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Abstract.  A computational simulation method for trabecular surface remodeling in 
cancellous bone was proposed using a digital image-based voxel finite element model.  For 
cancellous bone with complicated trabecular architecture, digital image-based model is 
useful both for finite element modeling of the structure and for simulating morphological 
changes in the trabecular architecture due to remodeling.  Trabecular surface remodeling 
was simulated based on a uniform stress hypothesis, that is, to attain uniform stress in the 
trabeculae, resorption and formation were modeled by removal and addition of the voxel 
finite elements on the trabecular surface.  A remodeling simulation of a cancellous bone 
cube under compressive loading was conducted with a digital image-based model constructed 
from µCT data of the cancellous region in a distal canine femur.  The results of the 
simulation demonstrate that the trabeculae change their morphology to functionally adapt to 
the applied load as a load-bearing structure, and the changes in the structural indices of 
cancellous bone qualitatively correspond with the experimental results, demonstrating the 
potential of the proposed method to predict the functional adaptation of cancellous bone. 
 
 
1. INTRODUCTION  
 
The trabecular architecture of cancellous bone changes and is maintained by adaptive 
remodeling, in which morphological changes in the trabeculae result from coupled 
osteoclastic resorption and osteoblastic formation on the trabecular surface.  Recent 
advances in understanding the mechanical adaptation of bone by remodeling have benefited 
from a computational mechanics approach that allows an analysis of the structural and 
functional changes in bone under complicated mechanical conditions (Cowin, 1993; Huiskes 
and Hollister, 1993).  Theoretical modeling and computational simulation of bone 
remodeling originated in continuum and computational mechanics (Cowin and Hegedus, 
1976; Hart et al., 1984; Carter et al., 1987; Huiskes et al., 1987; Beaupré et al., 1990; 
Weinans et al., 1992), in which remodeling rate equations were proposed for cortical and 
cancellous bone as a continuum.  Recently, however, it has been recognized that isotropic 
continuum modeling and simulation have limitations in the sense that anisotropy of the 



 

 

mechanical properties is essential to bone mechanics, and the local mechanical stimuli at the 
microstructural level affect the cellular activities in the remodeling process (Cowin et al., 
1991; Guldberg et al., 1997).  To account for trabecular level adaptation, both theoretical 
models and computational simulations have been overlapped and developed (Cowin et al., 
1992; Sadegh et al., 1993; Mullender et al., 1994; Adachi et al., 1999). 

For the computational modeling of bone with a complex microstructure, digital 
image-based voxel models of cancellous bone with a high resolution have been available 
since the introduction of imaging and quantifying techniques for the trabecular bone 
architecture in three dimensions, such as the micro-computed tomography (µCT) scanning 
technique (Feldkamp et al., 1989).  These techniques enabled calculation of trabecular bone 
apparent mechanical properties using a homogenization procedure and direct estimation of the 
stress and strain at the trabecular level (Hollister et al., 1994; Van Rietbergen et al., 1995) that 
regulate the cellular activities in bone remodeling.  These techniques can also be applied to 
quantify changes in the trabecular architecture of cancellous bone from in vivo animal 
experiments under controlled mechanical conditions (Goldstein et al., 1991; Guldberg et al., 
1997).  Establishing a computational simulation method for trabecular bone remodeling by 
using digital image-based voxel finite element models and applying this technique 
complementarily with experimental observations would therefore be a powerful tool for 
clarifying the mechanism for the adaptive bone remodeling. 

The purposes of this study are to propose a simulation method for the 
three-dimensional trabecular surface remodeling of cancellous bone by using digital 
image-based voxel finite element models, and to demonstrate the feasibility of the proposed 
method through the simulation studies on a cancellous bone cube under compressive loading.  
First, the rate equation for trabecular surface remodeling (Adachi et al., 1997) based on the 
uniform stress hypothesis (Adachi et al., 1998) is summarized.  Second, this remodeling rate 
equation is applied to voxel finite element models of trabecular bone.  Third, a remodeling 
simulation is carried out on a cancellous bone cube that was obtained from the cancellous 
region of a canine distal femur by using three-dimensionally reconstructed µCT data 
(Goldstein et al., 1991; Guldberg et al., 1997) under uniaxial compressive loading.  The 
results obtained in the simulation are examined in the context of functional adaptation by 
remodeling as a load-bearing structure, and the applicability of the simulation method to 
predict actual trabecular remodeling phenomena is evaluated by a comparison with the 
experimental results. 
 
2. MODEL FOR TRABECULAR SURFACE REMODELING 
 
2.1 Resorption and Formation on a Trabecular Surface 
The trabecular microstructure of cancellous bone changes under the influence of mechanical 
factors due to locally regulated cellular activities on the trabecular surface.  This trabecular 
surface remodeling has a cycle with five successive stages of quiescence, activation, 
osteoclastic resorption, reversal and osteoblastic formation (Parfitt, 1994), as illustrated in 
Fig.1(a), that is called remodeling turnover.  The relative difference in amount between the 
downward erosion by resorption and the upward cavity refilling by formation, moving in a 
direction perpendicular to the trabecular surface, determines the local movement of the 
trabecular surface. 

Due to the cyclical nature of the remodeling turnover process, the rate equation for 
trabecular surface remodeling should be considered in two different hierarchical time scales, 



 

 

t  and T , as is shown in Fig.1.  One time scale t  is for the cellular activity describing 
remodeling turnover (Fig.1(a)), and the other time scale T  is a longer scale than that for the 
characteristic period of remodeling turnover (Fig.1(b)).  It should be noted that the first time 
scale t  is considered long enough when compared to the time scale τ  that measures the 
dynamic changes due to body motion. 

Let m&  denote the rate of surface movement by remodeling in the outer 
direction perpendicular to the trabecular surface: 0=m&  (quiescence), 0<m&  
(resorption), and 0>m&  (formation).  Averaging m&  over the characteristic 
period of the remodeling cycle, the rate of trabecular surface remodeling, M& , is 
defined on the time scale T .  In the following sections, the expression of M&  is 
discussed for trabecular surface remodeling as a local stress regulation process. 

 
2.2 Driving Force for Trabecular Surface Remodeling 
Regulation of the cellular events responsible for remodeling turnover is systematically and 
locally controlled in the bone macro- and micro-environment: i.e., systematic regulation by 
hormones, and local regulation by growth factors and cytokines (Baylink et al., 1993; 
Manolagas, 1995).  It has also been experimentally revealed that local mechanical signals 
play an important role in trabecular bone remodeling (Guldberg et al., 1997).  We have 
assumed that systematic regulation is related to changes in the amount of bone measured by 
the volume fraction, and that local mechanical regulation is related to morphological changes 
in the trabecular architecture. 
 To discuss how the regulation of a microscopic mechanical stimulus is related to 
local trabecular surface remodeling and how the macroscopic trabecular architecture emerges 
from the local morphological changes due to trabecular surface remodeling, we use the local 
stress as the mechanical stimulus regulating trabecular surface remodeling.  As a simple case, 
we consider positive scalar function σ  as a mechanical stimulus to be employed in the rate 
equation for trabecular surface remodeling.  Based on the hypothesis that the mechanical 
stimulus becomes uniform at the remodeling equilibrium state as a result of functional 
adaptation (Fung, 1984; Takamizawa and Hayashi, 1987; Adachi et al., 1998), we assume the 
nonuniformity of the mechanical stimulus σ  as a driving force for remodeling to seek the 
uniform state. 

Lining Cells Osteoclasts Osteoblasts

Marrow

Trabecula
Osteoid

Mineralization

Quiescence

Formation

Reversal

Resorption
Activation

> 0m
.

Marrow

M
.

Time (t) Time (T)

< 0m
.

(a) (b)

Trabecula

 
 

Figure 1: Trabecular surface remodeling by cellular activity: (a) Osteoclastic resorption 
and osteoblastic formation on a trabecular surface (time scale t ); (b) Surface movement 
by trabecular surface remodeling (time scale T ) 



 

 

 To express nonuniformity of the scalar function of mechanical stimulus σ  in space, 
the integral form a with weight function can be used.  By averaging )( rr xσ  at neighbor 
point rx  with weight function )(lw , as illustrated in Fig.2(a), representative neighbor stress 

)( cd xσ  at cx  is determined as  

∫∫=
SS rd dS)l(wdS)l(w σσ ,                          (1) 

where S  denotes the trabecular surface, || crl xx −= , and weight function )(lw  takes a 
non-zero positive value at neighbor point )( Lll < .  This expression of Eq.(1) can be 
extended to consider the nonuniformity of stress in the trabeculae by integrating over volume 
element dV  for the case in which the role of the osteocyte (Cowin et al., 1991) is taken into 
account. 

As the driving force for local trabecular remodeling, we use the relative value of the 
stress cσ  at cx to dσ  at cx that is defined as 

)/(ln)( dcc σσΓ =x .                             (2)  
This function Γ  expresses the convexity of the stress distribution, taking a positive value 
with a convex stress distribution and a negative one with a concave distribution.  The weight 
function, )(lw : )0(0)( Llllw <≤>  and )(0)( lllw L ≤= , in Eq.(1) is a monotonously 
decreasing function with respect to distance l , that determines the size of the region )( Lll <  
in which the mechanical stimulus affects the remodeling at point cx .  Thus, estimating the 
representative stress dσ  at the neighbor point by using the integral form of Eq.(1) takes into 
account the existence of the sensory network between cells (Donahue et al., 1995).  
 
2.3 Rate Equation for Trabecular Surface Remodeling 
 In general, an addition of material to the surface of a structural component reduces 
the stress on its surface, and removal induces a higher stress.  Thus, by using driving force 
Γ  in Eq.(2), the remodeling rate equation is generally written as 
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to express formation at a site with convex distribution of σ  and resorption at a site with a 
concave distribution of σ , where function F  determines the features of the rate equation.   

 
 
 
 
 
 
 
 
                (a)                           (b) 
Figure 2: Model for trabecular surface remodeling driven by nonuniformity of mechanical 
stimulus on the trabecular surface: (a) The driving force for the remodeling Γ  is defined 
as the relative difference between stress cσ  at cx  and dσ  at the neighboring point (l < 
lL); (b) Remodeling rate equation as a function of the driving force for the remodeling Γ . 
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As a simple case, function F  in Fig.2(b) is used in this study, in which parameters 
uΓ  and lΓ  are the upper and lower threshold values, respectively.  Regions 0≤≤ ΓΓl  

and uΓΓ ≤≤0  are interpolated by sine functions.  As remodeling progresses, the 
nonuniformity in surface stress becomes smaller, that is, || Γ  approaches zero within the 
lazy zone of remodeling (Huiskes et al., 1987) around the equilibrium point, 0=M& , as 
shown in Fig.2(b).  Two model parameters are introduced in the rate equation to express 
spatial and time effects.  The parameter, Ll , in Fig.2(a) regulates the spatial sensitivity that 
represents the area where cells can sense a mechanical stimulus.  As a result, Ll  regulates 
the spatial distribution of the trabecular apparent density, which plays the role of a spatially 
sensitive parameter.  The other parameters, uΓ  and lΓ , in Fig.2(b) affect the rate of 
volumetric change in time, which play the role of remodeling rate-sensitive parameters. 

In this equation, the local remodeling rate is determined by using only a local 
mechanical stimulus evaluated by Γ  without using any systematic global stresses prescribed 
a priori, such as goal or optimal stresses.  This model can be extended to consider 
remodeling in response to a change in stress magnitude in time without changing the stress 
distribution pattern (Tanaka et al., 1993). 
 
 
3. VOXEL SIMULATION MODEL FOR TRABECULAR SURFACE REMODELING 

 
3.1 Voxel Finite Element Discretization of Cancellous Bone 
A voxel finite element model of trabeculae (Hollister and Kikuchi, 1994; Hollister et al., 
1994; Van Rietbergen et al., 1995; Ulrich et al., 1998) can be reconstructed from digital 
images such as those obtained by µCT scanning (Feldkamp et al., 1989) and be used to 
represent the trabecular architecture in detail.  In this study, the proposed model for 
trabecular surface remodeling was applied to voxel finite element models of the trabecular 
architecture in cancellous bone, combining these with the solver for a large-scale finite 
element model. 
 The trabecular architecture in a three-dimensional region was discretized by using 
voxel finite elements with regular mesh divisions as shown in Fig.3(a).  Thus, the trabeculae 
were modeled as an assemblage of voxel finite elements, and morphological changes were 
accomplished by removing/adding elements from/to the trabecular surface in response to the 
mechanical stimulus calculated by the finite element analysis.  Each element size should be 

 
 
 
 
 
 
 
 
              (a)                                 (b) 
Figure 3: Voxel simulation model of trabecular surface remodeling: (a) Voxel finite
element discretization of the trabeculae; (b) Surface movement due to formation and
resorption on trabeculae represented by addition and removal of voxel finite element.  
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smaller than the dimensions of the basic multi-cellular unit (Parfitt, 1994) for remodeling, so 
that the trabecular diameter was discretized into at least 3 elements as an initial shape in the 
remodeling simulation. 
 In the three-dimensional finite element analysis, the trabecular bone part was 
assumed to be a homogeneous and isotropic elastic material with Young's modulus of 20=E  
GPa and Poisson's ratio of 3.0=ν , the marrow part being excluded as a cavity.  Since the 
trabeculae were discretized by regular voxel elements, an iterative equation solver called the 
element-by-element preconditioned conjugate gradient (EBE/PCG) method (Hughes et al., 
1987; Van Rietbergen et al., 1995) with diagonal scaling was used for a large-scale finite 
element analysis.  
 
3.2 Simulation Procedure for Trabecular Surface Remodeling 
The simulation of trabecular surface remodeling with microstructural voxel finite element 
models was carried out by the following procedure: 
(1) Discretize the initial shape of the trabecular architecture in the region being analyzed. 
(2) Analyze stress σ  in the trabecular elements by a finite element procedure with the 

EBE/PCG method under given boundary conditions. 
(3) Evaluate the surface stress nonuniformity Γ  for all trabecular surface elements. 
(4) Determine the rate of surface movement M& , and remove/add the surface voxel element. 
(5) If remodeling equilibrium is not attained, repeat the procedure from step (2). 
 Procedures (2) to (5) are one step of the simulation.  In this study, the equivalent 
stress is used as scalar function σ  of the stress.  If other positive values, such as the strain 
energy density, are used as a mechanical stimulus, similar results can be expected at the 
equilibrium state (Adachi et al., 1997). 
 
 
4. REMODELING OF CANCELLOUS BONE UNDER COMPRESSIVE LOADING 
 
4.1 Digital Image-based Model of Cancellous Bone 
A digital image-based model of a cancellous bone cube of 5=a mm on each side was 
obtained from a canine distal femoral metaphyses, to which a hydraulically controlled load 
was applied via platens of 6mm in diameter (Goldstein et al., 1991; Guldberg et al., 1997), 
based on three-dimensionally reconstructed µCT data as shown in Fig.4(a).  Each voxel size 
was 25 µ m to give the same resolution as the µCT data, so that the total volume contained 

=3200 8 million voxel elements of which about 2.3 million were trabecular bone elements.   
The structural indices of the trabecular architecture (Feldkamp et al., 1989), which 

could be directly calculated from the binarized three-dimensional data, were the bone volume 
fraction 282.0=BVF , trabecular plate thickness 112=TPT µm, trabecular plate number 

522.TPN = mm-1, and trabecular plate separation 286=TPS µm.  The fabric ellipsoid of the 
trabecular architecture (Cowin, 1985) and the middle X1X3 cross section are shown in Fig.4(a) 
in which the principal values );3,2,1( 321 HHHiHi ≥≥=  are H1 = 387µm, H2 = 311µm, and 
H3 = 291µm; and angle Θi3 between principal direction in  and compressive axis X3 are Θ13 = 
73.6o, Θ23 = 37.0o, and Θ33 = 57.9o.  Thus, the degree of anisotropy of the initial trabecular 
bone model was =31 / HH 1.33, and the direction of anisotropy was relatively close to the 
perpendicular to the X3 coordinate axis. 
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Figure 4: Remodeling simulation of cancellous bone under compressive loading by using
µCT image-based voxel finite element models obtained from a canine distal femur. 3D
image (200^3 voxels), fabric ellipsoid, and 31 XX −  cross section: (a) Initial; (b) 10th
step; (c) 50th step. 
 
 

As boundary conditions, uniform displacement )0(3 <U  was controlled at every 
simulation step on the upper plane at X3 = 5.0 mm to apply an average stress of 

== 2
33 / aFσ 24.1− MPa by referring to the experimental value (Guldberg et al., 1997), as 

shown in Fig.4(a), where )0(3 <F  was the total force applied on the plane and a/U 33 =ε  is 
defined as the apparent strain in the X3 direction.  On the other five planes, shear-free 
boundary conditions were applied, that is, the displacement perpendicular to each of these 



 

 

planes was fixed.  Sensing distance Ll  in weight function )(lw  was set to 500 µ m, this 
being equal to the length of 20 voxel elements, and the threshold values for remodeling were 
set to =uΓ 4.0 and −=Γl 5.0.  These model parameters should be determined from a 
comparison with the experimental observations (Tsubota et al., 2000). 
 
4.2 Remodeling at the Trabecular Structural Level 
The morphological changes in the trabecular architecture of the cancellous bone cube due to 
remodeling under a compressive load at the 10th and 50th steps are presented in Figs.4(b) and 
(c), in which fabric ellipsoids of the three-dimensional architecture and X1−X3 cross section 
show the development of trabecular anisotropy.  The initial morphology shown in Fig.4(a) 
adapted to the applied compressive loading by resorption and formation on the trabecular 
surface to reduce the nonuniformity of the stress.  The degree of anisotropy defined as H1/H3 
increased from 1.33 (initial) to 1.39 (50th step) by aligning the trabecular architecture along 
the compressive loading axis which can be observed by the rotation of the principal direction 
of the fabric ellipsoid from Fig.4(a) to (c).  Preferential loss of the horizontal trabeculae, 
marked by open rectangles in the cross-sectional image in Fig.4, and preservation and 
increase in thickness of the vertically oriented trabeculae directed along the compressive 
loading axis, marked by open circles, contributed to the development of this trabecular 
anisotropy. 

Changes in structural indices are plotted in Figs.5(a) and (b), where the indices were 
measured by using voxel finite elements at every simulation step for the center core cube of 

0.40.40.4 ×× mm to eliminate numerical errors adjacent to the boundary in the remodeling 
simulation.  As a result of the remodeling, a decrease of 21.2％ in the bone volume fraction 
(BVF), a 19.3% decrease in the trabecular plate thickness (TPT), and a 2.2% decrease in the 
trabecular plate number (TPN) were found at the 50th step when compared with the initial 
values, which resulted in a 10.0% increase in the trabecular plate separation (TPS).  This 
increase in TPS occurred because resorption of the horizontal trabeculae was more marked 
than the formation of the vertical trabeculae.  The angle 3iΘ  between the principal 
directions in  of the fabric ellipsoid and the loading axis 3X  changed by reorientation of the 
trabecular architecture, as shown in Fig.5(c).  The angle 13Θ  monotonously decreased from 

°6.73  toward zero, while 23Θ  and 33Θ  increased toward °90 . These changes in structural 
index and angle indicate that the trabecular orientation was changed to align wigh the 
compressive axis 3X , showing adaptive remodeling to support the uniaxial compressive 
loading.To investigate the functional changes in the trabecular architecture as a load-bearing 
structure due to remodeling, the apparent stiffness of the core cube of 0.40.40.4 ×× mm in the 
three orthogonal axes of 1X , 2X , and 3X  were numerically measured by uniaxial 
compression testing at each simulation step.  The applied boundary conditions were similar 
to those for the remodeling simulation, with uniform displacement being applied on the upper 
surface, and the other surfaces being fixed with share-free conditions.  Changes in apparent 
stiffness ii εσ /  in the directions of the coordinate axes iX  are plotted in Fig.5(d).  In the 
compressive loading direction for the remodeling simulation, 3X  direction, the apparent 
stiffness 33 εσ /  gradually increased by 29.4%; however, both 11 /εσ  and 22 /εσ  in the 
direction perpendicular to the loading axis decreased by about 60% due to remodeling.  Thus, 
remodeling resulted in functional changes in the trabecular architecture, and increased the 
degree of anisotropy of the mechanical properties.  Even though the average bone volume 



 

 

fraction was decreased by remodeling as shown in Fig.5(a), the structural stiffness was 
increased by remodeling as shown in Fig.5(d), thus demonstrating the adaptive response to 
support compressive loading by reorganizing the trabecular architecture. 
 
 
5. DISCUSSION 
 
Driven by the nonuniformity of the stress, adaptive reorganization of the trabecular 
architecture by remodeling could be smoothly simulated, as shown in Figs.4 and 5, and a 
uniform stress distribution was accomplished by using digital image-based voxel finite 
element models.  This result has demonstrated that the proposed voxel simulation method 
was applicable to approximate the model for trabecular surface remodeling at the trabecular 
structural level.  The apparent stiffness along the compressive loading axis increased by 
reorganizing the trabecular architecture and by increasing the degree of anisotropy, although 
the volume fraction decreased.  This result implies that remodeling under the assumption of 
the uniform stress hypothesis revealed the functional adaptive response of the bone as a load- 
bearing structure.  We thus demonstrated that the proposed model for trabecular surface 
remodeling and its simulation method of using voxel finite element models were applicable to 
simulate the functional adaptation phenomenon in cancellous bone remodeling. 
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Figure 5: Changes in structural indices, principal direction of trabecular architecture and
apparent stiffness of cancellous bone due to remodeling under compressive loading: (a)
bone volume fraction; (b) trabecular plate separation; (c) angle 3iΘ  between the principal
direction of iH  and loading axis 3X ; and (d) apparent stiffness ii / εσ  in iX  direction 
 



 

 

To quantitatively evaluate the simulation results, a comparison with the experimental 
results is necessary.  In the experiment (Guldberg et al., 1997) using a canine model that was 
capable of applying a hydraulically controlled load to the distal femoral cancellous bone, 
trabecular structural changes due to remodeling in experimental side were compared with the 
control side.  In this simulation, the initial digital image-based model was produced with 
reference to the control trabecular bone cube, so that the simulated results correspond with 
those for the experimental trabecular bone.  Structural indices for the control and 
experimental bones for one canine and the simulated results are listed in Table 1.  In this 
simulation, the trabecular bone volume (BVF), trabecular plate number (TPN) and angle 13Θ  
of the principal axis of the trabecular architecture each decreased, while the trabecular plate 
separation (TPS) increased by remodeling under compressive loading.  These results 
qualitatively match the experimental observations, in which changes in BVF, TPN, 13Θ , and 
TPS were statistically significant when compared with the control data in the experiment.  
The simulated result for trabecular plate thickness (TPT) showed a decrease by remodeling, 
while the experimental TPT did not show significant change.  This was due to the fact that 
the comparison between the experimental and simulated data in Table 1 was done for only one 
set of canine data.  The discrepancy between the experimental and simulated results could 
have been due to approximated boundary conditions, unknown model parameters, or 
unknown in vivo biological factors in the system.  To develop models that can predict details 
of the remodeling phenomenon, model parameters uΓ , lΓ , and Ll  have to be quantitatively 
determined by a comparison with the experimental observations (Tsubota et al., 2000). 
 
 
Table 1: Structural indices and principal direction of trabecular architecture for the control, 
experiment, and simulation 
 

 
 
 
 
 
 

 
 
One of the most remarkable features of the proposed simulation method is its 

capability to handle the large-scale three-dimensional voxel model with a regular finite 
element mesh for the complex trabecular architecture.  This offers many practical advantages 
in that it enables us to make voxel finite element models based on digital images such as those 
obtained by using µCT, and that a variety of cancellous bone samples can be analyzed by 
using images provided from an in vivo experiment.  It is also easy to apply linear solvers 
such as the EBE/PCG method to the large-scale three-dimensional models.  Furthermore, 
this simulation method could be utilized as a tool to visualize the morphological change in 
trabecular architecture due to remodeling in a computer.  This technique will therefore be 
useful for further elucidation of the trabecular bone-remodeling phenomenon by directly 
observing the microscopic structural change with the proposed simulation. 
 
 

 BVF TPT TPN TPS 13Θ  
  ( µ m) (mm 1− ) ( µ m) (deg.) 

Control 0.282 112 2.52 286 73.6 
Experiment 0.230 121 1.88 421 47.9 
Simulation 0.222 90 2.47 317 31.9 



 

 

6. CONCLUSIONS  
 
A computational simulation method for trabecular surface remodeling has been proposed by 
using voxel finite element models of cancellous bone with a trabecular microstructure.  This 
method was applied to simulate remodeling of trabeculae under compressive loading at the 
trabecular structural level.  Since trabeculae with a complex three-dimensional architecture 
were modeled as an assemblage of regular voxel elements, morphological changes were 
directly accomplished by removing and adding elements on the trabecular surface, and 
EBE/PCG method for large-scale computation was applicable. 
 The cancellous bone cube for the simulation was modeled based on digital images 
obtained by µCT and compressed under uniaxial loading.  The trabeculae perpendicular to 
the loading direction became thinner, and those along the axis became thicker by remodeling 
to obtain a uniform stress distribution.  The resulting reorientation of the trabecula to the 
compressive loading direction and the increase in the degree of anisotropy increased the 
apparent stiffness against the loading, even though the volume fraction was decreased by 
remodeling.  Changes in the structural indices of the trabecular architecture by remodeling 
qualitatively matched the experimental observations (Guldberg et al., 1997).   

The results of these studies enable us to conclude that the proposed remodeling rate 
equation and simulation method using digital image-based voxel finite element model could 
be applicable to predict actual trabecular remodeling phenomena such as the adaptive 
response around artificial prostheses and implants.  A quantitative comparison of the 
changes in structural indices with the experimental results obtained under a controlled 
mechanical environment would enable us to develop more detailed models. 

Application of this simulation method to bone tissue engineering would be an 
exciting challenge, with the application to optimal design of the biomaterial scaffold for 
regenerating bone tissue (Hollister et al., 1999).  This method could be applied to design the 
scaffold topology and pore geometry that considers the bone mechanical properties as an 
initial load support, fluid diffusion through the scaffold pore and deformation controlling 
biological cellular activities.  It could also be utilized to design the optimal combination 
between degradation of the biomaterial scaffold and newly developed bone by adaptive 
ingrowth and formation.  When combined with a sophisticated measuring system for the 
bone microstructure such as µCT, the proposed simulation method is expected to have 
potential for constructing a new design system for the scaffold for use in bone tissue 
engineering. 
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