1985, Holhster et al, 1991) Although these models can give good
insight in the relationships between structural parameters and mechanical properties, they do
not represent trabecular architectures very well, two-dimensional models can only represent
bone in the case that it has an axi-symmetric architecture, three-dimensional unit cell models
can only represent bone which is characterized by a repetitive architecture of structural units
For a more accurate characterization of trabecular architecture, its three-dimensional
features must be modeled in detail Recently, two different reconstruction techniques have
been developed for this The first technique uses micro-CT scans of a large number of cross
sections (Feldkamp et al, 1989) With this method a resolution of 50 microns can be
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obtained The second method uses a microtome and a digital camera to create images of
sequential cross sections (Odgaard et al, 1990, Edidin et al, 1993) With this method a
resolution of 1/1000 of the specimen dimension can be obtained, ι e 10 microns for a 10 mm
specimen With both methods a set of computer images is created, that can be used to
reconstruct the three dimensional trabecular geometry in terms of a voxel data set All voxels
in this data set are brick-shaped and have the same size This data is then used to create
microstructural FE models via a so-called voxel conversion procedure, whereby voxels in the
data set are converted to equally sized brick elements in a FE model
The conversion of voxel data to FE models was demonstrated in a number of studies
Fyhne et al (1992) converted a voxel data set obtained from micro-CT-scanning of a 1 75
mm cubic piece of trabecular bone to a FE model which they used to determine the tissue
stress and strain distribution in the tissue material Edidin et al (1993) used the serial
sectioning technique to model a somewhat larger cubic piece of bone of 2 8 mm and a
different voxel conversion technique, whereby the density of voxels were assigned to the
Gauss points of larger brick elements In their study, they found that the apparent modulus
estimated from the model was in the range of experimental values In both of these studies
however, the sample size was too small to obtain accurate apparent results for the material
properties (Harrigan et al, 1988)
At present, two techniques have been developed to model areas of bone that are large
enough to obtain valid apparent results The first technique uses the homogenization theory,
whereby the volume is subdivided in smaller sub-volumes (Holhster and Kikuchi, 1992,
Hollister et al, 1992, 1993) The voxel conversion technique is then used to create FE models
of the trabecular architecture in each sub-volume After solving the FE problems for the subvolumes, the apparent mechanical properties of the whole volume can be estimated The
second technique uses large-scale FE models in combination with special-purpose FE solving
routines (Van Rietbergen et al, 1994c) to solve the FE problem for a relatively large piece of
bone (Holhster and Kikuchi, 1993, Van Rietbergen et al, 1993, 1994a, 1994b, 1995) In
earlier studies we have used the latter technique to model a 5x5x3 6 mm specimen taken from
the tibial plateau (Van Rietbergen et al, 1993, 1995) and a 10 mm cubic specimen taken from
a whale vertebral body (Van Rietbergen et al, 1994a, 1994b) For both specimens, the tissue
stress and strain distributions as well as the overall mechanical properties were obtained
Experimental results were obtained only for the 10 mm specimen For this reason, the results
of the latter analyses are used in the present study
The mechanical properties of a bone sample versus the mechanical properties of its
architecture
In the earlier studies (Van Rietbergen et al, 1994a, 1994b), the apparent mechanical
properties of a 10 mm cubic bone sample were determined using a tn-axial compression test
experiment In this experiment, a prescribed displacement equivalent to 0 3% strain was
applied once in the x-, once in the.y-, and once in the z-direction At the bone-platen interface,
low-friction conditions were created by using polished steel platens, the other faces of the
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bottom face of the specimen, and prescribed at the top face All other faces were left
unconstrained, representing an idealized compression-test experiment with no friction
between platens and bone By aligning the longitudinal axis once with the x-, once with the ƒand once with the z-axis, the compression test experiments in each direction were simulated,
and the apparent moduli and transverse strains were calculated
For the initial calculations, all elements in the FE model were assigned linear elastic
isotropic material parameters with an arbitrarily chosen Young's modulus of 1 GPa and a
Poisson's ratio of 0 3 The apparent moduli found in the FE model for this tissue modulus are
also listed m Table I For this model an amsotropy ratio of 1 35 was calculated In each
direction, a tissue Young's modulus £exp w a s calculated, such that the experimentally
determined Young's modulus Ec\p and the apparent modulus determined in the FE model
£ j i m are exactly the same m that direction, using the following relation
Ea
£exp = -^— Esim
^sim

(1)

with Elsm the initial Young's modulus of 1 GPa The average value of the three tissue moduli
thus obtained was 5 33 GPa, and this value was taken as the trabecular tissue modulus for this
specimen The apparent moduli found in the simulation after scaling the results to this tissue
modulus, are shown in Fig 2 in comparison to the experimental values
Unlike the Young's moduli, the transverse strains found in the simulation are
independent of the tissue modulus chosen, as displacements were prescribed at the apparent
level The Poisson's ratios calculated from the transverse strains in the FE model are shown in
Fig 3, in comparison to the experimental values From this figure it can be seen that the
Poisson's ratios calculated in the simulation, which range from 0 15 to 0 38, with the highest
values in the transversal z-direction, show the same trend, but overestimate the ratios
measured in the experiment
¡able I
Experiment
apparent moduli

FE model
apparent moduli

Tissue moduli
calculated from eq (1)

(for £ s ' im = lGPa)
AâpMPaiSD)
X

У
ζ

593 (17 1)
605 (18 6)
377 (110)

Km MPa
107 85
104 87
80 01

4 φ GPa
5 50
5 77
4 71
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МРа

Experiment
FE simulation

Longitudinal load direction
Fig. 2 Apparent Young's moduli measured in the experiment
and in the FE simulation after scaling the results for a tissue
Young's modulus of 5.33 GPa
В Experiment
E£0 FE-model

Transv. direction У
У

ζ

Longitudinal direction
Fig. 3 Poisson's ratios measured in the experiment and in the
FE simulation
Assessment of the role of the trabecular architecture in the experiment; the effect of
experimental artifacts
The anisotropic properties found in the experiment are reasonably well reproduced by
the FE model. As the anisotropy in the FE model is due to its architecture only, this indicates
that trabecular architecture is the main determinant for the anisotropy of trabecular bone.
Differences between the results of the experiment and those of the FE simulations can
be explained by inaccuracies in the compression test experiment, one of the major suspects
being the boundary artifacts due to cutting. A number of studies have described these artifacts
and their possible consequences for the apparent mechanical properties measured in
experiments (Linde and Hvid, 1989; Odgaard and Linde, 1991; Keaveny et al., 1993; Zhu et
al., 1994). In the FE model, these damaged areas were removed from the model to allow for a
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meaningful FE calculation It is possible that these boundary areas, that are present in the
experiment but not in the FE simulation, will result in a nonuniform strain distribution in the
bone experiment (Odgaard and Linde, 1991, Keaveny et al, 1993, Zhu et al, 1994), with
strains larger than the prescribed 0 3% in the damaged areas and smaller strains in the bulk
area As the transversal strains measured in the experiments are related to the bulk strain, the
existence of damaged boundary areas can explain why the transversal strains measured m the
experiment are less than those measured in the FE simulation The nonuniform strain
distribution will also result in an underestimation of the Young's modulus in the experiment
(Odgaard and Linde, 1991), which, according to eq 1, will also result in an underestimation
of the tissue modulus For this reason, the tissue modulus found in the present study is to be
considered as a lower bound
Furthermore, it is possible that these end-effects have a more severe influence in the
directions with lower stiffness, since it is likely that the thinner trabeculae oriented in the
directions with the lower moduli are more damaged than the thicker trabeculae oriented in the
direction with the higher Young's moduli The fact that the underestimation of the Poisson's
ratios is more severe when the specimen is loaded in the direction with the lowest modulus
(the z-direction) supports this hypothesis This anisotropic end-effect can explain why the
anisotropy ratio found in the experiment is larger than found for the FE model
Another experimental artifact that can affect the comparability of experimental and
simulation results is the existence of friction between bone and platens in the experiment,
which is not simulated in the FE model It has been shown that friction can also result in an
overestimation of the anisotropy (Van Rietbergen et al, 1994a)
The application of microstructural FE models for a pure correlation between
architectural parameters and mechanical properties
It is hypothesized that the experimental artifacts in the compression test-experiment
are the largest source of errors in the determination of the relationships between structural
parameters and mechanical properties of trabecular architecture The application of
microstructural FE models to simulate the compression test can be used to reduce these errors
because in these simulations the experimental artifacts are excluded The voxel data sets that
are used to create the FE mesh can also be used to determine morphological parameters of the
same bone samples When a large number of reconstructed bone samples is available, it can
be investigated which (combination of) morphological parameters best describes the
mechanical properties of the trabecular structure
With the development of in vivo scanning and reconstruction techniques, the
microstructural FE models can also offer a unique way to measure the mechanical properties
of trabecular bone m vivo In the future it may be possible to directly calculate the mechanical
properties of each reconstructed piece of trabecular bone, thus bypassing the intermediate step
of stereological parameters for the determination of the mechanical properties
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DIRECT MECHANICS ASSESSMENT OF ELASTIC
SYMMETRIES AND PROPERTIES OF TRABECULAR
1
BONE ARCHITECTURE

В Van Rietbergen, A Odgaard2, J Kabel2 and R Huiskes

Abstract - A method is presented to find orthotropic elastic symmetries and constants
directly from the elastic coefficients in the overall stiffness matrix of trabecular bone test
specimens Contrary to earlier developed techniques, this method does not require pure
orthotropic behavior or additional fabric measurements The method uses high-resolution
computer reconstructions of trabecular bone specimens as input for large-scale FE analyses to
determine all 21 elastic coefficients in the overall stiffness matrix of the specimen, using a
direct mechanics approach An optimization procedure is then used to find the coordinate
transformation that yields the best orthotropic representation of this matrix The method is
illustrated here relative to two trabecular bone specimens The techniques developed here can
be used to get a complete characterization of the mechanical properties of trabecular
architecture With the development of m vivo reconstruction techniques even m vivo
measurements will be possible

Introduction
The anisotropic mechanical behavior of trabecular bone is largely determined by its
trabecular architecture Precise determination of mechanical behavior is of particular
importance to assess relationships between morphometnc parameters and mechanical
properties, which are used to characterize the mechanical fitness of bone in normal and
pathological conditions To evaluate these relationships in a particular specimen, the
constitutive parameters governing its mechanical behavior must be determined
experimentally
For most purposes, bone can be considered as a linear elastic material, for which the
mechanical behavior is characterized by a fourth-rank stiffness tensor E in the generalized
Hooke's law that relates the stress to the strain tensor The stiffness tensor is usually
represented by a symmetric six-by-six matrix E (Fig la) In its most general form, this
matrix involves 21 independent elastic coefficients that must be determined from
experiments If planes of elastic symmetry exist, some of these coefficients are
interdependent or zero when measured in a coordinate system aligned with the normals to the
symmetry planes (Nye, 1957, Bunge, 1982, Cowin and Mehrabadi, 1987, 1989) In the case
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of orthotropy, three orthogonal planes of symmetry exist, leaving nine independent elastic
coefficients to be determined from experiments (Fig lb) The number of independent elastic
constants is reduced further to five for the case of transverse isotropy and to two for the case
of isotropy
Elastic symmetries are usually determined indirectly by considering symmetries in the
texture or fabric of the material Fabric can be evaluated, for example, by mean-intercept
length (MIL) measurements (Whitehouse, 1974, Harngan and Mann, 1984) For trabecular
bone it was found that the MIL fits well to an ellipsoid, which has three planes of symmetry
Based on this finding, it was proposed that trabecular bone architecture exhibits orthotropic
material behavior (Whitehouse, 1974, Ashman et al, 1984, Harngan and Mann, 1984, Cowin
and Mehrabadi, 1989, Snyder et al, 1989) The nine orthotropic elastic coefficients in a
coordinate system aligned with the fabric axes can be determined from nine elastic
coefficients measured by compression tests or ultrasound experiments in the specimens
coordinate system, using a coordinate transformation (Cowin et al, 1991) The accuracy of
the material characterization thus determined depends on the accuracy of the mechanical test
and the fabric measurement, and on the adequacy of the orthotropy assumption
For materials that exhibit pure orthotropic or higher symmetries, Cowin and Mehrabadi
(1987,1989) and Cowin (1989) have developed a method to determine the principal
orthotropic axes directly from the 21 components of the stiffness tensor Since no mechanical
tests have been developed yet from which all 21 elastic coefficients can be measured, the
application of this method has been limited to theoretically derived stiffness tensors With this
method, inaccuracies in the fabric measurements are eliminated However, errors due to
inaccuracies in mechanical tests or
«11 «12 «13 «14 «15 «16
due to the inadequacy of the
«12 e22 «23 «24 «25 «26
orthotropy assumption remain If
the material is not purely
orthotropic, or if inaccuracies in
mechanical
tests
defy
the
symmetries, no unique symmetry
basis is found
In this article, a method is
presented to estimate elastic
symmetries of bone specimens,
without the need for compression
test experiments, without the need
to assume pure orthotropic
behavior and without the need for
fabric measurements For this
purpose, high-resolution computer
reconstructions of trabecular bone
specimens are used as input for
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Fig 1 In its most generalform the stiffness matrix holds
21 different elastic coefficients (a) For materials with
orthotropic elastic symmetries this number is reduced
to nine (b)
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large-scale FE analyses to determine all 21 elastic coefficients in the overall stiffness matrix
of the specimen, using a direct mechanics approach An optimization procedure is then used
to find the coordinate transformation that yields the best orthotropic representation of this
matrix The method is illustrated here relative to two trabecular bone specimens

Methods
Material
Two cubic specimens were harvested from a whale vertebral body The first specimen
was cut such that its sides were aligned with the body longitudinal axis, the second specimen
such that its sides were rotated 45° relative to this axis Both specimens measured
approximately 10 mm in size at each side
Three-dimensional reconstruction
The morphology of each specimen was digitized in a serial sectioning procedure
(Odgaard el al, 1994) This procedure uses an automated microtome and a digital camera to
obtain a set of digitized images of sequential cross-sections The magnification of the camera
was set such that the pixels were 20 micron in size The slice thickness was also chosen as 20
micron After segmentation of the images, the morphology of each cube was numerically
reconstructed in a three-dimensional voxel data set To exclude boundary artifacts due to the
cutting, sections near the boundaries with an area fraction less than 75% of the volume
fraction were removed from the data set In this way smooth surfaces were ensured such that
all cut trabeculae are load carrying
FE modeling
The voxel data sets were used as the geometries for the microstructural FE models For
this purpose, the original data sets were remeshed into a courser grid by grouping four by
four by four voxels into a new one The new voxel was considered to represent bone tissue if
more than half of its original voxels represented bone tissue, and was deleted otherwise FE
models were generated by directly converting the new bone voxels to equally sized eightnode brick elements (Fig 2) The elements in the FE model thus measured 80 micron on each
side In an earlier mesh convergence study (Van Rietbergen et al, 1995a), it was found that
with this element size the model is sufficiently converged, whereas it allows the modeling of
a reasonable large volume of bone (Van Rietbergen et al, 1994, 1996) The number of
elements in the FE models was 566,967 for the first specimen and 653,533 for the second A
special purpose FE code was used to solve these large FE problems This solving algorithm
makes use of an iterative solver in combination with a 'row-by-row1 matrix-vector
multiplication algorithm (Van Rietbergen et al, 1994, 1996) In this way the memory
required for solving could be limited to 222 Mbyte for the largest problem The cpu-time in
this case was 17 minutes for a single analysis when using a Cray C90 supercomputer for the
calculations
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(2)

ε=Με

The tissue stiffness tensor E is defined by the trabecular tissue properties In the present
study, linear elastic and isotropic tissue properties were assumed In an earlier study, using
one specimen from the present data set, a tissue Young's modulus of 5 33 GPa was found to
give the best agreement between the apparent moduli calculated from the FE model and those
measured in experiments (Van Rietbergen et al, 1995b) For this reason, all specimens in the
present data set were assigned this tissue Young's modulus, the tissue Poisson's ratio was set
to 0 3
The local structure tensor M was determined from eq (2) by solving six FE problems
for six uniaxial strain cases For each case, the tissue strains calculated from the FE results
then represent one of the six columns of the local structure matrix (Holhster and Kikuchi,
1992) The effective stiffness tensor can then be determined from eq (1)
Calculation of the principal orthotropy axes from the stiffness matnx
For materials with pure orthotropic symmetries a stiffness matrix of the form in Fig lb
is found when the measurement axes are aligned with the normals of the symmetry planes
Hence, for such materials the determination of the principal orthotropy axes is equivalent to
—ORT
finding the coordinate transformation that transforms E in the form E
of Fig lb This
can be accomplished using, for example, the methods developed by Cowin and Mehrabadi
(1987,1989) For materials that do not have pure orthotropic symmetries, such a
transformation does not exist However, using a numerical optimization algorithm, it is
possible to find the coordinate transformation that yields the best orthotropic representation
of the stiffness matrix
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where 5 y is small
As an optimization criterion, an orthotropy objective function was defined as

ΣδΙ
Obj = ^

,

Σ «5

i,j = l

6,

(4)

'J

where the summation applies only to the terms that exist in the matrix of eq (3) For purely
orthotropic materials the objective of eq (4) will be zero By finding the coordinate
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transformation that minimizes this objective function, the orthonormal basis for which the
orthotropy assumption is best met is found (Appendix A). The best orthotropic material
characterization E
is then found by setting δ,=0
An indication of the accuracy of the orthotropy assumption is possible by quantifying
the errors in the stress-strain calculations based on this assumption In the material
characterized by matrix E, the stresses in the material are related to the strains by the
generalized Hooke's Law: σ=Εε. For a material which is characterized by the estimation
ORT

ORT

E
of E, the relationship will be σ =E ε For a particular stress state σ the difference
between the strain vector ε, corresponding to matrix E, and the strain vector ε ο κ τ ,
corresponding to E° T , can be written as
8-e0RT=(I-(E0RTr1E)e,

(5)

with I the identity matrix. The relative error in the strain vector is then given by the matrix
DORT = I-(EORT)_1E

(6)

The maximum error in the strain calculation due to the orthotropy assumption for any stressstrain state can be quantified as
E

0RT

Error

= max

ORT

,.-.

ε * 0 l· N

=P

0 R T

I

,

(7)

«

with | I the Euclidean vector or matrix norm (Kreyszig, 1993 )

Results
The stiffness matrices for the first specimen, that was cut aligned with the anatomical
main axes (Fig 3a), resembled the orthotropic form shown in Fig lb The maximum error in
the stress-strain calculation when the material was assumed as pure orthotropic with respect
to the specimens coordinate system was found to be 5 29% This indicates that the material
can be considered as orthotropic reasonably well, and that the orthotropy axes are almost
aligned with the anatomical axes For the second specimen, that was cut at a 45° angle with
the anatomic longitudinal axis, the matrix form was far from orthotropic. Hence, a calculation
of the error in the stress-strain relation, as with the first specimen, could not even be
considered
After coordinate transformations to the bases found by the optimization procedure, the
orthotropic matrix form of Fig lb was closely met for both specimens (Fig. 3b) The
orthotropy objective function with this transformation was 5 OE-6 and 1 15E-5 for the first
and second specimen respectively The maximal errors in the stress-strain calculations when
assuming pure orthotropy were reduced to 1 35% for the first specimen and 2.15% for the
second
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Specimen 1 (hvll2)
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13 -09
17 2914 04
-05
09 05 04 175.4

а
Fig 3 Stiffness matrices I? for the two specimens m their coordinate system as sectioned (a),
and in the optimized orthotopic coordinate system £ ° (b) The transformation that
interrelates both coordinate systems is given by matrices R.

Discussion
Using three dimensional microstructural FE models generated from computer
reconstructions of trabecular bone specimens, it is possible to calculate all elastic constants
that determine the mechanical behavior of the trabecular architecture, as well as the planes of
elastic symmetry
A limitation of the methods presented here is that, with the assumption of homogenous
and isotropic tissue material properties, the pure mechanical properties of the trabecular
architecture are found, rather than the mechanical properties of trabecular bone A value for
the tissue modulus must still be based on experiments, in order to obtain realistic values for
overall elastic moduli
Compared to using experimental tests alone however, the methods described here have
three advantages First, the best fitting orthotropy axes are determined directly from the
stiffness matrix, hence no additional fabric data are needed Second, since all 21 elastic
constants are found, the method not only allows for the determination of the best orthotropic
representation and elastic constants, but also for a quantification of the error in the stressstrain relationship due to this assumption Third, with the direct mechanics approach for the
determination of the stiffness matrix, experimental artifacts such as the effects of differences
in specimen size and the effect of boundary artifacts are largely reduced In this respect, the
method developed here is the more complete tool for the determination of the pure mechani
cal properties of trabecular bone architecture, but a rigorous comparison of experimental and
simulation data will be needed to determine if an 'effective' isotropic modulus can give
accurate results for the calculation of the overall mechanical properties of bone
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With the methods developed here and with recent developments of in vivo threedimensional reconstruction techniques (Kinney et al, 1994, Muller et al, 1994), it will
ultimately be possible to estimate the mechanical properties of the trabecular architecture m
vivo, which clearly is impossible with traditional mechanical tests A more immediate
purpose is the application to comparative evaluations of in vitro trabecular properties
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Appendix A
The components of the stiffness tensor in two different orthonormal coordinate systems
El}y¿ in the e, coordinate system and £αβγδ in the e a coordinate system are related by
E,jld- Ri<xRjpRkyRlbEa.ßyS,

(Al)

with Ria the components of an orthogonal transformation that interrelates both coordinate
systems Relative to the e, coordinate system R can be represented by a matrix

R

cosacosx + sinasmßsinx smacosß - cosa sin χ + sin a sin β cos χ
-sinacosx + cosasmßsinx cosa cos β sin a sin χ + cos a sin β cos χ
cos β sin χ
-sinß
cos β cos χ

(A2)

with α, β and χ the angle of rotation about the z-, x- and_y-axes, respectively
An optimization procedure based on a Powells algorithm (Press et al, 1992) is used to
find the rotation angles that minimize the orthotropy objective function of eq (4) The
columns of R then represent the basis for which the orthotropy objective is best met
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FABRIC AND DENSITY ACCURATELY PREDICT THE
ELASTIC PROPERTIES OF TRABECULAR BONE
1
ARCHITECTURE

В Van Rietbergen, A Odgaard2, J Kabel2 and R Huiskes

A b s t r a c t - We hypothesize, that fabric and density can accurately predict the elastic
characteristics of trabecular bone architecture To investigate this hypothesis, a new approach
to the determination of the relationships between material properties and morphology was
used that allows for the elimination of mechanical factors not related to trabecular
architecture (such as tissue material properties) and for an accurate true three-dimensional
determination of fabric and mechanical properties This approach involves the use of highresolution three-dimensional computer reconstructions of cancellous bone specimens as a
basis for fabric measurements on the one hand and for microstructural finite element models
to simulate mechanical tests on the other Four different fabric measures were considered,
among which mean intercept length (MIL) and three volume based ones The fabric tensors
and the compliance matrices thus determined are used as input for a tensonal relationship
derived by Cowin (Mech Mat 4 137-147, 1985)
By correlating the results of the FE analyses and those of the fabric measurements for
29 specimens, 18 constants in the relationships of Cowin were determined for each of the four
fabric measures Using these 18 constants, the nine orthotropic elastic constants of all 29
specimens were accurately predicted from their fabric and density, with correlation
coefficients ranging from R^, =0 9934 to 0 9963 When individual compliance components
were considered (l/£„ l/GtJ or -ν,/£,), correlation coefficients ranged from Я^.= 0 924 to
0 982 In all cases the highest correlation coefficients were found for the volume based fabric
measures
The fact that such high correlations are found confirms the hypothesis that a unique
relationship exists between the morphology of bone, as measured by fabric tensors and
density, and the mechanical properties of its architecture It is suggested here that, with
additional information on the mechanical properties of the trabecular tissue material, such
relationships could eventually be used to predict the mechanical behavior of cancellous bone,
both in vitro and m vivo

1
Submitted to the Journal of Orthopaedic Research (accepted)
"" Biomechanics Laboratory, Orthopaedic Hospital, University of Aarhus, Denmark
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Introduction
The direct assessment of the mechanical properties of cancellous bone from
experiments is subject to large errors As an alternative, it has been proposed to assess the
mechanical properties from relationships between mechanical and morphological parameters
Since morphologic*-' parameters are easier determined than mechanical properties, and since
recently developed imaging techniques offer a potential for m vivo measurements (Kinney et
al, 1994, Muller et al, 1994), such relationships could be of great value to determine
(changes in) the mechanical quality of bone
The precise relationships between mechanical properties and morphological
parameters are, as yet, unclear In most of the early studies, the only parameter used to
quantify trabecular architecture was the apparent density (also referred to as the structural
density) of the bone In these studies it was found that the elastic modulus of cancellous bone
is strongly related to its apparent density by a power relationship (Carter and Hayes, 1977,
Rice et al, 1988, Linde et al, 1989) However, the value found for the exponent in this
relationship was not consistent and unexplained variance remained It was hypothesized that a
part of the variety is caused by anisotropy of the specimens Since the apparent density is a
scalar quantity, which can not account for anisotropy, different relationships between
modulus and volume fraction are bound to be found in different directions To account for the
anisotropy of bone specimens, fabric measures of bone architecture, such as the meanintercept length (MIL) have been introduced (Whitehouse, 1974, Harrigan and Mann, 1984)
Cowin (1985) proposed mathematical relationships between (anisotropic) material properties
on the one hand and fabric and apparent density on the other These relationships involve nine
functions of apparent density, to be determined from experiments More recent studies have
included measures of fabric, usually MIL, to determine the anisotropy of bone architecture
Using the MIL fabric tensor and apparent density to account for the trabecular architecture,
Snyder et al (1989) reported a better first order prediction of the Young's moduli when
accounting for trabecular morphology (R =88%) when compared to using density alone
(R =40%) Turner et al (1990) found that a combination of apparent density and MIL fabric
explained 72-94% of the variance in the elastic constants in cancellous bone Hodgskinson
and Currey (1990) reported that a combination of apparent density, fabric, two-dimensional
profile counts and mineral volume fraction could explain 85% of the variance Goldstein et
al (1993) reported that more than 80% of the variance in the mechanical behavior was
explained by measures of both density and orientation In some other studies however, it was
found that accounting for the morphology only marginally improved the correlations when
compared to accounting for the volume fraction alone, in particular where the Young's and
shear moduli were considered (Snyder and Hayes, 1990, McCubbrey et al, 1992, Goulet et
al, 1994)
We hypothesize, that fabric and density can accurately predict the elastic
characteristics of trabecular bone architecture To investigate this hypothesis, an alternative
approach to the determination of the relationships between material properties and
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morphology was used that allows for the elimination of mechanical factors not related to
trabecular architecture (such as tissue material properties) and an accurate determination of
fabric and mechanical properties This approach involves high-resolution three-dimensional
computer reconstructions of cancellous bone specimens as a basis for fabric measurements on
the one hand (Odgaard et al, 1996) and for finite element simulation of mechanical tests on
the other (Van Rietbergen et al, 1996b)
Four different fabric measures were considered, among which MIL and three volume
based measures MIL is the most commonly used measure, based on the number of bonemarrow intersections measured in a linear grid of parallel lines, as a function of the grid
orientation (Whitehouse, 1974, Harrigan and Mann, 1984, Odgaard et al, 1996) In this way
MIL measures the orientation of the bone-marrow interface which, however, is not
necessarily the most relevant representation of trabecular orientation (Fyhrie et al, 1992,
Odgaard, 1994) To improve the trabecular orientation measurements, volume-based
measures such as Volume Orientation (VO), Star Volume Distribution (SVD) and Star
Length Distribution (SLD) have been introduced, that measure the main trabecular
orientation starting at points within trabeculae With three-dimensional reconstructions of
trabecular bone, such measures can be accurately determined
To verify the hypothesis, three issues were addressed first, determination of the
constants in the relationships between fabric tensors obtained from computer reconstructions
and mechanical properties Second, determination of the predictive value of the relationships
thus obtained for the mechanical properties of bone, and a comparison with results of earlier
studies Third, investigation of volume based fabric measures (Odgaard et al, 1990, Karlsson
and Cruz-Orive, 1993) to see if they can better predict the mechanical properties of bone
architecture than MIL

Methods
The steps needed to determine the constants in the functions relating architecture to
elastic parameters (Cowin, 1985), involve the calculation of the compliance tensor in a
coordinate system aligned with the mechanical principal axes on the one hand, and the
calculation of a fabric tensor and its eigenvalues and principal axes on the other (Fig 1) Each
of the steps in Fig 1 is discussed in detail below
The material involved a total of 29 specimens which were harvested from a smgle
vertebral body of a whale Such a vertebral body measures on the order of 20 cm in diameter,
with trabecular dimensions similar to humans Each specimen originated from one of 8
regions that, from CT-scanning inspection, were considered more-or-less homogeneous
Within each region, three or four cubic specimens were cut such that the sides of one
specimen were aligned with the longitudinal axis, and those of the other specimens were
rotated 45° relative to the longitudinal axes All specimens measured approximately 10 mm in
size at each side
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For
the
three-dimensional
Material
reconstruction the morphology of each
cube was digitized in a serial sectioning
procedure (Odgaard et al., 1994). This
3-D reconstruction
procedure uses an automated microtome
and a digital camera to obtain a set of
Calculation of elastic
calculation of fabric
constants
digitized images of sequential crosseigenvalues
Odgaard et al. (1996)
sections. The magnification of the camera Van Rietbergen et al. (1996b;
FE-modeling
was set such that the pixels were 20
fabric
6 load cases
measurements
microns in size. The slice thickness was
also chosen as 20 microns. After
Overall stiffness
fit to ellipsoid
segmentation of the images, the
matrix
morphology
of
each
cube was
Щ
4|~
numerically reconstructed in a threeprincipal mechanicai
principal fabric axes
axes and properties
dimensional voxel data set. To exclude
and eigenvalues
boundary artifacts, cross sections near the
boundaries with an area fraction less than
75% of the volume fraction were
Correlation of mechanical and fabric
data, Cowin (1985)
removed from the data set. The volume
fraction Vv was then again calculated
from the number of bone voxels over the
functions of apparent density
total number of voxels, and was found to
correlation fabric/mech. properties
range between 0.19 and 0.35. For all
specimens the apparent density ρ was Fig. 1 Overview of the steps involved to
determine the constants in the functions that
calculated from the volume fraction,
relate architecture to elastic parameters.
assuming a maximal tissue density of 1.8
gem", from p=1.8F v .
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The elastic constants of the specimens as a whole were obtained using a direct
mechanics approach in combination with microstructural finite element analyses (Van
Rietbergen et al., 1996b). With the direct mechanics approach, a relationship between tissue
level strains and apparent level strains is calculated and stored in a strain localization matrix.
The apparent stiffness matrix is then calculated from this strain localization matrix and the
tissue stiffness matrix (Suquet, 1985; Hollister and Kikuchi, 1992). Microstructural FE
models, representing the trabecular architecture in detail, were used to calculate the tissue
strains as a function of apparent strains for six uniaxial load cases.
The microstructural geometry of the FE models was obtained from the threedimensional reconstruction data sets, after remeshing these data sets into a courser grid by
grouping 4x4x4 voxels into a new one, such that the number of voxels was reduced to the
order of 105 to 106. The FE models were then generated by directly converting the new bone
voxels to equally sized eight-node brick elements. The tissue material properties were
assumed homogenous, linear elastic and isotropic, with a Young's modulus of іц=5.33 MPa,
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which was based on results of earlier studies (Van Rietbergen et al., 1995b). A special
purpose FE code was used to solve these large FE problems. The solving algorithm
implemented in this code uses an iterative solver in combination with a 'row-by-row' matrixvector multiplication algorithm (Van Rietbergen et al., 1994, 1996a). In the present study, the
number of elements in the FE models varied between 352,679 and 653,533, depending on the
volume fraction. The computations were performed on a Cray C90 supercomputer, and the
average cpu-time per specimen was about two hours.
From the direct mechanics approach the stiffness matrix for the specimen as a whole
was obtained. An optimization procedure (Van Rietbergen et al, 1996b) was then used to
find the best orthotropic elastic symmetries and constants directly from the components of
this stiffness matrix. The compliance matrix in the orthotropic symmetry coordinate system
was calculated from the inverse of the stiffness matrix From the entries of the compliance
matrix, the three principal Young's moduli E, were calculated. After sorting the compliance
matrix such that Ei>E2>E3, the three Young's moduli and shear moduli G, were obtained.
The fabric eigenvalues were calculated from the reconstructions. The fabric of the
bone architecture was measured by four different fabric measures: mean intercept length
(MIL), volume orientation (VO), star volume orientation (SVD) and star length distribution
(SLD), for each of which a second rank fabric tensor can be obtained (Odgaard et al., 1996).
All fabric measurements were performed directly on the three-dimensional voxel data
set For this purpose, a central cubic sampling volume of 7x7x7 mm was defined in each
specimen. MIL measurements were performed in 1000 random orientations. The MIL
calculated in each direction was used as a sample point, the set of 1000 sample points was
then fitted to an ellipsoid, which constants represent the components of the MIL fabric tensor.
For the volume based fabric measures, the measurements were performed at 500 random
points for the VO measure and at 1000 random points for the SVD and SLD measures; all
points were located within trabeculae. In this way a sample of orientations was obtained for
each measure, whereby for the SVD measure this orientation is weighted by its star volume
component. This set of orientations was used to calculate an orientation matrix that represents
the fabric tensor for the MIL, VO, SVD and SLD measures (Odgaard et al., 1996).
Eigenvectors and eigenvalues from the four fabric tensors were calculated for each
specimen Eigenvectors were sorted such that Нх>Нг>ІІъ and normalized such that
Я,+Я2+Я3=1
The correlation of mechanical and fabric data was based on the work of Cowin
(1985) He proposed the mathematical basis to relate the nine independent components of the
compliance matrix (1/£|, ME^, l/£3, -v12/£,, -v 13 /£ h -v23/£2, •^іг. 1/G13> and 1/G23, with E¡
the elastic moduli, G(J the shear moduli and и the Poisson's ratios) to the eigenvalues of
fabric measurements (#,, H2, H-ί), the second invariant II of the eigenvalues
(JI=HlH2+H2HJ+HlH3), and nine functions of apparent density (k\ to kj) that must be
determined from experiments In the present study, a correlation between the components of
the compliance matrix as obtained from the direct mechanics approach, and the eigenvalues
obtained from the fabric measurements was used to determine these functions The

106

Chapter 7

components of the compliance tensor are linear functions of the tissue modulus £| used m the
FE model In order to obtain generally applicable results, the relationship were normalized to
the tissue modulus, so that the functions ^ to k9 obtained do no longer depend on it
- L = L L· + 2 k6 + (A2 + 2¿fc7 )// + 2(*з + 2A8 ) # , + (2* 4 + к5 + 4k9 )#. 2 )
Ey Et V
/
(1)

¿ - = J - ^6 + V + *8 (Hi + H}) + k9 (Я,2 + Я 2 ))
with

ι, j = 1,2,3,

15t j

The factor four in the last equation was introduced because the relations are used to fit the
data to the compliance matrix, rather than to the compliance tensor, as it was done in the
study of Cowin (1985) The correspondence between the components of the compliance
matrix and those of the compliance tensor involve a factor 2 or 4 (Cowin, 1989) The
functions к, were chosen as (Turner el al, 1990)
Κ(ρ)=Κι+Κιΐρ2

(2)

and substituted in eq (1) Solving the set of equations (1) for kt) then gives 18 constants from
which the 9 functions of apparent density (eq 2) can be obtained (appendix A)
To evaluate the results, a goodness of fit criteria as used by Turner et al (1990) was
calculated as
/£и = 1-(1-Л 2 ХЛГ-1)/(#-ЛГ-1)

(3)

with N the number of observations and К the number of variables Unlike in the study of
Turner et al, we considered the joint dependence of all nine orthotropic constants on fabric
For the pooled data with 29 specimens and nine elastic constants per specimen JV=29x9=261
In order to compare the results to those of earlier studies, the goodness of fit for the
individual compliance matrix entries l/£„ 1/G„ and -v,/£, was determined as well, but using
the same set of 18 constants obtained from the joint fit In these three cases N=3x29=87
Similar to the study of Turner et al (1990), we investigated if simpler relationships
can predict the data as well, when using mean intercept length as the fabric measure For this
purpose, four additional cases were investigated in which the number of constants was
reduced In the first additional case the constants associated with the second invariant // were
omitted (leaving ku kj, A4, ks, k6, kt and k9), in the second case terms associated with linear
functions of H, and with II were omitted (leaving kb A4, k5, k6, and * 9 ), in the third case the
terms associated with square functions of H, and with // were omitted (leaving kt, Aj, k6, and
k9), and in the fourth case all terms associated with II or H, were omitted (leaving A, and *6)
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Results
The structural parameters and mechanical properties of the specimens were in a range
typical for trabecular bone in general. The apparent densities and fabric data showed little
variation within each of the eight specimen regions, whereas the variation between regions
was somewhat larger (Table I). The apparent densities ranged from 0.35 to 0.63 gem" . The
Young's moduli calculated from the FE analyses ranged from 224 to 1319 MPa (Table II),
values which are similar to those reported by Turner et al. (1990) for bovine specimens with
similar apparent densities. The Poisson ratios found were in a range from 0.247 to 0.465
(Table II). When plotting the principal Young's moduli and the shear moduli relative to the
apparent density, the anisotropy of the specimens became apparent (Fig. 2).
The Predictive value of MIL for the elastic constants was high. From the joint fit to
eq. (1) with MIL as fabric measure, 18 constants were obtained (Table III). After backsubstitution of these constants in the nine functions of apparent density, the relationship of eq.
(1) was fully determined. Using this relationship, the components of the compliance matrix
were predicted from the apparent density and MIL measurements for all specimens. Excellent
correlations were found between the predicted compliance components and those calculated
from the FE analyses (Fig. 3). For the pooled data set, the correlation coefficient wasÄajj =
0.9934. For the individual compliance entries \/Ev -ν^ΙΕ\ and 1/Gy, the correlation
coefficients were Вщ =0.968, 0.924 and 0.967 respectively (Table IV). A good fit
(A¿j:>0.90) was also found for the reduced relationships that include some MIL measure
(cases I, II and III). For the case with apparent density as the only predictor however (case
IV), the fit was poor (A¿jj =0.33-0.59, Table IV).
The predictive values of volume based fabric measures for the elastic constants were
even better than for MIL. Using the same fitting procedure, the 18 constants were calculated
for the VO, the SVD and the SLD fabric eigenvalues as well. After back-substituting these
constants in eq. (1), correlations between the elastic constants obtained from the FE analyses
and those predicted using these volume based fabric measures, were found to be slightly
higher than for MIL, with the highest correlations found for the SVD and SLD measures
(Table V).

108

Chapter 7

Table I Results for apparent density ρ andfor four fabric measures mean intercept length (MIL),
volume orientation (VO), star volume distribution (SVD) and star length distribution (SLD)
MIL

specimen
Group

1

H,

VO
11

SVD

я,

SLD

я, нг

в, и

Η

ρ

1

0 363

0 387 0 319 0 295 0 331

0 492 0 274 0 234 0 314 0 506 0 264 0 230 0 311

2

0411

0 353 0 337 0 310 0 333

0 497 0 286 0 217 0 312 0 510 0 266 0 224 0 309
0 385 0 321 0 294 0 331

3

0 373

0390 0313 0297 0331

0 525 0 271 0 205 0 305 О 554 0 256 0 190 0 296
0396 0315 0289 0330

4

0 384

0 394 0 321 0 285 0 330

0 549 0 252 0 199 0 298 0 603 0 207 0 191 0 279
0 409 0 304 0 286 0 329

1

0 627

0 401 0 302 0 297 0 330

0825 0093 0082 0 152

2

0 362

0 454 0 276 0 270 0 322 0 810 О П О 0 081 0 163 О 845 0 088 0 067 0 137 0 486 0 269 0 244 0 316

3

0 545

0 461 0 276 0 263 0 321

Я,

H2

Ну

II

H¡

н2

и

0 391 0 316 0 293 0 331

0 846 0 079 0 075 0 137 0483 0261 0256 0317

О 786 0 128 0 087 0 179 0 819 О Н О 0 072 0 156

0 490 0 277 0 233 0 314

1

0 588

0 398 0 309 0 292 0 330 0 742 0 143 0 115 0 208 0 786 0 121 0 093 0 179 0 470 0 284 0 246 0 319

2

0 502

0 433 0 298 0 269 0 326

0 772 0 120 0 108 0 189 0 788 0 112 0 100 0 178 0 437 0 276 0 267 0 322

3

0 585

0 439 0 285 0 276 0 325

0753 0 130 0 118 0201

О 808 0 113 0 079 0 164

0 463 0 294 0 243 0 320
0 473 0 276 0 251 0 319

1

0 550

0 397 0 311 0 291 0 330 0 773 0 122 0 105 0 188 0 818 0 094 0 087 0 157

2

0 479

0 459 0 280 0 262 0 321

3

0 493

0 453 0 275 0 272 0 323 0 825 0 093 0 082 0 152 О 845 0 088 0 067 0 137 0 503 0 265 0 232 0 312

0 810 0 104 0 085 0 163 0 851 0 087 0 062 0 132 0 489 0 273 0 239 0 315

1

0 476

0 427 0 296 0 276 0 327

0 758 0 122 0 120 0 198 0 820 0 095 0 085 0 155 0 471 0 276 0 253 0 319

2

0 537

0 388 0 315 0 296 0 331

0 752 0 135 0 113 0 202 0 793 0 114 0 092 0 174 0 458 0 281 0 260 0 321

3

0511

0 436 0 296 0 268 0 325

0779 0 115 0 106 0 184

4

0 537

0 440 0 288 0 272 0 325 0816 0 119 0065 0 158

О 829 0 096 0 075 0 149 0471 0276 0254 0319
О 838 0 097 0 065 0 142 0 487 0 286 0 228 0 315

1

0 581

0 442 0 290 0 269 0 324 0 779 0 145 0 076 0 183 0 836 0 101 О 062 0 143

0 496 0 275 0 229 0 313

2

0 560

0 454 0 299 0 246 0 322 О 828 0 103 0 069 0 149 0 855 0 087 О 058 0 129

0 504 0 267 0 229 0 311

3

0 528

0 395 0 332 0 272 0 330 0 760 0 151 0 089 0 196 О 804 0 129 О 067 0 166

0 485 0 300 0 215 0 314

0 541

0 451 0 289 0 260 0 323 0 809 0 119 0 073 0 163 0 839 0 111 0 049 0 140

0 500 0 291 0 209 0 311

4

8

H2

Я,

1

0 603

0 422 0 309 0 269 0 327 0 803 0 116 0 081 0 168 О 807 0 127 О 066 0 164

0 489 0 281 0 230 0 315

2

0611

0 459 0 277 0 264 0 321

0 831 0 097 0 072 0 148 0 850 0 091 О 057 0 133

0 508 0 257 0 235 0 310

3

0 576

0 389 0 313 0 298 0 331 О 748 0 144 0 108 0 204 О 729 0 162 О 109 0 215

0 462 0 284 0 255 0 321

4

0 485

0 467 0 275 0 258 0 320 0 815 0 100 0 086 0 160 0 820 0 106 0 073 0 155

0 485 0 267 0 248 0 316

1 0 347

0 391 0 312 0 297 0 331

0 502 0 260 0238 0312

0 516 0 249 0 235 0 308

0 396 0 307 0 296 0 330

2 0 402

0 359 0 322 0 319 0 333

0518 0 255 0 227 0 308

0 543 0 232 0 225 0 300

0 402 0 301 0 297 0 330

3 0 392

0 388 0 325 0 288 0331

0 533 0 242 0 225 0 303

0 538 0 242 0 220 0 302

0 398 0 309 0 293 0 330

4

0 393 0319 0 288 0 330

0 565 0 232 0 203 0 293

0 584 0 230 0 186 0 286

0 412 0301 0 287 0 329

0 375
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Table II Young's moduli (EJ, Poisson 's ratios (v,j) and shear moduli
(G,j) obtained from the FL· analyses
Specimen
Group

1

#

£i

Vl3

v23

Gl2

G»

G2,

1
2
3
4

4110

283 6 263 1 0 303 0 341

0 316

98 0

1412

139 0

5212

366 7 309 9 0 283

£*

Еэ

V|2

0 332 0 351

125 0 163 3 178 1

430 5 300 7 256 2 0 282 0 374 0 335

102 2 144 2 148 2

488 2 295 9 266 1 0 315 0 339 0 344

1017

149 7

157 1

2

1 1297 8 664 5 614 8 0 265 0 281 0 401 229 7 344 4 358 8
2 1139 3 546 6 496 3 0 271 0 292 0 403 175 3 2914 304 3
3 1083 9 544 0 459 4 0 259 0 300 0 428 174 4 275 0 299 0

3

1 1166 6 626 4 554 9 0 257 0 280 0 412 212 5 302 7 326 6
2 828 8 409 4 398 2 0 247 0 251 0 388 138 0 2142 232 3
3 1148 8 6004 5310 0 258 0 291 0 409 208 3 299 8 3194

4

1 10814 5190 478 1 0 268 0 284 0 420 180 3 274 1 288 7
2 918 3 380 3 330 6 0 279 0 296 0 455 129 0 212 5 236 2
3 936 1 417 7 382 7 0 261 0 293 0 424 133 7 2319 239 7

5

6

7

8

0 406

1197 206 0 216 7

1019 2 507 1 448 2 0 257 0 280 0 438

172 6 253 9 278 0

1
2
3
4

878 2 377 0 349 3 0 282 0 275

1
2
3
4

1178 2 5812

1
2
3
4

1280 6 633 1 444 8 0 280 0 357 0 436

193 3 294 8 375 4

1319 9 606 2 497 6 0 293 0 321

0 426

204 5 332 9 370 7

0 366 0 387

184 9 303 3 342 5

1
2
3
4

0 267 0 279 0 413

144 2 212 8 250 1

1037 4 513 7 427 4 0 253 0 298 0 432

165 6 247 1 2810

927 4 454 0

3810

426 6 0 268 0 328 0 403

167 0 272 4 3319

1149 3 596 2 386 4 0 276 0 347 0 456

164 9 265 2 339 4

372 6 0 275 0 380 0 432

155 9 255 8 320 9

1093 6 5519

11164 559 8 373 7 0 275 0 384 0 425 162 3 258 0 332 7

1240 1 556 1 458 7 0 281

997 0 366 7 308 0 0 324 0 352 0 427

236 4 262 5

85 7

129 1

4012

258 6 223 8 0 301

463 8

310 8 298 3 0 288 0 298 0 345

118 1 152 1 160 6

296 1 0 320 0 321

107 5 150 9 165 1

475 8 3104

0 354 0 333

1317

0312

461 1 276 2 256 4 0 303 0 347 0 347

99 3

1317

144 7 147 4
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F/g. 2 The three elastic moduli (a) and shear moduli (b) of the specimens as a function of
apparent density. Note that many specimens display a near transversely isotropic behavior,
with one high-level modulus and two low-level moduli.
Table III Constants in eq. (2) obtainedfrom the joint fit
to eq. (1) using mean intercept length as fabric
measure
full
Constant s relation
#11

kn
«21
«22
«3!
*32
«41
«42

ft»
#52
*61
«62
kji

kn
#81

ki2

hx
«92

57.63
-21.51
-415.17
124.38
234.86
-65.58
-257.11
77.59
-175.25
54.39
-106.81
32.86
613.59
-144.16
-275.13
53.05
393.29
-85.39

reduced relations
I

II

III

IV

6.70
-4.51

0.23
-2.67

0.32
-4.73

-0.63
-0.53

-19.19
5.33
77.69 56.82
-16.67 -10.75
-110.94 -125.26
37.94 41.31
2.90
0.97
6.79
3.41

-1.43
6.30

-5.22
-9.87
8.24
4.84

0.72
5.63

1.28
-6.54
4.27
-9.73

1.57
1.27

Fabric and density accurately predict the elastic properties of trabecular architecture 111
1/Gi fromFE-modei

-vJE. fromFE-model

l/£¡ fromFE-modei
5E-J
A2»*.««
4E-3

5E-4

4 *

Я 2 =0.924

t

.

»·

ОЕ-4

3E-3

15K-3

lOE-3

2E-3

«У
1E-3

^

jjfci"

.l/B,

.-»u/El

O lE-3 2Е-3 ЗЕ-3 4Е-3 5Е-3
\ІЕ{ predicted from morphology

*
магі

.l/G«
,Ш,2

/

0

0

ф

5E-3

5Е-4

,1/Я,

^=0.967

0
0
5E-4
10E-4
15E-4
-ν,/Α", predicted from morhology

a

О
5Е-Э
10E-3
I5E-3
1/Gi predicted from morphology

b

С

Fig.3 Compliance components predictedfromfabric and density versus those calculated from
the FE models. Results for the I/E¡ components are given in Fig. 3a, those for the -\t/E¡
components in Fig. 3b and those for the 1/G¡j components in Fig 3c.

Table IV Correlations between compliance components
predicted from mean intercept length (MIL) and apparent
density and those obtainedfromthe FE analyses for the full
relationship ofeq. (1) andfor reduced relationships
N=87

i/E,
-Vi/Êi

l/Gij

^adj

MIL, full
relation

I

0.968
0.924
0.967

0.957
0.904
0.963

MIL, reduced relations
II
III
IV
0.937
0.912
0.952

0.948
0.908
0.963

0.492
0.327
0.588

Table V Correlations between compliance
components obtained from the FE analyses and
those predicted from mean intercept length
(MIL), volume orientation (VO), star volume
distribution (SVD) and star length distribution
(SLD) and apparent density.
Ä

Ν
Pooled 261
l/E,
87
87
-v¡j/£¡
ι/σι« 87

MIL
0.9934
0.968
0.924
0.967

VO
0.9960
0.973
0.959
0.981

adj

SVD
0.9961
0.974
0.958
0.982

SLD
0.9963
0.980
0.957
0.982
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Discussion
Using three-dimensional voxel data sets of cancellous bone specimens for the
construction of microstructural FE models and for fabric measurements, the mechanical
properties and the fabric of the trabecular architecture were established By correlating the
results of the FE models and those of fabric measurements, it was possible to determine 18
constants in the functions of apparent density that appear in the relationships formulated by
Cowin (1985) The correlation involved the joint dependence of all nine orthotropic constants
on fabric Hence, the results allow for the prediction of all components of the compliance
matrix for any specimen in the data set from its fabric and apparent density, using one set of
18 constants
Excellent correlations ( R^, >0 92) between the mechanical properties of trabecular
architecture on the one hand and MIL and apparent density on the other were obtained Very
good correlations were also found when using reduced relationships in combination with MIL
fabric measurements, as long as some MIL measure was included in this relationship In
agreement with results of Turner et al (1990), it was found that the reduced relationships can
not fit the data better than the full relationship It is well possible that the good fit with
reduced relationships is due to the fact that many specimens investigated display a near
transversely isotropic behavior, resulting in interdependences between elastic constants With
such interdependences, less than nine functions of apparent density would be needed m the
relationships of Cowin (1985), hence, reduced relationships can give similar results as the full
relationship It is expected however, that for truly orthotropic material the reduced
relationships would not work well
Using volume based fabric measures resulted in even better predictions of mechanical
properties ( R^ >0 95) It was thus concluded that, for the data set investigated, all fabric
measures investigated provide an excellent representation of the mechanical aspects of the
materials fabric However, since MIL fails to characterize fabric anisotropy in certain cases
(Fyhne et al, 1992, Odgaard, 1994), it is likely that for a more diverse data set the volume
based measures will give significantly more accurate results than MIL
The relationships developed by Cowin are based on the notion that the matrix material
is linear elastic and isotropic, hence, that the apparent mechanical anisotropy is due only to
the architecture of the microstructure, as represented by its fabric With the approach used in
the present study, these conditions are well met In the FE models linear elastic, homogenous
and isotropic tissue material properties were used, whereas the apparent mechanical
properties, obtained from the direct mechanics approach, as well as the three-dimensional
fabric, represent the anisotropy of the specimen as a whole With traditional fabric and
mechanical measurements for cubic bone specimens, these conditions can not be fully met,
and thus the results of such experiments are less suitable as a basis for quantifying the
relationships developed by Cowin, for three reasons First, in these experiments, a bone
sample must be sectioned out of its environment, thereby cutting trabeculae near the
specimen boundaries Because of such boundary artifacts, only the center of the specimen
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represents the intact material. Since in many studies both structural parameters, such as the
MIL fabric tensor determined from the six faces of a specimen (Hodgskinson and Currey,
1990; Snyder et al., 1989; Turner et al., 1990), and the mechanical properties, as measured in
compression test experiments or from ultrasound measurements, are determined by
measurements from the specimens surfaces, errors will inevitably be introduced. A number of
authors have addressed the errors in compression test experiments (Linde and Hvid, 1989;
Odgaard and Linde, 1991; Keaveny et al., 1993; Zhu et al., 1994). They found errors in the
stiffness determination of up to 75% (Keaveny et al., 1993), depending on specimen size,
shape, storage conditions and the test protocol used. Second, the compression test experiment
can only be used to determine the longitudinal stiffness of the specimens. Shear experiments,
necessary to establish the shear moduli, are hard to perform in an experimental setting and the
measurement of transversal displacement for the calculation of the Poisson's ratios is difficult
and inaccurate. In some studies this problem was circumvented by measuring the longitudinal
properties in two different coordinate axes, one of which was rotated 45° relative to the other
(Snyder and Hayes, 1990). This solution, however, requires a new specimen to be cut from
the 45° rotated original specimen, resulting in a much smaller specimens and a relatively
larger effect of boundary artifacts. Third, even if all experimental artifacts can be excluded, it
is possible that there are differences in the material properties of the tissue material between
specimens, due to differences in species, location or storage methods. Clearly, variance due to
differences in tissue material can not be explained by architectural parameters. In conclusion,
when using the experimental approach, good correlations can be expected only for the
relationships between structural parameters and longitudinal stiffness, and only when using
similar specimens and a similar test protocol.
The purpose of the present study was to find the pure mechanical properties of the
trabecular architecture. For this reason, all specimens were assigned the same tissue material
properties in the FE models and the same maximum tissue density in the functions of
apparent density. In this way the effect of differences in tissue material properties between
specimens is fully eliminated, leaving the trabecular architecture as the only determinant in
the relationships. For the prediction of the in vivo material properties of bone however,
additional information on the tissue material properties is essential. Although in recent studies
it was found that the tissue material Young's modulus varies only in a limited range of 5.714.8 GPa (Choi and Goldstein, 1992; Rho et al., 1993), there is little information, so far, on
the actual material behavior of the tissue material. In the present study this problem was
circumvented by using an 'effective isotropic tissue modulus' that gives the best fit between
experimental and FE results. For the determination of this modulus, compression test
experiments are needed, in combination with FE simulation studies (Van Rietbergen et al.,
1995a, 1995b).
A limitation to the generality of the present results is in the use of the rather
homogenous set of bone specimens, all sectioned from a single whale vertebral body. The
apparent densities of the specimens was in a somewhat limited range of 0.35 to 0.63 gem' . It
should be noted that the results of the fit are only valid within this range. Nevertheless, the
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Young's moduli varied from 224 to 1319 MPa and the anisotropy ratio of the specimens
(E\IE^) ranged from 1 55 to 3 24 Hence, the data set includes specimens with a reasonable
variation of moduli and anisotropy Due to the relative homogeneity of the data set, it can not
be concluded from the present results that a general relationship exists between fabric and
mechanical properties of trabecular architecture However, the fact that such a good
relationship is found for this type of trabecular bone does confirm the hypothesis that such a
general relationship may exists Clearly, if bad correlations were found in the present study,
the idea of finding a general relationship for trabecular bone should have been abandoned
With the excellent correlations found here, versus the vagaries of compression tests, one
wonders whether the pure mechanical properties of the trabecular architecture can be better
predicted from

fabric

and apparent density

measurements than

from

compression

experiments As stated, the data set used in the present study is too small and too homogenous
to answer this question definitely However, if similar good results will be found for a larger
and more diverse data set, this hypothesis should be considered, clearly such a finding will be
of great value for the determination of cancellous bone quality, both m vitro and m vivo
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Appendix A
Substituting the functions kl(p)=k,1+k,2/p in eq (1) gives
T
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i,j= 1,2,3,

i*j

For a single specimen, this relationship can be written in the form
cMVfk
with cn a vector holding the 9 components of the compliance matrix for specimen n, matrix
M" holding the functions of the fabric components and apparent density as given in eq (Al),
and к a vector holding the 18 constants kn
A92 For N specimens, the relationship can be
written in the form

Гс1]
с

M1

2

с^

У.

M'
=

M3

M1

Г*1і]
*12
*2i

or, с = Mk

(A3)

L*92.

Equation (A3) was then solved for к using singular value decomposition to obtain the
pseudo-inverse M+ of M
k=M+c

(A4)
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A THREE DIMENSIONAL MODEL FOR OSTEOCYTEREGULATED REMODELING SIMULATION AT THE
1
TISSUE LEVEL

В van Rietbergen, M G Mullender and R Huiskes

Abstract - Several hypothetical bone remodeling models have been developed to explain
trabecular bone adaptation as observed in the skeleton So far, these simulation models have
been successfully used to explain the global density distribution in whole bones but were
unable to simulate trabecular adaptation process at the tissue level
In the present study, a three dimensional bone remodeling model is introduced to
simulate bone remodeling at the tissue level The model is based on an osteocyte regulated
bone remodeling hypothesis The trabecular architecture is represented by large FE models
build of identical elements to allow the application of fast solving methods
It was found that the model can explain the generation of typical three-dimensional
architectures during morphogenesis as a result of loading In addition, the model can explain
structural changes that take place due to bone disuse

Introduction
It has generally been accepted that the trabecular architecture in bone is the result of a
dynamic remodeling process in response to mechanical loading However, how the processes
involved in bone remodeling are regulated is not known Biological observations have
suggested that the remodeling process can be schematized by a local control process in which
sensor cells in the bone matrix measure a mechanical signal and mediate actor cells to add or
remove bone in their vicinity (Enksen and Kassem, 1992, Parfit, 1992, Rodan et al, 1975,
Frost, 1992) Based on these observations a number of hypothetical remodeling models have
been developed to describe the process in mathematical form (Carter et al, 1987, Beaupré et
al, 1990a, Huiskes et al, 1987) Using FE models of whole bones to calculate the
mechanical stimulus as a function of bone density, it has been shown that many of these
models can explain the density distribution and adaptation in bones as a result of the loading
of the bone (Carter et al, 1987, Huiskes et al, 1987, Weinans et al, 1993, Van Rietbergen et
al, 1993a, Beaupré et al, 1990b)
Although these models have proved to be successful in predicting bone density,
several shortcomings have been recognized One of the major shortcomings of these models
is the fact that they simulate the effect of the remodeling process in a homogenized piece of

Reprinted from Computer methods m biomechanics & biomedical engineering (Ed by Middleton, J , Jones,
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bone rather than the physiological trabecular process itself Consequently, these models can
not distinguish between different bone remodeling models with the same net bone remodeling
effect Another important shortcoming of these models is that the mechanical behavior of
bone is described by its density only, thus not accounting for the trabecular architecture
Recently, models have been developed to overcome these shortcomings by simulating
the bone remodeling process at the level where it actually takes place, ι e the tissue level
(Weinans et al, 1992, Jacobs and Beaupré, 1992, Muilender et al, 1993, Muilender et al,
1994) In these models the bone tissue is represented by finite element models, thus taking
into account the trabecular architecture and allowing a physiological interpretation of
parameters involved in the remodeling process The large number of elements that is needed
to model even a small region of bone in such detail inhibits, as yet, the application of these
remodeling analyses to whole bones It has been shown, however, that these simulation
models can produce realistic trabecular architectures m small pieces of bone The validation
of these results, however, is hampered by the fact that only two-dimensional models have
been used, whereas the trabecular architecture is essentially a three-dimensional one So far,
the large computational needs for the iterative solution of FE models has inhibited the
application of three-dimensional models for the simulation of bone remodeling at the tissue
level, even for the small volumes considered However, with increasing computer capacity
and the recent development of fast solving techniques for large scale FE models (Van
Rietbergen et al, 1993b, 1995), it is now possible to drastically reduce the computer time
required, thus brmging three-dimensional analyses within reach
The purpose of the present study was to develop such a three dimensional model that
makes use of these newly developed solving techniques and to simulate a hypothetical
osteocytes regulated bone modeling and remodeling process For this purpose, it is first
studied if the model can explain the typical bone architecture found throughout the body as a
result of bone formation under specific loading conditions Second, it is studied if the model
can explain bone resorption patterns due to bone disuse

Methods
Mathematical formulation of the osteocyte regulated remodeling hypothesis
The remodeling hypothesis (Cowin et αϊ, 1991, Mullender et al, 1993, Muilender et
al, 1994) assumes that osteocytes, forming a network in the mineralized bone tissue measure
a mechanical signal S, which is assumed to be the strain energy density (dimensions Jmm" )
It is further assumed that the osteocytes stimulate Basic Multicellular Units (BMU's) of
osteoclasts and osteoblasts (Enksen and Kassem, 1992, Frost, 1992, Jee and Frost, 1992, Shih
et al, 1993) to model or remodel bone, dependent on the difference between the signal
measured by the osteocyte (S) and a reference value к The influence of this stimulus is
assumed to decrease exponentially with the distance from the osteocyte, according to a spatial
influence function
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ƒ,(*) = e ' i W ,

0)

where/ is the influence of osteocyte ; on the BMU at location x, d,(x) is the distance between
osteocyte ; and location x, and D (mm) represents the distance from an osteocyte at which
location its effect has reduced to e , ι e 36 8 percent
The local stimulus received by a BMU at location χ at time / is the sum of the stimuli
received from all osteocytes
A'ost

Пи) = Z/.OOCS.-*),

(2)

1=1

with Nosl the number of osteocytes The relative mineralization w(x,/) is regulated by the
stimulus F(x,t) according to
án

^!l

= xF(x, t\

with 0 < m(x, 0 < 1,

(3)

where τ (MPa' s" ) is a time constant regulating the rate of the process The elastic properties
of the bone tissue £(x,/) were calculated from its relative mineralization w(x,/), using a cubic
power law
E(x,t) = Cm(x,ty,

(4)

where С (MPa) and γ are constants
Numerical formulation and considerations
Simulation of the bone remodeling process involves solving the initial value problem
described by eq (3) Due to the complexity of the calculation of the local stimulus F(x,f),
explicit solving of this problem is not possible Instead, a numerical integration technique
(forward Euler) is used For this eq (3) is rewritten to
- ^ - t f f c O ,

(5)

where Am represents the change in bone mass during a small but finite time step Δ/ Equation
(5) is then solved recursively at incremental time intervals At each increment the local
stimulus F(x,t) must be determined, requiring the calculation of the mechanical signal St at
the osteocyte locations For this, the domain is represented by a finite element model in which
each element represents an equal volume of bone tissue with material properties calculated
from the relative mineralization (eq 4) Solving the FE problem gives the mechanical signal
at each location in the bone as a function of bone architecture and relative mineralization By
making assumptions about the distribution of the osteocytes throughout the domain, the
location of each osteocyte is known, and the stimulus can be calculated
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The choice of the time step At determines the accuracy and the stability of the
numerical solution. Choosing a small time step requires frequent evaluation of eq. (2), which
is computational expensive, as each evaluation requires the solving of the FE problem. On the
other hand, a large time step can give inaccurate and oscillating results (Strang, 1986;
Zienkiewicz, 1977) (Fig. 1). To avoid such problems, a time step is calculated in each
increment, based on the maximal stimulus at any location F m a x and a prescribed maximal
allowable change in density (A/»)max:
Δ/ = (¿"Or

(6)

With this approach, a density change of (Ат)тш is enforced at one particular location in the
model at every increment, resulting in small time steps at the start (i.e. just after a load
change), and larger time steps later.
large time step

Exact

(Щ

(AOj
time

IFig. 1 Choosing a small time step for the numerical integration is computational expensive, a
large time step however can result in inaccuracies. These problems can be avoided by
choosing a variable time step based on the resulting density changes.
Implementation of identical-element FE
dimensional FE problems

models to solve large-scale three-

For the FE formulation the domain is subdivided in equally sized subdomains which,
in analogy with three-dimensional reconstruction terminology, will be called voxels. The
material properties in each voxel are described by its average relative mineralization /w(x,f)
and are assumed homogenous in each voxel. Material properties are assigned only to the
voxels that represent the bone tissue material; voxels representing the interstitial space are
assigned a zero value. Note that m(x,t) thus represents both the architecture and the material
properties of the bone tissue. The number of voxels determines the resolution of the model.
Due to the three-dimensionality and the small scale of the details, a large number of voxels is
required (order 105), to model a volume of bone of the same size and refinement as used in
earlier two-dimensional studies. A FE model is then created by converting the voxels that
represent bone tissue to elements in a FE model, using a special preprocessor routine. The
preprocessing consists of three stages. First it is checked if the bone voxels are connected to
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the main structure via at least one face-to-face connection with a neighboring element Only
those voxels are converted to elements, the others are removed to avoid singularities and
numerical inaccuracies during the solving of the FE problem Second, node numbers are
assigned to the comers of the bone voxels and the element connectivities are calculated
Third, boundary conditions are applied at element faces that represent the boundaries of the
domain
The large number of elements m the resulting FE model (order 10 -10 ) inhibits the
application of standard FE codes for solving, due to computer time and space limitations
Instead, a special-purpose solving algorithm is used that can exploit the fact that all elements
in the FE model have the same size, geometry and orientation This algorithm uses an
iterative solver (preconditioned conjugate gradient), in combination with an element-byelement matrix vector multiplication scheme (Hughes et al, 1983, Van Rietbergen et al,
1993b, 1995) For the FE problems considered, this matrix-vector method is very efficient
As the Young's modulus is the only variable describing the material properties, only one
element stiffness matrix has to be stored with a unit Young's modulus The stiffness matrix
for each element can then be calculated by multiplying this unit-stiffness matrix with the
actual Young's modulus
After solving the FE problem, the strain energy density is calculated for each element
from the element nodal displacements and forces For those elements that are assumed to hold
an osteocyte (not necessarily all elements), the calculated element strain energy density
represents the mechanical signal S„ from which the stimulus in the environment is calculated
according to eq (2)

Implementation of the osteocyte regulated remodeling algorithm
To calculate the relative mineralization for the next time step, the local stimulus F(\,i), must
be calculated for each voxel For this purpose, the stimuli generated by the osteocytes must be
weighted by the spatial influence function (eq 1) With 7VV0X voxels and Nosi osteocytes in the
model, this requires the evaluation of eq (1) NV0XxN0S{ times, with Nvox and Nost on the order
of 10 -10 As each evaluation involves the calculation of distance d (ι e calculating a square
root), and the calculation of the exponential function, the stimulus calculation is
computationally expensive To reduce the calculation time, all possible values of the spatial
influence function are calculated beforehand at discrete intervals, corresponding to the
element centers The calculated values are stored as 'weightfactors' in a three-dimensional
array The number of calculations is further reduced by calculating only the contributions of
osteocytes in the neighborhood of a voxel The dimension of this region is determined by the
distance at which the weightfactors has dropped below 0 1 at any location in that voxel
(Fig 2)
After calculating the stimulus, the new relative mineralization (eq 5) is calculated and
stored for each voxel The sequence of calculations involved in the remodeling simulation is
summarized in Fig 3
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Fig. 2. Values for the spatial influence function (eq. 1) were calculated at discreet intervals
corresponding with the element centers. The values are stored in a three-dimensional array as
schematically indicated in the figure
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3Fig. 3 Schematic overview of the remodeling simulation model.
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configurations was reduced by 40% and the simulation were continued for another 50
increments.
The geometry of the resulting architecture is visualized by showing only the elements that are
mineralized beyond a threshold value of 0.1.
bending

compression

shear+compression

Fig. 5 The three loading cases, σ represents the local stress which is applied to the
FE model.

Results
The average incremental computer time needed for the simulations varied between
approximately 75 and 160 seconds using one processor of a Cray C98 computer. The
preprocessing routine accounts for 0.9 percent, the solving routine for 81 percent and the
remodeling routine for 17 percent of the computertime.
For the model with a distributed ramp load, the initial lattice structure is transformed
to a strut-like structure (Fig. 6a), with struts oriented in the overall load direction. No
transversal struts were found. The trabecular thickness is increased towards the increasing
load direction, ranging from 125 to 325 microns. For the model loaded with an axial
compressive force, a closed void structure is generated (Fig. 6b), with an average width of
360 microns. For the model with the combined compressive-shear loading a plate-like
architecture is found with an average plate thickness of 100 microns (Fig. 6c). In all cases the
trabecular width is increased towards the loaded faces, forming thin end plates of dense bone
at the these faces.
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explain the generation of some typical three-dimensional structures, such as plate-like
architectures, that can not be found in two-dimensional analyses
Using this model it was shown that the osteocyte regulated bone adaptation model can
explain the generation of typical three-dimensional trabecular architectures as a result of
loading For normal compressive loading, a strut-like architecture is found, with trabeculae
oriented in the global load direction The fact that no transversal struts were formed can be
explained by the absence of transversal loads The trabecular width in the generated models
depends on the magnitude of the load, as demonstrated by the model with a ramp load
applied Under high loadmg, trabeculae tend to grow together, thus forming closed structures
Both the open and the closed structures are found in vertebral bodies or in the tibial plateau,
where the main load is in uniaxial direction The dense loaded surfaces found in these
simulations then represent a subchondral bone layer
For the combined compressive-shear loading a plate-like architecture was found Such
plate-like trabecular architectures are found for example in the acetabulum, where shear is the
main loading type due to bending of the sandwich construction of the acetabulum (Dalstra et
al, 1993) The dense end plates could then correspond to the thin cortical bone layer of the
acetabulum
Using the same model for the simulation of bone resorption after bone disuse, some
typical resorption patterns were found In all cases thinning of trabeculae was found, which is
indeed a wellknown phenomena in trabecular bone, related to aging and bone disuse (Lips et
al, 1978, Parfit, 1992, Kragstrup et al, 1983) In addition to the thinning of trabeculae,
structural changes were found For the model with uniaxial compressive loading, the closed
void structure was changed to an open columnar structure, and for the compressive-shear
loading model, the plates were perforated and transformed to trabeculae
It was concluded that the present model provides a promising and well-performing
method to explain many of the load-dependent characteristics of the trabecular architecture
Even for the relative simple (uniaxial) loading cases used in the present study, typical but
nontrivial results are found It is expected that more realistic three-dimensional loadcases can
explain the function and adaptation of complex trabecular structures as seen in real bones
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DISCUSSION

Over the last decade, the study of bone morphology has evolved into a complete new
field of research, with its own bone morphology meetings Devoting a whole research field to
the study of trabecular architecture is justified by the fact that exactly this architecture is more
and more credited as one of the most important factor in the complex mechanical and
biological behavior of bone In particular the assessment of bone mechanical competence and
efficacy from its architecture has been recognized as a key factor for both fundamental and
applied research of trabecular bone, as well as for the clinical evaluation of bone quality
As discussed in a number of chapters of this thesis, the direct measurement of
mechanical properties of trabecular bone is not easy, and even impossible in vivo, for which
reason the use of finite element computer models of trabecular architectures has been
proposed So far, however, this finite element approach has been hampered by the fact that it
needs an accurate quantification of trabecular architecture and advanced numerical methods
for solving finite element models that can represent this architecture in the detail required It
is only with the recent introduction of three-dimensional computer reconstructions of
trabecular bone that the complex three-dimensional structure of bone can be accurately
quantified, and it is first with the numerical methods and computer capacity used in the
studies presented in this thesis that it is possible to mechanically analyze such structures for a
reasonably large region of bone
This accomplishment can have important implications for a number of related research
fields For example, with the methods discussed here it will be possible to define the
mechanical 'efficacy' of trabecular architectures, ι e how well is a certain architecture
adapted to its demands, information that can be of great importance for research m the field
of anthropology and evolution biology
The implications for the study of bone mechanical quality has only been touched upon
in this thesis As indicated in the introduction of this thesis, it is expected that eventually
these methods can be used to predict bone fracture risk, such that preventive measures can be
taken in time when needed A more immediate purpose is the use of these methods to bridge
the gap between morphological and mechanical parameters As demonstrated in this thesis,
the possibilities to define both global mechanical parameters and average morphological
parameters of bone from computer reconstructions, allows for the determination of
relationships between both parameters Such relationships can be of great importance for the
practical assessment of mechanical quality of bone from CT-, MRI- or even plain
radiographic images In this way it will be possible to translate morphological parameters to
mechanical parameters, which adds to the importance of the former
Also indicated in the introduction was the importance of these models for biological
studies, in particular for bone remodeling studies It has been demonstrated in this thesis that
a simple remodeling rule that relates local trabecular loading to bone resorption or formation
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can explain the differentiation of trabecular bone to specific architectures It is important to
realize however, that these remodeling models are still phenomenological ones in which the
adding or removal of bone tissue is based on an assumed net effect of cellular activity To
further unravel the mechanisms involved with bone remodeling, it will be necessary to dive
one level deeper, to study the individual bone cells that regulate the process In this light,
modeling trabecular bone as a structure rather than as a continuum material is only a first step
towards a better understanding of the mechanical effects on the metabolism of bone A
necessary following step will be to abandon the continuum assumption for the trabecular
tissue material as well, thus to include bone cells Nevertheless, as demonstrated in this thesis
(chapter 2 and 8) the remodeling simulation studies give interesting and useful results at
courser resolution levels as well
The most important concept used throughout this thesis is the concept of trabecular
bone as a structure rather than as a continuum material With the latter concept some classical
assumptions made for the mechanical evaluation of materials are no longer met In particular
the assumption that mechanical properties as measured from a small but representative piece
of bone are the same as those of the larger region it is obtained from is incorrect This is
because, when excised from its surrounding, trabeculae near the specimens boundary that are
connected m situ become disconnected, and thus a relatively weak boundary region is created,
even when the cutting itself would introduce no artifacts The inadequacy of the continuum
assumption for trabecular bone has been recognized in experimental studies where it was
found that boundary artifacts can indeed seriously affect the results of test experiments on
excised bone specimens (Keaveny et al, 1993, Odgaard and Linde, 1991) The only
meaningful determination of bone m situ elastic properties thus would be by applying m situ
boundary conditions to excised specimens In an experimental set-up, this can not be
accomplished, although recently new experimental tests have been developed that can reduce
the effects of this artifact (Keaveny et al, 1994) These experiments, however, require a large
volume of bone to be excised, whereas more than one specimen is needed to obtain a full
mechanical evaluation of the material With computer models of trabecular bone specimens,
all elastic properties of trabecular architecture can be obtained from one specimen, whereas
the effect of boundary artifacts can be largely reduced when using the homogenization
procedure as described in chapter 6 Thus, it is expected that the most complete and reliable
evaluation of the mechanical parameters of trabecular architecture is obtained from the
computer simulation methods With additional information about the mechanical properties of
the bone tissue material, based for example on relationships between micro-CT houndsfield
unit and tissue modulus, it is possible to use the computer models for finding mechanical
properties of trabecular bone as well
The application of in situ boundary conditions to FE models is of particular
importance for the calculation of realistic local trabecular loading conditions, for example
with the bone remodeling simulation studies The direct application of forces on the volume
represented by the FE model, as was done in the bone remodeling studies of chapter 8 results
in the development of end-plates, which seems reasonable only near the end of trabecular
bone regions The best solution to this problem would be to model a large region, at the size
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of a whole bone With present computer capacity however, this is not possible An alternative
way would be by finding the in situ boundary conditions for a small piece of bone from a
continuum model of a whole bone This approach will need some more study
It must be recognized that the importance of the work presented in this thesis is that a
basis is given for future research rather than in the results themselves In particular the
number of specimens that has been analyzed so far is too small to obtain generally valid
results One of the first needs for future research in this area is to increase the number of
tested and analyzed specimens to get more general results Presently a number of research
groups are working along the same lines as set in this thesis We would like to propose here
that the research in this field can be significantly accelerated if all research groups would
contribute their computer reconstructions and results obtained from these to a commonly
available database In this way a database can be created from which a complete mechanical
and morphological evaluation can be obtained for a large, diverse and well documented set of
specimens The set-up of such a database can be done in the near future and is clearly a matter
of common interest, with the time and computer capacity consuming analyses, the sharing of
workload is highly desirable This database can be used for the search to reliable relationships
between known and future bone morphology measures and mechanical properties
Another need for future research is an increase in the resolution of the computer
models It has been indicated before that the level of detail accomplished in the present
models does not allow for modeling the actual cells involved Increasing the resolution of
computer reconstruction resolution to a level suitable to model cells (at least 5 micron) is
presently possible (Kinney et al, 1994, Bonse et al, 1994), but would lead to a 1000 fold
increase in the size of the voxel data sets and thus, in the size of the FE models, compared to
the resolutions used now (>40 microns) Consequently, at present only very small volumes of
bone (1 mm ) can be modeled in this detail However, massive parallel supercomputer
systems have already been introduced with a (theoretical) speed of 1 Tflops (1012 floating
point operations per second), (Van der Steen, 1996) which is 1000 times the speed of the
Cray computer used for the analyses in this thesis It is thus well possible that such large
problems can be solved within a few years time
The expected increase in computer capacity can also solve the problem of finding
realistic trabecular loading patterns, as mentioned before, by simply modeling whole bones
rather than excised specimens Modeling a whole proximal human femur (appr 250 cm3) at a
50 micron resolution would increases the size of voxel data set and FE model 250 fold
compared to the 1 cm modeled in this study It thus seems likely that such problems can be
attacked with the next generation of supercomputers
With the ongoing development of high-resolution patient CT- and MRI-scanners, it
will be possible in the near future to obtain in vivo reconstructions at a reasonable resolution
The methods developed here can then be turned in diagnostic tools for the determination of in
vivo bone quality, either indirectly from morphology measurements on these reconstructions,
when accurate relationships between bone morphology and mechanical properties have been
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established, or direct from FE analyses from these reconstructions, when sufficient computer
capacity is available
The aim of the studies presented in this thesis was to explore the feasibility of using
computer models based on three-dimensional reconstructions of trabecular bone for the study
of mechanical behavior and functioning of trabecular bone In this light, the finding that,
indeed, this approach is feasible is one of the most important results of the work presented
With these techniques it is now for the first time possible to obtain a complete mechanical
evaluation of the elastic properties of a reasonably large piece of trabecular bone on the one
hand, and to determine trabecular loading on the other In this way, these new techniques
allow for finding answers to a number of scientific questions that could not be answered
before Some specific questions addressed in this thesis are related to the role of the bone
architecture for the mechanical anisotropy of bone as measured in test experiments, and to the
relationships between mechanical properties of bone and bone morphology The results
demonstrate that such questions can be answered, it was found that bone architecture alone
can explain the mechanical anisotropy of bone as measured in mechanical test experiments
reasonably well, and that all nine orthotropic elastic constants describing the mechanical
properties of bone architecture can be accurately predicted from bone morphology These
findings can give new input to the use of morphological parameters for the prediction of
mechanical properties of bone
Specific questions related to the mechanisms of bone remodeling could be answered
as well Using the computer models for the calculation of local loading conditions, it was
found that typical trabecular architectures can be explained as a result of typical loading
conditions, a finding which is of particular importance for understanding morphological
changes due to, for example, the placement of an implant
From a technological point of view, the major result of the work presented here is that
it adds an extra dimension to computer reconstructions This is not limited to the study of
bone, any structure that can be three-dimensionally reconstructed can be mechanically
analyzed using the techniques described here
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SUMMARY
Trabecular bone, found for example near the ends of long bones and in vertebral
bodies, plays an important role in the transfer and distribution of loads to articular surfaces
The internal structure of this type of bone consists of a very complex network of rods and
plates, the trabeculae It is generally assumed that this complex structure is optimally adapted
for the load carrying function, combining high strength with low weight It is also assumed
that this optimal structural organization is due to a mechanically regulated process whereby
bone adapts itself to local loading conditions How this process is controlled, and how such a
local adaptation process can produce functionally adapted shapes and efficient internal
structures of bones, however, is not clear
Particularly in elderly people, this process is often disturbed, resulting in an increased
fragility of the trabecular architecture which then is no longer well adapted to the loads it is
subjected to (osteoporosis) Even a small reduction in bone mass can significantly decrease
the strength of the bone architecture and thus increase the risk of bone fractures To diagnose
bone at risk of failure, a reliable assessment of the in vivo mechanical quality is needed based
on bone morphology measurements rather than on density measurements only, as is common
nowadays Recently, new techniques have been introduced, based on high-resolution CT and
MRI scanning techniques, that allow for an accurate assessment of three-dimensional
morphological parameters However, as yet, no accurate relationships exist to derive the
mechanical properties from these parameters
In this thesis it is aimed to find answers to two specific questions related to the
problems mentioned above First, which are the factors that play a role in the formation and
adaptation of trabecular bone, and what is the role of the mechanical loading? Second, do
accurate and quantitative relationships exist between morphological and mechanical
parameters of trabecular bone? Answers to these questions can be of great importance for the
design and pre-chnical testing of new orthopedic implants, for the assessment of bone
fracture risk from ш vivo bone morphology measurements, and for the design of effective
drug therapies that change osteoporotic architectures in a specific way such that its
mechanical properties are best restored The purpose of this thesis is to investigate if a multidisciphnary approach, which combines biology, mechanical engineering and computer
sciences, can provide the methods to find answers to these questions
The role of mechanical factors in the bone resorption process around hip implants is
addressed in the second chapter In this chapter, bone is modeled as a continuum material,
characterized by its density only Computer models based on the finite element method and a
hypothetical bone remodeling rule, that was validated in an earlier study, are used to calculate
changes in the bone density from changes in local loading conditions after the placement of
an implant Using these methods, it was possible to explain unexpected bone loss around
press-fitted implants observed in animal experiments, as a result of a nonmonotonous load
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adaptation mechanism On the other hand, this study also demonstrates the limitations of the
continuum formulation, since changes in trabecular morphology seen in animal experiments
can be represented by density changes in the model only
The modeling of trabecular bone as a structure rather than a continuum material is
introduced in the third chapter In this chapter, recently developed high-resolution imaging
techniques are used to digitize the internal structure of trabecular bone in a three-dimensional
voxel grid, which can be stored and graphically reconstructed in a computer Methods are
introduced to convert these computer reconstructions to finite element models from which the
mechanical properties of the reconstructed specimen can be calculated The finite element
models thus generated consist of a very large number of elements (on the order of 105-106)
To solve problems of this size, two numerical strategies are introduced and demonstrated
In the fourth chapter, these methods are applied to calculate the global (apparent)
mechanical properties and the local stress and strain distribution m trabeculae of a
reconstructed bone specimen The results show that the local stresses and strains in trabeculae
can be much higher than those calculated from continuum models
In the next chapter, the same methods are used to calculate the mechanical properties
of a trabecular bone specimen that was mechanically tested before reconstruction By
comparing the results of measured and calculated moduli, it was found that most of the
anisotropic behavior of the specimen is due to its architecture From the results of this
comparison, it was also possible to calculate an elastic modulus of the bone tissue material for
this specimen
In chapter six, a method is introduced to obtain a complete mechanical
characterization of the overall mechanical properties of reconstructed specimens With this
method, it is possible to calculate all elastic parameters and the mechanical principal
directions of a bone specimen from the results of six microstructural finite element analyses
This method is applied in chapter seven to determine the elastic properties of 29
reconstructed bone specimens The same computer reconstructions are used for the
calculation of morphological parameters By correlating the mechanical and morphological
parameters, it was found that very accurate relationships exist between both parameters
(correlations coefficients Ä2>0 92) It was concluded that accurate relationships between
morphological and mechanical parameters can exist, although the data set investigated was
too small to conclude that the relationships found are valid in general
In chapter eight the previously developed finite element techniques are used to
represent the morphogenesis and adaptation of trabecular architectures in a three-dimensional
model In this model, a physiological remodeling rule is used in which osteocytes play the
role of load sensors and regulate osteoblast and osteoclast cells to adapt the trabecular
architecture Using this model, it was possible to explain the generation and adaptation of
typical trabecular architectures (rod-like, plate-like, open and closed structures) as a result of
local loading conditions
The possibilities and limitations of the methods developed and used in this thesis for
finding answers to the questions posed in the introduction is discussed in the last chapter It is
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concluded that the results obtained in this thesis are promising and that the multi-disciplinary
approach used here is feasible and adequate Recommendations for future studies mclude the
set-up of a large and diverse data base of reconstructed bone specimens which can be used to
find generally valid relationships between bone morphological and mechanical parameters
For a more detailed investigation of the remodeling processes that play a role at the cellular
level, it will be necessary to increase the resolution of the computer models such that
individual cells can be modeled On the other hand it will be necessary to increase the size of
these models to the size of whole bones since the external loading can only be accurately
prescribed at that level The capacity of the present generation supercomputers is insufficient
to solve computer models of this size at the required resolution, however, the next generation
of supercomputers might be able to cope with such problems With the ongoing development
of high resolution (micro-) CT and MR1 scanners, an exciting and more immediate clinical
application of the methods developed here can be the assessment of in vivo trabecular bone
quality from three-dimensional images provided by these scanners
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SAMENVATTING
Trabeculair bot, zoals dat voorkomt aan de uiteinden van pijpbeenderen en in
wervellichamen, heeft een belangrijke functie bij het doorleiden en verdelen van de belasting.
De interne structuur (morfologie) van trabeculair bot wordt gevormd door een zeer complex
netwerk van balkjes en plaatjes, de trabekels Algemeen wordt aangenomen dat deze
complexe structuur het bot optimaal geschikt maakt voor zijn dragende functie, waarbij een
hoge sterkte wordt gecombineerd met een laag gewicht Aangenomen wordt ook dat deze
structuur tot stand komt middels een proces van zelforganisatie waarbij bot zich aanpast aan
de lokale mechanische belastingscondities. Hoe dit proces gestuurd wordt, en hoe een
dergelijk lokaal gestuurd proces kan leiden tot de functioneel aangepaste vorm en efficiënte
interne architectuur van botten, is echter niet duidelijk.
Vooral bij ouderen blijkt dit proces verstoord te kunnen raken, waardoor een fragiele
trabeculaire architectuur kan ontstaan die niet meer goed is aangepast aan de externe belasting
(osteoporose). Al bij een gering verlies van botmassa kunnen deze veranderingen de
architectuur aanzienlijk verzwakken en dus de kans op botbreuken vergroten. Om een
dergelijke gevaarlijke situatie tijdig te kunnen herkennen is een betrouwbare bepaling
gewenst van de in vivo mechanische kwaliteit aan de hand van botmorfologie metingen, in
plaats van uitsluitend dichtheidsmetingen zoals op dit moment meestal gebeurt Onlangs zijn
nieuwe technieken geïntroduceerd, gebaseerd op hoge-resolutie CT en MRI technieken,
waarmee driedimensionale morfologie parameters nauwkeurig te meten zijn. Echter, op dit
moment bestaan er geen relaties waarmee aan de hand van deze parameters de mechanische
eigenschappen van bot berekend kunnen worden
In dit proefschrift wordt getracht antwoorden te vinden op twee specifieke vragen met
betrekking tot bovengenoemde onduidelijkheden Ten eerste, welke factoren spelen een rol
bij de formatie en adaptatie van trabeculair bot, en wat is de rol van de mechanische belasting
in deze? Ten tweede· bestaan er nauwkeurige kwantitatieve relaties tussen morfologische en
mechanische parameters voor trabeculair bot? Antwoorden op deze vragen zijn van groot
belang voor het ontwerpen en pré-klinisch testen van nieuwe orthopedische implantaten, voor
het bepalen van botbreuk risico's aan de hand van in vivo metingen van morfologische
parameters, en voor het ontwikkelen van efficiente medicijnen die osteoporotische
botstructuren zodanig veranderen dat de meest effectieve verbetering van mechanische
eigenschappen verkregen wordt Het doel van dit proefschrift is te onderzoeken of een
multidisciplinaire aanpak waarin inzichten en methoden uit biologische-,
werktuigbouwkundige- en computerwetenschappen worden gecombineerd, kan leiden tot de
ontwikkeling van methoden waarmee antwoorden op genoemde vragen verkregen kunnen
worden.
De rol van mechanische factoren bij het optreden van botresorptie rond
heupimplantaten is onderwerp van onderzoek in het tweede hoofdstuk In dit hoofdstuk wordt
bot gemodelleerd als een continuum materiaal, uitsluitend gekarakteriseerd door de dichtheid.
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Computermodellen gebaseerd op de eindige elementen methode en een hypothetisch, eerder
gevalideerd, botremodelleringsmodel worden gebruikt om botdichtheidsveranderingen te
simuleren op basis van berekende lokale belastingsveranderingen na het plaatsen van een
prothese. Met deze methoden was het mogelijk om het onverwachte botverlies rondom
'press-fit' implantaten, zoals dat in dierexperimenten gevonden werd, te verklaren als het
resultaat van een niet-monotoon verlopend belastingsadaptatie proces. Deze studie
demonstreert echter ook de beperkingen van de gebruikte continuüm modelering, waar
veranderingen in de trabeculaire morfologie in dierexperimenten in het model uitsluitend
gerepresenteerd kunnen worden door dichtheidsverschillen
De stap van bot als een continuüm materiaal naar bot als een complexe (macro-)
structuur wordt gemaakt in hoofdstuk drie In dit hoofdstuk wordt gebruik gemaakt van
recent ontwikkelde hoge-resolutie beeldtechnieken om de botarchitectuur te digitaliseren in
een driedimensionaal voxelmatrix die opgeslagen en grafisch gereconstrueerd kan worden in
een computer. Vervolgens worden methoden geïntroduceerd waarmee deze driedimensionale
computer reconstructies geconverteerd kunnen worden naar eindige elementen modellen
waarmee de mechanische eigenschappen van het gereconstrueerde bot te berekenen zijn. De
aldus gegenereerde eindige elementen modellen bestaan uit een zeer groot aantal elementen
(in de orde van 105-106). Om dergelijke grote problemen op te kunnen lossen, worden een
tweetal numerieke oplosmethoden geïntroduceerd en gedemonstreerd.
In het vierde hoofdstuk worden deze methoden toegepast voor het berekenen van de
globale (of apparente) mechanische eigenschappen en van de lokale spanning en rek
verdeling in de trabekels van een in de computer gereconstrueerd trabeculair proefstukje. De
resultaten laten zien dat de lokale spanningen en rekken in trabekels veel hoger kunnen zijn
dan de uit continuüm modellen berekende globale spanningen en rekken.
In het volgende hoofdstuk worden dezelfde methoden gebruikt voor het berekenen van
de mechanische eigenschappen van een proefstukje waarvan de mechanische eigenschappen
werden gemeten voor reconstructie. Door de gemeten resultaten te vergelijken met de
berekende werd gevonden dat het grootste deel van de anisotrope eigenschappen van dit
proefstukje een gevolg zijn van de morfologie, en was het mogelijk een realistische waarde
voor de elasticiteitsmodulus voor het botmatrix-materiaal van dit specimen te berekenen.
In hoofdstuk zes wordt een methode geïntroduceerd waarmee het mogelijk is om een
volledige karakterisatie te verkrijgen van de globale elastische eigenschappen van een
gereconstrueerd proefstukje. Met deze methode is het mogelijk alle elastische parameters en
de mechanische hoofdrichtingen van een stukje trabeculair bot te berekenen aan de hand van
de resultaten van zes eindige elementen analyses.
Deze methode wordt in hoofdstuk zeven toegepast om de elastische eigenschappen
van 29 gereconstrueerde proefstukjes trabeculair bot te bepalen. Dezelfde computer
reconstructies worden gebruikt voor het bepalen van morfologische parameters. Door de
aldus gemeten mechanische en morfologische parameters te correleren, was het mogelijk zeer
nauwkeurige relaties tussen deze parameters te bepalen (correlatie coëfficiënten R >0 92). De
conclusie van deze studie is dan ook dat nauwkeurige relaties kunnen bestaan, echter, de
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onderzochte groep proef stukjes was te klein om te kunnen concluderen dat de gevonden
relaties algemeen geldig zijn.
In hoofdstuk acht worden de eerder ontwikkelde eindige elementen technieken
gebruikt voor het representeren van morfogenese en adaptatie van trabeculaire structuren in
een driedimensionaal model. In dit model wordt een fysiologische botremodelleringsbeschrijving gebruikt, waarin osteocyten de rol van belastingsensor spelen en waarin
actorcellen, gestuurd door de osteocyten, de trabeculaire architectuur kunnen aanpassen. De
actorcellen in het model representeren het netto resultaat van botopbouwende osteoblast
cellen en botresorberende osteoclast cellen. Met dit model was het mogelijk om de generatie
en adaptatie van typische driedimensionale trabeculaire architecturen (balk, plaat, open en
gesloten structuren) te verklaren als een gevolg van lokale belastingscondities.
In het laatste hoofdstuk volgt een discussie van de mogelijkheden en beperkingen van
de in dit proefschrift beschreven methoden voor het beantwoorden van de in de introductie
gestelde vragen. Geconcludeerd wordt dat de gepresenteerde resultaten veelbelovend zijn en
dat de multidisciplinaire aanpak haalbaar en adekwaat is. Voor toekomstig onderzoek wordt
aanbevolen om een grote database op te zetten van gereconstrueerde trabeculaire proefstukjes,
die gebruikt kan worden voor het bepalen van universele relaties tussen mechanische en
morfologische parameters. Om een nauwkeuriger beeld te krijgen van de processen die op cel
niveau spelen bij het botremodelleringsproces, zullen meer gedetailleerde computermodellen
nodig zijn waarbij bot tot op celniveau gemodelleerd kan worden. Ook zal het nodig zijn om
de afmetingen van deze modellen te vergroten zodat complete botten gemodelleerd kunnen
worden, aangezien de belasting alleen voor complete botten nauwkeurig is voor te schrijven.
De rekencapaciteit van de huidige generatie supercomputers is onvoldoende voor het
doorrekenen van dergelijke grote stukken bot in dit detail, echter, waarschijnlijk is de
volgende generatie hiertoe wel in staat. Met de ontwikkeling van hoge-resolutie CT en MRI
scanners, kunnen de gepresenteerde methoden mogelijk al op korte termijn unieke en klinisch
toepasbare mogelijkheden bieden voor de bepaling van in vivo bot kwaliteit aan de hand van
door deze scanners gegenereerde beelden.
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