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Abstract

A hypothetical regulation mechanism for bone modeling and remodeling under electromagnetic field is proposed. In this hypothesis,

the bone modeling and remodeling mechanism is described as follows: the circular loads that we bear during ordinary daily activities

generate micro-damage in cortical bone and these micro-cracks are removed by osteoclasts. Then growth factors, which are in latent

forms in osteocytes, are activated by osteoclasts and released into bone fluid. These growth factors stimulate osteoblasts to refill the

cavities. An electromagnetic field can stimulate the multiplication of growth factors and accelerate the bone remodeling process

indirectly. It can be seen that many features reported in adaptive bone modeling and remodeling are explained by the proposed

hypothesis. Further, a computational model is established based on the hypothesis, which can simulate the bone modeling and

remodeling process under multi-field loads.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past decades, it is recognized that more and
more artificial bone materials are applied to clinical
practice. The most important feature of those materials is
their mechanical and biological compatibility with natural
bone tissues. Although lots of work has been done on the
mechanical and biological compatibility, very little pro-
gress has been made in the area of functional adaptation of
bone tissues. To understand how environment can affect
process of bone remodeling, mechanisms on reconstruction
of bone materials is of great importance to not only the
clinical practice, but also the design and manufacture of
bone materials. This can result in a new bone material with
better biological and mechanical compatibility. It can also
direct the cultivation of bone tissues in vitro.

Functional adaptation of living bone refers to the ability
of the tissue to respond to changes in its environment. For
cortical bone tissue, one potential response is remodeling,
e front matter r 2006 Elsevier Ltd. All rights reserved.
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that involving turnover of bone in small packets by basic
multi-cellular units (BMU). Another response of cortical
bone tissue is modeling, that refers to biological processes
that produce functionally purposeful sizes and shapes of
skeletal organs. Mostly in bone the processes involve
independent resorption and formation modeling drifts. The
chief purpose seems to be to fit organs to their mechanical
usage so that the usage does not break them or make them
hurt, and for a lifetime [1]. Pre-1964 literature did not
distinguish between modeling and remodeling, lumping
them together as remodeling. Since bones remodel them-
selves without the control of nervous system, the most
interesting feature of this process is that the bone tissue
seems to be capable of sensing the surrounding environ-
ment and controlling bone formation and resorption. Since
the remodeling phenomenon was discovered by Wolff [2] in
1892, it has attracted widespread attention from biological
scientists and mechanical engineering. Many hypotheses as
to this mechanism have been proposed, among which the
theory of adaptive elasticity [3–5], the electricity theory
[6,7] and the fatigue damage theory [8–10] are the most
popular and widely used.

www.elsevier.com/locate/biomaterials
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Fig. 1. Mechano-biologic negative feedback mechanisms [26].
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In recent years, much work has been done on the
response of bone tissue to an extremely low frequency
electromagnetic field [11–13]. Evidence has shown that a
pulsed extremely low-frequency electromagnetic field can
stimulate bone tissue to remodel itself. This feature has
been widely applied in the treatment of skeletal diseases
such as osteoporosis, tendonitis, osteonecrosis, fracture
and non-union. It is noted that electromagnetic filed can
also change the structures of bone materials. How the
mechanism of bone’s functional reconstruction is still open
question and is of great importance to clinical practice. In
this paper, we present a pilot study investigating the
mechanism of bone modeling and remodeling under an
electromagnetic field. A hypothesis for the regulating
mechanism of bone modeling and remodeling is proposed
to illustrate how the electromagnetic field affects the bone
modeling and remodeling process. Bone research remains
interdisciplinary by nature, and a deeper understanding of
bone biology will ultimately lead to advances in the
treatment of diseases and injuries to bone itself.

2. Hypothetical mechanism of bone remodeling

2.1. Bone growth factors

It has been reported that growth factors such as platelet
derived growth factor (PDGF), insulin-like growth factor
(IGF), bone morphogenetic protein (BMP), and trans-
forming growth factor beta (TGF b) play an important role
in bone formation and remodeling [14–17]. They are found
in considerable quantities in bone matrix. Normally they
are retained in osteocytes. Once the osteocytes are
resorbed, the growth factors can be released into the bone
fluid and can stimulate osteoblasts to refill resorption
cavities. Experiments have shown that a pulsed extremely
low-frequency electromagnetic field can stimulate the
multiplication of growth factors [18–20]. Then indirectly
it can accelerate the remodeling process via growth factors.

2.2. Bone electricity

Since 1957, when some bone tissues were found to have a
piezoelectric effect [21], the electric properties of bone
material have been widely investigated. It is believed that
electric signals in bone tissue play an important role in the
bone modeling and remodeling process [6,7,22–24]. These
signals are generated in two ways: piezoelectricity and
streaming potentials. Streaming potentials derive from the
bone fluid flow, which is generated by bone material
deformation and blood circulation. Evidence has shown
that an increase in venous pressure results in an increase in
the passage of fluid from capillary to bone matrix [25].
Increased extravascular perfusion could be a factor in
increasing periosteal bone formation. This flux of fluid may
increase streaming potentials in bone, acting as a signal to
bone cells to increase bone formation. Experiments by
Lanyon [26] have shown that cyclic loading induces more
bone adaptation than static loading. Turner [27] performed
experiments on cyclic loading of bone and determined that
the stimulus for bone remodeling is proportional to the
applied strain rate magnitude. Strain rate magnitude can be
directly deduced from strain magnitude and frequency of
loading. These phenomena can also be explained by bone
electricity. It can be seen that both piezoelectricity and the
streaming potentials have relations to strain.

2.3. Bone mechanostat

Early in 1987, Frost [28] proposed a hypothesis for
describing bone remodeling which he updated twice, in
1996 [29] and 2003 [30]. In his hypothetic model termed
‘‘mechanostat’’, mechano-biologic negative feedback me-
chanisms would work under the control of a subject’s
mechanical usage. In doing so they would adjust skeletal
architecture in a way that tended to prevent mechanical
usage from causing structural failure of skeletal tissues and
organs. It was proposed that mechanically dedicated
message traffic would dominate the effects of most non-
mechanical agents. Most (not all) non-mechanical agents
would have permissive roles in affecting skeletal architec-
ture and health. They could optimize or impair mechanical
usage effects, but could not replace or duplicate them. The
mechanism of this process is shown in Fig. 1, where ‘‘MU’’
denotes the skeleton’s usual mechanical usage. Most
systemic (S) agents reach the skeleton from the blood.
Local (L) agents include local molecular-biological agents,
related phenomena, and local innervations. ‘‘MFL’’
indicates a mechanical feedback loop, here one each for
modeling (MFLm) and remodeling (MFLr).
The updated ‘‘mechanostat’’ indicated that signals were

dependent on strains. Aided by sense systems that detect
and process the signals, threshold ranges of the strain-
dependent signals (the MESm for modeling and the MESr
for disuse-mode remodeling) help to switch the two whole-
bone-strength functions on and off. Fig. 2 shows how these
features would usually affect bone strength. The horizontal
line at the bottom suggests typical peak hone strains from
zero on the left to the fracture strain on the right (Fx), plus
the locations of the remodeling, modeling, and micro-
damage thresholds (MESr, MESm, and MESp, respec-
tively). The horizontal axis represents no net gains or losses
of bone strength. The lower dotted line curve suggests how
disuse-mode remodeling would remove bone next to
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marrow when strains remain below the MESr range, but
otherwise would tend to maintain existing bone and its
strength. The upper dashed line curve suggests how
modeling drifts would begin to increase bone strength
where strains enter or exceed the MESm range. The dashed
outlines suggest the combined modeling and remodeling
effects on bone strength. Beyond the MESp range, woven
bone formation usually replaces lamellar hone formation.
At the top, DW ¼ disuse window and AW ¼ adapted
window, as in normally adapted young adults; MOW ¼
mild overload window, as in healthy growing mammals;
and POW ¼ pathologic overload window. The strain span
between the MESr and MESm represents the span between
those features in bone’s general biomechanical relations.

2.4. Adaptive bone modeling and remodeling

As we can see from the ‘‘mechanostat’’ model described
above, it is a relatively mature hypothesis for bone
modeling and remodeling mechanism. But it is far from
perfect. It does not describe how local mechanical signals
are detected and how they are translated to bone formation
and resorption. Nor does it indicate what the signals and
non-mechanical agents are during modeling and remodel-
ing processes. Furthermore, although it distinguishes the
strain thresholds of each mode, the reason for the existence
of these thresholds existed is beyond its explanation
capacity. In this paper, we define electric signals as the
stimuli and growth factors as non-mechanical agents. Then
the modeling and remodeling process of bone under
electromagnetic loads can be shown, as follows.

Compact bone structures are susceptible to failure when
subjected to cyclic loadings, which often generate micro-
fractures. So the remodeling process should have a
function to repair damage in osteonal bone. It is known
that the bone resorption function is mainly attributed to
osteoclasts and bone formation to osteoblasts. When bone
tissue is damaged, osteoclasts remove necrotic osteocytes.
Growth factors such as BMP or TGF b exist in latent
forms in osteocytes. They are activated at the site of bone
resorption by osteoclasts and released into the bone fluid.
Osteoblasts are then stimulated by these growth factors to
form bone and fill up resorption cavities. It has been
proposed that under normal circumstances the generation
of damage by loading and its repair by remodeling are able
to reach an equilibrium state in which the damage burden
waiting to be repaired is tolerable [30]. If the loading
increases, more micro-cracks are generated and more
osteocytes are removed. This results in more growth
factors in the bone fluid to accelerate bone formulation
and maintain the equilibrium state. It has also been
observed that when loadings are excessive, accelerated
remodeling not only removes damage at a higher rate, but
also increases the rate of damage production [31]. In
contrast, a decrease in loading can also result in fewer
micro-cracks and subsequently less presence of growth
factors. It can thus be seen that bone tissue can remodel
itself well to protect itself from damage and keep its mass
unchanged.
But where do the two strain thresholds come from and

why can bone tissue change its mass and structure? Here we
hypothesize that when the electric signals change within a
certain range, the quantities of growth factors hidden in
osteocytes remain unchanged. When the electric signals
exceed this range, the quantities of growth factors in
osteocytes will increase or decrease. Then the bone tissue
begins to model itself. If the growth factors increase, more
new bone tissue can be deposited and the bone mass will
also increase. This can be considered as MESm. Similarly,
MESr comes from the decrease of growth factors.
The theory developed here can be used to analyze the

magnetoelectromechanical behavior of bone tissue in the
modeling and remodeling process. Therefore, utilizing the
nature of the feedback system of bone tissue, we can
accelerate the healing process of fractures and non-unions
by artificially introducing an environment similar to the
fracture site of the bone.
3. Theoretical model of bone modeling

Based on the hypothesis above, we propose a compu-
table model for the bone modeling and remodeling process.
In this model, we define porosity, p, as the measure of bone
changes. The relationship between porosity and the elastic
modulus can be found as [32]

E ¼ ð8:83� 105Þp6 � ð2:99� 106Þp5 þ ð3:99� 106Þp4

� ð2:64� 106Þp3 þ ð9:08� 105Þp2 � ð1:68� 105Þp

þ 2:37� 104. ð1Þ

Then the rate of change of porosity, _p, is assumed to be a
function of the mean bone resorbing (QR) and refilling (QF)
rates for each BMU, and the density of resorbing (NR) and
refilling (NF) BMUs/volume [33,34]

_p ¼ QRNR �QFNF. (2)
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Here, the resorption (QR) and refilling (QF) rates are
assumed to be linear in time. In cortical bone the BMU
forms a cylindrical canal about 2000 mm long and
150–200 mm wide. It gradually burrows through the bone
with a speed of 20–40 mm/day. At the tip, on the order of 10
osteoclasts dig a circular tunnel (cutting cone) in the
dominant loading direction. An activated osteoclast is able
to resorb 200,000 mm3/day [35]. And then several thousand
osteoblasts will fill the tunnel (closing cone) to produce an
(secondary) osteon of renewed bone. In this way, between
2% and 5% of cortical bone is remodeled each year [36]. So
it is easy to estimate the value of QR and QF.

Based on the analysis above, we propose following
equation for calculating the number of osteoclasts NR. It
can be obtained by integrating over an appropriate period
of the BMU activation frequency (fa) history:

NR ¼

Z t

0

f aðt
0Þdt0 þN0

R, (3)

where t is the time at which NR is calculated. As proposed
above, the resorption of osteocytes is activated by micro-
damage. So the BMU activation frequency, fa (BMUs/
volume/time), is assumed to be a function of the existing
state of damage,

f a ¼ f aðmaxÞð1� ekrFÞ, (4)

where fa(max) is the maximum activation frequency,
fa(max) ¼ 0.8 BMUs/mm3/day, and kr ¼ �1:6 defines the
shape of the curve. F is defined here as environmental
stimulus:

F ¼ Cijs
q
ijRL þ ðCiEi þ GiBiÞf e, (5)

where Cij, Ci and Gi are the damage rate coefficients, sij, Ei

and Hi are strains, intensity of electrical field and intensity
of magnetic field, respectively. The value for the exponent q

is set at a nominal value of 2/3. The mechanical loading
rate, RL, is assumed to be 3000 cycles per day (cpd), and fe
is the frequency of the electromagnetic field. NR

0 represents
the number of BMUs required to resorb the naturally
timeworn osteocytes besides those that were destroyed by
micro-damage.

The population NF is found by multiplying the quantities
of resorbed osteocyte by kf:

NF ¼ kf NR, (6)

where kf is the correlation coefficient of the refilling BMUs
which indicates the relation between the refilling and the
resorbing process. kf is defined as a piecewise function of F
and p in our analysis:

kf ¼

c0; FLpFpFU;

c1; F4FU;

ðc0 � c2Þ
p
p0

� �n

þ c2; FoFL:

8>><
>>:

(7)

Considering that the quantity of growth factors retained in
osteocytes changes along with the environmental loads, as
mentioned above, FL and FU can be considered as MESr
and MESm, respectively. When FLpFpFU, the growth
factors remain unchanged (kf ¼ c0 ¼ 1:0) and the bone
tissue is in the remodeling state. When F4FU (the upper
limit of F), more growth factors (kf ¼ c1 ¼ 1:24c0) are
generated, which results in bone modeling. When FoFL

(the lower limit of F), fewer growth factors (kf ¼

ðc0 � c2Þðp=p0Þ
n
þ c2oc0) result in a disuse mode of bone

tissue, where c2 ¼ 0:1 in our analysis. The formula,
ðc0 � c2Þðp=p0Þ

n, indicates the influence of biological
factors. If this formula vanishes, when F converges to
zero, p will approach 1, which means that all the bone
tissue is resorbed. However, as is well known, although a
mass of bone loss is observed, bone tissue is not completely
resorbed in the body of a patient who stays in bed for a
long period of time. It is reasonable to predict that there
must be some other factors contributing to bone remodel-
ing as well as the mechanical factor. We assume it to be
biological factors, which prevent complete bone resorption.
The porosity of the remaining bone tissue is assumed to be
p0 ¼ 50% and 0oppp0. n ¼ 5 defines the shape of the
curve (see Fig. 3).
It can be seen from Fig. 3 that as the porosity p increases,

kf also increases, which indicates that the bone tissue
secretes more growth factors to deposit more bone material
and restrain bone resorption.
This constitutive model is based on first-order, non-

homogeneous, nonlinear differential equations (Eq. (2)),
which, respectively, govern the evolutionary state variables
porosity and damage. The environmental stimulus F is
regarded as the forcing function. The rate equation
(Eq. (2)) involves the BMU activation frequency, fa, which
itself is not an independent state descriptor, as it is
algebraically related to p and F in Eqs. (4) and (7). The
algorithm is implemented using a simple forward Euler
scheme to integrate Eq. (2) with respect to time. The
integral in Eq. (3) is calculated using the history of the daily
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average activation frequency. Then it can be used to
analyze the bone modeling and remodeling process.
Numerical simulation follows in the next section.

4. Numerical examples

For the sake of simplicity, we consider a cubic bone
section subjected to uniaxial compressive pressure P and
pulsed electromagnetic loads. The length of its side a is
1 cm. We also assume that the strain sij, the electric field Ei

and the magnetic field Hi all return to zero at the end of
each load cycle, so that their ranges and peaks are the
same. The model is given an initial porosity of 4.43%
because this allows equilibrium between the Haversian
canals removed and added by new BMUs [37,38]. This
porosity produces an initial modulus of 17.8GPa as
determined by Eq. (1). A time increment of 0.5 day is
examined to integrate Eqs. (2). The state variables and
constants are shown in Table 1.

Bone resorption and formation can reach a proper
equilibrium during the remodeling process, which keeps the
bone mass unchanged. But it should be mentioned that
environmental factors affect the bone remodeling process.
An increase in F can result in a faster bone remodeling, and
vise versa. In this study, we investigate only the modeling
and disuse-mode remodeling of bone tissues. We distin-
guish following six loading cases:
(1)
Tab

Mod

E

p

NR

NF

fa
sij

F
kf

V

QR

QF

fa(ma

kr
RL

Cij,

fe
NR

0

c0
c1
c2
p0
P ¼ 1:8; 1:9; 2:0; 2:1KN; Ei ¼ 0; Hi ¼ 0.
le 1

el state variables and constants

State variables

Elastic modular (Mpa)

Porosity

Number of resorbing BMUs (BMUs/mm

Number of refilling BMUs (BMUs/mm3

BMU activation frequency (BMUs/mm3

Strain (me)
Environmental stimulus (cpd)

Correlation coefficient of the refilling an

Constant

Volume of bone tissues (mm3)

Resorbing rate of bone tissues (mm3/da

Refilling rate of bone tissues (mm3/day)

x) Maximum BMU activation frequency (B

Activation frequency dose-response coef

Mechanical loading rate (cpd)

Ci, Gi Damage rate coefficients

Frequency of electromagnetic field (Hz)

Number of naturally timeworn osteocyt

Value of kf during remodeling process

Value of kf during modeling process

Value of kf in disuse-mode remodeling

Porosity of unresorbable bone tissues
The results for this loading case are shown in Fig. 4.
It can be seen that overloads can activate bone
modeling. The porosity of bone tissue decreases when
the environmental stimuli exceed the MESm, which is
defined as the modeling threshold. Overloads result in a
denser and stronger bone structure. The elastic module
E increases due to the decrease in porosity. Then the
environmental stimulus decreases at the same time as
the strains become smaller. When porosity returns to
the remodeling threshold it will not change any further.
The result shows that bone tissue can model itself to
force its strains to revert to the remodeling range. It can
also be seen that the greater the pressure, the less
porous the bone material. But it should be mentioned
that if the loading is so great that the strain cannot be
reduced to the remodeling range when the porosity
reaches its lower limit, the bone structure would model
itself in another way. This case is beyond the scope of
this paper and will be discussed in our subsequent
work.
P ¼ 0; 0:05; 0:10; 0:15KN; Ei ¼ 0; Hi ¼ 0.

This case is investigated to demonstrate the bone
disuse-mode remodeling process. The corresponding
results are presented in Fig. 5. It can be seen from the
figure that, as the loadings decrease, the bone materials
become more porous to resist the decrease of environ-
mental stimulus. But, as mentioned before, the porosity
of bone tissue should be below a certain (or critical)
3)

)

/day)

d resorbing process

Values in this study

1000

y) 2.0� 10�4

1.0� 10�6

MUs/mm3/day) 0.8

ficient �1.6
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0.04,0.04,0.08
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es (BMUs/mm3) 0.4

1.0

1.2
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level. Here we define the value as 50%. When the
porosity approaches this value, biological factors will
stimulate the osteocytes to excrete more growth factors
to resist the loss of bone mass. This is clearly shown in
Fig. 5. It can also be shown that when the loading
vanishes, the velocity of bone remodeling is not as fast
as in bone materials subjected to compressive loads.
This can be attributed to the lack of environmental
stimuli, resulting in a reduction of osteoclasts. Then
fewer osteocytes are resorbed and fewer growth factors
are released, which slows down the loss of bone mass.
(4)
P ¼ 1:0KN; Ei ¼ 1; 10; 50; 100V=m; f e ¼ 15Hz:

Fig. 6 shows the effect of electrical loading on the
bone modeling process. It can be seen that when the
environmental stimuli are not sufficient, the remodeling
state of bone tissue will remain unchanged. As the
electrical loading increases to a particular level, bone
modeling can be triggered. A more intense electrical
field can produce a less porous and denser bone
structure. But when the electrical loading is sufficiently
high, a further increase will have very little effect on the
bone modeling process. This is also due to an
insufficiency of osteoclasts. The capacity of the body
to produce osteoclasts restricts the upper limit of
growth factors. So the electrical loading that can
effectively stimulate bone modeling must have both
an upper and a lower limit. However, all these
conclusions are based on the hypothetical model. At
this stage we cannot give the exact value of these
thresholds; that requires further experimental investi-
gation in this field. On the other hand, the result also
indicates that bone materials become increasingly
denser after electrical fields are loaded. Although the
remodeling balance may be finally reached, bone tissue
exposed to an electromagnetic field for a long time may
suffer a high risk of bone hypertrophy.
P ¼ 1:0KN; Bi ¼ 0:2; 0:4; 1; 2mT; f e ¼ 15Hz:

Fig. 7 shows the effect of magnetic loading on the
bone modeling process. The results are similar to those
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for electrical loading. There are upper and lower
thresholds in magnetic loads, and long exposure to a
magnetic field can also cause bone hypertrophy.
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Fig. 8. Variation of porosity p for bone modeling in bone subjected to

electromagnetic fields of different frequencies.
P ¼ 1:0KN; Ei ¼ 10V=m; Bi ¼ 2mT;

f e ¼ 2; 8; 15; 75Hz:

This case concerns the frequency of electromagnetic
fields loaded on bone tissues. The results (see Fig. 8) are
similar to the previous two cases. All three figures
(Figs. 6–8) indicate that an electromagnetic field can
trigger bone modeling. The effect of the loading on
bone modeling is dependent on the intensity and
frequency. This feature can be applied in clinical
practice to treat bone diseases, such as osteoporosis
and non-union, with a pulsed extremely low-frequency
electromagnetic field.
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As the results in case (5) show, an electromagnetic
field can influence bone modeling. This effect has been
used in the treatment of bone disease. As yet we do not
know how bone tissue remodels itself after electro-
magnetic loads cease. However, post-treatment main-
tenance is equally important as curative effects. Here
we consider three cases to study the remodeling and
disuse mode, respectively. P ¼ 0:15KN defines the
disuse mode and the two later cases are remodeling
examples. Electromagnetic fields are loaded, and are
unloaded after 500 days.
-100 0 100 200 300 400 500 600 700 800

t (day)

Fig. 9. Variation of porosity p for bone material subjected to several

multi-field loads.
Fig. 9 shows the simulation results. As we can see from
the figure, after the electromagnetic field is loaded, the
porosity of bone tissue decreases due to bone modeling.
But unloading the electromagnetic field results in different
effects. In disuse mode, the bone structure becomes more
porous and finally returns to its initial state. In remodeling
mode, when the loading is relatively small, the variation in
porosity is similar to that in disuse mode. On the other
hand, if the loading is large enough, the porosity will
remain unchanged. The first result is due to an insufficiency
of environmental stimuli. After the electromagnetic field is
removed, there is no other loading to stimulate bone
modeling except the initial mechanical loading. Thus bone
tissue reverts to disuse-mode remodeling and bone mass
loss is triggered again. Thus it can be concluded that
although electromagnetic treatment is effective, active
exercises are necessary to maintain the curative effect.
The second result can be explained as follows. The
electromagnetic load makes the bone structure more rigid.
The initial mechanical loading cannot stimulate bone
remodeling sufficiently after the electromagnetic field is
unloaded. The bone tissue begins to remodel itself in disuse
mode, which causes bone loss and increased porosity. This
indicates that although an electromagnetic field can induce
bone hypertrophy, it can be automatically cured after the
field is removed. But this occurs only in some cases. In
other cases, as shown in the third case (P ¼ 1:2KN), the
bone mass gain is permanent.
5. Conclusion

A new hypothesis for bone modeling and remodeling is
proposed in this work. A mathematical model is estab-
lished based on the hypothesis. The behavior of bone
modeling and remodeling under multi-field loads is
simulated using the theoretical model. Simulation of
overloaded bone modeling and disuse-mode bone remodel-
ing are investigated. The effect of pulsed extremely low-
frequency electromagnetic field on bone modeling and
remodeling is also studied.
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Numerical results show that an electromagnetic field of
proper intensity and frequency can effectively trigger bone
modeling. Clinical practice validates this hypothesis.
However, the critical values of the intensity and frequency
are still not known, and require further experimental
research. Results also indicate that electromagnetic treat-
ment may cause bone hypertrophy, although in some cases
it can be healed automatically. Exercise after treatment is
very important to avoid recurrence of bone loss. Further
more, Figs. 4–9 show clearly how the bone structure and
properties can be changed with environment. It should be
mentioned that all the results obtained are based on the
proposed model. Experimental validation is obviously
necessary and this will be performed in the near future.
Acknowledgments

This work was financially supported by the National
Natural Science Foundation of China (Grant No.
10472082) and the Australian Research Council (Grant
No. DP0209487). The supports are fully acknowledged.
References

[1] Frost HM. Changing concepts in skeletal physiology: Wolff’s Law,

the Mechanostat, and the ‘‘Utah Paradigm’’. Am J Hum Biol

1998;10:599–605.

[2] Wolff J. Das gesetz der transformation der knochen. Berlin,

Germany: Hirschwald; 1892.

[3] Cowin SC, Hegedus DM. Bone remodeling I: theory of adaptive

elasticity. J Elasticity 1976;6:313–26.

[4] Hegedus DH, Cowin SC. Bone remodeling II: small strain adaptive

elasticity. J Elasticity 1976;6:337–52.

[5] Cowin SC, Nachlinger RR. Bone remodeling III: uniqueness and

stability in adaptive elasticity theory. J Elasticity 1978;8:285–95.

[6] Gjelsvik A. Bone remodeling and piezoelectricity—I. J Biomech

1973;6:69–77.

[7] Gjelsvik A. Bone remodeling and piezoelectricity—II. J Biomech

1973;6:187–97.

[8] Martin RB, Burr BB. A hypothetical mechanism for simulation of

osteonal remodeling by fatigue damage. J Biomech 1982;15:37–147.
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[10] BeaupreÂ GS, Orr TE, Carter DR. An approach for time-dependent

bone modeling and remodeling: application: a preliminary remodel-

ing simulation. J Orthop Res 1990;8:662–70.

[11] Bessett CA, Valdes MG, Hernandez E. Modification of fracture

repair with selected pulsing electromagnetic fields. J Bone J Surg—

Am 1982;64:888–95.

[12] Mcleod KJ, Rubin CT. The effect of low-frequency electrical field on

osteogenesis. J Bone J Surg—Am 1992;74:920–9.

[13] Giordano N, Battisti E. Effect of electromagnetic fields on bone

mineral density and biochemical markers of bone turnover in

osteoporosis: a single-blind, randomized pilot study. Curr Ther Res

2001;62:187–93.

[14] Weinreb M, Suponiyzky I, Keila S. Systematic administration of an

anabolic dose of PGE2 in young rats increases the osteogenic capacity

of bone marrow. Bone 1997;20(6):521.
[15] Lammens J, Liu Z, Aerssans J. Distraction bone healing versus

osteotomy healing: a comparative biochemical analysis. J Bone Miner

Res 1998;13(2):279.

[16] Asahina J, Waranabe M, Sakurai N. Repair of bone defect in primate

mandible using a bone morphogenetic protein (BMP)-hydroxyapa-

tite-collagen composite. J Med Dent Sci 1997;44(3):63.

[17] Neilsen HM, Andreassen TT, Leder T. Local injection of TGF-b
increasing the strength of tibial fracture in the rat. Acta Orthop Scand

1994;64(1):106.

[18] Fitzsimmons RJ, Strong DD, Mohan S. Low-amplitude, low

frequency electric field-stimulated bone cell proliferation may in part

be medicated by increased IGF-I release. J Cell Physiol 1992;

150(1):84.

[19] Nagai M, Ots M. Pulsing electromagnetic fileds stimulates mRNA

expression of bone morphogenetic protem-2 and -4. J Dent Res 1994;

73(10):1601.

[20] Zhung HM, Wei W, Seldes RM. Electrical stimulation induces the

level of TGF-b mRNA in osteobalstic cells by a mechanism involving

calcium/calmodulin pathway. Biochem Biophys Res Commun 1997;

237(2):225.

[21] Fukada E, Yasuda I. On the piezoelectric effect of bone. J Physiol

Soc Jpn 1957;12:1158–62.

[22] Qin QH, Ye JQ. Thermolectroelastic solutions for internal bone

remodeling under axial and transverse loads. Int J Solids Struct

2004;41:2447–60.

[23] Qin QH, Qu CY, Ye JQ. Thermolectroelastic solutions for surface

bone remodeling under axial and transverse loads. Biomaterials

2005;26:6798–810.

[24] Qu CY, Qin QH, Kang YL. Thermomagnetoelectroelastic prediction

of the bone surface remodeling under axial and transverse Loads. In:

Proceedings of the ninth international conference on inspection,

appraisal, repairs & maintenance of structures. Fuzhou, China, 20–21

October; 2005. p. 373–80.

[25] Kelly PJ, Bronk JT. Venous press and bone formation. Microvasc

Res 1990;39(3):364–75.

[26] Lanyon LE. Functional strain as a determinant for bone remodeling.

Calcified Tissue Int 1984;36(Suppl. 1):S56–61.

[27] Turner CH. Three rules for bone adaptation to mechanical stimuli.

Bone 1988;23(5):399–407.

[28] Frost HM. Bone ‘‘mass’’ and the ‘‘mechanostat’’: a proposal. Anat

Rec 1987;219(1):1–9.

[29] Frost HM. Perspectives: a proposed general model for the mechano-

stat (suggestions from a new paradigm). Anat Rec 1996;244:139–47.

[30] Frost HM. Bone’s mechanostat: a 2003 update. Anat Rec A 2003;

275A:1081–101.

[31] Martin RB. A theory of fatigue damage accumulation and repair in

cortical bone. J Orthop Res 1992;10:818–25.

[32] Martin RB. A mathematical model for fatigue damage repair and

stress fracture in osteonal bone. J Orthop Res 1995;13:309–16.

[33] Hazelwood SJ, Martin RB, Rashid MM, Rodrigo JJ. A mechanistic

model for internal bone remodeling exhibits different dynamic

responses in disuse and overload. J Biomech 2001;34:299–308.

[34] Hart RT, Davy DT. Theories of bone modeling and remodeling. In:

Cowin SC, editor. Bone mechanics. Boca Raton, FL: CRC Press;

1989. p. 253–77.

[35] Martin RB. The usefulness of mathematical models for bone

remodeling. Yearb Phys Anthropol 1985;28:227–36.

[36] Albright J, Skinner H. Bone: structural organization and remodeling

dynamics. In: Albright J, Brand R, editors. The scientific basis of

orthopaedics. 2nd ed. East Norwalk: Appleton and Lange; 1987.

p. 161–98.

[37] Ruimerman R. Modeling and remodeling in bone tissue. Disserta-

tion, University Press Facilities, Eindhoven; 2005. p. 3.

[38] Martin RB, Burr DB, Sharkey NA. Skeletal tissue mechanics.

New York: Springer; 1998.


	A hypothetical mechanism of bone remodeling and modeling �under electromagnetic loads
	Introduction
	Hypothetical mechanism of bone remodeling
	Bone growth factors
	Bone electricity
	Bone mechanostat
	Adaptive bone modeling and remodeling

	Theoretical model of bone modeling
	Numerical examples
	Conclusion
	Acknowledgments
	References


