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1. Introduction 

Bone 

More than 530 million years ago, life tinkered with minerals washed into the oceans 
from violent massive volcanic and thermal eruptions, and was about to revolutionise 
its appearance and variation. Aquatic organisms started to mineralise tissue, building 
armour for protection against predators and later followed by other evolutionary 
innovations for supporting increased body size and enabling directed locomotion. 
This led to an explosion of life’s diversity and was the beginning of many 
transformations towards the skeleton we know today of vertebrates (Wagner and 
Aspenberg, 2011). 

In vertebrates, bone can be distinguished from other mineralised tissues as collagen 
mineralised with calcium phosphate containing cell bodies (Currey, 2002). As the 
evolutionary origin of bone tissue suggests, it is crucial for building the mechanical 
components of the skeleton acting as rigid levers to produce movement and 
supporting body weight. Besides its mechanical function, also physiologically 
important functions evolved. Bone tissue is involved in the production of blood cells, 
serves as fat storage, and provides calcium reservoirs for metabolic important 
mechanisms such as muscle contraction and blood clotting. Bones dynamically adapt 
their structure during a lifetime in order to fulfil the demands of these multitude of 
mechanical and physiological functions (White and Folkens, 2000). 

Bone form-function relationship 

The cross-section of a bone reveals its internal structure – a beautiful arrangement of 
small struts, called trabeculae, resembling lines spreading throughout the whole bone 
seemingly displaying a certain hidden pattern (Fig. 1). This network of rods and plates 
is called cancellous or trabecular bone whereas the dense outer shell enclosing the 
trabecular region is called compact or cortical bone. In the following, we will focus 
on the bone structure at the level where individual small trabeculae can be recognised 
and refer to it as bone microstructure or tissue-level. More than 100 years ago, the 
patterns within trabecular bone were interpreted to coincide with principal stress 
trajectories expected from functional use (von Meyer, 1867; Wolff, 1892; Bell et al., 
1902). This trajectorial theory of trabecular bone led to the idea of a mechanically 
optimised and uniformly loaded bone microstructure and became later famous as 
‘Wolff’s law’. Remarkably, at the same time it was even suggested that the internal 
microstructure of bones is influenced by mechanical stimuli directing the action of 
bone-forming osteoblasts and bone-resorbing osteoclasts (Roux, 1881). 

Since then, much research has been conducted investigating this form-function 
relationship of bone. With respect to adaptive adjustments of bone mass, it was 
generally found that disuse leads to bone loss whereas intense use leads to bone gain. 
For example, bone mass was reported to decrease in animals where hind limb bones 
were immobilised (Shen et al., 1997; Jamsa et al., 1999) or in participants of long-
term bed rest studies (Armbrecht et al., 2011) and astronauts (Vico et al., 2000; Lang 
et al., 2004; Smith et al., 2005). On the other hand, bone mass increased when loaded 
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in vivo as demonstrated, for example, in the turkey ulna (C T Rubin and Lanyon, 
1987), mouse tibia (Sugiyama et al., 2010), and mouse caudal vertebra (Lambers et 
al., 2011). Such an increased bone mass was also found in human, e.g. in the playing 
arm of professional tennis players (Ducher et al., 2006; Ducher et al., 2009). Besides 
adapting bone mass to the mechanical environment, the fine arrangement of small 
trabeculae and therefore the bone microstructure was reported to be sensitive to 
alterations in the loading orientation of joint forces. An experiment with juvenile 
guinea fowls showed that the trabecular orientation in the distal femur adjusted and 
thus aligned to altered knee joint angles (Pontzer et al., 2006). The same was later 
also demonstrated in the tarsal joint of sheep (Barak et al., 2011). 

 

Figure 1: Proximal end of a human femur. The cross-section reveals the internal structure of 
bone – a fine arrangement of struts in the trabecular bone region enclosed by an outer shell 
of dense cortical bone. Source: Melvin J. Glimcher (Glimcher, 1997). 



 5 

This remarkable ability of bone to dynamically adapt its form to its function is 
thought to be due to continuous resorption of bone where it is not needed and 
formation of bone where it is needed. This process is called bone remodelling. 

Bone remodelling 

According to a recent and comprehensive overview of the biology of bone 
remodelling (Crockett et al., 2011), the process can be shortly summarised as follows: 
First, osteocytes, which are embedded within the bone and connected with each other 
via long processes building a network for communication, recognise micro-damage or 
sense mechanical stresses. Micro-cracks or high stresses at the tissue-level stimulate 
the recruitment, differentiation and activation of osteoclasts. Second, osteoclasts 
resorb (remove) the damaged or overstressed bone by attaching to the concerned site 
and dissolving the bone minerals and degrading the matrix proteins underneath. After 
resorption, osteoclasts die by apoptosis. And third, osteoblasts migrate to the 
remodelling site where bone has been resorbed and lay down unmineralised osteoid 
and aid its mineralisation. After bone formation, some osteoblasts get embedded 
within bone and differentiate into osteocytes whereas others remain at the bone 
surface becoming lining cells. Continuously repeating this cycle enables to change 
bone shape and size during growth and remains bone capable of adapting to its 
mechanical environment in adulthood (White and Folkens, 2000). Some researchers 
distinguish bone modelling from bone remodelling, where in the former new bone 
tissue is formed and in the latter existing bone tissue is replaced. 

In order to investigate how bone cell activity and external mechanical forces affect the 
bone microstructure and thus its mechanical integrity, computer models to simulate 
the bone remodelling cycle have been developed. Skeletal diseases and their possible 
treatments change the activity of bone cells in one or another way and thus such 
computational models of bone remodelling are an efficient tool to test different 
hypotheses about diseases such as osteoporosis or the outcome of certain treatments. 
The first bone remodelling algorithm accounting for the bone microstructure was 
presented by Harrie Weinans (Weinans et al., 1992). This subsequently resulted in a 
first widely accepted theory of bone remodelling simulation by Rik Huiskes (Huiskes 
et al., 2000). The basic theory is that osteoblasts add bone at sites of high local stress 
according to the signal of mechanosensitive osteocytes, and osteoclasts remove bone 
spatially random to remove micro-cracks. The attraction of osteoblasts after bone 
resorption, and thus the coupling between resorption and formation, is mechanically 
achieved due to peak stresses occurring at resorption pits. Using this model, it was 
possible to demonstrate that trabecular bone arrangement indeed aligns to external 
forces due to local bone remodelling as suggested with the trajectorial theory. The 
algorithm was later also used to show that reduced external forces cause disuse 
osteoporosis and to search for the mechanisms how oestrogen deficiency might lead 
to postmenopausal osteoporosis (Ruimerman, 2005). All these simulations were based 
on synthetic bone structures representing small cubes of a few millimetres in size. 
They were generated by starting with a lattice structure, which was then remodelled 
into trabecular bone mimicking the development of bone. In general, based on such 
remodelled structures that are adapted to the applied loading conditions, different 
scenarios of changes in bone cell activity or external forces were then modelled 
aiming to test certain hypotheses about diseases. 
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With the advent of in vivo high-resolution imaging techniques to assess bone 
microstructure in patients (Boutroy et al., 2005; Khosla et al., 2006; Boyd, 2008; 
Mueller et al., 2009b), it would nowadays be possible to use patient-specific data 
instead of synthetic bone cubes for bone remodelling simulations. This would allow 
predicting the development of skeletal diseases and their effects on the bone 
microstructure as well as different treatment outcomes for individual patients. Such 
patient-specific bone remodelling simulations would therefore improve clinical 
prognosis. However, in order to run these simulations, the definition of appropriate 
loading conditions is required, but in vivo loading is usually not known. 

Bone loading estimation 

Returning to ‘Wolff’s law’, the basic idea suggests that it might be possible to derive 
bone loading histories from bone microstructure. Assuming that bone strives for a 
mechanically optimised microstructure and a uniform local loading distribution, a 
bone’s loading history can be estimated by finding a set of external forces that leads 
to the most uniform tissue loading distribution, i.e. the inverse of ‘Wolff’s law’. 

This inverse principle was used in previous studies to determine the bone loading 
history based on bone density rather than the bone microstructure. Continuum-level 
finite element models were used to calculate tissue stresses for a set of predefined unit 
load cases and the results were scaled until the most uniform tissue loading 
distribution was found. This was achieved by using optimisation methods (Fischer et 
al., 1995; Fischer et al., 1998; 1999; Bona et al., 2006) or more recently also using 
artificial neuronal networks (Campoli et al., 2012). These continuum models were 
based on bone density only and therefore did not account for the actual bone 
microstructure, and tissue stresses were estimated from continuum stresses. Although 
it was possible to determine dominant forces, it was not yet possible to estimate 
complex loading as measured, for example, in the hip joint. Another approach aiming 
to reconstruct bone function from its structure is to classify animals with different 
habitual activity into different locomotor groups based on bone morphometric 
parameters (Ryan and Ketcham, 2002; Ryan and van Rietbergen, 2005; Shaw and 
Ryan, 2012). Besides difficulties to overcome the problems of choosing a 
representative volume for the morphometric analysis and accounting for animal 
weight, studies using this approach revealed a variety of contradictory results and 
were not able to establish a strong correlation between morphometric parameters and 
locomotor behaviour. 

None of these previously proposed methods to estimate bone loading actually relate 
external forces to the complete detailed bone microstructure, which could be the 
reason for some of their limitations. Animal experiments demonstrating that the fine 
structure of bone dynamically aligns to changes in loading orientation strongly 
indicate a correlation between bone microstructure and external forces and thus 
further support the idea of deriving loading from bone microstructure as suggested by 
the inverse principle of ‘Wolff’s law’. In my doctoral thesis I therefore explored the 
concept of estimating loading histories based on the bone microstructure. We 
hypothesised that bone microstructure relates to the functional use of bones and thus 
allows to derive bone loading histories from it. If this indeed would be possible, its 
application for patient-specific bone remodelling simulations would be clinically 
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relevant. Therefore, we also investigated its application for estimating in vivo loading 
conditions for patient-specific bone remodelling simulations. 

Thesis outline 

To explore the concept of deriving bone loading from bone microstructure, a novel 
bone loading estimation algorithm was developed in a first step (Chapter 2). The 
fundamental assumption of this algorithm is that bone strives for a uniform tissue 
loading distribution. We introduced an approach that estimates loading based on the 
detailed reconstructed microstructure of bones using high-resolution imaging and 
micro-finite element analysis that makes it possible to calculate the actual tissue 
stresses based on these reconstructions. 

This newly developed bone loading estimation algorithm was then validated in a 
series of studies with different types of bones and loading conditions. First, micro-CT 
images of murine caudal vertebrae that were adapted to a compressive force during 
well-controlled in vivo loading were used for validation (Chapter 2). This had the 
advantage that we knew what loading history the bones were adapted to, although it 
was a simple load case. Second, to even have more control over the applied loading 
and to use more complex loading situations, synthetic bone structures were used in a 
next step (Chapter 3). These synthetic bone structures were generated with bone 
remodelling simulations where the applied loading during the simulations and the 
state of mechanical adaption could be exactly controlled. Third, to validate the 
approach for human bones, high-resolution images of distal radii were used to 
estimate radiocarpal-joint forces (Chapter 4). This represented a more challenging 
loading situation to determine for the load estimation algorithm. And finally, to prove 
the concept of deriving loading histories from bone microstructure, the approach was 
used to estimate human and canine hip-joint forces based on micro-CT images of the 
femoral head (Chapter 5). Since hip-joint forces were measured in vivo using 
prosthesis and reported in the literature previously for both, humans and dogs, it was 
possible to compare the estimates of our algorithm to direct in vivo measurements. 

The estimation of in vivo loading conditions for patient-specific bone remodelling 
simulations is a clinically important application of the load estimation algorithm. To 
investigate this application, two more studies were conducted. First, subject-specific 
loading was estimated based on micro-CT images of healthy human iliac crest 
biopsies (Chapter 6). These estimates and the microstructures were then used in 
subject-specific bone remodelling simulations testing different mechanisms that could 
possibly lead to considerable bone gain as seen in hypoparathyroidism patients. The 
remodelled biopsies were finally compared to age-matched hypoparathyroidism 
biopsies. Second, we tested if realistic tissue loading distributions are a good predictor 
of bone gain and loss (Chapter 7). Follow-up high-resolution in vivo images of the 
distal human tibia of healthy postmenopausal women were used to calculate tissue 
loading based on the estimated loading history and to identify sites of bone formation 
and bone resorption. Tissue loading distributions and bone gain and loss sites were 
then correlated. In addition to these two studies, a prototype for the clinical 
application of bone remodelling simulations was developed (Chapter 8). Healthy 
remodelling was simulated based on high-resolution in vivo images of distal radii and 
resultant microstructures were compared to follow-up measurements.  
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2. Bone morphology allows estimation of loading history in a 
murine model of bone adaptation 

Patrik Christen1, Bert van Rietbergen1, Floor M. Lambers2, Ralph Müller2, Keita Ito1 

1Orthopaedic Biomechanics, Department of Biomedical Engineering, Eindhoven University 
of Technology, Eindhoven, The Netherlands 

2Intstitute for Biomechanics, ETH Zurich, Zurich, Switzerland 

Abstract 

Bone adapts its morphology (density/microarchitecture) in response to the local 
loading conditions in such a way that a uniform tissue loading is achieved (‘Wolff’s 
law’). This paradigm has been used as a basis for bone remodelling simulations to 
predict the formation and adaptation of trabecular bone. However, in order to predict 
bone architectural changes in patients, the physiological external loading conditions, 
to which the bone was adapted, need to be determined. In the present study, we 
developed a novel bone loading estimation method to predict such external loading 
conditions by calculating the loading history that produces the most uniform bone 
tissue loading. We applied this method to murine caudal vertebrae of two groups that 
were loaded in vivo by either 0 or 8 N, respectively. Plausible load cases were 
sequentially applied to micro-finite element models of the mice vertebrae, and scaling 
factors were calculated for each load case to derive the most uniform tissue strain 
energy density when all scaled load cases are applied simultaneously. The bone 
loading estimation method was able to predict the difference in loading history of the 
two groups and the correct load magnitude for the loaded group. This result suggests 
that the bone loading history can be estimated from its morphology and that such a 
method could be useful for predicting the loading history for bone remodelling studies 
or at sites where measurements are difficult, as in bone in vivo or fossil bones. 

P. Christen, B. van Rietbergen, F. M. Lambers, R. Müller, and K. Ito. Bone morphology 
allows estimation of loading history in a murine model of bone adaptation. Biomech Model 
Mechanobiol, 11(3-4):483-492, 2012. Reprinted with kind permission from Springer Science 
and Business Media. 
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Introduction 

Trabecular bone can display a wide variety of architectures. It is well known that 
these different architectures are related to the load-carrying function of the bone. Sites 
at which the loading direction varies little, e.g. vertebrae, show a clear unidirectional 
rod-like architecture, whereas sites in which the loading directions vary over a wide 
range (e.g. hip and mandible) show more deviation and a more plate-like architecture. 
Such a plate-like structure is capable to withstand loads from different directions, as 
there is always a plate in the plane of the loading direction (Hildebrand et al., 1999; 
Giesen and van Eijden, 2000). Load magnitude also plays an important role: High 
loads will result in a dense plate-like architecture, whereas lower loads are likely to 
produce low-density rod-like structures (Whitehouse and Dyson, 1974; Ding et al., 
2002). 

It is generally accepted that this relationship between bone morphology 
(density/microarchitecture) and loading is the result of a local load-adaptive bone 
remodelling process regulated and carried out by bone cells in such a way that bone 
tissue is added to high-load locations and removed from low-load locations (‘Wolff’s 
law’) (Wolff, 1892; Frost, 1987a; C T Rubin and Lanyon, 1987; Goldstein et al., 
1991; Forwood and Turner, 1995; Adams et al., 1997; Schulte et al., 2011). This 
implies that, eventually, all bone tissue should be loaded uniformly, thus producing a 
bone morphology that is optimised for the external loading history that it is subjected 
to. Since bone morphology is also influenced by other factors, e.g. calcium 
homeostasis, and morphogenesis, the tissue is not loaded perfectly uniformly. 
Although it is uncertain how uniformly a certain bone is loaded, a recent study shows 
that external forces clearly affect trabecular bone architecture besides predetermined 
factors (Abel and Macho, 2011). 

This causal relationship between bone loading history and morphology, governed by 
the bone remodelling process, suggests that it might be possible as well to derive the 
loading history from the actual microarchitecture and density. This can be done by 
finding the set of external forces that produces a uniform bone tissue loading, i.e. the 
inverse of ‘Wolff’s law’. Such an inverse procedure, however, can only be successful 
if distinct bone morphology is found for each corresponding load and if the 
assumption of uniform loading conditions is met reasonably well. By optimising the 
magnitude of a set of ‘plausible’ external forces, it should then be possible to find the 
loading history to which the bone has adapted to over time. Presently, however, it is 
not known to what extent these premises are met. 

If this approach indeed is feasible, it would be of great value for several applications. 
First, it would enable to estimate the bone loading history in cases where the bone 
morphology can be assessed (e.g. by micro-CT) but no loading conditions can be 
measured, such as for bone in vivo or fossil bones. Second, such an algorithm could 
derive the loading conditions needed to simulate bone remodelling for existing bone 
morphologies. Finding the forces to which the bone architecture and density are 
remodelled would enable to predict the course of bone remodelling when conditions 
are changing, thus enabling patient-specific predictions of bone morphology. 

This concept was explored in earlier studies using continuum-level finite element 
models that accounted for the bone density only. Fischer et al. (Fischer et al., 1995) 
developed an approach in which the magnitude of a predefined set of ‘plausible’ loads 
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is optimised for a uniform tissue stress throughout the bone. Since continuum models 
cannot model the bone architecture, the actual bone tissue stress could only be 
estimated from the continuum stress and bone density. Later, this approach was 
applied to the human proximal femur (Fischer et al., 1998; 1999) and it was shown 
that it is possible to determine dominant load cases that were generally in agreement 
with published experimental data for gait. At a more local level, a similar approach 
was successfully used to predict contact forces within a joint as a function of bone 
density (Bona et al., 2006). Although successful, these approaches were limited to 2D 
density-based tissue loading estimations and were not able to predict complex loading 
conditions. 

With the development of 3D micro-finite element (micro-FE) analysis, it is now 
possible to represent the trabecular architecture and density in detail and to calculate 
the bone tissue-level stresses and strains generated by external forces. This enables 
the exploration of the concept that loading history can be determined from the bone 
morphology in a much more rigorous manner: including the full (anisotropic) bone 
architecture and the actual bone tissue-level stresses and strains. When combined with 
similar optimisation procedures as used in these earlier studies, this makes it possible 
to calculate the magnitude of ‘plausible’ external loading conditions using uniform 
tissue loading as an objective function. 

In this paper, we hypothesised that the bone loading history can be estimated from its 
architecture and density distribution when using micro-FE models for the calculation 
of bone tissue loading conditions. Specific goals of this study were twofold. First, to 
test whether the micro-FE based approach is able to predict loading conditions for a 
set of test models and for two groups of mice that had their caudal vertebra loaded by 
either 0 or 8 N, respectively. Second, to investigate to what extent homogeneity of 
bone tissue loading can be achieved when using a limited set of ‘plausible’ external 
forces. 

Materials and methods 

Theory 

We assumed that bone adapts to a daily loading history that can be represented by a 
limited number of 𝑛 load cases 𝐹! that are applied to the bone sequentially (Fig. 1). 
Each of these load cases 𝑖 has a specific load magnitude 𝐹! and is assumed to act 𝑚! 
times per day. During its application, the load case generates a specific state of bone 
tissue loading at point 𝑥 in the bone tissue, which is quantified here by the strain 
energy density (SED) 𝑈!(𝑥). During the daily loading history, a total of 𝑚! load 
cycles are applied, and the average SED value that is experienced at point 𝑥 in the 
bone tissue 𝑈(𝑥) can then be described as: 

𝑈 𝑥 =
𝑚!

𝑚!"!

!

!!!

𝑈! 𝑥   (1) 

with 𝑚!"! the total number of load cycles for all load cases. 
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Figure 1: Typical daily loading history represented by a limited number of 𝑛 load cases 𝐹! 
that are applied to the bone sequentially, where each arrow represents a load with its 
direction and magnitude. 

For the present implementation, all load cases must be represented by one or more 
external forces that act on the bone at the same time in a specific direction and with a 
unit value. If the load case involves several forces with different magnitudes, the 
largest applied force should be scaled to a unit magnitude and the other forces should 
be scaled accordingly. The magnitude of the load case can then be scaled to that of the 
real situation by multiplying the unit load case by a factor 𝛼!: 

𝐹! = 𝛼!𝐹!!"#$ (2) 

For linear elastic behaviour, the average SED 𝑈(𝑥) is dependent on the magnitude of 
the externally applied forces according to: 

𝑈 𝑥 =
𝑚!

𝑚!"!
𝛼!!

!

!!!

𝑈!!"#$ 𝑥 = 𝑠!𝑈!!"#$ 𝑥
!

!!!

 (3) 

with 𝑈!!"#$ 𝑥  the local SED at point 𝑥 for unit load case 𝐹!!"#$ . The term 𝑠! =
!!
!!"!

𝛼!! thus represents a scaling factor for the local SED values that depends on the 
loading duration and the magnitude of the load case. 

With this set of definitions, the concept explored in this study implies finding the 
scaling factor 𝑠! that minimises the following residual function 𝑟(𝑠!): 

min
!!
𝑟 𝑠! = 𝑈 𝑥 − 𝑘 ! 𝑑𝑉 = 𝑠!𝑈!!"#$ 𝑥

!

!!!

− 𝑘
!

𝑑𝑉 (4) 

with 𝑘 a target value for the local SED. In the present study, this target value was set 
to 0.02 MPa (Mullender and Huiskes, 1995).  

It should be noted that the scaling factors represent the combined effect of the 
duration !!

!!"!
 and magnitude 𝛼! of a load case. However, if assumptions can be made 

about the number of cycles that a specific load case occurs relative to the total number 
of load cycles, it will be possible to derive the magnitude of the load case from: 

Time

Load case Load case Load case!F1
!F2

!Fn
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𝛼! =
𝑚!"!

𝑚!
𝑠! (5) 

Alternatively, if the magnitude of a load case is known, it will be possible to derive its 
load duration from: 

𝑚!

𝑚!"!
=
𝑠!
𝛼!!

 (6) 

Computational implementation 

After defining the ‘plausible’ load cases, micro-FE analyses are used to calculate the 
local SED values for each unit load case 𝑈!!"#$ 𝑥 . In the present study, a voxel 
conversion technique (van Rietbergen et al., 1995) is used to create the micro-FE 
models and the SED values are evaluated at the center of the elements. The SED 
values for each load case and each element are stored in a matrix 𝐔, where the 
columns represent the load case 𝑖 and the rows the element 𝑗 of the micro-FE model. 
To exclude very highly loaded elements, e.g. due to loosely connected trabeculae, 
SED values greater than the 95 percentile are set to the value of the 95 percentile. 
Scaling matrix 𝐔 with a scaling factor 𝑠!, for each load case 𝑖, in such a way, that a 
bone tissue SED closest to a target value 𝑘 is obtained, when results for all scaled 
load cases are added, Eq. 4 can be formulated as: 

min
!!
𝐫 =

𝑈!,! … 𝑈!,!
⋮ ⋱ ⋮
𝑈!,! ⋯ 𝑈!,!

𝑠!
⋮
𝑠!

− 𝑘
1
⋮
1

!

𝑉! (7) 

Where …  indicates the Euclidian norm and 𝑉! represents the element volume. Since 
with the use of a voxel conversion technique all element volumes are the same, the 
element volume is a constant and can be omitted from the calculation. Because SED 
is a positive measure only, it is subjected to non-negativity constraints, leading to the 
following minimisation problem formulation: 

min
!!
𝐫 = 𝐔𝐬− 𝐤 !

subject  to  𝑠! ≥ 0
 (8) 

Scaling factors 𝑠! for each load case were then calculated using a non-negative linear 
least square optimisation technique (MATLAB, The MathWorks Inc., Natick MA, 
USA). This is an active set method based on the algorithm described in (Lawson and 
Hanson, 1974). An active set refers to constraints with a negative or zero result (𝑠!) 
when treated unconstraint. Otherwise, the set is passive. To find the active set, 
variables are identified and removed iteratively from the active set in such a way that 
the residuals decrease steadily. After a finite number of iterations, the true active set is 
found and the solution is determined using linear least square with the unconstrained 
subset of variables (passive set). 
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Test models 

The procedure described above was first tested relative to artificially generated grid 
models, for which the loading directions that would cause homogeneous tissue 
loading can easily be anticipated, and second relative to results from an animal model, 
in which the loading history was well defined. 

Grid models 

The grid models consisted of a regular 3D grid of a large number of orthogonal bars 
in a cubic volume of 8 mm. The spacing of the bars was 800 µm and their thickness 
was 200 µm, thus mimicking typical morphometric properties of trabecular bone. The 
size of the voxels was 50 µm isotropic. In a first model, all rods were aligned to the 
coordinate system (Fig. 2a) whereas in a second model, rods were rotated by 45 
degrees around the z-axis (Fig. 2b).  

These models were converted to micro-FE models using the voxel conversion 
technique. Isotropic linear elastic material properties with a Young’s modulus of 10 
GPa (Ashman and Rho, 1988; van Rietbergen et al., 1995; Zysset et al., 1999; Pressel 
et al., 2005; Bevill et al., 2009) and a Poisson’s ratio of 0.3 (Lim and Hong, 2000; Q 
Wang et al., 2009) were chosen according to commonly referred values for bone.  

For each model, six different unit load cases were defined. The first three load cases 
represented a distributed normal force of 1 N in each of the three orthogonal 
directions; the last three load cases represented a distributed shear force in the three 
orthogonal directions (Fig. 2a,b). The micro-FE models were solved for each of these 
six load cases. 

Model creation and micro-FE analysis were performed using Image Processing 
Language (IPL, Scanco Medical AG, Brüttisellen, Switzerland). 

Murine caudal vertebra models 

Previously generated data from an in vivo loading experiment are used in this study. 
This animal experiment is described in detail elsewhere (Lambers et al., 2011; 
Schulte et al., 2011). In short: fifteen-week-old female C57BL/6 mice underwent 
axial compressive loading of the sixth caudal vertebrae at either 8 N (loaded group; 
𝑛 = 8) or 0 N (control group; 𝑛 = 8) for 3000 cycles at 10 Hz three times per week 
for four weeks and weekly in vivo micro-computed tomography (micro-CT) scans. 
Loading was applied through pins inserted in adjacent vertebrae using a recently 
developed caudal vertebra axial compression device (CVAD) (D J Webster et al., 
2008; D Webster et al., 2010). During the remaining period, mice were able to freely 
move their tail. In vivo micro-CT scans were performed at 10.5 µm resolution (viva-
CT 40, Scanco Medical AG, Brüttisellen, Switzerland) and common bone 
morphometric parameters were determined. 

For the present study, the in vivo micro-CT scans of the vertebrae at week 0, 2, and 4 
were scaled down to a voxel size of 26 µm and the bone phase was segmented. A 
voxel size of 26 µm allowed micro-FE analysis in reasonable time (1 day) while still 
sufficiently capturing individual trabeculae of the mice vertebra with a thickness of 80 
µm. At each end of the vertebra, a cartilaginous region was added using IPL to 
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represent the intervertebral discs and the growth plate (Fig. 2c). Each voxel of the 
micro-CT image was then transformed into an equally sized brick element of the 
micro-FE model using the voxel conversion procedure. Material properties were 
chosen isotropic linear elastic, with a Young’s modulus of 10 GPa for the bone and 10 
MPa (Elliott and Sarver, 2004) for the cartilaginous region. Both materials were 
assigned to a Poisson’s ratio of 0.3. 

A total of six unit load cases were defined. These load cases represent distributed unit 
forces (prescribed total force of 1 N) and distributed unit moments (prescribed total 
moment of 1 Nmm) in the three orthogonal directions (Fig. 2c). With all load cases, 
forces were applied to the ends of the intervertebral discs only. 

 

Figure 2: Micro-FE models and their boundary conditions (BC). For the grid models (a, b), 
the first three load cases represent a distributed normal force of 1 N in each of the three 
orthogonal directions and the last three load cases represent a distributed shear force in the 
three orthogonal directions. For the murine caudal vertebra model (c), the six unit load cases 
represent distributed unit forces (1 N) and distributed unit moments (1 Nmm) in the three 
orthogonal directions applied to the end of the intervertebral discs (purple blocks) only. 

Homogeneity analysis 

To quantify the initial and final tissue SED homogeneity, the coefficient of variation 
(CV = SD/mean) of the tissue SED distribution for both grid models and both mice 
groups at three measurement points was calculated. 

Statistical analysis 

For the mice vertebrae, each estimated scaling factor and CV were analysed with a 
two-way analysis of variance (ANOVA) with repeated measures to test whether there 
was a significant effect of loading and time. The assumption of sphericity of the 
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ANOVA with repeated measures was verified using Mauchly’s, test and Bonferroni 
post hoc test was applied for pairwise comparison. If the assumption of sphericity was 
not met, Huynh-Feldt correction method was used. Further, a multivariate analysis of 
variance (MANOVA) followed by Bonferroni post hoc test was conducted to derive 
differences between the control and loaded group at each time point. The assumption 
of homogeneity of variances was verified using Levene’s test. For all statistical 
analyses, IBM SPSS Statistics 19 (SPSS Inc., Chicago IL, USA) was used and a value 
of 𝑝 < 0.05 was considered as significant. 

Results 

Grid models 

For both grid models, predominant forces were predicted in the direction of the rods. 
In the grid that was aligned with the coordinate system, equal scaling factors were 
determined for all normal forces (𝑠! = 𝑠! = 𝑠! = 2479) while scaling factors for the 
shear forces were zero. For the rotated grid, relatively large scaling factors were 
determined for the normal forces (𝑠! = 197, 𝑠! = 186, 𝑠! = 1963) and for the 
scaling factor of the shear force in the xy-plane where the grid rods are aligned by 45° 
to each other (𝑠!" = 1538), whereas scaling factors for the other shear forces were 
zero. These force estimations reflect what we expected, since the applied forces in the 
direction of the grid rods should cause a uniform loading throughout the structure. 
Very little remaining inhomogeneity was found in both models: the aligned 
(CV! = 9%) and the rotated (CV! = 16%) grid. 

Murine caudal vertebra models 

For the animal experiment, the scaling factor for the compressive force 𝑠! was much 
larger than for the other forces at any time point, thus indicating that compression 
should be the main loading mode in order to reach a homogeneous SED distribution. 
At the start of the experiment, a very similar mean scaling factor of about 𝑠! = 16.0 
was predicted for both groups. After 4 weeks, however, the algorithm predicted a 
mean scaling factor of 𝑠! = 29.7 for the group that had the vertebrae not loaded (0 N, 
control group) and 𝑠! = 66.8 for the group that had the vertebrae loaded (8 N, loaded 
group) and these values were significantly different (𝑝 = 0.001). There was also a 
significant difference after 2 weeks (𝑝 = 0.038), whereas no significant effect of 
loading and time was found for the shear force scaling factors. Scaling factors for the 
torsion and bending load cases were very similar to each other and hardly changed 
over time. No significant effect of loading as well as of time was found. 

If we assume that compressive loading is always the dominant loading mode (i.e. also 
in the natural situation before the experiment started), one can assume that 𝑚! = 𝑚!"! 
at all time points, and using Eq. 5, it is then possible to calculate the predicted force 
magnitudes as the square root of the scaling factor: 𝛼! = 4.21 N (mean) at 𝑡 = 0, and 
𝛼! = 8.17 N (mean) at 𝑡 = 4 weeks for the loaded group (Tab. 1 and Fig. 3). For the 
control group, a value of 𝛼! = 3.90 N (mean) was found at 𝑡 = 0 and a value of 
𝛼! = 5.45 N (mean) at 𝑡 = 4 weeks, which is much less than that of the loaded group 
but higher than the value at 𝑡 = 0, suggesting that the bone is getting slightly stronger 
and more aligned in the normal direction of physiological loading. 
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High remaining SED inhomogeneity of CV! = 67.12% (mean) for the control group 
and CV! = 68.69% (mean) for the loaded group after 4-week loading was calculated 
when considering all scaled load cases together (Tab. 1 and Fig. 4). CV values 
decreased significantly (𝑝 < 0.001) with scaling and time (Tab. 1), whereas no 
significant effect of loading was found. 

 

Figure 3: Bone loading estimation for the murine caudal vertebrae that were loaded in vivo 
by either 8 N (loading group) or 0 N (control group), respectively. The algorithm predicted a 
significantly different compressive force after 2 and 4 weeks for the two groups whereas other 
forces and moments were not different and hardly changed over time. (* p < 0.05; values 
refer to as mean ± SD, n = 8/group). 

  Control group (n = 8)    Loading group (n = 8) 
  Week 0 Week 2 Week 4   Week 0 Week 2 Week 4 
Fz [N] 3.90 (1.36) 3.94 (1.01) 5.45 (1.12)  4.21 (1.82) 5.94 (1.67) 8.17 (1.45) 
Fzx [N] 0.12 (0.33) 0.11 (0.28) 0.13 (0.37)  0.00 (0.00) 0.00 (0.00) 0.25 (0.49) 
Fzy [N] 0.04 (0.12) 0.10 (0.26) 0.25 (0.46)  0.00 (0.00) 0.19 (0.36) 0.37 (0.59) 
Mz [Nmm] 2.43 (0.35) 2.46 (0.37) 2.44 (0.27)  2.51 (0.21) 2.57 (0.26) 2.59 (0.23) 
Mzx [Nmm] 1.94 (0.34) 2.12 (0.35) 2.07 (0.40)  2.03 (0.33) 2.06 (0.36) 1.71 (0.47) 
Mzy [Nmm] 1.97 (0.37) 2.12 (0.34) 2.09 (0.36)  2.05 (0.29) 1.94 (0.43) 1.55 (0.71) 
CVunscaled 0.80 (0.09) 0.79 (0.09) 0.74 (0.08)   0.79 (0.05) 0.76 (0.04) 0.75 (0.04) 
CVscaled 0.71 (0.06) 0.70 (0.07) 0.67 (0.05)  0.70 (0.03) 0.70 (0.04) 0.69 (0.04) 
Values refer to as mean (SD) 

Table 1: Bone loading estimations and coefficient of variation (CV) for the murine caudal 
vertebrae that were loaded in vivo by either 8 N (loading group) or 0 N (control group), 
respectively, at week 0, 2, and 4. 
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Figure 4: Tissue SED distributions for the murine caudal vertebrae that were loaded in vivo 
by either 8 N (loading group) or 0 N (control group), respectively, at week 4. Both groups 
showed a high remaining inhomogeneity in tissue SED. 

 

Figure 5: Tissue SED distribution of the compression load case for the murine caudal 
vertebrae that were loaded in vivo by either 8 N (loading group) or 0 N (control group), 
respectively, at week 0 and 4. Peak SED values were effectively reduced when comparing 
baseline and week 4 in the loaded group, whereas the reduction was less pronounced in the 
control group. 
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Discussion 

In this study, we introduced a novel approach to estimate external loading conditions 
based on bone morphology and tested it relative to artificially created models and 
relative to results of an animal experiment in which murine caudal vertebrae received 
additional high compressive loading in one group and no additional loading in a 
control group. The results show that the method was able to correctly determine 
loading conditions for the test models and to identify a significant difference in 
loading history between the loaded and control groups, with, for the loaded group, an 
increase in calculated load magnitude over time reaching an end value that was well 
in agreement with the load applied in the experiment. 

The fact that the calculated forces increased over time for the loaded group indicates 
that the force that was applied during the loading period was higher than the normal 
physiological load and that this led to bone adaptation. This is confirmed by an 
increase in the total bone volume (BV) of the vertebrae on average by 13.1% during 
the loading period. Unexpectedly, there was also a trend toward an increase in 
calculated force for the control group. This increase was found to relate to a small 
increase in BV of 6.7% (mean), indicating that the animals were still growing. This 
was confirmed by the fact that the vertebrae slightly increased in length by 1.2% 
(mean) during the experiment. 

To investigate to what extent homogeneity of bone tissue loading can be achieved 
when using a limited set of ‘plausible’ external forces, the coefficient of variation 
(CV) of the scaled strain energy density (SED) distribution in the mice vertebrae was 
calculated. A considerable inhomogeneity of tissue SED of about 67% for the control 
group and 69% for the loaded group remained. In a previous study, using density-
based bone loading estimations, Kenneth J. Fischer (personal communication) found 
only a final tissue loading inhomogeneity of about 20%. This difference between 
studies, however, likely relates to the fact that the density-based approach accounts 
for less detail compared to our method. Because no uniform tissue loading was found, 
not even when using an optimisation algorithm, it could be that more diverse load 
cases need to be included, for example load cases representing forces exerted by 
ligaments or muscles on the processes. Another possible explanation would be that a 
‘lazy zone’ or ‘dead zone’ (Frost, 1964; Carter, 1982; Cowin, 1987; Huiskes et al., 
1987; Frost, 1997) exists in bone cell mechanosensitivity where bone cells do not 
response to the mechanical stimulus as long as the signal is within a certain range. In 
previous bone remodelling studies, a rather big ‘lazy zone’ was required to achieve 
more realistic results (Huiskes et al., 1992), which is also in agreement with the high 
inhomogeneity we found in our study. Finally, it is possible that genetic or other 
factors play an important role when the bone structure develops and that bone in fact 
is only partially optimised for loading conditions (Jepsen, 2009; Karasik and Kiel, 
2010). For example, if bone growth also takes place in the absence of loading, only 
part of the structure will be load adapted. If this indeed is an important factor, better 
results would be expected for bone in older subjects that might be more adapted to 
their loading history. But also in fully grown bone, other factors of biological nature 
like calcium homeostasis or sex hormones could be physiologically more important 
than a bone structure perfectly adapted to its loading regime (Frost, 1987a; Beaupre et 
al., 1990; Manolagas, 2000; Harada and Rodan, 2003; Robling et al., 2006). 
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We expected that the CV values for the animals in the loaded group would reduce 
over time since an adaptation process where bone apposition occurs at highly loaded 
locations and bone resorption at lower-loaded locations reduces the inhomogeneity. 
We also expected that in the control group the inhomogeneity of the SED distribution 
would stay constant, since very little changes in bone adaptation are expected. The 
results of the analyses, however, show only a minor decrease in CV values over time 
for both groups. Nevertheless, plots of the SED distribution in the vertebrae clearly 
show a reduction in peak SED values when comparing baseline with 4 weeks. This 
effect is more pronounced for the loaded than for the control group (Fig. 5). This is 
not well reflected by the CV values since the reduction in these peak values has only a 
minor effect on the calculated standard deviation of the distribution. 

In the mice vertebrae, most of the loading is transmitted from the intervertebral disc to 
the vertebrae. This allows applying unit forces and moments in all possible directions 
to the discs and thus capturing the possible physiological loading conditions with a 
relatively small number of load cases. However, in more complex situations, e.g. the 
proximal femur, unit loads have to be defined in a different way. Since forces act 
perpendicular to the articular surface, a large number of unit forces could be evenly 
distributed over the surface in complex joints. This also captures the range of possible 
physiological loading but also causes a much higher number of unit loads than six, as 
used here in the vertebrae. Increasing the number of unit loads also increases the 
number of combinations that lead to a uniform loading and therefore might lead to 
unexpected load predictions. 

There are some limitations to our study that have to be considered. We assume that 
bone adapts its internal architecture in order to achieve a uniform tissue loading that 
we quantified as SED. Several other candidates for the mechanical signal have been 
proposed, such as fluid flow shear stress (Burger and Klein-Nulend, 1999; Burra and 
Jiang, 2009; Rath et al., 2010) or micro-damage (Mori and Burr, 1993; Robling et al., 
2006). However, earlier studies have demonstrated that the choice of the mechanical 
signal is not very critical since most of these signals are highly correlated 
(Ruimerman et al., 2005b). Another limitation is that the unit load cases have to be 
preselected according to the loading conditions in the physiological situation of the 
bone. Defining these loads and applying them in micro-FE models can be difficult, 
and often the physiological situation has to be simplified. 

In conclusion, we found that the bone loading estimation algorithm introduced here 
can provide information about the loading history. However, more work will be 
needed to establish the accuracy and sensitivity of the procedure and to find out what 
part of the bone structure is caused by adaptation and what part is due to other factors. 
For the purpose of bone remodelling simulation studies, however, this might be of 
lesser importance since in this case the response to changes in the loading is of 
interest rather than the actual loading history. 
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Abstract 

Patient-specific simulations of bone remodelling could enable predicting how bone 
micro-structural integrity would be affected by bone diseases, drugs or other factors, 
and, ultimately could help clinicians to improve their prognoses. To simulate load-
adaptive remodelling, however, knowledge about the physiological external loading 
acting on the bone is required. Assuming that load adaptation leads to homogeneous 
tissue loading, we previously developed a method to estimate the physiological 
loading history from bone morphology. We were able to reconstruct the loading 
history of a simple load case that was applied in an animal experiment. However, we 
found considerable inhomogeneity in tissue loading suggesting that the bones were 
not fully adapted. Also, we noted differences in bone micro-architecture between 
animals despite common loading history, possibly due to differences caused by the 
stochastic nature of the bone remodelling process. In the present study, we aim at 
validating the load estimation algorithm in a well-controlled environment in which 
more complicated loading conditions are applied. Specifically, we want to test its 
accuracy for partially and fully developed bone structures and for differences in bone 
micro-architectures as they can occur due to stochastic events, even for bones with a 
common loading history. This was possible by using synthetic micro-architectures 
obtained from bone remodelling simulations as the basis for our load estimation 
algorithm. Loading histories based on fully adapted structures were predicted with a 
maximum error of 4.4% and predictions were not affected by differences in bone 
micro-architecture. These results show that our load estimation algorithm produces 
reasonable predictions and might be a suitable tool to define in vivo loading for 
patient-specific bone remodelling studies. 

P. Christen, K. Ito, A. A. Dos Santos, R. Müller, and B. van Rietbergen. Validation of a bone 
loading estimation algorithm for patient-specific bone remodelling simulations. J Biomech 
(Accepted), 2012. 
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Introduction 

Bone is capable of adapting to its mechanical environment by changing its density 
and internal micro-architectural organisation according to the magnitude and 
directionality of the applied external forces. This remarkable ability for adapting to 
loading is thought to be a result of the orchestrated action of bone cells in an on-going 
process called bone remodelling, where bone is added at high-load locations and 
removed at low-load locations (‘Wolff’s law’) (Roux, 1881; Wolff, 1892; Frost, 
1987a; C T Rubin and Lanyon, 1987; Goldstein et al., 1991; Forwood and Turner, 
1995; Barak et al., 2011; Schulte et al., 2011). The ability to adapt, however, can be 
affected by bone diseases, drugs or other factors that determine bone cell activity.  

Many researchers have developed theories to explain and predict the load-adaptive 
bone remodelling process at the micro-level. These theories were usually tested with 
computer models that can represent the bone micro-architecture and provide 
information about bone tissue loading conditions. Although all these theories assume 
the adaptation process is mechanosensitive, the proposed mechanoregulatory 
processes differ considerably between theories. In some of these theories, it is 
assumed that all bone tissue strives for a mechanical loading target value by adding or 
removing bone tissue locally until this value is reached (Huiskes et al., 2000; 
Ruimerman et al., 2005a; Cox et al., 2011a; van Oers et al., 2011; Christen et al., 
2012d; H Wang et al., 2012). This approach was also extended to account for micro-
damage accumulation (McNamara and Prendergast, 2007; Mulvihill and Prendergast, 
2008). Other theories assume that bone is removed or added only if the local loading 
is below a lower threshold or above a upper threshold respectively and remains 
quiescent in between these two thresholds (Schulte et al., 2013). Yet other theories 
assume that the gradients in the stress or strain distribution determine the bone 
remodelling response (Adachi et al., 2001; Tsubota et al., 2002; Tsubota and Adachi, 
2005; Adachi et al., 2010). Of these theories, the one that assumes a fixed target value 
is most sensitive to changes in the external forces acting on the micro-architecture 
since both changes in magnitude and direction will induce remodelling. The other 
theories are less sensitive to the actual force magnitude but still require reasonable 
estimates of the external forces to produce meaningful remodelling results. 

In combination with high-resolution peripheral quantitative computed tomography 
(HR-pQCT), which allows assessing bone micro-architecture in vivo (Boutroy et al., 
2005; Boyd, 2008; Mueller et al., 2009b), computer models of bone remodelling 
could be used for patient-specific bone remodelling simulations. Such simulations 
would help clinicians to improve their prognoses since it would be possible, for 
example, to predict how the bone structure of a patient would respond to a certain 
treatment. 

In order to predict patient-specific load-adaptive bone remodelling, however, 
knowledge about the physiological external forces that act on the bone thus is 
required. These forces are usually not known in vivo. In a previous study, we 
developed a method to estimate the physiological loading history from bone micro-
structural morphology (Christen et al., 2012a). With this method, it is assumed that 
the load adaptation process will lead to homogeneous tissue loading. In that situation, 
the loading history could be determined by finding the set of plausible forces that 
results in the most homogeneous tissue loading. To do so, an optimisation procedure 
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was implemented that scales the magnitude of the set of plausible forces such that the 
most homogeneous tissue loading is obtained. Using this load estimation algorithm, 
we were able to reconstruct the loading history of a group of mice that had their tail 
vertebrae loaded in an in vivo animal experiment (Lambers et al., 2011; Christen et 
al., 2012a). Since only axial forces were applied in that animal experiment, it did not 
allow us to test the method for more complicated loading histories. We also found 
considerable inhomogeneity in bone tissue loading of approximately 69%, suggesting 
that the mice tail vertebrae were only partially adapted to mechanical loading. This 
could indicate that the bones were still adapting, or that the bone micro-architecture in 
these bones is largely determined by other factors than mechanical loading. It is not 
clear to what extent this partial adaptation would affect the results of the load 
estimation algorithm. Further, we noted that considerable differences in bone micro-
architecture exist between animals, even though they were all subjected to the same 
loading regime in the experiment. A possible explanation for this could be that the 
bone remodelling process is of stochastic nature to some extent, e.g. due to random 
bone resorption/formation to maintain calcium homeostasis. Although in the previous 
experiment mice of the same strain were used, genetic variation could also lead to 
differences in bone micro-architecture. The effects of such differences in bone micro-
architecture, in adapted structures, on the predictions using the load estimation 
algorithm are not clear. 

Based on these observations, we noted that, particularly for more complicated loading 
situations, the previous experimental validation approach was limited due to at least 
two reasons. First, if the bone structures were still developing, the load estimation 
algorithm, in the best case, would predict a loading history that reflects a mix between 
the pre-experimental and experimental loading conditions. For correct estimations of 
the loads applied in the experiment, however, loading should be predicted based on 
fully adapted bone micro-architectures and no remaining effect of the initial structure 
should exist. Second, since the same loading history will produce slightly different 
bone structures, possibly as the result of random bone resorption/formation, the 
results of the load estimation algorithm might vary as well. In the experimental 
design, however, it is difficult, if not impossible, to separate such a confounding 
factor from other confounding factors, such as partial adaptation. 

In the present study we aim at validating the load estimation algorithm in a more 
controlled environment and for more complicated loading conditions. Specifically, we 
want to test its accuracy for partially and fully developed bone structures and for 
differences in bone micro-architectures as they can occur due to stochastic events, 
even for bones with a common loading history. To do so, we will use synthetic micro-
architectures obtained from bone remodelling simulations rather than real 
measurements of bone structures as the basis for our load estimation algorithm. For 
these structures, the loading history and the state of adaptation and development are 
exactly known.  

The first purpose of this study was to investigate to what extent the load estimation 
algorithm is able to predict the loading history of bone structures that are fully 
adapted to the applied loading. To test this, the loading conditions predicted by the 
load estimation algorithm for such structures were compared to those applied during 
the remodelling simulations. To determine the ability of the algorithm to predict 
loading based on developing bones, also partially adapted structures were used. The 
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second purpose was to investigate if predictions of the algorithm are affected by 
differences in micro-architectures that may result from random bone 
resorption/formation or genetic variation, even when bones are subjected to the same 
loading history. For this purpose, remodelling simulations were repeated several times 
to generate one set of test structures and performed with different remodelling 
parameters to mimic genetic variation to generate another set of test structures. The 
estimated loads from the final micro-architectures were then compared to those 
applied during the remodelling simulations. 

Materials and methods 

Bone remodelling algorithm 

To create bone micro-architectures, which are adapted to the applied loading, we used 
a previously developed and tested load-driven bone remodelling algorithm (Huiskes 
et al., 2000; Ruimerman et al., 2005a). The remodelling algorithm is based on the 
fundamental assumption that osteocytes embedded in the bone tissue, which has an 
osteocyte density, 𝑛, sense mechanical loading and transmit a signal to osteoblasts on 
the bone surface, which form bone accordingly. This osteocyte signal, 𝑃(𝑥, 𝑡), is 
proportional to the local loading, represented as strain energy density rate and 
calculated using an element-by-element finite element solver (van Rietbergen et al., 
1996). The final signal that is received from an osteoblast at location, 𝑥, and time, 𝑡, 
is determined only by osteocytes within a certain distance, 𝑑!"#, from the osteoblast 
and the signal decays with increasing distance according the exponential function 

𝑒
!!"#
! , where 𝐷 is a constant describing the osteocyte decay distance. Bone is formed 

when the signal exceeds a certain bone formation threshold, 𝑘. The volume of bone 
matrix formed, 𝑉!"#, over time, 𝑡, with the formation rate, 𝜏, is determined with: 

𝑑𝑉!"#
𝑑𝑡

= 𝜏 𝑃 𝑥,𝑡 − 𝑘 if 𝑃 𝑥,𝑡 > 𝑘  (1) 

Osteoclasts, on the other hand, are assumed to remove bone at random location on the 
bone surface at a rate defined by the osteoclast activation frequency, 𝑓!"#. At each 
location, the volume of bone removed is determined by the resorption volume per 
cavity, 𝑉!"#. Thus the volume of bone resorbed, 𝑉!"#, over time, 𝑡, is calculated with: 

𝑑𝑉!"#
𝑑𝑡 = 𝑓!"#𝑉!"#  (2) 

Whenever possible, model parameters were defined according to bone physiological 
values for the bone remodelling simulations. Bone formation rate, 𝜏 , and bone 
formation threshold, 𝑘, were defined empirically based on experience from earlier 
simulation studies (Huiskes et al., 2000; Ruimerman et al., 2005a) and in such a way 
that they led to a reasonable bone turnover (Tab. 1). 

In the finite element models, bone was assumed as linear elastic material with a 
Poisson’s ratio of 0.3 and a Young’s modulus dependent on the voxel’s density 𝑚 
using a power law 𝐸 = 𝐸!𝑚! (Currey, 1988), with the power 𝛾=3.0 and 𝐸! = 5  GPa 
the maximum Young’s modulus of bone. Density values were ranging from 0.1 for 
marrow and 1.0 for bone (Tab. 1). 
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Parameter Symbol Unit Value 

Osteocyte density 𝑛  
1

mm3 44000 (a) 

Osteocyte mechanosensitivity 𝜇  
nmol  s-‐1

J  mm-‐3  𝑠!!  mm2 1.0 

Osteocyte influence distance 𝑑!"#  µm 150 
Osteocyte decay distance 𝐷  µm 100 (b) 

Bone formation threshold 𝑘  nmol  s-‐1

mm2  5.0⋅106  

Bone formation rate 𝜏  mm5

nmol  s-‐1  incr
 8.0⋅10-8 

Resorption volume per cavity 𝑉!"#  mm3 5.6⋅10-5 (c) 

Osteoclast recruitment frequency 𝑓!"#  
1
incr

 0.03 

Loading frequency 𝑓  Hz 1.0 
Bone stiffness 𝐸!  GPa 5.0 (b) 
Poisson’s ratio 𝜈  - 0.3 (b) 
Material constant 𝛾  - 3.0 (d) 
Increment incr year 0.15 (e) 
a(Mullender et al., 1996) 
b(Mullender and Huiskes, 1995) 
c(Eriksen and Kassem, 1992) 
d(Currey, 1988) 
e(Watts, 1999) 

Table 1: Model parameters used in the bone remodelling simulations. Whenever possible, 
values were defined according to bone physiology. 

Bone loading estimation algorithm 

We recently developed a bone loading estimation algorithm to determine loading 
conditions for patient-specific bone remodelling simulations (Christen et al., 2012a). 
The method is based on the assumption that the internal micro-architecture of bone is 
adapted to its mechanical environment by adding bone at high-load locations and 
removing bone at low-load locations. This ultimately leads to a bone structure in 
which loading is distributed homogeneously. According to our bone remodelling 
theory, the osteocyte signal, 𝑃(𝑥, 𝑡), is proportional to the local loading and triggers 
bone formation. Therefore, we here formulated the criterion of homogeneous bone 
tissue loading as a criterion of a uniform distribution of the osteocyte signal on the 
bone surface. Based on uniform osteocyte signal distribution, the loading history is 
estimated by scaling a set of 𝑛 predefined unit loads, 𝑖, until the summed resultant 
osteocyte signal of each load case, 𝑃!!"#$(𝑥) , reaches the most homogeneous 
distribution on the bone surface. This is formulated as an optimisation problem by 
finding the scaling factors, 𝑠!, that minimise the residual function, 𝑟(𝑠!): 

min
!!
𝑟 𝑠! = 𝑠!𝑃!!"#$ 𝑥

!

!!!

− 𝑐
!

𝑑𝑉 (3) 

where 𝑐  is a reference value for the uniform surface osteocyte signal during 
remodelling equilibrium. Since cavities are constantly formed due to osteoclastic 
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activity, also in remodelling equilibrium, the average surface osteocyte signal is 
higher than the target value 𝑘  set during remodelling simulations. From test 
simulations we determined that the average surface osteocyte signal is 15% higher 
due to this effect. Therefore, the reference value for the load estimation was 
determined as: 𝑐 = 1.15 ∙ 𝑘. Scaling factors are finally calculated using non-negative 
linear least square optimisation technique (Lawson and Hanson, 1974) (MATLAB, 
The MathWorks Inc., Natick MA, USA). It was assumed that all loads of a load case 
act together and equally long per loading cycle, therefore the loading magnitude, 𝛼, 
was calculated according to 𝛼! = 𝑠! (Christen et al., 2012a). The surface osteocyte 
signal for unit load cases, 𝑃!!"#$(𝑥), was calculated using the bone remodelling 
algorithm and these results were exported to a file. Scaling factors were then 
calculated from these results by using a non-negative linear least square optimisation 
technique (MATLAB, The MathWorks Inc., Natick MA, USA). 

Test cases 

Three sets of synthetic test structures were created using the bone remodelling 
algorithm (Fig. 1-3). For all simulations a cubic domain of 60×60×60 voxels with a 
voxel size of 33 µm was used, which leads to a sample size of 1.98×1.98×1.98 mm3. 
In the first set (Fig. 1), partially and fully adapted synthetic bone structures were 
generated. Remodelling simulations were started from a lattice structure representing 
bone development. Simulations were run for 2.4 and 30 years to create partially and 
fully adapted bone structures, respectively. The 2.4 years were chosen since initial 
simulations demonstrated that the inhomogeneity in bone tissue loading at this stage 
was comparable to that found in the earlier animal experiment (Christen et al., 
2012a). In the second set (Fig. 2), synthetic bone structures with different bone micro-
architectures were generated by running 12 bone remodelling simulations applying 
the same loading history and using the same remodelling parameters. Simulations 
started from a lattice structure and were continued until representing 30 years of 
remodelling. In the third set (Fig. 3), synthetic bone structures with different bone 
micro-architectures were generated by slightly increasing (+10%) and decreasing (-
10%) osteoclast recruitment frequency and bone formation rate in order to simulate 
some genetic variation. Simulations were started from a lattice structure and were 
continued until representing 30 years of remodelling. 

In the first set, a simple and a more complex load case were applied whereas in the 
second and third sets only the simple load case was used. In the simple load case 
(LC1), three normal stresses with different magnitudes were applied. In the complex 
load case (LC2), a main loading direction with an angle of 20° relative to the z-axis in 
the yz-plane was applied. Stress magnitudes in the order of 1 MPa were used which is 
within the physiological range according direct in vivo strain measurements (Al Nazer 
et al., 2012). They are also below what would be considered to cause micro-damage 
in trabecular bone (100 MPa) (Nagaraja et al., 2005). 
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Figure 1: The first test set represents developing bone partially adapted to loading after 2.4 
years and fully adapted after 30 years of bone remodelling simulation. A simple (LC1) and a 
more complex (LC2) load case were applied. In the first load case (LC1), normal stresses of 
1.1, 0.7, and 1.5 MPa are applied in the x, y, and z directions respectively. In the second load 
case (LC2), a normal stress of 1.0 MPa in the x direction and a stress of 1 MPa with a 
loading direction with an angle of 20° relative to the z-axis in the yz-plane are applied. 

Evaluation of results and statistical analysis 

The percentage error for each predicted loading history was calculated to measure the 
accuracy of the bone loading estimation method and was determined for each stress 
component of both load cases as: 

𝑒𝑟𝑟 =
𝜎!"#$%&#!'
𝜎!""#$%&

− 1 ∙ 100 (4) 

To determine how well the bone structures were adapted to the applied loading and 
therefore indicating the inhomogeneity in tissue loading, the coefficient of variation 
(CV = SD/mean) of the scaled strain energy density throughout the bone tissue was 
calculated (CVsed). Additionally, also the CV of the osteocyte signal at the bone 
surface was calculated (CVocy). 
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Figure 2: The second test set represents different bone micro-architectures with a common 
loading history and genetics generated due to stochastic differences in the bone remodelling 
simulations. Simulations were run for 30 years to fully adapt the structures. The simple load 
case (LC1) was applied. In this load case, normal stresses of 1.1, 0.7, and 1.5 MPa are 
applied in the x, y, and z directions, respectively. 
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Figure 3: The third test set represents different bone micro-architectures developed due to 
genetic variation either based on slight differences (±10%) in osteoclast recruitment 
frequency (a) or bone formation rate (b). Simulations were started from a lattice structure 
and run for 30 years to fully adapt the structures. The simple load case (LC1) was applied. In 
this load case, normal stresses of 1.1, 0.7, and 1.5 MPa are applied in the x, y, and z 
directions, respectively. 
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Results 

The first test set consisted of fully and partially developed bone structures. For fully 
developed bone, estimates were within 4.4% considering both load cases. The 
algorithm also predicted some loads that were not part of the loading history applied 
during bone remodelling. These loads ranged from 0.05 to 0.09 MPa and were 
therefore much smaller than the applied loads, which were in the range of 0.34 to 1.5 
MPa. Although the test structures were fully adapted, they still showed an 
inhomogeneity in tissue loading with a coefficient of variation of approximately 43% 
for strain energy density throughout the bone (CVsed) and approximately 10% for the 
osteocyte signal at the bone surface (CVocy) (Tab. 2). For partially developed bone, 
the predicted loads differed from the ones applied during remodelling by up to 7.0%. 
Predicted loads that were not part of the loads applied during remodelling ranged 
from 0.15 to 0.24 MPa. These test structures showed an inhomogeneity in tissue 
loading of approximately 69% for strain energy density throughout the bone (CVsed) 
and approximately 55% for the osteocyte signal at the bone surface (CVocy) (Tab. 3). 

The second test set consisted of bone structures with different micro-architectures due 
to random bone resorption/formation. Estimates were within 2.8% of the applied 
values and falsely predicted stresses were ranging from 0.06 to 0.103 MPa, which is 
again very small compared to the applied loading (Tab. 4). 

The third test set consisted of bone structures mimicking some genetic variation. The 
estimates were within 3.5% of the applied values for the type of genetic variation due 
to changes in osteoclast recruitment frequency (Tab. 5) and within 2.1% for genetic 
variation due to changes in bone formation rate (Tab. 6). 

 Load case 1 (LC1) Load case 2 (LC2) 
 Applied Estimated Error [%] Applied Estimated Error [%] 
𝜎!  1.100 1.104 0.355 1.000 0.989 -1.105 
𝜎!  0.700 0.717 2.410 0.940 0.942 0.235 
𝜎!  1.500 1.484 -1.060 0.940 0.940 -0.015 
𝜎!"  0.000 0.000  0.342 0.357 4.409 
𝜎!"  0.000 0.048  0.000 0.089  
𝜎!"  0.000 0.056  0.000 0.063  
CVsed  42.65   43.91  
CVocy  11.31   9.80  

Table 2: Estimated loading histories for fully developed bone structures of the first test set. 
Stresses, 𝜎, are reported in MPa and coefficients of variation, CV, in %. 
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 Load case 1 (LC1) Load case 2 (LC2) 
 Applied Estimated Error [%] Applied Estimated Error [%] 
𝜎!  1.100 1.112 1.091 1.000 1.027 2.660 
𝜎!  0.700 0.722 3.151 0.940 0.965 2.658 
𝜎!  1.500 1.472 -1.873 0.940 0.974 3.606 
𝜎!"  0.000 0.152  0.342 0.318 -7.005 
𝜎!"  0.000 0.236  0.000 0.153  
𝜎!"  0.000 0.146  0.000 0.196  
CVsed  69.13   69.61  
CVocy  56.63   54.39  

Table 3: Estimated loading histories for partially developed bone structures of the first test 
set. Stresses, 𝜎, are reported in MPa and coefficients of variation, CV, in %. 

 Load case 1 (LC1) 
 Applied Estimated Error [%] 
𝜎!  1.100 1.102 (0.007) * 0.205 (0.665) * 
𝜎!  0.700 0.712 (0.006) 1.676 (0.845) 
𝜎!  1.500 1.491 (0.005) -0.567 (0.336) 
𝜎!"  0.000 0.022 (0.025)  
𝜎!"  0.000 0.041 (0.037)  
𝜎!"  0.000 0.048 (0.019)  
CVsed  43.58 (0.691)  
CVocy  10.31 (0.572)  
*Values refer to as mean (SD) of 12 bone structures 
Table 4: Estimated loading histories for bone structures of the second test set generated due 
to stochastic differences in the bone remodelling simulations. Stresses, 𝜎, are reported in 
MPa and coefficients of variation, CV, in %. 

 Low osteoclast recruitment frequency High osteoclast recruitment frequency 
 Applied Estimated Error [%] Applied Estimated Error [%] 
𝜎!  1.100 1.106 0.527 1.100 1.097 -0.264 
𝜎!  0.700 0.707 1.066 0.700 0.725 3.529 
𝜎!  1.500 1.494 -0.433 1.500 1.480 -1.320 
𝜎!"  0.000 0.000  0.000 0.000  
𝜎!"  0.000 0.043  0.000 0.063  
𝜎!"  0.000 0.096  0.000 0.051  
CVsed  43.67   43.71  
CVocy  10.60   11.19  

Table 5: Estimated loading histories for bone structures of the third test set generated based 
on genetic variation due to osteoclast recruitment frequency variation (±10%). Stresses, 𝜎, 
are reported in MPa and coefficients of variation, CV, in %. 
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 Low bone formation rate High bone formation rate 
 Applied Estimated Error [%] Applied Estimated Error [%] 
𝜎!  1.100 1.104 0.355 1.100 1.109 0.845 
𝜎!  0.700 0.703 0.486 0.700 0.714 2.053 
𝜎!  1.500 1.473 -1.800 1.500 1.493 -0.473 
𝜎!"  0.000 0.044  0.000 0.000  
𝜎!"  0.000 0.084  0.000 0.000  
𝜎!"  0.000 0.030  0.000 0.050  
CVsed  43.37   42.70  
CVocy  10.45   9.96  

Table 6: Estimated loading histories for bone structures of the third test set generated based 
on genetic variation due to bone formation rate variation (±10%). Stresses, 𝜎, are reported in 
MPa and coefficients of variation, CV, in %. 

Discussion 

In the present study we aimed at validating a previously developed load estimation 
algorithm in a well-controlled environment where we can use partially and fully 
developed bone structures and test different bone micro-architectures with a common 
loading history. 

The load estimation algorithm predicted successfully the loading histories of fully 
adapted and even partially adapted structures. For the fully adapted structures, 
estimated loads were within 4.4% accuracy and although some load components were 
predicted that were not part of the actual loading history, their magnitude was small. 
It is interesting to note that, although these test structures were fully developed, they 
still showed an inhomogeneity in tissue loading of 43% based on strain energy density 
throughout the bone and 10% based on the osteocyte signal at the bone surface. This 
indicates that even in fully load-adapted structures, considerable inhomogeneity can 
be expected. In our simulations this can be due to the fact that the remodelling process 
is limited in the structures it can produce. There is also a continuous perturbation of 
tissue loading due to the fact that there is continuous random resorption in the model. 
But in spite of this, the load estimation is still accurate. The partially developed test 
structures were generated to obtain an inhomogeneity in tissue loading of 69% 
(CVsed) to be in agreement with what we found in the previous study using data from 
the animal experiment (Christen et al., 2012a). Using a different load estimation 
algorithm that is based on bone density, Kenneth J. Fischer found a tissue loading 
inhomogeneity of approximately 20% (personal communication). The density-based 
approach accounts for less detail, which most likely explains the lower value. The 
tissue inhomogeneity is also site-dependent as previous studies show using our 
algorithm (Christen et al., 2012c; Christen et al., 2013). We found values between 
50% and 70% and therefore decided to use a high tissue loading inhomogeneity in 
this study to challenge our bone loading estimation algorithm. Load estimations based 
on test structures with high tissue inhomogeneity of 69% showed a deviation of up to 
7.0% when compared to the loads applied during remodelling for both load cases and 
considerable loads were predicted that were not part of the actual loading history 
applied during remodelling. This was expected since the loading is predicted based on 
a micro-architecture that is still changing and thus reflects a mixture of the loads that 
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would be predicted for the initial configuration and for the fully adapted 
configuration. Even though the structure is only partially adapted to the loads applied 
during remodelling and the actual structure, as shown in Fig. 1, looks far from the 
final structure, the load estimation algorithm already provides a very reasonable 
estimation of these loads. These results show that the load estimation algorithm is 
able to accurately predict complicated loading histories even when the bone is not yet 
fully adapted. According to a previous sensitivity analysis of the bone remodelling 
parameters, the error in predicted forces would affect most of the bone morphometric 
parameters in a linear fashion (Cox et al., 2011b). Therefore, assuming a patient 
which bones are adapted to daily activity, bone morphology would also be predicted 
within an accuracy of 4.4% when using the estimated loading for clinical bone 
remodelling simulations. 

The small error of up to 2.8% for the estimates based on the set consisting of different 
bone micro-architectures with a common loading history and genetics demonstrates 
that the bone loading estimation algorithm is not very sensitive for the stochastic 
nature of the bone remodelling process. This result also shows that differences in 
bone micro-architecture between animals can be explained by random bone 
resorption/formation. Additionally, when differences in bone micro-architectures 
were generated by simulating some genetic variation, the error was small (3.5%) as 
well. This shows that differences in bone micro-architecture in animals with common 
loading history do not significantly affect the predictions. 

Other bone loading estimation algorithms have been developed as well. A comparison 
of the accuracy with these studies is complicated by the fact that they did not perform 
validation studies directly comparable to the present one. Instead, they compared 
estimates to in vivo measurements or calculated the difference between bone density 
distributions measured and the one predicted with bone remodelling simulations when 
applying the estimated loading. For example, loading at the femoral head was 
estimated based on the bone density with a 2D model (Fischer et al., 1999). A peak 
force of 65% body weight was found which is below what was measured in vivo using 
prosthetic implants. A more recently developed algorithm (Campoli et al., 2012), also 
a density-based approach, used a 3D model of the femur and estimated peak forces of 
173% body weight, which is at the lower end of in vivo measurements. In the same 
study, initial bone density distributions were compared to predicted bone density 
distributions when applying the estimated loading. Mean difference of individual 
voxel densities was between 14% and 35%. Although these previous studies thus are 
not directly comparable to our validation approach, it indicates that our algorithm 
gives fairly accurate estimates of bone loading. 

The main limitation of this study is that synthetic test structures were used based on a 
computational bone remodelling model that is also based on the assumption that bone 
strives for homogeneous tissue loading. The results thus provide an upper-limit to the 
accuracy of the load estimation algorithm. Obviously, for real bone structures, in 
which the micro-architecture might be determined by other factors than load-adaptive 
bone remodelling and thus a higher tissue loading inhomogeneity results, the 
predictions will be less accurate. Since we found tissue loading inhomogeneities 
ranging from 50% to 70% at different sites in previous studies, we think that the error 
calculated for the partially adapted structure in the present study is close to the upper 
limit because it is based on a tissue loading inhomogeneity of 69%. 
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In conclusion, the results show that our method can provide a reasonable and fairly 
robust estimate of the loading conditions even for bones that are not fully adapted. 
This suggests that it might be a suitable tool to determine the in vivo loading 
conditions that are required for patient-specific bone remodelling simulations. 
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Abstract 

High-resolution in vivo bone micro-architecture assessment, as possible now for the 
distal forearm, in combination with bone remodelling simulation algorithms could, 
eventually, predict patient-specific bone morphology changes. To simulate load-
adaptive bone remodelling, however, physiological loading conditions must be 
defined. In this paper we test a previously developed algorithm to estimate such 
physiological loading conditions from the bone micro-architecture. The aims of this 
study were to investigate if realistic boundary forces and moments are predicted for 
the scanned distal radius section and how these predicted forces and moments should 
be distributed to the scanned section in order to obtain a load transfer similar to that in 
situ. Images at in vivo resolution were generated for the clinically measured section of 
nine distal radius cadaver bones, converted to micro-finite element models and used 
for load estimation. Models of the full distal radius were created to analyse tissue 
loading distributions of the sections in situ. It was found that predicted forces and 
moments at the boundaries of the scanned region varied considerably but, when 
translated to equivalent radiocarpal joint forces, agreed well with values reported in 
the literature. Bone tissue loading distribution was in best agreement with in situ 
distributions when loading was applied to an extra layer of material at both ends of 
the clinical scan region. The agreement of the predicted loading to previous studies 
and the wide range of predicted loading values indicate that subject-specific bone 
loading estimation is possible and necessary. 

P. Christen, K. Ito, I. Knippels, R. Müller, G. H. van Lenthe, and B. van Rietbergen. Subject-
specific bone loading estimation in the human distal radius. J Biomech (Accepted), 2012. 
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Introduction 

The human distal radius is a clinically important site to assess bone micro-architecture 
in patients, e.g. in order to diagnose bone disorders such as osteoporosis. With the 
advent of high-resolution peripheral quantitative computed tomography (HR-pQCT), 
it is now possible to scan part of the forearm in vivo at high resolution and therefore 
reconstruct the detailed three-dimensional bone micro-architecture of a patient’s distal 
radius and ulna (Boutroy et al., 2005; Khosla et al., 2006; Boyd, 2008). Such 
measurements thus allow patient-specific investigations of morphometric parameters 
in the healthy and pathological state as well as patient-specific calculations of bone 
strength using micro-finite element (micro-FE) analysis (Pistoia et al., 2002; Mueller 
et al., 2009b; Liu et al., 2010; Varga et al., 2010; Mueller et al., 2011). In 
combination with bone remodelling simulation models, it would even be possible to 
predict changes in bone micro-architecture and strength over time.  

For bone remodelling simulations, however, patient-specific physiological bone 
loading conditions should be defined, but such in vivo loading conditions in the 
human distal radius of patients are usually not known. Although some progress has 
been made to calculate these forces using inverse modelling strategies (Dennerlein et 
al., 2007; Desroches et al., 2010; Qin et al., 2011; Slavens et al., 2011), the many 
assumptions that are needed with such strategies makes it difficult to assess their 
accuracy, in particular in a patient-specific manner. Most direct techniques for force 
measurements, on the other hand, have the disadvantage of being invasive. Using a 
pressure-sensor device, forces at the radioulnocarpal joint were measured in vivo in 
healthy human volunteers under physiological loading conditions (Rikli et al., 2007). 
Total forces ranged from 31 to 245 N depending on the position of the wrist, and 
forces at the radial centre ranged from 11 to 93 N. During grasping, however, the 
forces at the wrist increase due to additional muscle forces acting in the hand. 
Assuming that during grasping the main loading is transferred via the lunate and 
scaphoid carpal bones to the radius as measured in cadaver forearms (Markolf et al., 
1998), most of the grip force would be translated to the radius as well. Grip forces can 
therefore lead to considerably higher forces at the radius. For example, maximum 
handgrip strength was experimentally measured using a hydraulic handgrip 
dynamometer showing values ranging from 302 to 472 N in men and 173 to 281 N in 
women with considerable between subject variation (Foley et al., 1999). This 
indicates that the loading at the radius should also show highly variable values in that 
range. Partly this variation is due to differences in sex and age, but also due to 
idiosyncratic variation (White and Folkens, 2000). These large differences indicate 
that a patient-specific determination of the forces will be needed in order to represent 
realistic loading conditions for bone remodelling simulations. Also it is not clear how 
forces acting at the wrist joint transfer to the small region of the radius that is usually 
scanned in clinical practice. 

Earlier studies proposed algorithms to estimate external bone loads based on the bone 
density by scaling unit forces until a homogenous tissue loading distribution was 
reached using optimisation methods (Fischer et al., 1995; Fischer et al., 1998; 1999; 
Bona et al., 2006) and more recently also using artificial neuronal networks (Campoli 
et al., 2012). These approaches use continuum models and therefore estimate the 
actual bone micro-architecture and tissue stress from the bone density and continuum 
stress, respectively. Accounting also for the bone micro-architecture and thus the local 
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tissue loading, we also have proposed a bone loading estimation method (Christen et 
al., 2012a). With our algorithm it is assumed that bone strives for homogeneous tissue 
loading. After defining a set of plausible external load cases, micro-FE analysis is 
used to calculate the local tissue stress/strain condition for each load case, and based 
on these combined results, an optimisation algorithm is employed to scale the 
magnitude of the forces such that the most homogeneous bone tissue loading 
distribution is found. In this earlier study, this approach has provided reasonable 
estimates for the forces applied externally to vertebrae in an in vivo animal 
experiment (Lambers et al., 2011; Christen et al., 2012a). It was also successfully 
used to predict forces for a patient-specific bone remodelling study based on human 
bone biopsies taken from a clinical cohort of patients (Christen et al., 2012d). 

 For the scanned section of the distal radius, however, the plausible forces and 
moments do not represent well-defined external forces such as the ones acting at the 
joints, but net internal forces and moments working in a cross-section of the radius. 
To calculate the tissue loading generated by these internal forces, they will have to be 
distributed to the cross-sectional ends of the micro-FE models. It seems likely that the 
way in which this is done (e.g. as a prescribed stress or strain), can play an important 
role in the distribution of bone tissue loading, and thus can affect the load estimation. 
In order to reach a natural distribution of the forces and moments, such as they would 
occur for the scanned region in situ, we here propose to add an extra layer of material 
at both loaded ends to which boundary conditions are prescribed. This extra layer 
could also compensate for the loss of stiffness at the loaded ends that is expected due 
to cutting of the trabeculae. It is presently unclear, however, what layer stiffness 
would result in the best representation of the in situ load transfer.  

For the purpose of the present study, we defined two goals. The first goal was to 
investigate the accuracy of the internal forces and moments that are predicted at the 
ends of the clinical scan region. This was done by comparing predictions to 
measurements reported in the literature. Since experimental force measurements are 
mainly available from the radiolunate and radioscaphoid joints, we used force 
equilibrium conditions to translate the estimated forces at the scanned region to forces 
at these joints. The second goal was to find an optimal value for the layer stiffness. 
This was achieved by comparing the calculated tissue loading conditions in the 
scanned region with those calculated for the scanned region in situ. Since the results 
of the load estimation will also depend on the stiffness of these additional layers, we 
will first determine the optimal layer stiffness and then use that value in all further 
models to determine bone loading estimates. These predictions are then compared to 
literature values to reach our first goal. 

Materials and methods 

Bone samples 

A randomly selected subset (𝑛 = 9) of HR-pQCT images of human cadaveric 
forearms (Fig. 1a) from another study was used (Mueller et al., 2009a). The subset 
includes scans from 5 women with ages ranging from 78.5 to 94.3 years and 4 men 
with ages ranging from 64.9 to 91.5 years (Tab. 1). Prior to death, all donors had 
agreed to dedicate their body to the Institute of Anatomy of the Ludwig-Maximilians-
University (LMU) Munich (Hudelmaier et al., 2005; Eckstein et al., 2007; 
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Lochmuller et al., 2008a; Lochmuller et al., 2008b). In the previous study, scanning 
was performed at an in-plane resolution of 89 µμm and slice thickness of 93 µμm. 
Laplace-Hamming filtering and a fixed global threshold (41.5% of the maximum 
grayscale intensity value) were used for segmentation (Laib and Ruegsegger, 1999). 
Based on the HR-pQCT images, micro-FE models were created for the full distal end 
of the radius (Fig. 1a) in order to calculate the in situ loading conditions, and the 
cross-sectional region that is recommended for clinical measurements (Fig. 1b) using 
a voxel-conversion technique (van Rietbergen et al., 1995). A 3-voxel thick layer was 
added at both ends of the clinical model. 

 Bone Sample Nr. 
 1 2 3 4 5 6 7 8 9 
Sex (female/male) f f f m f m m f m 
Age (years) 90 78 94 65 94 72 92 85 66 

Table 1: Subject information. 

 

Figure 1: Full distal radius model (a) including loading vectors for the estimated forces and 
moments, 𝐹!  and 𝑀! , radioscaphoid force, 𝐹!, and radiolunate force, 𝐹!. The clinical model 
(b) is represented by the small cross-sectional region that is usually measured in clinical 
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practice. Boundary conditions were applied to the soft layers at both ends of the clinical 
model (BC). 

Layer stiffness definition 

In order to define the appropriate layer stiffness in the clinical model (Fig. 1b), mean 
strain energy density (SED) was compared when applying a compressive force of 100 
N in the axial direction to the full and clinical micro-FE models. Micro-FE results 
from the common region of the full and clinical model were compared using linear 
regression. For the clinical region, test models were created with a Poisson’s ratio of 
0.3 and a layer stiffness of 10, 100, 1000, 6800 MPa, and one model with no layers. 
Mean SED of each test model were related to those of the full model in the linear 
regression and the appropriate layer stiffness was defined based on the slope of the 
regression trend line which should be as close as possible to 1. Additionally, also the 
local SED distribution of the test models was correlated to the full model by 
calculating the Pearson product-moment correlation coefficient, 𝑅. Bone material was 
modelled with a Young’s modulus of 6800 MPa and a Poisson’s ratio of 0.3 (Macneil 
and Boyd, 2008). Articular cartilage in the full model was modelled as linear elastic 
with a Young’s modulus of 12 MPa and a Poisson’s ratio of 0.45 (Moglo and Shirazi-
Adl, 2003; Chegini et al., 2009). For the full model, a distributed load was prescribed 
at a stiff plate connecting the lunate and scaphoid bone at the distal end whereas 
displacements at the proximal end were fixed in all directions. For the clinical model, 
frictionless displacement was prescribed at the distal end whereas displacements at 
the proximal end were fixed in all directions. Model creation and micro-FE analysis 
were performed using Image Processing Language (IPL, Scanco Medical AG, 
Brüttisellen, Switzerland). 

Bone loading estimation algorithm 

Based on the assumption of uniform tissue loading distribution quantified by SED and 
calculated using micro-FE analysis, the loading history can be estimated by scaling a 
set of 𝑛 predefined unit loads until the most homogeneous tissue loading distribution 
is found. This is formulated as an optimisation problem by finding scaling factors, 𝑠!, 
that minimise the residual function, 𝑟(𝑠!): 

min
!!
𝑟 𝑠! = 𝑠!𝑈!!"#$ 𝑥

!

!!!

− 𝑘
!

𝑑𝑉 (1) 

Where 𝑈!!"#$(𝑥) is the SED distribution due to unit load i and 𝑘 is a reference value 
for physiological local tissue loading which was set to 0.02 MPa in this study 
(Mullender and Huiskes, 1995). Scaling factors are calculated using non-negative 
linear least square optimisation technique (Lawson and Hanson, 1974) (MATLAB, 
The MathWorks Inc., Natick MA, USA). In the present study, loading was estimated 
using the clinical model (Fig. 1b) where forces and moments, prescribed as 
displacements and rotations, in the three orthogonal directions were considered as unit 
load cases. Positive z, x, and y directions of the coordinate system were oriented 
distally, anteriorly, and medially respectively. It was assumed that these load cases act 
equally long over time and are applied sequentially. Therefore, the loading 
magnitude, 𝛼 , considering the 6 unit load cases was calculated according to 
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𝛼! =
!!"!
!!

𝑠! = 6 ∙ 𝑠!, where 𝑚!"! is the total number of loading cycles and 𝑚! the 

number of loading cycles of load case 𝑖 (Christen et al., 2012a). 

 

Figure 2: Determination of positions and directions of radiolunate and radioscaphoid force 
vectors according individual anatomy of each subject. First, positions were defined in the 
centre of the contact area of the radiolunte and radioscaphoid joints in the xy-plane (a). 
Second, directions of the radiolunate and radioscaphoid force vectors were defined to be 
orthogonal to the contact surface of the radiocarpal joints in the yz-plane (a) and the xz-
plane (b). 

Radiocarpal joint forces calculation 

To investigate if realistic loads were predicted using the load estimation algorithm, 
predicted loads were translated to the hand bones in order to compare them with 
experimental measurements. For this purpose, directions, 𝑒! and 𝑒!, and positions, 𝑟! 
and 𝑟!, of the radiolunate and radioscaphoid force vectors, 𝐹! and 𝐹!, were determined 
according to the individual anatomy of the full model for each bone sample. First, the 
positions were defined as the centre of the contact area of the radiolunate and 
radioscaphoid joints in the xy-plane (Fig. 2a). Second, the directions of the 
radiolunate and radioscaphoid force vectors were defined to be orthogonal to the 
contact surface of the radiocarpal joints in the yz-plane (Fig. 2a) and the xz-plane 
(Fig. 2b). The magnitudes, 𝐴! and 𝐴!, of these forces were then calculated from the 
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forces 𝐹! and moments 𝑀! as estimated at the cross-sections of the scanning region, 
using force and moment equilibrium equations.  For each of the 6 load cases 𝑖, this 
leads to a system of 6 linear equations: 

𝑒! 𝑒!
𝑟!×𝑒! 𝑟!×𝑒! !

𝐴!
𝐴!

= −𝐹!
−𝑀! !

or 𝐏!𝐀 = 𝐋! (2) 

After combining the equations for all load cases the following system of 36 linear 
equations is obtained: 

𝐏!
𝐏!
𝐏!
𝐏!
𝐏!
𝐏!

𝐴!
𝐴!

=

𝐋!
𝐋!
𝐋!
𝐋!
𝐋!
𝐋!

or 𝐏𝐀 = 𝐋 (3) 

This is then solved using a Moore-Penrose pseudoinverse approach, which is used 
here to give the least squares solution (Moore, 1920; Penrose, 1955): 

𝐀 = 𝐏!𝐏 !! 𝐏!𝐋  (4) 

Radiocarpal joint forces were finally calculated with 𝐹! = 𝐹! = 𝑒!𝐴!  and 
𝐹! = 𝐹! = 𝑒!𝐴! . 

Results 

Mean SED as well as the local SED correlation between the common region of the 
clinical and full model depends on the layer stiffness used in the clinical model (Tab. 
2 and Fig. 3 and 4). A rather soft layer (10 MPa) causes a higher mean SED and a 
rather stiff layer (6800 MPa) a lower mean SED. Relating the mean SED of the 
clinical test models with different layer stiffness to the mean SED in the common 
region of the full model shows that a layer stiffness between 10 and 100 MPa leads to 
a slope of the regression curve closest to 1. Based on further analyses, an optimal 
layer stiffness of 15 MPa was defined which leads to a slope of 0.97 (Fig. 3). Local 
SED correlation is moderate for all test models, however, the test model with 15 MPa 
layer stiffness is still favourable (Tab. 2). 

Using layers with a stiffness of 15 MPa for all models, the load estimation algorithm 
predicts considerable mean axial and shear forces of 𝐹! = −88, 𝐹!" = −210 and 
𝐹!" = 102 N, as well as torsion and bending moments of 𝑀! = 1.4, 𝑀!" = 3.0 and 
𝑀!" = 5.3 Nm. Predicted forces and moments largely differ between subjects (Tab. 
3). These forces and moments lead to an average radiolunate force of 130 N and a 
radioscaphoid force of 221 N. Although there are large differences in radioscaphoid 
(66 to 517 N) and radiolunate (39 to 298 N) forces for individual subjects, due to the 
large variation in predicted loading for the scanned region, the force transmission 
ratio of 36% for the lunate bone and 64% for the scaphoid bone is well conserved 
between subjects (Tab. 4).  
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To illustrate that radiocarpal joint forces are related to bone morphology, the bone 
micro-architecture of all 9 clinical models are compared and ordered according to the 
predicted forces (Fig. 5). As expected, this comparison shows that high joint forces 
are predicted for subjects with a high bone volume fraction and a thick cortex whereas 
low joint forces are predicted based on low bone volume fraction and a thin cortex. 
This is further supported by the finding that bone volume fraction correlated well with 
radiolunate (𝑅! = 60%) and radioscaphoid (𝑅! = 66%) joint forces. 

Bone Sample Nr. Clinical Model Full Model 
  No Soft 

Layer (nl) 
Soft Layer Stiffness [MPa]  

  10 15 100 1000 6800  
1 Mean SED [Pa] 2.86 4.96 4.43 2.99 2.35 2.17 3.62 
 𝑅 Clinical/Full Model 0.51 0.57 0.60 0.65 0.56 0.51  
2 Mean SED [Pa] 0.13 0.21 0.18 0.10 0.07 0.07 0.18 
 𝑅 Clinical/Full Model 0.39 0.56 0.58 0.60 0.45 0.35  
3 Mean SED [Pa] 6.03 10.1 8.72 5.04 3.71 3.46 6.85 
 𝑅 Clinical/Full Model 0.57 0.53 0.56 0.65 0.59 0.52  
4 Mean SED [Pa] 0.70 1.27 1.14 0.80 0.64 0.57 0.86 
 𝑅 Clinical/Full Model 0.52 0.54 0.60 0.74 0.60 0.45   
5 Mean SED [Pa] 11.2 18.1 15.2 8.34 6.08 5.67 15.5 
 𝑅 Clinical/Full Model 0.32 0.62 0.63 0.57 0.28 0.18  
6 Mean SED [Pa] 1.09 1.82 1.65 1.19 1.00 0.93 1.19 
 𝑅 Clinical/Full Model 0.64 0.57 0.63 0.81 0.73 0.64   
7 Mean SED [Pa] 2.05 3.18 2.89 2.12 1.77 1.67 2.41 
 𝑅 Clinical/Full Model 0.70 0.65 0.70 0.81 0.73 0.64  
8 Mean SED [Pa] 2.65 5.69 4.84 2.85 2.21 2.04 6.30 
 𝑅 Clinical/Full Model 0.21 0.51 0.54 0.52 0.30 0.22   
9 Mean SED [Pa] 0.93 1.44 1.33 1.02 0.85 0.77 1.24 
 𝑅 Clinical/Full Model 0.53 0.46 0.50 0.62 0.58 0.48  
Mean Mean SED [Pa] 3.07 5.20 4.49 2.72 2.08 1.93 4.24 
Mean 𝑅 Clinical/Full Model 0.49 0.56 0.59 0.66 0.54 0.44   

Table 2: Comparison of the clinical and full models when axially compressing the models 
with a force of 100 N. 

 Mean Bone Sample Nr. 
  1 2 3 4 5 6 7 8 9 
𝐹!" [N] -210 -138 -122 -135 -465 -91 -194 -135 -157 -448 
𝐹!" [N] 102 94 68 83 149 45 157 93 91 140 
𝐹! [N] -88 9 -17 -1 -235 -101 -86 -90 -157 -114 
𝑀!" [Nm] 3.046 2.309 1.744 2.721 4.490 1.060 5.523 2.965 1.929 4.674 
𝑀!" [Nm] 5.333 3.233 2.856 3.473 11.624 3.154 5.177 3.689 4.938 9.852 
𝑀! [Nm] 1.402 0.807 0.052 0.031 3.970 1.058 1.197 1.009 2.287 2.212 

Table 3: Predicted forces and moments using the load estimation algorithm based on the 
clinical models. 
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 Mean Bone Sample Nr. 
  1 2 3 4 5 6 7 8 9 
Radiolunate Force [N] 130 86 92 85 284 39 104 74 105 298 
Radioscaphoid Force [N] 221 150 129 153 517 66 230 150 201 396 
Radiolunate Portion [%] 36 37 42 36 35 37 31 33 34 43 
Radioscaphoid Portion [%] 64 63 58 64 65 63 69 67 66 57 

Table 4: Calculated radiolunate and radioscaphoid joint forces and their force transmission 
ratio. 

Discussion 

Our first goal was to investigate the accuracy of a previously developed load 
estimation algorithm when applied to the scanned region of the distal radius by 
comparing predicted forces to measurements reported in the literature. We found that 
predicted forces and moments varied between subjects (Tab. 3) and therefore the 
resultant radiolunate and radioscaphoid forces also varied within a wide range (Tab. 
4). The range found here, however, was in good agreement with data from 
experimental measurements of wrist joint forces (Rikli et al., 2007) as well as 
maximal handgrip strength (Foley et al., 1999) reported in the literature. Since the 
latter experimental study used subjects with similar age range, the forces measured 
should be representative for our models. The predicted average radiocarpal joint 
forces for men (𝐹! = 190  N, 𝐹! = 323  N) were much higher compared to that for 
women (𝐹! = 82  N, 𝐹! = 140  N), as it was also the case for handgrip strength to a 
similar extent (Foley et al., 1999). Our results are also in good agreement with the 
experimental finding that, when loading is applied to the wrist in neutral position, 
approximately one third of the load is transferred from the lunate to the radius and 
about two thirds come from the scaphoid bone (Viegas et al., 1989; Horii et al., 1990; 
Hara et al., 1992; Short et al., 1992; Watanabe et al., 1993; Schuind et al., 1995; 
Iwasaki et al., 1998; Majima et al., 2008). 

Our second goal was to find an optimal value for the stiffness of a layer of elements 
added to the loaded boundaries of the clinical model such that bone tissue loading 
conditions were in good agreement with those expected in situ. We showed that using 
layers with a Young's modulus of 15 MPa at both ends of the clinical model lead to a 
similar load transfer and distribution as in the in situ case determined from the full 
model of the distal radius. Adding layers with different stiffness at both ends of the 
clinical model revealed that the mean SED within the bone is highly dependent on the 
layer stiffness. Higher layer stiffness tended to stiffen the whole clinical region and 
accordingly led to mean SED that were too low. Lower layer stiffness, on the other 
hand, led to larger deformations than can be expected in situ and thus resulted in SED 
values that were too high. It should be noted that our results are valid only for the 
layer thickness chosen here. Since the stiffness of the layer is less than that of the 
bone section, a thicker layer, for example, will lead to a lower stiffness of the whole 
model and in that case a larger Young's modulus would be required to obtain similar 
results.  



 52 

 

Figure 3: Mean strain energy density (SED) of the clinical test models with different layer 
stiffness related to mean SED in the common region of the full model for each subject using 
linear regression. 

Even for the optimal layer stiffness, the local SED correlation between clinical and 
full model was only moderate. Nevertheless, when comparing plots of the local SED 
distribution of the full model and the 15 MPa clinical model qualitatively, a very 
similar distribution was found (Fig. 4). This indicates that the correlation coefficient 
might not be the best measure to judge the similarity of the distributions since it 
would require that the distributions were accurate at the level of individual voxels. 

It is interesting to compare our local SED distributions (Fig. 4) to a recent study 
(Edwards and Troy, 2011) where stress-strain distributions were calculated according 
to two widely used experimental setups: in one case forces are applied directly to the 
embedded isolated radius and in the other case forces are applied through the hand 
with the wrist joint intact. Stress-strain distributions were calculated using finite 
element analysis and predictions were validated with biomechanical experiments of 
the two setups. The isolated radius model would be similar to our clinical model with 
stiff layers or no layers. In the intact wrist model, forces were applied via lunate and 
scaphoid bones, which would be similar to our full model. The study showed that in 
the isolated radius simulations the cortical shell carried most of the applied loading 
whereas in the intact wrist simulations, the trabecular core was also loaded due to the 
radiocarpal bone articulations. In the present work, we also found that in the full 
model and the clinical model with soft layers most of the trabecular region is loaded 
and that in the clinical models with stiff layers or no layers only some parts of the 
trabecular region are loaded. This indicates that our full model as well as the clinical 
model with soft layers revealed realistic load transfers and that adding soft layers 
indeed leads to a more realistic local loading distribution. 

A main limitation of this study is that only a range of forces published in the literature 
was available as a validation for the estimated loads. Since the specimens were 
destroyed in earlier experimental tests, it was not possible to perform any 
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experimental tests to these particular specimens. Also, no data were available about 
muscle strength or other conditions of the donors. Furthermore, no information exists 
describing the forces on the radius during a typical daily loading cycle. For this 
reason, it was assumed that all predicted force components apply equally long over 
time. If this assumption is not correct, this will lead to changes in predicted force 
magnitudes (Christen et al., 2012a). Although these facts limit the validation of the 
load estimation, they are of lesser importance when the interest is on performing bone 
remodelling simulation studies. For the simulation of load-adaptive bone remodelling, 
only external forces are needed to produce homogeneous bone tissue loading 
conditions, since this is the driving force for bone remodelling. 

Some other limitations should be discussed as well. First, it was assumed that only 
radiolunate and radioscaphoid joint forces were acting at the distal end of the radius, 
thus ignoring any forces due to tendons and ligaments. And second, the modelling of 
the cartilage and the contact conditions in the full model is a crude simplification of 
reality. However, since we were only interested in the bone tissue loading of the 
clinical region, which is at a reasonable distance away from the cartilage, we do not 
expect that this will affect the results significantly. 

In conclusion, the results of this study suggest that the bone loading estimation 
algorithm can provide reasonable predictions of physiological external loading 
conditions for the scanned region of the distal radius in vivo. Such external forces 
should be applied to additional layers of elements added to the ends of the clinical 
region to obtain a transfer and distribution of the bone tissue loading that is close to 
the in situ situation. Given the large range in predicted loading values, the results also 
indicate that a subject-specific determination of bone loading directly based on bone 
morphology is possible and necessary. 
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Figure 4: Local strain energy density (SED) distribution in the full (a) and clinical (b) 
models. In the clinical models the stiffness of the added layers is indicated in MPa and the 
model without layers with “nl”. All micro-FE models were axially compressed with a force of 
100 N. 
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Figure 5: Bone morphology of all 9 bone samples indicated by the subject number and bone 
volume fraction (BV/TV) and ordered according the magnitude of the predicted radiocarpal 
joint forces. Lowest forces were calculated for the sample at top left and highest for the 
sample at bottom right. 
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5. Deriving human and canine hip-joint forces from bone 
microstructure 

Patrik Christen, Keita Ito, Bert van Rietbergen 
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Technology, Eindhoven, The Netherlands 

Abstract 

It is well known that bone adapts its microstructure in response to loading. Based on 
this form-follows-function relationship, we previously developed a reverse approach 
to derive joint loads from bone microstructure. Here we challenge this approach by 
predicting loading patterns across species, in the human and canine hip joint, where 
bone microstructure varies significantly. Predictions were in close agreement with in 
vivo measurements during walking for both species. This indicates that our novel 
approach can be useful for making inferences about locomotion in living as well as 
extinct animals and to study evolutionary aspects of joint development. 

P. Christen, K. Ito, and B. van Rietbergen. Deciphering the secret message within bone 
microstructure. In Preparation, 2013. 
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Introduction 

Bone can adapt its microstructure by means of a life-long process in which bone cells 
add bone tissue at locations of high mechanical stresses, and remove it at locations of 
low mechanical stresses. Eventually, this process will attempt to create a state where 
all bone tissue is loaded as uniformly as possible (Roux, 1881; Wolff, 1892). This 
form-function relationship due to bone adaptation implies that it might be possible as 
well to reverse derive hip-joint loading patterns from the femoral head microstructure 
by finding a set of joint forces that produce such a state of uniform tissue loading. In 
an earlier study, we explored this concept in an animal experiment and were able to 
reconstruct the magnitude of exogenous forces applied to mice tail vertebrae from the 
measured bone microstructure (Lambers et al., 2011; Christen et al., 2012a). Natural 
loading conditions in the hip, however, are much more complicated and involve 
forces acting in a large variety of directions and magnitudes. Furthermore, bone 
microstructure of the hip varies widely between species and individual subjects. This 
variation may reflect differences in hip-joint loading patterns to which bones are 
adapted (Ryan and van Rietbergen, 2005). Here, we challenge our load estimation 
approach, by calculating such complex loading patterns at the hip joint for two 
species with very different locomotion: Human and dog. Results are validated relative 
to direct in vivo force measurements using instrumented implants, as reported in the 
literature. 

Materials and Methods 

Two human and one canine (Flat-coated Retriever) femoral head microstructures 
were assessed using micro-computed tomography. Human samples were from a 
healthy and an osteoporotic subject of similar age, weight, and height (van Rietbergen 
et al., 2003). Based on these images, micro-finite element models were created, well 
representing the bone microstructure. Unit loads were evenly distributed over the 
contact area of the femoral head and applied as sinusoidal distributed forces. Tissue 
stresses were calculated for each individual unit load. Using an optimisation 
procedure, magnitudes of these unit loads were then scaled such that their combined 
application would produce the most homogeneous tissue loading closest to a 
physiological target value of 0.02 MPa (Christen et al., 2012a) (Fig. 1). 

Results 

The algorithm predicted peak forces of up to 378% body weight (BW), 195% BW, 
and 176% BW for the healthy human, the osteoporotic human, and the dog femur, 
respectively (Fig. 2). These predictions compare well to in vivo hip-joint force 
measurements from the literature that showed peak forces during stance phase of 
normal walking of 211% to 410% BW in humans (Bergmann et al., 1984; Bergmann 
et al., 1993; Bergmann et al., 2001) and approximately 165% BW in dogs (Page et 
al., 1993). The estimated peak force of the osteoporotic human is at the lower end of 
measured values, which is consistent with limited physical activity. 
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Figure 1: Tissue loading distribution at the microscopic level represented as strain energy 
density (SED) for human, healthy (A) and osteoporotic (B), and dog (C) femoral heads. 
Distributions are determined based on the predicted loading and thus represent the most 
uniform distributions as found by the optimisation procedure. 

 

Figure 2: Predicted hip-joint loading patterns for human, healthy (A) and osteoporotic (B), 
and dog (C). Sinusoidal distributed forces are indicated with lines and locations of unit loads 
with points. 

Discussion 

For humans, the predicted main forces (of largest magnitude) were located at the 
superior end of the femoral head, whereas for dogs these forces also started superior 
of the femoral head but spread medially (Fig. 2). These loading patterns compare 
favorably with in vivo measurements during walking (Bergmann et al., 1984; 
Bergmann et al., 1993; Page et al., 1993; Bergmann et al., 2001). Only some small 
forces predicted at the lateral and medial rim in the human case were not in 
agreement. However, this is due to the fact that in vivo measurements represent the 
resultant hip-joint force rather than its distribution over the femoral head surface. 

A B C

0.00 0.04
SED [MPa]

A

B

C

medial ventral

medial
ventral



 62 

The main novelty of this study is that it demonstrates the feasibility of deriving hip-
joint loading patterns from bone microstructure. Deciphering this hidden message 
within bone can be particularly useful to make inferences about locomotion in living 
and extinct animals where direct measurements are not possible, but bone structures 
are available. It can also be useful to study evolutionary aspects of joint development 
and loading. 
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Abstract 

We previously developed a load-adaptive bone modelling and remodelling simulation 
model that can predict changes in the bone micro-architecture as a result of changes in 
mechanical loading or cell activity. In combination with a novel algorithm to estimate 
loading conditions, this offers the possibility for patient-specific predictions of bone 
modelling and remodelling. Based on such models, the underlying mechanisms of 
bone diseases and/or the effects of certain drugs and their influence on the bone 
micro-architecture can be investigated. In the present study we test the ability of this 
approach to predict changes in bone micro-architecture during hypoparathyroidism 
(HypoPT), as an illustrative example. We hypothesise that, apart from reducing bone 
turnover, HypoPT must also lead to increased osteocyte mechanosensitivity in order 
to explain the changes in bone mass seen in patients. Healthy human iliac crest 
biopsies were used as the starting point for the simulations that mimic HypoPT 
conditions and the resultant micro-architectures were compared to age-matched 
clinical HypoPT biopsies. Simulation results were in good agreement with the clinical 
data when osteocyte mechanosensitivity was increased by 40%. In conclusion, the 
results confirm our hypothesis, and also demonstrate that patient-specific bone 
modelling and remodelling simulations are feasible. 

P. Christen, K. Ito, R. Müller, M. R. Rubin, D. W. Dempster, J. P. Bilezikian, and B. van 
Rietbergen. Patient-specific bone modelling and remodelling simulation of hypo-
parathyroidism based on human iliac crest biopsies. J Biomech, 45(14):2411-2416, 2012. 
Reprinted with permission from Elsevier. 
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Introduction 

It is well known that bone is able to adapt its density and micro-architecture to its 
mechanical environment in such a way that bone is added at highly loaded locations 
and removed at unloaded locations (‘Wolff’s law’) (Wolff, 1892; Frost, 1987a; C T 
Rubin and Lanyon, 1987; Goldstein et al., 1991; Forwood and Turner, 1995; Barak et 
al., 2011; Schulte et al., 2011). This load-adaptive bone modelling and remodelling 
process, governed by bone cells, normally leads to the formation of bones with 
adequate stiffness and strength. However, the process can be affected by changes in 
cell activity, e.g. due to changes in hormone levels or drugs. A better prediction of the 
effects of such changes in cell activity and loading is important for an improved 
diagnosis and prognosis of bone fracture risk in patients suffering from osteoporosis 
or other bone diseases. 

We previously developed a computer model to simulate load-adaptive bone modelling 
and remodelling also accounting for changes in cell activity (Huiskes et al., 2000; 
Ruimerman et al., 2005a). The model is based on the theory that osteocytes in bone 
sense mechanical loading and transmit a signal to osteoblasts on the bone surface to 
form bone accordingly whereas osteoclasts resorb bone in a spatially random fashion 
to repair micro-damage. This model was capable to predict the effects of altered 
loading conditions as well as the effects of changes in cell activity on the bone micro-
architecture (Huiskes et al., 2000; Ruimerman et al., 2005a; van Oers et al., 2008). So 
far, however, this model was only applied to artificially generated bone structures 
adapted to simple loading conditions. 

To apply load-driven bone modelling/remodelling algorithms to patient data, a first 
requirement is the measurement of bone micro-architecture in vivo. This is possible 
now for the peripheral skeleton or from bone biopsies (Muller et al., 1994; Muller et 
al., 1996; Majumdar et al., 1997; Boutroy et al., 2005; Boyd, 2008; Mueller et al., 
2009b; M R Rubin et al., 2010b). A second requirement is the assessment of the 
patient-specific loading history to which the bone micro-architecture was adapted. 
This is needed to define the starting point for bone modelling/remodelling simulations 
that are aimed at predicting effects of changes in loading or cell activity. For the 
latter, we recently developed a method to estimate in vivo bone loading based on bone 
morphology (Christen et al., 2012a). The approach assumes that due to continuous 
bone modelling and remodelling, tissue is laid down at high-load locations and 
removed at low-load locations, which leads to a homogeneous tissue loading 
distribution. Therefore the loading history can be determined by finding a set of 
external bone loads that leads to the most uniform loading distribution. By combining 
the load estimation method and the bone modelling/remodelling algorithm, patient-
specific simulations of bone modelling and remodelling are possible. Such 
simulations would also require patient-specific resorption and formation rates, at least 
if it is not possible to assume a general average change in these parameters, for 
example, simulating effects of a certain disease.  

In the present study we wanted to test the ability of simulating bone modelling and 
remodelling in a patient-specific manner using our previously developed bone 
modelling/remodelling and load estimation algorithms to predict changes in bone 
micro-architecture during hypoparathyroidism (HypoPT) as an illustrative example. 
HypoPT is characterized by hypocalcemia in association with a low serum 
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parathyroid hormone (PTH) level (M R Rubin et al., 2010a) and is mainly associated 
with a profound suppression of bone turnover by approximately 80% (M R Rubin et 
al., 2008) and a substantial increase in bone mass in the range of 10-32% (Abugassa 
et al., 1993; M R Rubin et al., 2008) or in some cases up to 75% (M R Rubin et al., 
2010b). It is unlikely that such increases in bone mass are the result of the strong 
suppression of bone turnover alone, since complete suppression of osteoclast activity 
would increase the bone mass by no more than 5% due to filling of the resorption 
space (Heaney, 1994; Khan et al., 2001; Van Der Linden et al., 2001; Deng et al., 
2005). The low bone turnover could be explained by down-regulating receptor 
activator of nuclear factor-κB ligand (RANKL) (Wada et al., 2006; Mosekilde, 2008) 
and resorption and formation coupling factors such as transforming growth factor-β1 
(TGF-β1) (Tang et al., 2009). On the other hand, it is also known that PTH alters the 
sensitivity of osteocytes to mechanical loading (Miyauchi et al., 2000), e.g. due to 
triggering calcium influx and thus the expression of insulin-like growth factor I (IGF-
I) which influences bone formation (Lean et al., 1995; Mikuni-Takagaki et al., 1996). 
We therefore hypothesise that HypoPT must also lead to increased osteocyte 
mechanosensitivity in order to explain the changes in bone mass seen in patients (Fig. 
1). 

 

Figure 1: Schematic overview of the proposed mechanisms involved in HypoPT. We 
hypothesised that low PTH suppresses bone resorption via parathyroid hormone receptor 1 
(PTHR1), e.g. due to down-regulation of RANKL and reduced bone formation via coupling 
factor TGF-β1. In addition, the change in PTH level increases the osteocyte 
mechanosensitivity, e.g. due to increased calcium influx leading to increased expression of 
IGF-I. 
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The goal of this study was to test this hypothesis by combining patient-specific bone 
modelling/remodelling simulations and experimental data obtained from bone 
biopsies taken from the iliac crest. Bone loading was estimated for healthy human 
iliac crest biopsies and applied in computer simulations of bone modelling and 
remodelling to simulate HypoPT. The resultant bone micro-architectures were then 
compared to age-matched biopsies of HypoPT patients. 

Materials and methods 

Bone samples 

Human cadaver samples of the iliac crest (Dequeker, 1994) were used as the starting 
point to simulate HypoPT. Samples of subjects who had a disease that could possibly 
affect bone structure were excluded. The remaining samples were age-matched to 
bone biopsies from the iliac crest of HypoPT patients as prepared and documented 
earlier (M R Rubin et al., 2010b), leading to a clinically healthy group of 7 samples 
and a clinically HypoPT group of 13 samples with ages ranging from 59 to 66 years. 

Micro-computed tomography 

Biopsy micro-architecture of the clinically healthy and clinically HypoPT groups 
were assessed using micro-computed tomography (micro-CT) as in the previous 
studies (Dequeker, 1994; M R Rubin et al., 2010b). For our simulations, cuboids of 
4.23×4.23×3.96  mm! with a voxel size of 45  µμm3 from the clinically healthy group 
(𝑛 = 7) were transformed into finite element (FE) models by exporting the bone 
density values using Image Processing Language (IPL, Scanco Medical AG, 
Brüttisellen, Switzerland). To compare bone morphometric parameters, biopsies of 
the clinically HypoPT group (𝑛 = 13) were used. 

Bone remodelling algorithm 

A previously developed and tested load-driven bone modelling/remodelling algorithm 
(Huiskes et al., 2000; Ruimerman et al., 2005a) was used to simulate HypoPT starting 
with healthy iliac bone biopsies. The algorithm is based on the theory that osteocytes 
within the bone sense mechanical loading, calculated using FE analysis and 
represented as strain energy density rate, 𝑈, and transmit a signal to the osteoblasts on 
the bone surface to form bone accordingly. Only osteocytes within the influence 
region, 𝑑!"#, contribute to the final osteocyte signal received by the osteoblast at the 
bone surface. The osteocyte signal is assumed to decay with increasing distance 𝑑 
between osteocyte and osteoblast according to an exponential function with a typical 
decay distance 𝐷. The total osteocyte signal, 𝑃, received from a total of 𝑁 osteocytes 
at location 𝑥 of an osteoblast can then be written as 

𝑃 𝑥,𝑡 = 𝑒!
! !,!!
!

!

!!!

𝜇!𝑈 𝑥! ,𝑡 if 𝑑 𝑥,𝑥! < 𝑑!"#  (1) 

Where 𝜇! is the osteocyte mechanosensitivity, 𝑥 the location of the osteoblast and 𝑥! 
the location of osteocyte 𝑖. The osteocyte mechanosensitivity is a relative measure 
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quantifying the osteocyte sensitivity to the mechanical loading where a value of 1.0 
represents the healthy physiological situation. 

If an osteoblast receives a total signal, 𝑃, that exceeds a certain bone formation 
threshold, 𝑘, the volume of bone matrix formed, 𝑉!"#, over time, 𝑡, with the formation 
rate, 𝜏, is determined by 

𝑑𝑉!"#
𝑑𝑡

= 𝜏 𝑃 𝑥,𝑡 − 𝑘 if 𝑃 𝑥,𝑡 > 𝑘  (2) 

 

Parameter Symbol Unit Value 
Osteocyte density 𝑛  1

mm3
 

44000 (a)  

Osteocyte mechanosensitivity 𝜇  nmol s-1

J mm-3 𝑠!!  mm2
 

1.0 

Osteocyte influence distance 𝑑!"#  µm 150 
Osteocyte decay distance 𝐷  µm 100 (b) 
Bone formation threshold 𝑘  nmol s-1

mm2
 

5.0⋅106  

Bone formation rate 𝜏  mm5

nmol s-1 incr
 

2.0⋅10-7 

Resorption amount per cavity 𝑉!"#  mm3 5.6⋅10-5 (c) 
Osteoclast recruitment frequency 𝑓!"#  1

incr
 

0.1 

Loading magnitude 
The loading history was determined  
for each biopsy using a previously  
developed bone loading estimation  
method (d) 

𝐴!  
𝐴!  
𝐴!  
𝐴!"  
𝐴!"  
𝐴!"  

MPa 
MPa 
MPa 
MPa 
MPa 
MPa 

0.91 (0.31) * 
0.87 (0.23) 
0.71 (0.21) 
0.73 (0.20) 
0.69 (0.17) 
0.75 (0.19) 

Loading frequency 𝑓  Hz 1.0 
Bone stiffness 𝐸!  GPa 5.0 (b) 
Poisson’s ratio 𝜈  - 0.3 (b) 
Material constant 𝛾  - 3.0 (e) 
Increment incr year 0.13 (f) 
*Values refer to as mean (SD) 
a(Mullender et al., 1996) 
b(Mullender and Huiskes, 1995) 
c(Eriksen and Kassem, 1992) 
d(Christen et al., 2012a) 
e(Currey, 1988) 
f(Watts, 1999) 
Table 1: Model parameters used to simulate the HypoPT condition. Values were defined 
according to bone physiology or empirically chosen based on experience from previous 
studies. 

  



 70 

Osteoclasts are assumed to resorb bone at a random location on the trabecular surface 
at a rate that is determined by the osteoclast activation frequency, 𝑓!"#. At each 
location, the volume of bone resorbed per cavity is determined by 𝑉!"#. Therefore, the 
total volume of resorbed bone, 𝑉!"#, over time is determined by 

𝑑𝑉!"#
𝑑𝑡 = 𝑓!"#𝑉!"#  (3) 

Model parameters were defined according to bone physiological values and the bone 
formation rate, 𝜏, and threshold, 𝑘, were determined empirically based on experience 
from earlier studies (Tab. 1) (Huiskes et al., 2000; Ruimerman et al., 2005a; van Oers 
et al., 2008). 

Bone loading estimation method 

Since a load-driven bone modelling/remodelling approach was used, physiological in 
vivo loading conditions had to be found for each biopsy. For that purpose, our 
recently developed bone loading estimation method was used (Christen et al., 2012a). 
This method is based on the hypothesis that the internal micro-architecture of bone is 
adapted to its mechanical environment by adding bone at highly loaded sites and 
removing bone at low loaded sites leading to a homogeneous tissue loading 
distribution. In order to comply with our bone adaptation hypothesis in this study and 
because bone cells act according the osteocyte signal which incorporates mechanical 
tissue loading, we assumed that bone strives for a homogeneous osteocyte signal, 𝑃, 
throughout the bone. The loading history is determined by scaling a set of 𝑛 
predefined unit loads with a scaling factor, 𝑠, until the summed resultant osteocyte 
signal of each load case, 𝑖, reaches the most uniform distribution throughout the bone 
using an optimisation technique. With the bone formation threshold, 𝑘, as a target 
value, the scaling factors can be determined by minimising the residual function, 
𝑟(𝑠!): 

min
!!
𝑟 𝑠! = 𝑠!𝑃!!"#$ 𝑥

!

!!!

− 𝑘
!

𝑑𝑉 (4) 

Scaling each unit load with its scaling factor finally gives the loading magnitude, 𝐴!. 
In this study the loading was estimated for each biopsy of the clinical healthy group 
using a total of 6 unit load cases representing distributed normal and shear loads 
prescribed as stresses, each in the three orthogonal directions (Fig. 2). These unit load 
cases should be able to represent biopsy-specific loading conditions since combining 
them results in a wide spectrum of forces. Even after optimising loading conditions, 
however, no perfect homogeneous osteocyte signal distribution was obtained. For that 
reason, an initial bone modelling/remodelling simulation for each model was 
performed in which the micro-architecture was adapted to the predicted model-
specific external loading conditions and bone formation and resorption were balanced. 
This homeostatic micro-architecture as well as the model-specific loading conditions, 
further called adapted group, were then used as the starting point for the HypoPT 
simulations and as the healthy reference for all other results. 
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Figure 2: Unit load cases that were scaled according to the estimated scaling factors for each 
biopsy and then used for the bone modelling/remodelling simulations. Stresses represented as 
distributed forces are applied to the faces of the biopsy in the direction and at the face as 
indicated by the arrows. 

Hypoparathyroidism simulation 

To simulate HypoPT, osteoclast activation frequency, 𝑓!"# , was reduced by 80% 
according to clinical measurements (M R Rubin et al., 2008) and the osteocyte 
mechanosensitivity, 𝜇, was increased stepwise by 0%, 20%, and 40%, since no data 
were found in the literature for the amount of increase in osteocyte 
mechanosensitivity. 

Evaluation of results and statistical analysis 

To quantify the change between the micro-architectures of the original and load-
adapted healthy biopsies, and to compare HypoPT simulation results to the age-
matched clinical HypoPT group, common morphometric parameters for trabecular 
bone were determined using IPL, wherever applicable using direct measurement 
methods (Odgaard and Gundersen, 1993; Hildebrand and Ruegsegger, 1997; 
Odgaard, 1997): Bone volume fraction (BV/TV), trabecular thickness (Tb.Th), 
trabecular separation (Tb.Sp), trabecular number (Tb.N), structure model index 
(SMI), and connectivity density (Conn.D) (Tab. 2). The three HypoPT simulations 
with 100%, 120%, and 140% osteocyte mechanosensitivity were compared to the 
clinical HypoPT group with a one-way analysis of variance (ANOVA) for each 
morphometric parameter (Tab. 3). Dunnett’s  post hoc test (2-sided) was then used to 
compare each simulated HypoPT group against the clinical HypoPT group. The 
assumption of homogeneity of variances was verified using Levene’s test and if 
𝑝 < 0.05, Dunnett T3 post hoc test for comparison with unequal variances was used. 
For all statistical analyses, IBM SPSS Statistics 19 (SPSS Inc., Chicago IL, USA) was 
used and a value of 𝑝 < 0.05 was considered as significant. 

AxyAxzAyz

AzAyAx
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Results 

The bone loading estimation method predicted loading with a high variation between 
biopsies for each of the 6 load cases (Tab. 1). Predicted loading was applied to the 
initial biopsies to adapt the micro-architecture until bone formation and resorption 
equilibrium was reached. In that adaptation simulation, mean BV/TV and SMI 
changed within 1 standard deviation, mean Tb.Th and Tb.Sp within 2 standard 
deviations, and Tb.N and Conn.D within 2.5 standard deviations. Initial and its 
adapted micro-architecture of a biopsy were also compared qualitatively (Fig. 3a,b). 

With respect to the HypoPT simulations, not increasing the osteocyte 
mechanosensitivity, thus only suppressing osteoclast activation by 80%, led to an 
average increase in BV/TV of 6.2%. Reducing the osteoclast activation frequency and 
increasing the osteocyte mechanosensitivity by 20% and 40% caused an average 
increase in BV/TV of 21.2% and 35.1%, respectively (Tab. 2). The stepwise increase 
of the mechanosensitivity also indicates a positive relationship between bone mass 
and osteocyte mechanosensitivity. 

Bone resorption and formation dynamics were different when increasing the osteocyte 
mechanosensitivity in addition to osteoclast suppression. When only osteoclasts were 
suppressed, resorption and formation dropped sharply to a new equilibrium and bone 
formation lagged slightly behind resorption (Fig. 4a). Simulations with more sensitive 
osteocytes led to a peak bone formation before dropping to a lower level at a new 
equilibrium of bone formation and resorption (Fig. 4b). 

Bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) were greater and 
trabecular separation (Tb.Sp), structure model index (SMI), and connectivity density 
(Conn.D) were smaller in the simulated HypoPT groups compared to the adapted 
structures with a more pronounced difference with increasing osteocyte 
mechanosensitivity. Trabecular number (Tb.N), on the other hand, did not change 
(Tab. 2). When comparing the simulated HypoPT with 140% mechanosensitivity to 
the clinical HypoPT group, the only parameters that did differ significantly were 
Tb.Th, Tb.N, and Conn.D. In the simulation with 120% mechanosensitivity 
additionally Tb.Sp was significantly different and with 100% mechanosensitivity, all 
measured morphometric parameters were significantly different from the clinical 
HypoPT group except BV/TV and Tb.Th (Tab. 3). Micro-architectures were also 
compared qualitatively showing the difference in bone mass between the adapted and 
simulated as well as the clinical HypoPT groups (Fig. 3b-d). 

 

Figure 3: Bone micro-architecture of the initial (a), adapted (b), and simulated HypoPT with 
140% osteocyte mechanosensitivity (c), and clinical HypoPT (d) biopsies. 

a Initial (I) c Simulated HypoPT (S) d Clinical HypoPT (H)b Adapted (A)
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Index Initial (I) Adapted (A)  S100  S120  S140  HypoPT (H)  
BV/TV (%) 18.30 (5.21) 17.49 (5.03) 18.57 (5.20) 21.20 (5.69) 23.63 (6.12) 24.54 (6.04) 
Tb.Th (mm) 0.17 (0.03) 0.21 (0.01) 0.21 (0.01) 0.24 (0.02) 0.26 (0.02) 0.20 (0.04) 
Tb.Sp (mm) 0.69 (0.05) 0.79 (0.08) 0.79 (0.08) 0.78 (0.08) 0.77 (0.08) 0.66 (0.09) 
Tb.N (mm-1) 1.43 (0.10) 1.21 (0.11) 1.21 (0.11) 1.22 (0.11) 1.20 (0.11) 1.60 (0.28) 
SMI (1) 1.13 (0.41) 1.35 (0.58) 1.28 (0.61) 1.13 (0.62) 0.99 (0.65) 0.34 (0.72) 
Conn.D (mm-3) 3.14 (0.73) 1.62 (0.26) 1.55 (0.21) 1.51 (0.22) 1.45 (0.21) 7.11 (3.15) 
Values refer to as mean (SD) 

Table 2: Bone morphometric evaluation of the initial group (I) before adapting to the 
predicted loading, the adapted group (A) which is adapted to the estimated loading, the 
simulated HypoPT groups with 100% (S100), 120% (S120), and 140% (S140) osteocyte 
mechanosensitivity, and the age-matched clinical HypoPT group (H). 

Index S100 vs. HypoPT (H) S120 vs. HypoPT (H) S140 vs. HypoPT (H) 

 Mean 
Difference 𝑝 Value Mean 

Difference 𝑝 Value Mean 
Difference 𝑝 Value 

BV/TV (%) -5.97 0.145 -3.34 0.633 -0.91 0.995 
Tb.Th (mm) 0.02 0.493 0.04 0.019 0.06 0.000 
Tb.Sp (mm) 0.13 0.016 0.11 0.038 0.10 0.059 
Tb.N (mm-1) -0.40 0.000 -0.39 0.000 -0.40 0.000 
SMI (1) 0.94 0.025 0.79 0.075 0.65 0.174 
Conn.D (mm-3) -5.56 0.000 -5.60 0.000 -5.66 0.000 

Table 3: Analysis of variance (ANOVA) for each bone morphometric parameter of the 
simulated HypoPT groups with 100% (S100), 120% (S120), and 140% (S140) osteocyte 
mechanosensitivity compared to the clinical HypoPT group (H). 

Discussion 

According to the HypoPT bone modelling/remodelling simulations the two 
mechanisms, suppressed osteoclast activation combined with increased osteocyte 
mechanosensitivity, led to a gain in bone mass of 35%, which is in the range of what 
has been measured in HypoPT patients (Abugassa et al., 1993; M R Rubin et al., 
2008; M R Rubin et al., 2010b). This supports the hypothesis that certain hormones 
alter the sensitivity of bone cells to mechanical loading as already proposed by Frost 
(Frost, 1987b) in his ‘mechanostat’ theory, which states that bone resorption exceeds 
formation below a certain threshold of mechanical loading and that above this 
threshold, bone is maintained within a particular range of stimulus. He speculated that 
hormones might alter this threshold allowing an increase in bone formation at the 
same mechanical strain level when the threshold is lowered (Ryder and Duncan, 
2000). Such a mechanism was required in our HypoPT simulation because if only 
osteoclast activation was suppressed, bone mass increased by only 6%, a change 
which is related to the filling of the resorption space of approximately 5% (Heaney, 
1994; Khan et al., 2001; Van Der Linden et al., 2001; Deng et al., 2005).  

Increased osteocyte mechanosensitivity indeed resulted in a further gain in bone mass 
in our HypoPT simulations. Resorption and formation dynamics of the simulation 
revealed that, if only osteoclasts were suppressed, resorption and formation dropped 
sharply and were not able to account for the bone mass gained in HypoPT (Fig. 4a). 
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In contrast, if mechanosensitivity was increased, bone formation peaked first before 
dropping to a lower level at a new equilibrium of bone formation and resorption (Fig. 
4b). This peak bone formation, the sharp drop of bone resorption, as well as the new 
equilibrium at a lower level have been similarly measured in iliac bone biopsies after 
parathyroidectomy within the first weeks (Yajima et al., 2003; Yajima et al., 2007). 

 

Figure 4: Bone resorption and formation dynamics of the HypoPT simulation with osteocyte 
mechanosensitivity of 100% (a) and 140% (b). If only bone resorption was suppressed, bone 
formation did not peak and the net formation was not able to account for the bone mass 
gained during HypoPT. Increasing also the bone cell mechanosensitivity caused a peak 
formation explaining the net bone formation. 

Previous assessments of bone morphology showed that trabecular structure is highly 
abnormal in HypoPT (M R Rubin et al., 2008; M R Rubin et al., 2010b). In general it 
was reported that BV/TV and Tb.Th are markedly increased and Tb.Sp is lowered. 
Further, an unusual dominant plate-like structure was found, indicated by a very low 
or even negative value for SMI. In one of these studies Tb.N and Conn.D were 
markedly elevated as well. In our HypoPT simulations with increased 
mechanosensitivity, BV/TV and Tb.Th increased and Tb.Sp decreased relative to the 
adapted healthy group.  The SMI also decreased, indicating that the micro-
architecture in the simulations did change according to the general pattern observed in 
HypoPT. The comparison between the simulated HypoPT group with 140% 
mechanosensitivity and the clinical HypoPT group showed that Tb.Th, Tb.N, and 
Conn.D were significantly different. Therefore, our model was able to capture the 
micro-architectural characteristics of HypoPT regarding BV/TV, Tb.Sp, and SMI, but 
not Tb.Th, Tb.N, and Conn.D. However, compared to the 100% and 120% 
mechanosensitivity simulations, the 140% mechanosensitivity HypoPT simulation 
was closest to the clinical HypoPT group. We thus conclude that the micro-
architectural changes during our simulations correspond to the general transitions 
observed in previous studies and that the HypoPT simulation with 140% 
mechanosensitivity was the most consistent with the clinical biopsy findings. 

A strong point of our study is that we used bone modelling/remodelling simulation in 
combination with a load estimation algorithm. This enabled patient-specific 
simulations regarding bone micro-architecture and bone loading conditions, in order 
to investigate the disease HypoPT. Before simulating HypoPT, each biopsy was 
adapted to the estimated loading until bone formation and resorption equilibrium was 

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4
 1.6

-1  0  1  2  3  4

Vo
lum

e 
fo

rm
ed

/re
so

rb
ed

 (m
m3 )

Time (years)

100% Mechanosensitivity
Bone formation
Bone resorption

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4
 1.6

-1  0  1  2  3  4
Time (years)

140% Mechanosensitivity
Bone formation

Bone resorption

a b



 75 

reached. Comparing morphometric parameters from before and after this initial 
adaption shows that the bone micro-architecture did not change much since mean 
values changed within less than 2.5 standard deviations (Tab. 2 and Fig. 3a,b). This 
indicates that the main bone micro-architecture was preserved when loading was 
applied that was predicted using the load estimation method presented in this study. 
Especially a sustained bone mass was desired since this is the characteristic parameter 
that changes drastically in HypoPT. The outcome of this initial simulation also 
depends on the bone modelling/remodelling algorithm. Conn.D was the only 
parameter that did change drastically which indicates that when using our algorithm, 
investigation of diseases or treatments related to Conn.D is limited. 

Our study also has some limitations. First, because we used initially adapted 
structures for the comparison of structural differences, the initial structure was not 
identical to original biopsy of the patient. However, only minor changes in bone mass 
and other morphometric parameters between the models before and after the initial 
modelling/remodelling simulations were found especially with respect to bone mass, 
which was the main concern in this study. Second, the effect of aging through the 
simulations was neglected when adapted and HypoPT biopsies were age-matched. We 
assumed that this would not have major effects on our results since the simulation 
time of approximately 1 year was rather low. Third, averaged model parameters for 
resorption/formation rates were used. Since the parameters could be changed 
according general changes in HypoPT, using patient-specific rates would most likely 
not have influenced the outcome of this study. Finally, the number of age-matching 
samples was limited. 

In conclusion, the estimated loading successfully preserved the micro-architecture 
when used in patient-specific bone modelling/remodelling simulations and thus 
enabled to investigate HypoPT with simulations based on patient data. These HypoPT 
simulations revealed that osteoclast suppression and increased osteocyte 
mechanosensitivity could explain the substantial gain in bone mass measured in 
HypoPT patients and thus corroborate the Frost hypothesis that certain hormones, 
such as PTH, might trigger the sensitivity of bone cells to mechanical loading (Frost, 
1987b). This improves our understanding of HypoPT and also illustrates the ability of 
the presented simulation approach to use clinical data for bone modelling and 
remodelling simulations. Ultimately, such tools enable researchers to answer bone 
related research questions based on clinical data, and help clinicians to improve their 
prognosis and allow them to test different treatments. 
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Abstract 

It is thought that the remarkable ability of bones to adapt to their mechanical 
environment is due to continuous bone remodelling where bone cells add tissue at 
sites with high loading and remove it at sites with low loading conditions (‘Wolff’s 
law’). A recent animal study showed that indeed, tissue loading directs bone 
remodelling at the micro-level in adapting bone to increased loading and also during 
normal bone turnover. Since it is nowadays possible to assess the bone microstructure 
in vivo also in humans at high resolution, this relationship could also be investigated 
in human bone, which was the purpose of the present study. We used high-resolution 
peripheral quantitative CT images of the distal tibia of healthy women and identified 
locations of bone remodelling based on follow-up measurements using 3D 
registration. Bone resorption as well as bone formation sites were then compared to 
tissue loading conditions calculated using micro-finite element analysis. The resulting 
bone remodelling frequency histograms showed a strong correlation between local 
loading and sites of remodelling. They were similar to the results reported in the 
recent animal study. We thus revealed load-adaptive remodelling behaviour also in 
human bone and conclude that local tissue loading plays an important role in 
triggering bone remodelling. This result might be important for planning treatments or 
developing new drug targeting systems. 

P. Christen, K. Ito, R. Ellouz, S. Boutroy, R. Chapurlat, and B. van Rietbergen. Local changes 
due to bone remodelling are triggered by mechanical loading. In Preparation, 2013. 
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Introduction 

A bone’s form follows its function – its shape, structure and mass are adapted to 
external forces acting on it. This adaptation phenomenon can be illustrated by two 
well-known examples: In professional tennis players, bone mass increases due to 
intense usage in the playing arm (Ducher et al., 2006; Ducher et al., 2009) whereas in 
astronauts, bone mass decreases due to disuse in the micro-gravitational environment 
(Vico et al., 2000; Lang et al., 2004; Smith et al., 2005). But not only the magnitude 
of the external forces, also their directionality has an influence on bone form. As 
already observed in the 19th century and nowadays generally accepted, the 
microstructure of bones shows a similar orientation as principal stress trajectories 
experienced by the bone due to functional use (‘Wolff’s law’) (Roux, 1881; Wolff, 
1892; Carter, 1982; Frost, 1987a; C T Rubin and Lanyon, 1987; Goldstein et al., 
1991; Forwood and Turner, 1995; Pontzer et al., 2006; Sugiyama et al., 2010; Barak 
et al., 2011; Lambers et al., 2011; Schulte et al., 2011). It is thought that this form-
function relationship is maintained by continuous bone remodelling where osteoblasts 
add bone at locations with high loading conditions and osteoclasts remove bone at 
locations with low loading conditions. However, due to the challenge to capture such 
small microstructural changes in vivo, it was only recently that the load-adaptive 
behaviour of bone remodelling was demonstrated at the micro-scale in an animal 
study (Schulte, 2011). In that study, high-resolution in vivo imaging was used to study 
changes in mice vertebral microstructure over time when applying non-physiological 
high-loading conditions to that vertebra. By correlating locations of bone loss and 
gain observed from the micro-CT scanning with local tissue loading conditions as 
they occur during loading, derived from micro-finite element modelling, it was 
possible to demonstrate a stochastic relationship between bone cell activity and 
mechanical loading at the micro-scale. Interestingly, a similar stochastic relationship 
was also found for microstructural changes observed in a control group, indicating 
that this mechanism might play a role not only during adaptation but also during 
normal bone turnover. 

With the advent of new high-resolution peripheral quantitative CT (HR-pQCT) 
imaging modalities, detailed assessment of the bone microstructure in vivo is also 
possible in humans (Boutroy et al., 2005; Khosla et al., 2006; Boyd, 2008). 
Therefore, HR-pQCT follow-up measurements at several time points allow capturing 
microstructural changes and also identifying sites of bone gain and loss, albeit at a 
lower resolution (82 microns) than possible in animal experiments.  

The purpose of the present study was to investigate if, using these techniques, a 
similar stochastic relationship between bone gain/loss regions and tissue loading 
conditions can be established as well for human bone during normal bone turnover. 
We used follow-up HR-pQCT images of the distal tibia from healthy women and 
registered them to identify local changes. Resulting bone resorption and formation 
sites were then compared to the tissue loading condition calculated using micro-finite 
element analysis (Fig. 1).  
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Materials and methods 

Subjects and image acquisition 

High-resolution in vivo images of the distal tibia from a subset of healthy 
postmenopausal women (𝑛 = 9) with ages ranging from 59 to 80 years from the 
OFELY cohort (Garnero et al., 1996; Arlot et al., 1997) were used. Subjects were 
chosen randomly among measurements based on having no or minimal motion 
artefacts and thus high image quality. Baseline imaging started in 2005 and 2, 4, and 6 
years follow-up measurements continued in 2007, 2009 and 2011. Subjects were 
assessed with HR-pQCT (XtremeCT, Scanco Medical AG, Switzerland) at an 
isotropic resolution of 82 µm at both the distal radius and tibia. 

Quantification of bone resorption and formation sites 

To identify locations of bone resorption and formation, baseline and follow-up images 
were registered using rigid 3D registration and voxels at the bone surface were 
categorized either into a resorption site, a formation site, or an unchanged site (Fig. 
1). Individual voxel densities of the registered images were subtracted and a change in 
density below or above 200 mg HA/ccm was defined as resorption and formation 
respectively. IPL (Image Processing Language, Scanco Medical AG, Switzerland) 
was used for registering and processing the images. This approach to quantify 
resorption and formation sites was introduced and its reproducibility tested recently 
elsewhere (Ellouz et al., 2013). 

Calculation of tissue loading conditions 

Micro-finite element models were created from baseline images for each subject by 
transforming each voxel into a brick-element (IPLFE, Scanco Medical AG, 
Switzerland). These models were then used to calculate the actual tissue loading 
conditions (Fig. 1). Subject-specific loading conditions were determined using an 
earlier developed and validated algorithm (Christen et al., 2012b; Christen et al., 
2012c; Christen et al., 2012d; Christen et al., 2012a). Using these loading conditions 
as boundary conditions for the micro-finite element models, the tissue loading 
conditions, represented as strain energy density (SED) values, were calculated. 

Representation of the results 

Strain energy density frequency distributions were calculated for bone formation and 
resorption voxels separately and represented in histograms for 2, 4 and 6 years 
follow-up measurements. Since the total amount of bone loss and gain can differ 
substantially between subject, which makes it difficult to compare the resulting 
frequency curves, the histograms were normalised with respect to the total number of 
resorption and formation voxels, respectively. 
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Figure 1: Tissue loading was correlated to locations of bone loss and gain after 2 (a), 4 (b) 
and 6 (c) years of bone remodelling. Tissue loading conditions, represented as strain energy 
density (SED), were calculated based on baseline images using micro-FE analysis. Sites of 
bone loss (red), bone gain (green), and no change (grey), were quantified from baseline and 
follow-up images using registration. The top views on the cross-sections of a 10-voxel thick 
slice from the middle of the clinically scanned region are shown for one subject. 

Results 

Bone resorption as well as bone formation strongly correlated with tissue loading 
conditions as shown in the histograms of bone remodelling frequencies (Fig. 2). For 
all follow-up measurements, bone resorption frequency was highest at low-load 
locations and decreased with increasing tissue loading, whereas bone formation 
frequency was highest at high-load locations and increased with increasing tissue 
loading. This trend and the difference between resorption and formation was evident 
even after 4 and 6 years of bone remodelling but was most pronounced after 2 years. 
When normalisation was omitted, a net bone loss became apparent since the total 
amount of resorbed bone dominated over the total amount of added bone. This result 
was expected since other measures of bone density also demonstrated a clear trend for 
bone loss in these postmenopausal women. 

 

Figure 2: Average bone resorption frequency (red) and bone formation frequency (green) for 
2 (a), 4 (b) and 6 (c) years follow-up measurements correlated to tissue loading conditions 
represented as strain energy density. 
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Discussion 

This study is the first to report a relationship between locations of bone remodelling 
and tissue loading conditions in human bone. Both, bone resorption and bone 
formation frequencies found in the present study, were in close agreement with the 
recent animal study (Schulte, 2011). Due to the lower image resolution in the in vivo 
human case, it is more difficult to capture very small microstructural changes 
compared to the in vivo animal case where it is possible to assess the bone 
microstructure at higher resolution and thus to identify changes even as small as those 
of an individual resorption cavity. Nevertheless, remodelling frequency curves were 
very similar in both cases showing that the lower image resolution is sufficient 
enough to capture the resulting microstructural changes as well.  

Surprisingly, as indicated by only small differences between the 2, 4, and 6 years 
follow-up histograms (Fig. 2), tissue loading conditions at baseline were still able to 
predict microstructural changes even after several years of bone remodelling. This 
suggests that, in agreement with ‘Wolff's law’, load-adaptive bone remodelling at a 
particular site indeed leads to normalisation of the local SED, such that no 
remodelling events are expected at that site at later time points and the predictive 
value of the baseline SED at these sites thus is the same at all time points investigated 
here. Nevertheless, the remodelling process, possibly in combination with stochastic 
events leading to bone resorption (e.g. micro-cracks) will lead to changes in the SED 
distribution, with new high- or low-loaded sites at later time points leading to new 
remodelling events also at new sites. Obviously, these new remodelling events cannot 
be predicted from the initial SED distribution, thus leading to a somewhat lower 
correlation between baseline SED and bone gain/loss with increasing follow-up time. 
Since this is a continuous process, such unexplained bone gain/loss sites are expected 
at any time point, thus explaining, at least in part, why stochastic relationships are 
found when comparing different time points.  

To rule out that the differences in the histograms for the 2, 4 and 6 years follow-up 
periods are due to an aging effect, we re-calculated the 2-years follow-up histogram 
for another time period (2-4 years) for one patient (data not shown). Also this 2-years 
histogram was found to be very similar, such that it is unlikely that effects of aging 
need to be considered. 

According to the assumption of load-driven bone remodelling, bone is removed at 
low-load locations and added at high-load locations. Our remodelling frequency 
curves support this assumption since resorption frequencies are higher compared to 
formation frequencies at low SED, and formation frequencies are higher compared to 
resorption frequencies at high SED. However, the difference between resorption and 
formation is much bigger at low SED whereas at high SED there is only a slight 
difference (Fig. 2). In some subjects, the resorption frequency even increased again at 
higher SED, leading to an average resorption frequency at high SED close to the 
formation frequency for all subjects. One possible explanation could be that bone 
resorption indeed increases again at high loading due to the formation of micro-cracks 
that attract osteoclasts (Burr et al., 1985; Mori and Burr, 1993; Lee et al., 2002; 
Cardoso et al., 2009). 

Although there was a strong stochastic relationship between sites of bone loss/gain 
and tissue loading, not all voxels identified as resorption sites showed low SED and 
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not all voxels identified as formation sites showed high SED. This could indicate that 
also other mechanisms, e.g. calcium homeostasis, influence normal bone remodelling. 
It could also indicate that the number of available osteoblast and osteoclast cells limits 
bone remodelling. Calculating the coefficient of variation of the tissue loading gives 
us an impression of how much of the bone structure is determined by mechanical 
loading. For all nine subjects we found a value of approximately 50%, which agrees 
with the indication that other mechanisms influence bone remodelling and thus bone 
structure. We earlier thought that part of this tissue loading inhomogeneity is due to 
bone’s unresponsiveness to mechanical loading within a certain range of tissue 
loading (Christen et al., 2012a), called ‘dead zone’ or ‘lazy zone’ (Frost, 1964; Carter, 
1982; Cowin, 1987; Huiskes et al., 1987; Huiskes et al., 1992; Frost, 1997). However, 
remodelling frequency histograms found in the present study are not in agreement 
with a ‘lazy zone’, because otherwise they should have shown a region where bone 
formation and resorption frequencies are at the same level. The recent animal study 
(Schulte, 2011) and others (Sugiyama et al., 2012) did also not confirm the concept of 
a ‘lazy zone’. Our results would therefore be rather explained by a combination of 
remodelling triggered by tissue loading in order to adapt to external forces and by a 
stochastic process possibly to balance calcium levels. This combination would not 
lead to a equilibrium with a perfectly uniform tissue loading distribution and suggest 
that bone is only partially adapted to its external forces but is probably striving 
towards such a situation limited by the stochastic nature of the remodelling process 
and the availability of bone cells. 

There are also limitations to our study. First, the method to identify sites of bone 
remodelling might also include differences between follow-up images that are not due 
to remodelling but due to moving artefacts of the scanning or registration 
inaccuracies. In another study (Ellouz et al., 2013), it was found that the used method 
has a reproducibility of 2.0%, indicating that despite these limitations, microstructural 
changes can be identified well. And second, tissue loading conditions were calculated 
based on an estimated loading history. Although the method to determine subject-
specific loading histories was validated earlier and showed realistic results in previous 
studies (Christen et al., 2012b; Christen et al., 2012c; Christen et al., 2012d; Christen 
et al., 2012a), it is only an estimate and small changes in the applied loading or 
loading location might change the local tissue loading conditions. 

We revealed load-adaptive remodelling in human bone and conclude that the local 
tissue loading plays an important role in triggering normal bone turnover also in 
humans. This new insight could be important for planning treatment regimes in the 
clinics or for developing new drug targeting systems since locations of remodelling 
could be directed by mechanical stimulus. 
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8. Discussion 

Main findings 

Ever since the patterns resembled by the arrangement of small trabeculae have been 
discovered in bone sections, it begged to question of their functional meaning. 
Previous experimental studies indicate that a functional relationship to external forces, 
a bone’s loading history, does exist, which is especially well demonstrated by the 
studies showing that the alignment of the fine trabecular network is sensitive to 
changes in loading orientation of joints (Pontzer et al., 2006; Barak et al., 2011). This 
is also what inspired us to suggest and hypothesise that bone microstructure, and 
therefore the detailed structure of bone, might be a good estimator for bone loading 
histories. In my doctoral thesis I therefore explored the concept of deriving bone 
loading from bone microstructure. Because realistic estimates of in vivo boundary 
conditions are required for the simulation of patient-specific bone remodelling, we 
also investigated this clinically important application. 

With a series of validation studies using synthetic, animal and human bones adapted 
to different loading histories, we demonstrated that reasonable estimates of bone 
loading could be derived from bone microstructure. With the development of a novel 
bone loading estimation algorithm, we provide an approach that allows such 
derivations of loading histories from bone microstructure. With the validation studies, 
we were able to establish a strong relationship between functional loading and bone 
microstructure. Previous attempts to estimate bone loading were based on bone 
density (Fischer et al., 1995; Fischer et al., 1998; 1999; Bona et al., 2006; Campoli et 
al., 2012) or averaged morphometric parameters (Ryan and Ketcham, 2002; Ryan and 
van Rietbergen, 2005; Shaw and Ryan, 2012) and, although revealing promising 
results, they were not yet able to reconstruct complex loading situations as in the hip 
joint. It seems that these approaches were limited because they did not account for the 
detailed bone microstructure. 

The other important finding is that loading estimations based on bone microstructure 
could be used to simulate bone remodelling in a patient-specific manner and to predict 
sites of bone resorption and formation. In load-driven bone remodelling simulations 
usually a simple load case is assumed or a loading scenario that fits an average subject 
or patient. If the effects on bone microstructure are of interest, for example to predict 
bone fracture risk based on a remodelled bone structure, such simple boundary 
conditions might affect the morphology of the bone in an unrealistic way, which 
would eventually bias the results of the prediction. Using loading estimates derived 
from bone microstructure, we showed that bone morphology was only slightly 
affected when applying the estimated boundary conditions in bone remodelling 
simulations. This enabled us to run subject-specific bone remodelling simulations 
based on the subject’s bone microstructure reconstructed from iliac crest biopsies. In 
another study we found that the local tissue loading condition as a result of applying 
estimated loading is a good predictor of bone remodelling sites in the human distal 
tibia. Data from healthy postmenopausal women were used which indicates that 
normal bone turnover in adulthood is correlated to tissue loading conditions. This 
supports the assumption that bone is added at high-load locations and removed at low-
load locations and thus the idea that bone remodelling is a load-driven process, also 
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during normal bone turnover. Our results are further in close agreement with a recent 
animal study (Schulte, 2011) where murine caudal vertebrae were loaded in vivo in 
one group of mice and not loaded in the control group. It was found that not only in 
adapting bone, bone remodelling is triggered by local mechanical loading conditions, 
but also in the control group, which is comparable to our findings for human bone. 

These results support our hypothesis that the microstructure of bone is related to 
functional use and that this allows to reconstruct the loading history from a bone’s 
microstructure, which can be used for patient-specific bone remodelling simulations. 
We therefore conclude that deciphering the secret message within bone 
microstructure is possible. 

Tissue loading uniformity 

In the novel bone loading estimation algorithm, tissue loading distributions of unit 
load cases are scaled until the most uniform distribution is found using least squares 
optimisation. The load estimation method is based on the assumption that bone strives 
for a uniform tissue loading distribution as a result of continuous bone turnover 
eventually leading to a mechanically optimised structure as suggested by ‘Wolff’s 
law’ (von Meyer, 1867; Roux, 1881; Wolff, 1892; Bell et al., 1902). Interestingly, 
although this optimisation led to realistic load estimations, the final tissue loading 
distribution after scaling each unit load case was, with strain energy density 
coefficients of variation ranging from 50% to 70%, not very uniform. 

On first thought, or in the light of optimisation theory, strain energy density 
distribution calculated at the micro-level seems not to be such a favourable 
optimisation criterion or that least squares optimisation is not the appropriate 
technique if such a high final tissue loading non-uniformity is found. But on second 
thought, the rather high tissue loading non-uniformity very nicely illustrates the real 
situation of bone. No doubt, bones are mechanically important parts of the skeleton, 
but they are, as a tissue, also physiologically important. Bone tissue will therefore 
never be loaded perfectly uniform because there are other factors than mechanical 
loading influencing the bone remodelling process and therefore bone microstructure. 
Patrick D. F. Murray already aptly stated this in his book originally published 1936: 
‘Every bony structure is a compromise and no compromise is perfect’ (Murray, 
1985). The use of synthetic bone structures allowed us to control the degree of 
mechanical adaptation and thus to test how accurate our approach estimates loading 
based on structures not completely adapted to mechanical loading, which also leads to 
a high tissue loading non-uniformity. We found that estimates were accurate within 
4.4% for structures with a tissue loading non-uniformity of approximately 40% and 
within 7.0% for structures with a tissue loading non-uniformity of approximately 
70%. Based on these results we conclude that our approach provides accurate results 
despite the final tissue loading distribution is not perfectly uniform and that this 
reflects the real situation of bone tissue. 

If the tissue loading uniformity indicates the portion of bone structure that is defined 
by mechanical loading, there should be differences between sites. Generally we would 
assume that load-bearing bones are highly adapted to mechanical loading and would 
therefore reveal a low tissue loading non-uniformity whereas bones not subjected to 
strong habitual loading would reveal a high tissue loading non-uniformity. In our 
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studies we estimated the loading histories for a total of 9 human radii and 18 human 
tibiae. In both cases the tissue loading non-uniformity was very constant between 
subjects but was much higher for the radius (70%) compared to the tibia (50%). This 
difference in tissue loading non-uniformity corresponds to the physiological situation. 
It would be expected that the tibia is highly adapted to mechanical loading because it 
is repeatedly subjected to a distinct loading pattern consisting of high forces due to 
walking whereas the radius experiences much lower forces and less distinctive 
loading pattern. 

Estimated loading history interpretation 

The interpretation of the estimated loading histories is another aspect of the bone 
loading estimation algorithm that owes at least some conceptual discussion. The 
estimates of our algorithm describe a bone’s averaged loading history represented by 
the latest state of adaptation. This has the consequence that only a mixture of the 
loading patterns experienced by the bone repetitively and over a time frame allowing 
for adaptation will be estimated as part of the loading history. Loading patterns 
subjected to the bone very seldom or loading to which the bone was adapted to before 
adjusting to another, new and different loading pattern will only have minor or no 
influence on the estimates of our algorithm. Fortunately, usually one would be 
interested in the kind of loading pattern that is estimated with the use of our bone 
loading estimation algorithm. 

Clinical bone remodelling simulations 

In skeletal disorders such as osteoporosis the coordinated activity of bone cells is 
impaired which also affects bone mass and microstructure. With our HypoPT 
simulations we showed that with computer models it is possible to simulate the bone 
remodelling process in order to investigate the underlying mechanisms of bone 
diseases that affect bone mass and microstructure. Due to the definition of realistic in 
vivo loading conditions using the bone loading estimation algorithm these bone 
remodelling simulations were even possible in a subject-specific manner based on 
iliac crest bone biopsies. 

The advent of high-resolution imaging techniques that allow assessing the detailed 
bone microstructure in patients would now make it possible to use our bone 
remodelling and load estimation algorithms in a clinical setup for simulating bone 
remodelling in patients. This would enable to predict the development of a patient’s 
disease or to test different treatment strategies. It therefore would help clinicians to 
improve their prognoses.  

Because this is a clinically very important application of our algorithms, we 
additionally developed a prototype for such clinical bone remodelling simulations that 
should serve as reference for future studies. We used baseline and 6-months follow-up 
HR-pQCT images of the distal radius from three healthy volunteers, defined in vivo 
loading conditions and applied them in simulations of 6 months healthy bone 
remodelling based on the baseline images. 

Morphometric parameters of baseline structures did not differ much compared to 6-
months follow-up and simulated structures (Tab. 1 and Fig. 1). Simulations of all 
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three subjects showed changes in bone mass in the same order of magnitude or less 
compared to the follow-up case. The defined values for bone formation rate and bone 
resorption frequency led to a balanced turnover and the amount of remodelled bone 
over 6 months was comparable to the amount that can be expected if assuming that 
10% of the total bone volume is remodelled per year (Watts, 1999). 

 BV/TV (%) Tb.Th (mm) Tb.Sp (mm) Tb.N (mm-1) SMI (1) Conn.D (mm-3) 
Subject 1       
Baseline 27.8 0.23 0.51 1.97 2.07 6.18 
Follow-up 26.1 0.23 0.54 1.87 2.17 4.97 
Simulation 28.5 0.24 0.51 1.97 1.98 5.95 
Subject 2       
Baseline 29.0 0.24 0.52 1.97 1.88 5.60 
Follow-up 30.5 0.23 0.47 2.15 1.85 8.16 
Simulation 29.6 0.24 0.52 1.97 1.79 5.37 
Subject 3       
Baseline 50.1 0.32 0.37 2.56 -0.50 7.21 
Follow-up 49.3 0.30 0.36 2.66 -0.30 8.81 
Simulation 50.2 0.32 0.37 2.56 -0.51 7.17 

Table 1: Common morphometric parameters for baseline, 6-months follow-up and simulated 
bone microstructures for all three subjects. 

 

Figure 1: 10-voxel thick layers of the baseline, 6-months follow-up, and simulated bone 
microstructures of subject 1. Additionally bone gain (green) and loss (red) is shown for the 
simulated bone structure defined by overlaying baseline and simulation images. 

With this additional study we establish a reference setup for bone remodelling 
simulations in the clinics and provide a set of parameters for the bone remodelling 
algorithm to simulate the healthy situation. By comparing morphometric parameters 
we found that follow-up and simulated structures did not differ much from baseline. 
This was expected since 6 months of bone remodelling would only affect 
approximately 5% of the bone (Watts, 1999). Nevertheless, the chosen remodelling 
parameters and the estimated in vivo loading conditions seem to reveal realistic 
results. Especially noteworthy is that the bone structures did not change their 

Baseline Overlay Baseline/SimulationFollow-Up Simulation
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architecture due to adaptation to the applied boundary conditions, as this could be the 
case if loading would have been applied very different from the in vivo condition. 
This indicates that the bone loading estimation algorithm provides reasonable 
boundary conditions for clinical bone remodelling simulations. 

The main limitation is that we only used data of three subjects. For a rigorous 
validation, data from a larger number of subjects would be required. However, in this 
study we aimed to present a first prototype that should serve as reference for future 
studies, also for further validation studies with larger data sets. Another limitation is 
that the present approach is computationally time expensive. A simulation mimicking 
6 months of healthy bone remodelling required 3 to 4 days of computation time, 
which clearly shows its limitation for daily clinical use at the moment. One possibility 
to overcome this problem would be to implement our bone remodelling algorithm for 
the Graphics Processing Unit (GPU) of graphics cards. Such an implementation might 
reduce computation time to a few hours due to massively parallel computation. This 
would then be suitable for clinical use and it would have the advantage of only 
requiring a desktop computer with a proper graphics card and no access to a super 
computer. 

We conclude that the combined use of our bone remodelling and bone loading 
estimation algorithms based on in vivo HR-pQCT images enables the clinical 
application of bone remodelling simulations. This prototype for clinical bone 
remodelling simulations serves now as reference for future studies in which also the 
pathological situation should be simulated in order to demonstrate the clinical 
application of our algorithms. 

Limitations 

There are several limitations to our studies that need to be addressed. First, the load 
estimation algorithm was only validated with a limited number and variety of bones. 
It is evident that bone adapts its microstructure in a site-specific manner and it could 
even be that there are differences between species, which would have a direct effect 
on our approach. Considering the required computational time to estimate loading, the 
number of bone samples used in our studies seems reasonable at the time. Also the 
sites analysed seem reasonable since the most load-bearing bones (femur and tibia) 
and the clinically most relevant bones (radius and tibia) were used. Second, the 
approach is limited to rather small bones that can be used for the estimation. This 
limitation results from the maximum size of an object that can be fitted into a high-
resolution CT scanner that is needed because a minimum resolution in the order of 
100 micrometres is required to capture the detailed fine structure of trabecular bone. 
Nevertheless, we are confident that future developments of imaging techniques will 
allow to image also bones of bigger size. Third, micro-finite element analyses are 
computationally time consuming. This can limit the number of samples that can be 
analysed within reasonable time, which is especially critical in the femur where about 
30 analyses are required per sample. Increasing computational power and the 
possibility to run programs in parallel will help to solve that issue. 
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Future directions 

Our work focused on the development, validation and first application of an approach 
to estimate bone loading histories based on bone microstructure. Future studies could 
continue applying the method in a variety of applications. For example, patient-
specific bone remodelling simulations could be performed to predict the outcome of 
bone diseases and treatments in the clinics. Our prototype for clinical bone 
remodelling simulations could serve as basis for these future studies. Of course, such 
simulations could also be used to answer research questions related to bone tissue 
based on individual patient data. Another application would be to use patient-specific 
in vivo loading estimates to simulate bone remodelling around implants or to 
customise implant design according to a patient’s in vivo loading conditions. A 
prominent example is the investigation of periprosthetic bone loss after total hip 
replacement using bone remodelling simulations. Many of these studies do not 
account for the effect of patient-specific hip-joint loading. Usually generic loading as 
measured with instrumented implants is imposed. However, hip-joint loading affects 
the stress-strain distribution in the femur and therefore also the bone remodelling 
response. A recent study investigated to what extent patient-specific loading affects 
the stress distribution in the proximal femur. Comparing stress distributions derived 
from patient-specific and generic hip-joint loading revealed substantial differences, 
indicating that imposing patient-specific loading conditions in such bone remodelling 
simulations is essential for providing realistic results (Jonkers et al., 2008). 

Besides applications in the field of orthopaedic biomechanics, the load estimation 
algorithm could also be used to reconstruct bone loading from fossilised bones in the 
field of palaeontology. Because bone mineral structures are preserved with high 
fidelity in fossils, it is possible to reconstruct the detailed bone microstructure of 
extinct animals. This allows investigating form-function relationships at the micro-
level using our bone loading estimation algorithm or micro-finite element analysis in 
general. However, palaeontological studies so far rather focus on morphometric 
analysis and the study of functional bone microstructure remains uninvestigated 
(Hutchinson and Allen, 2009) although such studies have the potential to radically 
improve our understanding of locomotor and feeding behaviour and their evolution in 
extinct animals. The power of quantitative approaches to explore form-function 
relationships in animals is well illustrated by a fascinating study (Rayfield et al., 
2001) where finite element analysis was used to relate cranial design to feeding 
function of a large carnivorous theropod dinosaur Allosaurus fragilis. They created a 
finite element model based on CT images and boundary conditions were defined to 
simulate different modes of biting. Relatively weak bite forces were calculated 
whereas the skull withstood extremely large forces at the tooth row. This study thus 
provided quantitative evidence that this dinosaur crushed its prey with its powerful 
skull and was the basis work for more recent palaeontological studies applying finite 
element analysis such as, for example, investigations of Alligator mississippiensis 
mandibular function (Porro et al., 2011; Reed et al., 2011). With our bone loading 
estimation algorithm it would also be possible, in a quantitative manner, to make such 
functional inferences in extinct animals but at the micro-level, which was not possible 
so far. Our method would be especially interesting for such applications because it 
does not require to assume muscle forces, animal size or other properties that are 
usually uncertain in paleontological studies. A particularly puzzling and interesting 
question that would be possible to address with our approach is how dinosaurs 
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walked. An established and rigorous method to estimate dinosaur locomotion is 
biomechanical modelling where limb bones are modelled as rigid-body segments. The 
big problem with this approach is the many uncertainties. The range of joint motion 
and the angle of the joint during stance phase, for example, are not uniquely defined 
and lead to redundancy in the limb skeleton (Hutchinson and Gatesy, 2006). In our 
approach to estimate bone loading we would not have this problem and would be able 
to determine joint loads that could be used to either reduce redundancy in such 
biomechanical models or to make locomotor inferences directly based on the 
estimates. This, of course, would be very interesting and exciting. 
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Summary 

Deciphering the secret message within bone microstructure 

Bones are subjected to a variety of loads during a lifetime. Already in the 19th century 
it was suggested that the microstructure of bones is adapted to these loads and that 
this is achieved by continuous modelling and remodelling in which cells add tissue 
where needed and resorb it where not needed. This process ultimately leads to a 
mechanically optimised structure with a uniform tissue loading distribution and is 
nowadays commonly accepted and referred to as ‘Wolff’s law’. Assuming that bone 
strives for a uniform tissue loading, we here hypothesise that it might be possible to 
derive a bone’s loading history from its microstructure by finding a set of external 
forces that results in the most uniform tissue loading. This would be the inverse of 
‘Wolff’s law’. If deriving loading histories from bone microstructure would be indeed 
possible, this would enable estimations of bone loading where it is difficult or 
impossible to measure them in any other way, such as for fossil bones or bones in 
vivo. The former would enable, for example, making inferences about the locomotion 
of extinct animals from the derived loading histories. The latter would enable to 
determine in vivo loading conditions that are required for patient-specific bone 
remodelling studies. In such remodelling studies, load-driven bone remodelling 
simulations could be used to study the effects of diseases and treatments on the bone 
microstructure of patients. However, in vivo loading is usually not known and it has 
not yet been shown that load-driven remodelling can be assumed in human bones. In 
my doctoral thesis, I therefore explored the concept of deriving loading histories from 
bone microstructure and investigated the clinically important application of estimating 
realistic in vivo loading conditions for patient-specific bone remodelling simulations. 

To do so, a novel approach to estimate bone loading histories from bone 
microstructure was first developed. The method can be summarized in three steps: 
First, unit load cases are defined and the resultant tissue loading is calculated using 
micro-finite element analysis. Second, the predefined load cases are scaled until the 
most uniform tissue loading is achieved when the results of each load case are added. 
Third, the final loading history is determined from the scaling factors of the unit load 
cases. 

Using this approach, validation and feasibility studies were carried out to investigate 
the accuracy and robustness of the algorithm. In a first study, compressive forces that 
were applied to murine caudal vertebrae during an animal experiment were estimated 
from the developed bone microstructures measured in vivo by micro-CT. The 
algorithm successfully derived the magnitude of this simple load case. In order to 
further validate the load estimation algorithm for more complex loading situations and 
to control the state of mechanical adaptation, we conducted a study in which the 
loading history from a set of synthetic bone structures was derived. These structures 
were generated by performing bone remodelling simulations where the loading 
history as well as the degree of mechanical adaptation can be controlled exactly. It 
was found that differences between the estimates based on the adapted structures and 
the actually applied loading in the simulations were less than 4.4%. To challenge the 
load estimation algorithm even more and to validate it with human bones, forces 
working in the human distal radius were estimated based on high-resolution 
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peripheral CT images and compared to literature data in a third study. It was found 
that these estimates well compared to values reported in experimental studies. Finally, 
as a proof-of-concept of this approach to decipher realistic more complex loading 
patterns as they occur at the hip joint, forces acting at the human and canine femoral 
head were estimated from the bone microstructure as obtained from micro-CT scans. 
Here also, the estimated forces were in good agreement with direct in vivo 
measurements reported in the literature and reflected the loading conditions during 
walking and thus a realistic loading pattern. 

To investigate the clinically important application of the load estimation algorithm – 
to determine in vivo loading conditions needed for patient-specific bone remodelling 
studies – two more studies were performed. In a first study, the load estimation 
algorithm was used to derive patient-specific loading conditions from bone biopsies 
based on which bone remodelling simulations of hypoparathyroidism were 
performed. It was found that the changes in the bone structure predicted by the 
simulation compared successfully to those seen in the patients. In a second study, 
bone loading was estimated from high-resolution in vivo peripheral CT images of the 
human distal tibia. Additionally, bone remodelling sites were quantified by comparing 
baseline and follow-up scans. It was found that the local bone tissue loading 
conditions were good predictors for bone loss and gain as quantified from the images. 
This result thus confirms the assumption of load-driven bone remodelling. 
Furthermore, we developed a prototype for clinical bone remodelling simulations. 
Healthy remodelling was simulated based on high-resolution in vivo peripheral CT 
images of the distal radius and resultant microstructures were compared to follow-up 
measurements. Morphometric parameters of baseline did not differ much from 6-
months follow-up and simulated bone microstructures, indicating a realistic prediction 
of bone remodelling. It also confirms the estimation of realistic in vivo loading 
conditions for such simulations because otherwise the bone microstructure would 
have changed due to mechanical adaptation. 

These results are in agreement with our hypothesis that there is a strong correlation 
between bone microstructure and functional use and that this form-function 
relationship allows deriving loading histories from bone microstructure, which can be 
used for patient-specific bone remodelling simulations. We conclude that the results 
obtained so far support the idea that deciphering the secret message within bone 
microstructure is possible. 
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