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ABSTRACT

In this study, a theoretical model of mechanical bone adaptation which was applicable to
normal bone remodeling, abnormal bone remodeling with metabolic disease and healing of bone
traumata had been developed. Moreover, theoretical models of adaptive bone remodeling with new
concept were proposed. One was a model considering fluid flow effect inside bone, and another
was a model using the cellular automata to represent autonomic and dynamic activity of the bone
cells. These theoretical models were compared in viewpoint of their advantages and disadvantages,
then limitations and potentialities were considered.

INTRODUCTION

The mechanical adaptive bone remodeling is a phenomenon in which bone changes the mor-
phology itself adapting mechanical environment. It is a very important factor in medical treatments
of orthopaedic surgery such as fracture fixation, grafting reconstruction or prosthesis replacement.
Theoretical studies of the adaptive bone remodeling are useful for the treatments expecting bone
recovery after the operation. Although a large number of the theoretical studies have been carried
out before, almost all of them have been limited to the normal bone remodeling. In order to apply
the theory to clinical problems with bone healing or disease, it is required to improve on the adap-
tive remodeling theory to be applicable to abnormal remodeling situations. In this study, a theoreti-
cal model of mechanical bone adaptation which was applicable to normal bone remodeling, abnor-
mal bone remodeling with metabolic disease and healing of bone traumata were developed.

The adaptive bone remodeling theory has some limitations. For example, it can not describe
time depending non-linearity and complexity of bone formation. One of key point in developing a
new adaptive remodeling theory is how the bone cell activity and its related factors are introduced
into the theory. In the latter half of this study, theoretical models of adaptive bone remodeling
considered the bone cell activity and their environment were proposed, and their capability was
discussed.
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GENERALIZED THEORY OF STRESS-INDUCED BONE FORMATION

In the bone remodeling process, old bone tissues are resorbed by osteoclasts and new bone
tissues are created by osteoblasts. Bone structure is maintained by balance between the basal bone
resorption and deposition in the normal remodeling. In generalized theory of stress-induced bone
formation proposed here, it was assumed that the balance between basal bone deposition and ab-
sorption was changed depending on metabolic condition. Relationship between separated bone
apposition and resorption with stress stimulus are shown as dotted curve in figure 1.r *and r - are
substantial bone apposition and resorption ratio per day. Total bone apposition and resorption ratios
are given by summing up r * and r ~. It is assumed that the substantial apposition ratio is constant
(r,") when the stress stimulus is low and increases proportionally as the stress stimulus is higher.
The substantial resorption ratio is assumed vice-versa. The bone healing with active bone forma-
tion is expressed by a state in which basal bone apposition ratio (r,*) is larger than basal bone
resorption ratio (r,) in the theoretical model. On the other hand, the osteoporosis situation with
inactive bone formation or active bone resorption is expressed by assumption of larger basal bone

resorption ratio.

« - Real Apposition by Osteoblasts (r*)
~~~~ Real Resorption by Osteoclasts (r~)
= Total Apposition or Resorption (r*+r°) ¢
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Figure 1 Relation between bone appositon or Figure 2 Time history of bone formation quan-
resorption ratio and stress stimulus in proposed tities on the computer simulation and the ex-
theory. periment.

Experiments of stress-induced bone formation were carried out in order to ensure effective-
ness of the theoretical model. In the experiments, intermittent load (1 hour/day) was applied to the
rabbit’s tibia for four weeks in which a circular defect was made
at the center. Bone formation at the circular bone defect was
evaluated histologically. The proposed theory was applied to
the simulation of the experiment. Computer simulation of the
defect shape change was carried out for comparing the simula- : > Sy
tion and the experimental results. The defect shape obtained by - [
the simulation corresponded with the experiment. Quantities
of the bone formation in the computer simulation also consist

with the experiment as shown in figure 2 (Case 2). On the other B 000

(Kgim?)

hand, the bone formation was underestimated when the bone
remodeling theory was used directly (Case 1). It was demon- (a) normal remodelng case.
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strated that the proposed theory could represent bone forma-
tion including bone repair by adjusting balance between the
basal bone apposition and resorption ratios.

Furthermore, the proposed theory was applied to a bone
remodeling problem of the human upper femur in osteoporotic
condition. r;* and r; were given as the same value in the simu-
lation corresponded to normal remodeling. For simulation of
the osteoporotic condition, r,” was given as larger than 1,". Dis-
tributions of the bone apparent density after convergence are
shown in figure 3 for normal remodeling (a) and osteoprotic
remodeling (b). Singh classified clinically the osteoporosis grade
for the human upper femur. Bone density distribution obtained
by the simulation shows good agreement with arrangement of
the trabetular bundles denoted in the Singh’s classification. It

Apparent
Density

2000

(b) osteoporosis case.

Figure 3 Distribution of bone
apparent density obtained by
bone remodeling or osteoporosis
simulation.

was confirmed that the proposed theoretical model was effective to simulate not only bone repair

but also the osteoporosis.

ADYANCED THEORY OF STRESS-INDUCED BONE REMODELING

A theoretical model of adaptive bone remodeling considering fluid flow effect inside bone
was proposed. Since bone fluid flow influenced transportation of bone growth factor and mechani-
cal environment around bone cells, it was assumed that quantity of bone formation depended on
fluid flow condition. The biphasic theory for porous material includes liquid was used to analyze
pressure and velocity of bone fluid flow. Example problems of bone remodeling in a simplified
vertebral column and a human upper femur were solved by the theory to examine its effectiveness.

Figure 4 shows the distributions of apparent bone density
obtained by the fluid flow based method after conver-
gence. In contrast to the stress based method, extreme
bone resorption was restrained even at low stress region
in the remodeling simulation based on fluid flow. Con-
tinuous bone density distribution obtained by the proposed
method seems to be more natural than the result of stress
based method.

To represent autonomic and dynamic activity of

Figure 4 Bone density distributions of

the bone cells in bone remodeling, a theoretical model simplified vertebra (upper half).

using the cellular automata was proposed. The cellular

automaton is an artificial system constructed by many cells
which a state of a cell changes automatically due to con-
ditions of surrounding cells under a certain transition rule.
In this model, automaton cells corresponding to osteo-

Osteocyte

Bone
Tissue

blasts, bone tissue or lacunae (empty space) automatically

changed their condition in the remodeling process. Fig-
ure 5 shows examples of the cell transition rule. Finite-
elements are subdivided into the automaton cells, and tran-
sition rules on each element determined due to the stress
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Figure 5 Examples of transition rule
applications.



level in the computer simulation. It was applied to a bone
remodeling problem of the upper femur, and the bone
topology obtained by the method was similar to the real
femoral head (figure 6).
CONCILUSION

It is confirmed that the generalized theory proposed
first is applicable to wide area that includ adaptive bone
remodeling, repairing and diseases in practical use. Al-
though the later two theories using the biphasic model
and the cellular automaton were rough and primitive to
be compared with the first theory, the idea included es-

sential points of adaptive bone remodeling. It is consid- ; e . .
P P g Figure 6 Distributions of the bone tis-

sue cells in the adaptive bone remod-
pansion in future studies. eling of the human proximal femur

ered that the theoretical models have the potential for ex-
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