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Abstract. The relationship between a local mechanical stimulus and trabecular structural 
change due to osteoclastic/osteoblastic activities was investigated by a trabecular surface 
remodeling simulation, using a large-scale pixel-based finite element model of the human 
proximal femur under multiple loadings.  In the remodeling rate equation based on the 
uniform stress hypothesis, the stress/strain at the trabecular level was directly related to the 
movement of the trabecular surface.  As the result of a trabecular structural change toward 
a local uniform stress state, the apparent bone density distribution and anisotropy of the 
trabecular microstructure emerged according to the applied external loads.  The structural 
properties at the cancellous bone level corresponded to the mechanical environment 
evaluated by the apparent principal stress and strain energy.  The results of these studies 
show that the proposed simulation method could provide insight into the macroscopic 
adaptive phenomenon in cancellous bone resulting from local regulation of the mechanical 
environment at the trabecular level by cellular activities. 
 
1. INTRODUCTION 
 
To clarify the mechanism for functional adaptation by mechanical bone remodeling, many 
phenomenological models (Cowin, 1993) have been proposed based on experimental 
observations (Goodship et al., 1979; Rubin and Lanyon, 1984; Lanyon, 1987).  However, bone 
remodeling phenomena in vivo are very complicated because many mechanical and biological 
factors are closely linked and influence each other.  This makes it difficult to find the 
quantitative relationship between a mechanical stimulus as a remodeling driving force and bone 
resorption/formation by local cellular activities.  The computational mechanics approach has 
been used to examine the role of mechanical factors in the bone remodeling phenomenon 
(Huiskes and Hollister, 1993; Prendergast, 1997).  Recent experimental studies (Goldstein et 
al., 1991; Guldberg et al., 1997) have suggested that a local mechanical stimulus (Cowin et al., 
1991) plays an important role in osteoclastic/osteoblastic activities, so the mathematical models 
for bone remodeling and its simulation method have been refined from the macroscopic ones 



 

 

based on continuum mechanics (Hart et al., 1984; Cowin et al., 1985; Carter et al., 1987; 
Huiskes et al., 1987; Carter et al., 1989; Weinans et al., 1992; Van Rietbergen et al., 1993; 
Jacobs et al., 1997) to the microscopic models (Sadegh et al., 1993; Mullender et al., 1994; 
Adachi et al., 1997; Adachi et al., 1999a) in which the relationship between a mechanical 
stimulus and bone morphological change is considered at the trabecular level. 

In the present study, trabecular surface remodeling simulation with a large-scale 
pixel-based finite element model is performed for human proximal femur under multiple 
loadings to investigate the relationship between a local mechanical stimulus and trabecular 
structural change due to osteoclastic/osteoblastic activities.  In the remodeling rate equation 
(Adachi et al., 1997) based on the uniform stress hypothesis (Fung, 1984; Takamizawa and 
Hayashi, 1987; Adachi et al., 1998), the stress/strain at the trabecular level is directly related 
to the movement of the trabecular surface.  Trabeculae in the whole cancellous region are 
composed of a large number of pixel-based finite elements in the computational simulation, 
and a trabecular morphological change is accomplished by removing and adding elements.  
Through a comparison between the structural properties and the mechanical environment 
evaluated by the apparent principal stress and strain energy in proximal femur, functional 
adaptation in cancellous bone by local regulation of the mechanical stimulus is discussed. 
 
2. METHODS 
 
2.1 Model for Trabecular Surface Remodeling 
 
Coupled bone resorption and formation occur on the surface of each trabecula in cancellous 
bone, by a process of successive cellular activities which is called remodeling turnover 
(Parfitt, 1994).  The relative difference between resorption and formation causes apparent 
movement of the trabecular surface.  Considering that a local mechanical stimulus is 
important to cellular bone remodeling activities, the local quantity of positive scalar function 
σ of the stress is used as the mechanical stimulus for remodeling (Adachi et al., 1997).  
Furthermore, by taking account of the hypothesis that a mechanical stimulus becomes 
uniform at the point of remodeling equilibrium (Fung, 1984; Takamizawa and Hayashi, 1987; 
Adachi et al., 1998), local nonuniformity of positive scalar function σ of the stress is assumed 
to be the driving force for trabecular surface remodeling to seek a uniform stress state (Adachi 
et al., 1997). 

Considering that there is a network for intercellular communication (Donahue et al., 
1995), the local stress nonuniformity on a trabecular surface is evaluated by using an integral 
form.  Let σc denote the stress at point xc on the trabecular surface and σd denote the 
representative stress in the area around point xc as shown in Fig. 1(a).  The local stress 
nonuniformity at point xc is evaluated by the relative value of σc to σd as follows:   
   )ln( dc σσΓ = .                                                        (1) 

Representative stress σd is defined by 
   ∫∫=

SS
rd dSlwdSlw )()( σσ ,                                              (2) 

where S denotes the trabecular surface, σr the stress at point xr on the trabecular surface, l the 
distance between points xc and xr, and w(l) [ )0(0)( lllw L<≤> ] is a weight function 
depending on distance l.  Sensing distance lL in Fig. 1(a) is a model parameter representing 



 

 

the area where cells can sense a mechanical stimulus (Tsubota et al., 2000). 
By regarding local stress nonuniformity Γ as the driving force for trabecular surface 

remodeling, the rate of surface movement is determined as a function of Γ.  In general, the 
surface stress of a load-bearing structure is decreased by adding material to the surface, and 
increased by its removal.  To express the remodeling to seek a local uniform stress state, we 
define the rate of surface movement 

・

M, as 
・

M > 0 for the driving force 0>Γ  and 
・

M < 0 
for 0<Γ , by using the continuous function shown in Fig. 1(b) (Adachi et al., 1997).  Model 
parameters Γu and Γl in Fig. 1(b) are threshold values of the lazy zone around the remodeling 
equilibrium point which express the sensitivity of the cells to a mechanical stimulus in time 
(Tsubota et al., 2000). 
 
2.2 Large-Scale Pixel-Based Finite Element Model of the Proximal Femur 
 
The computational model of the human proximal femur was created with pixel-based finite 
elements as shown in Fig. 2(a).  Assuming an isotropic trabecular structure at the initial stage, 
the cancellous bone morphology was created by randomly pasting circular trabeculae, as 
shown in Fig. 2(b), whose external and internal diameters were 1680µm and 1120µm, 
respectively.  The principal values for the fabric ellipse (Cowin, 1985), Hi (i =1, 2, H1 > H2), 
of cancellous bone were H1 = 647µm, and H2 = 641µm.  The degree of structural anisotropy, 
H1/H2, was 1.01, indicating that the initial trabecular structure was isotropic.  The structural 
indices for cancellous bone (Feldkamp et al., 1989) were bone volume fraction BVF = 0.58, 
trabecular plate thickness TPT = 398 µm, trabecular plate number TPN = 1.47 mm-1, 
trabecular plate separation TPS = 283 µm, and connectivity CON = 1.22 mm-2. 

As the boundary condition to represent the daily loading history applied to the 
proximal femur in different directions with a differing magnitude of external loading, the 
multiple-loading condition (Beaupré et al., 1990) shown in Fig. 2(c) was assumed.  This 
loading condition consists of (i) the case of a one-legged stance, (ii) extreme ranges of motion 
of abduction and (iii) adduction.  These external loadings were applied as distributed forces 
generated by using a sine function to the joint surface and greater trochanter, the lower 
boundary corresponding to the diaphysis being fixed.  Considering that the effect of this 
lower fixed boundary on the simulation results was small enough to be neglected in the region 
distant from the boundary, only the proximal region of the model above line A-A’ shown in 
Fig. 2(a) was discussed.  The whole area was discretized by 1000 pixel elements in the 
longitudinal direction and by 553 elements in the horizontal direction, each pixel size being 
140µm.  The number of bone elements in the model at the initial stage was 166,106. 

The following procedures were conducted for the remodeling simulation with the 
pixel-based finite element model. 

M
.

Time (T)
Marrow

Trabecula

lL

xr , r

xc , c

Formation

Resorption

ΓΓuΓ l 0

M
.

(a) Local stress nonuniformity as a remodeling driving force (b) Rate of trabecular surface movement

Fig. 1  Model for trabecular surface remodeling based on the uniform stress hypothesis. 



 

 

 
(1) For loading cases (i), (ii) and (iii), the stress was analyzed by the finite element method 

with the EBE/PCG approach (Hughes et al., 1987; Van Rietbergen et al., 1995), in which 
the bone was assumed to be a homogeneous and isotropic material with Young's modulus 
E = 20GPa and Poisson's ratio ν = 0.3, and the marrow was not considered as a cavity.  
The two-dimensional stress analysis carried the assumption of the plane strain condition 
with a 10mm thickness. 

(2) Representative stress σd in Eq. (2) was calculated for each element on the trabecular 
surface.  For simplification, a linearly decreasing function depending on distance l was 
used for weight function w(l), that is, 
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(3) Remodeling driving forces Γi, Γii and Γiii for loading cases (i), (ii) and (iii) were each 
calculated from Eq. (1).  Driving force Γ for the multiple-loading condition was 
determined by averaging Γi, Γii and Γiii with the weighting depending on the loading 
frequency (Beaupré et al., 1990). 

(4) Trabecular surface movement determined by Γ, as shown in Fig. 1(b), was accomplished 
by removing and adding trabecular surface elements.  To compensate for discretization of 
the continuous rate of surface movement 

・

M(Γ ), probability function )(. ΓMP  similar to 
the function in Fig. 1(b) was used for removing and adding the surface elements. 

(5) The procedures (1) to (4) were repeated until remodeling equilibrium was attained.  
 
Mises stress was used for stress σ as the mechanical stimulus that cells can sense on the 
trabecular surface.  The series of the procedures (1) to (5) is called one step of the simulation. 
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Fig. 2  Computational simulation model for trabecular surface remodeling in the proximal femur 



 

 

3 RESULTS 
 
3.1 Trabecular Structural Change in the Proximal Femur under Multiple Loadings 
 
A trabecular surface remodeling simulation was conducted for cancellous bone in the human 
proximal femur under multiple loadings from the initial stage up to the 5th step, where the 
model parameters were set constant as threshold values Γu = 1.0 and Γl = −2.0, and sensing 
distance lL = 1.0mm.  Nonuniform stress on the trabecular surface induced bone resorption 
and formation, and resulted in change from the random trabecular architecture at the initial 
stage, as shown in Fig. 2(a), to anisotropic trabecular architecture at the 5th step, as shown in 
Fig. 3(a).  The remodeling simulation was continued from the 5th step to the 15th step as 
shown in Fig. 3(b), where the trabecular bone volume was kept constant by changing 
threshold values Γu and Γl  in order to control the amount of bone formation and resorption 
for each simulation step, assuming homeostatic state with respect to the amount of trabecular 
bone.  As a result, a higher density region such as H and lower density region such as L were 
obtained as shown in Fig. 3(b), while the characteristic trabecular structure clearly emerged. 
 In the femoral head represented by region 1, trabeculae were aligned with the 
compressive joint reaction force.  The principal direction of the fabric ellipse was 

o26=ΘH  

and the degree of anisotropy was H1/H3 = 1.36 as shown in Fig. 4(a).  In the greater trochanter 
represented by region 2, the trabeculae were aligned with the tensile abductor force.  The 
principal direction of the fabric ellipse was 

o14=ΘH  and the degree of anisotropy was H1/H3 
= 1.51 as shown in Fig. 4(b).  On the other hand, in the lower region of the neck of the femoral 
head represented by region 3, compressive trabeculae formed from the medial side to the lateral 
near the greater trochanter, and tensile trabeculae formed from the lateral to the neck of the 
femoral head, forming the orthogonal trabecular pattern.  The principal direction of the fabric 
ellipse was 

o24=ΘH  and the degree of anisotropy was H1/H3 = 1.01 as shown in Fig. 4(c). 
 

(a) 5th step (b) 15th step

Region 1

Region 2

Region 3

Region 1

Region 2

Region 3

H
L

Fig. 3  Trabecular structural change in the proximal femur due to remodeling under multiple loadings 
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 Mechanical Adaptation of the Trabecular Structure Due to Remodeling 

 investigate the functional adaptation phenomenon in cancellous bone, the change in 
chanical environment in the cancellous bone was investigated.  Averaging the stress 
ponents over the cancellous area for all the loading cases, with the weighting depending on 

 loading frequency as shown in Fig. 2(c), the apparent principal stress in regions 1～3 at the 
tial stage and the 15th step was calculated as shown in Fig. 5.  The principal stress is 
sequently defined as σσ 21 > .  At the initial stage, the ratio of the magnitude of two 

ncipal stresses, σσ 21 , was large in regions 1 ( 9.721 =σσ ) and 2 ( 6.1021 =σσ ), as 
wn in Fig. 5(a), where a unidirectional trabecular pattern appeared.  Therefore, the 
chanical environment was almost a uniaxial compressive state in region 1 and a uniaxial 

(b) Region 2(a) Region 1 (c) Region 3
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Fig. 4  Fabric ellipses for the cancellous bone in regions 1～3 at 15th step 
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Fig. 5  Apparent principal stress in the cancellous bone in regions 1～3 



 

 

tensile state in region 2.  The principal direction was 
o24=Θσ  in region 1 and 

o11=Θσ  in 
region 2.  In region 3, where the orthogonal trabecular pattern appeared, ratio σσ 21  was 

relatively close to unity ( 2.121 =σσ ), which means that the mechanical environment was a 

bi-axial compressive-tensile state.  The principal direction was 
o60−=Θσ .  Although the 

trabecular structure was changed by remodeling, the two principal stresses, σ 1  and σ 2 , and 
direction Θσ  at the 15th step, as shown in Fig. 5(b), hardly changed from the values at the initial 
stage. 
 Averaging the strain energy density over the cancellous region for all the loading 
cases, with the weighting depending on the loading frequency, change in apparent strain 
energy density U for regions 1～3 and for the whole bone including the cancellous and 
cortical sections was calculated as shown in Fig. 6.  From the initial stage to the 5th step, 
apparent strain energy density U increased in regions 1 and 3.  This shows that the stiffness 
of the trabecular bone as a load-bearing structure decreased due to the volumetric decrease of 
the bone.  In region 2, however, apparent strain energy density U decreased because the 
stiffness of the structure increased due to trabecular adaptive reorientation corresponding to 
the applied external loads.  Strain energy density U was found from these results to have 
changed depending on the degree of both volumetric change and structural reorientation in the 
trabecular bone.  In the whole region, apparent strain energy density U increased to the 5th 
step, which indicates that the effect of the decrease in bone volume on the stiffness was larger 
than the effect of the trabecular adaptive reorientation.  From the 5th step to the 15th step, by 
controlling trabecular bone volume to be constant, apparent strain energy density U tended to 
decrease in regions 1～3 and in the whole bone, where the effect of only trabecular 
reorientation on the stiffness emerged, and resulted in an increase in the stiffness of 
cancellous bone as a load-bearing structure. 

(a) Region 1 (b) Region 2

(c) Region 3 (d) Whole region 
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Fig. 6  Change in strain energy density in regions 1～3 and in the whole bone 



 

 

4 DISCUSSIONS AND CONCLUSION 
 
An anisotropic structure of trabecular bone was obtained according to the mechanical 
environment in the proximal femur by trabecular surface remodeling to seek a uniform stress 
state.  The effect of loading case (i) on the trabecular structural change was the largest of the 
three loading cases in this simulation because case (i) was the most frequent.  Thus, the 
obtained trabecular architecture was similar to that obtained under single loading in the case 
(i) (Adachi et al., 1999b).  The trabecular structure, however, was reorganized to adapt to the 
changed mechanical environment due to multiple loadings, which resulted in a distributed 
trabecular orientation to some extent. 

The principal direction of the fabric ellipse approximately agreed with that of the 
principal stress, and the degree of anisotropy of the trabecular structure corresponded to the 
ratio of magnitude of the two principal stresses.  Furthermore, it was shown that trabecular 
reorientation contributed to the increase in stiffness of the trabecular structure in both local 
regions and in the whole bone.  These results indicate that this simulation could well express 
Wolff’s Law (Wolff, 1869) and the functional adaptation phenomenon (Roux, 1881).  The 
predicted distribution of apparent bone density also agrees with the trabecular architecture in 
the actual proximal femur, for example, the lower bone density region marked by open circle 
H in Fig. 3(b) corresponds to the characteristic trabecular architecture observed in the actural 
bone (Carter et al., 1989). 

It was found that the external-loading conditions affected the equivalent stress 
distribution of each trabecula in region 1 as shown in Fig. 7, which illustrates the ability of a 
large-scale pixel-based finite element model to predict in detail the influence of external loading 
on trabecular-level mechanical environment.  This point is advantageous in examining the role 
of osteocytes in trabecular remodeling by integrating over volume element dV in Eq. (2). 

The proposed simulation method could provide insight into the macroscopic adaptive 
phenomenon in cancellous bone resulting from local regulation of the mechanical 
environment at a trabecular level by cellular activities.  
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