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Abstract

Background. A theoretical model and an experimental setup were specifically designed to identify and determine the delay of the
cortical bone response (restricted to mineralization and demineralization) to a stress change.

Methods. The in vivo experiment considered two groups of rats: a running group and a control sedentary group. The running
group rats were compelled to a running activity for 15 weeks, followed by a sedentary activity for 15 weeks. Bone density was
derived from hardness measurements. The parameters of the remodelling theory, including the response delay and the remodelling
rates, were determined from these experimental measurements.

Findings. Bone density increased significantly during the activity period, and decreased rapidly when rats returned to sedentary
state. The identification of the model�s parameters produced evolution curves that were within the limits of the standard deviation of
the experimental data. The densification rate was lower than the resorption rate, and the densification delay was greater than bone
resorption delay.

Interpretation. The delays determined with this macroscopic model are related to response delays due to biological internal pro-
cesses in bone.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Living bone has the ability to adapt its properties to
the change of mechanical load environment. An aug-
mentation of physical activities such as running signifi-
cantly increases the bone formation and mineralization
(Bourrin et al., 1995; Eliakim et al., 1997) whereas a
long-term disuse of the skeleton involves inhibition of
bone formation and induces significant demineralization
of bone (Kaneps et al., 1997; Vico et al., 1998). The
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effects of training and detraining have therefore been
studied by numerous authors. For rat models, relative
short period of six weeks of remobilization following
six weeks of hindlimb immobilization resulted in incom-
plete recovery of bone mass (Maeda et al., 1993). Longer
period of 18 weeks of hindlimb immobilization followed
by 20 weeks of remobilization resulted in a 34% decrease
of trabecular bone area of distal tibiae. Dog models
have been used to show complete recovery of bone mass
following immobilization, but combined with exercise
(Kaneps et al., 1997). To date, although mechanical
loading is an important factor in the bone tissue mainte-
nance, the type and magnitude of exercises used and
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how long it is most effectively prescribed are still incon-
clusive (Bennell et al., 2000). The main reason is that the
interpretation of these in vivo results remains difficult
since many factors are involved in the adaptation of
bone to a stress change: like the stimulus to consider,
other biological factors, genetic, aging factors, etc.
Among these factors, the time delay between the stress
change and the bone response is certainly important.

Experiments on rats have shown that weightlessness
does not change bone mass in the early phase of a space-
flight (Vico et al., 1998). Following an immobilization of
the lower limb after a fracture of the human tibia, the
densification process caused by remobilization was only
observed several weeks after the remobilization started
(Ulivieri et al., 1990). Conversely, rat experiments
pointed out that the rate of bone formation increased
significantly in weeks 3–5 only after the physical exercise
started (Bourrin et al., 1995). In the same way, after 10
weeks of training, previous studies have shown that after
stopping the running exercise, the training effects remain
and cortical bone increase do not diminish immediately
after cessation of training (Kiuchi et al., 1998). Numer-
ous macroscopic models of bone remodelling have then
been developed for simulating and interpreting the long-
term bone reaction to change of physical activities and
after orthopaedic surgery (e.g., Cowin, 1986; Terrier
et al., 1997a,b). In these models, the mechanical stimulus
is proportional to an effective stress measure, which ac-
counts for the various loading conditions. However, the
delay of bone response was rarely introduced in bone
adaptation models (Levenston et al., 1994; Terrier
et al., 1997a,b; Hazelwood et al., 2001). As far as we
know, the parameters of the intracortical bone remodel-
ling, such as the delays of resorption (decrease of the
mineralized tissue) and formation (increase of the miner-
alized tissue) were not experimentally determined
despite the sophistication of the most recent models.

Therefore, the purpose of the present study was to
determine the parameters of a bone adaptation model
from experimental data. The theoretical model was spe-
cially developed to account for the delay between stress
change and intracortical bone response, and the experi-
ment protocol was also specifically design to measure
this delay.
2. Theory

2.1. Experimental observations on bone tissue

There are two types of bone tissues: cortical and
spongious. Cortical bone is a dense material. Bone exter-
nal surface is called periostal surface. The interior
surface is called endosteal surface. From microscopic
point of view, there are three types of cortical bone:
woven, laminar, and harvesian. Woven bone is found
in young humans and young animals and also in adults
after some bone injury. During normal maturation, it is
gradually replaced by laminar bone. Generally, laminar
bone consists of number of concentrically arranged lam-
inae (about 10–20 mm long). Harvesian bone is orga-
nized to accommodate small arteries, arterioles,
capillaries and venules of microcirculating system. The
osteons of harvesian bone and the laminae of laminar
bone are basically just different geometrical configura-
tions of the same material. The interface between lami-
nae have an ellipsoidal form which contain bone cells.
Cortical bone is blood supplied. Cancellous bone is
composed of short struts of bone material (trabeculae).
The connected trabeculae give cancellous bone a spongy
appearance. There are no blood vessels within the
trabeculae but there are vessels immediately adjacent
to the tissue. The density of cortical bone is its mass
per unit volume. The density of human cortical bone
ranges from about 1.7 g/cm3 to 2.0 g/cm3. Two densities
can be measured for the cancellous bone: the density of
the trabecular bone material and the density of trabecu-
lar structure. The density of the trabecular material
ranges from 1.6 g/cm3 to 1.9 g/cm3. The density of the
trabecular structure ranges from 0.15 g/cm3 to 0.7 g/
cm3.

2.2. Continuum model of bone tissue

The non-homogeneity of bone was described by the
relative density q, defined by

/ ¼ q
qm

; ð1Þ

where qm is the density of the fully mineralized tissue
and q the bone apparent density, which is the ratio of
mineralized tissue mass on the total tissue volume
(0 6 / 6 1). Cortical bone was assumed to have trans-
versely isotropic symmetry, entirely characterized by a
unit vector v representing the anisotropy direction,
which might vary in the material. Indeed, for trans-
versely isotropic material, the structural tensor
M � v � v is sufficient to describe the material symme-
try. For modelling dissipative process within the bone,
we shall assume that bone state is determined by a set
of variables, which consists in the strain C, the relative
density / and the structural tensor M. Unlike the strain
C, the structural variables / and M are internal vari-
ables, which do not explicitly appear in the conservation
laws: mass, linear momentum, angular momentum,
energy. In the case of uniform and constant temperature
fields, the entropy inequality reduced to

S� 2q0

on
oC

� �
:
_C

2
� q0

on
o/

_/� q0

on
oM

_M P 0; ð2Þ

where S is the second tensor of Piola–Kirshoff, q0 the
density in the initial configuration, and n = n(C,/,M)
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the Helmoltz free energy. The characteristic time of the
adaptation process is about one week. It is much greater
than the characteristic time of the global external load
change (about 1 h), caused by common activity like
standing, running or walking. The latter is also much
greater than the characteristic time of the cyclic stress
found in daily activities (about one second). Hence,
the remodelling phenomenon is related to a mechanical
process that has a very different time scale. Therefore, a
time-homogenization is performed by neglecting the
time derivatives _/ and _M in front of _C, and it is thus rea-
sonable to assume that the stress is not caused by a
change of internal structure, but only by deformation.
Deducted from a continuum model based on a qua-
dratic free energy (e.g., Rakotomanana, 2004), the bone
tissue constitutive law takes the form of

S ¼ e1 TrEþ e4 TrðMEÞ½ �Iþ e2E

þ e3 TrEþ e5 TrðMEÞ½ �Mþ e4 MEþ EM½ �; ð3Þ

where E � 1
2
ðC� IÞ is the Green–Lagrange strain tensor

and ei (i = 1,5) are the elastic coefficients of the bone tis-
sue assumed to have transverse isotropic symmetry. It is
worthwhile to notice that ei = ei(/). Based on in vitro
experimental measurements, this dependence is usually
assumed quadratic (Cowin, 1989).

2.3. Mechanical stimulus of remodelling

The keystone of a bone adaptation model is the
choice of the stimulus function w, which was here a
function of the mineralized bone density /, the anisot-
ropy M and the stress S, depending therefore on the iso-
tropic and anisotropic stress modes. Following the
hypothesis that intracortical bone remodelling serves
to repair microcracks (Kummer, 1972), and since the
production and amount of microcracks within cortical
bone can be related to the damage, the anisotropic yield
stress criterion of Hill, designated thereafter by Y, was
chosen as a base for the stimulus function (Zioupos
et al., 1995). It depends on the stress S, but also on
the relative density / through five anisotropic plastic
coefficients (Rubin et al., 1993; Rakotomanana et al.,
1999). This quantity includes all stress modes, such as
compression/traction due to axial loading, and shearing
stress due to torsional loading (Rakotomanana et al.,
1992). Instead of conventional stress tensor invariants,
physical invariants were introduced: hydrostatic pres-
sure p, octahedral shear stress soct, longitudinal stress
acting along the privileged direction of anisotropy rnn
and shear stress perpendicular to this privileged direc-
tion smm (Rakotomanana et al., 1999):

p � 1
3
TrS; soct �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TrS2 � 1

3
ðTrSÞ2

q
;

rmm � TrMS; smm �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TrMS2 � 1

3
ðTrMSÞ2

q
.

ð4Þ
As a simplified assumption and conforming to classi-
cal theories of plasticity, we only retain quadratic terms
for the plastic yield stress and thus for the remodelling
stimulus. Therefore, the most general expression of a
quadratic remodelling mechanical stimulus (based on
stress and accounting for transverse anisotropy) takes
the form of

Y ð/;M;SÞ ¼ R1p þ R2rmm þ R3prmm þ R4p2 þ R5soct

þ R6s
2
mm þ R7r

2
mm; ð5Þ

which constitutes an extension of the von Mises plastic
yield stress function for transverse isotropic material.
The remodelling functions Ri are functions of the plastic
coefficients pi (cf. Hill criterion) as follows:

R1 ¼ R2 ¼ 0; R3 ¼ 3p3; R4 ¼ 9
2
p1 þ 3

2
p2;

R5 ¼ 1
2
p2; R6 ¼ p4; R7 ¼ p4 þ 1

2
p5;

ð6Þ

where linear functions R1 and R2 are excluded, and
where the plastic coefficients pi are shown to be func-
tions of the relative density / through the stress
strengths rij (Rakotomanana et al., 1992, 1999):

p1 ¼ � 2

r2
1

þ 1

r2
3

; p2 ¼
1

r2
12

; p3 ¼
2

r2
1

� 2

r2
3

;

p4 ¼
1

r2
13

� 1

r2
12
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2

r2
1

þ 4

r2
3

� 2

r2
13

.

ð7Þ

According to the expression of Y, we recovered differ-
ent models of mechanical stimuli (based on stress) pro-
posed in the literature (Terrier et al., 1997a,b).
Experimental studies have shown that the stress
strengths rij are correlated to the relative density /
according to

rijð/Þ ¼ rijc/
2; ð8Þ

where rijc correspond to cortical bone stress strengths.

2.4. Time evolution of remodelling

For the sake of simplicity, we focused on the intracor-
tical bone remodelling in the tibial shaft of young grow-
ing rats. Indeed, the tibial shaft is one of the bone site
well adapted for experimental measurements since it is
a load bearing bone (Iwamoto et al., 1999). Since the
average orientation of the mineralized collagen fibre in
the tibia diaphysis is approximately parallel to the
bone�s long axis, cortical bone tissue was assumed to
have transversely isotropic symmetry. The privileged
axis of anisotropy v was directed along the tibial axis,
and not modified by the remodelling process. Non-
homogeneous properties of bone were described
through the relative density /. The intracortical adapta-
tion model related the rate of relative density / to the
mechanical stimulus w by a piece-wise linear relation
(Beaupre et al., 1990):
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d/
dt

¼
mrðw� wrÞ; w < wr;

0; wr < w < wd;

mdðw� wdÞ; wd < w;

8><>: ð9Þ

where mr and md were, respectively, the resorption and
densification rates. When w was within the equilibrium
zone [wr,wd] the remodelling rate was zero (Fig. 1).
The remodelling stimulus w, which was based on the
function Y, not only included the present value of Y,
but its whole history. This stress history and the delay
between stress change and bone response was intro-
duced by an integral operator, weighted by an exponen-
tial fading memory function (Terrier et al., 1997a,b):

wðtÞ ¼
Z t

�1
Y ðSÞ 1

s
exp � t � s

s

� �
ds; ð10Þ

where a specific delay parameter s was introduced for
resorption (sr) and for densification (sd). For numerical
simulations as in finite element methods, it was conve-
nient to transform the integro-differential equations by
changing variables s 0 � t � s and by integrating by
parts:

dw
dt

¼ �Y ðt � s0Þ 1
s
exp � s0

s

� �� �1
0

þ
Z 1

0

Y ðt � s0Þ � 1

s2

� �
exp � s0

s

� �
ds0; ð11Þ

to get the following system of differential equations:

d/
dt

¼ ma½wðtÞ � wa�;

dw
dt

¼ 1

s

eY ðtÞ
/4

� wðtÞ
" #

;

8>>><>>>: ð12Þ

with the initial conditions /(0) = /0 and w(0) = w0, and
where a = r if w < wr, a = d if w > wd, ma = 0 if
wr < w < wd, and where eY ¼ Y/4 (Terrier et al.,
1997a,b).
Fig. 1. Intracortical adaptation law defined by a piece-wise linear
relationship between the rate of relative density and the mechanical
stimulus. Within the equilibrium zone (between wr and wd), no
adaptation occurs. Outside, the resorption and densification rates are
characterized by mr and md.
3. Experiment

Eighty female Wistar rats (nine-week-old) were ran-
domly divided into a control and a running group (all
animal experiments were conducted at Osaka Univer-
sity, under the Guidelines of the Committee for Animal
Care and Use of the University). The rats of the running
group were subjected to a daily running program for 15
weeks: one hour running per day, six days per week on a
motor-driven treadmill. On the first day, the treadmill
speed was set to 1.2 km/h; it was gradually increased
during the following four days to 1.6 km/h, and then
maintained for the remainder of the running period.
After this running period, the rats of the running group
were returned to normal activity (sedentary state in
cages) for 15 weeks, called thereafter the control period.
The rats of the control group were subjected to seden-
tary state in cages during the whole experiment period
(Fujie et al., 2004). At week 0, 3, 7, 15 (end of running
period), 16, 18, 22, and 30 (end of experiment), five rats
of each group were sacrificed. Hardness (micro-Vickers)
measurements (MVK-G1, AKASHI, Yokohama,
Japan) were carried out on a transversal surface, pre-
cisely located in the midshaft of the left tibia, in four
main regions: anterior (A), posterior (P), medial (M),
and lateral (L). In each of these regions, five measure-
ments were made near the endost (100 lm from the
internal surface), near the periosteum (150 lm from
the external surface) and in the middle of these two loca-
tions (Fig. 2).

Thereafter only mean hardness values were consid-
ered. The average was based on 300 hardness mea-
surements (60 measurements · 5 rats). For the
identification process, these mean hardness values were
correlated to relative density / according to the follow-
ing procedure. During the running period, the mean
bone hardness of the running group Hr progressively
increased, and was significantly different from the one
of the control group Hc at the end of this period. During
the second period, it returned to a value slightly above
the control. The control group also displayed an in-
crease of hardness during the experiment period
(Fig. 3, left). However, this hardness increase was caused
by natural growth, since the rats were not skeletally
mature at the start of the experiment. In order to remove
this growth effect, which was presumably equally present
in the running group, and thus to isolate the effect of
adaptation caused by the running activity, the hardness
measurements needed to be transformed. For this pur-
pose, a linear curve HðtiÞ was fit to the control group
hardness Hc(ti), and then subtracted from the running
group hardness Hr(ti). This hardness difference DH(ti)
was thus attributed to the running activity effect. In
order that the final transformed hardness of the controleH cðtiÞ and running eH rðtiÞ group led in a physiological
range, a reference hardness value Hðt ¼ 15 weeksÞ was



Fig. 2. Location of the hardness measurements: transversal surfaces of the midshaft of the left tibia, in four main regions: anterior (A), posterior (P),
medial (M) and lateral (L). In each region, five measurements were performed at the periosteum, endosteum and in the middle of the cortical bone,
respectively. The grey zone in the left figure shows the location of the bone sample used for the compression tests.

Fig. 3. Experimental hardness measurements (left) and transformed hardness (right), for control (solid) and running group (dotted), during the all
experiment period. Each data point represents a mean value over 300 measurements. The linear fit of the control data H is represented by a broken
line.
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added to DH(ti). Finally, the growth effect was removed
in both groups by the following transformations:eH cðtiÞ ¼ H cðtiÞ � DHðtiÞ þ Hðt ¼ 15 weeksÞ;eH rðtiÞ ¼ H rðtiÞ � DHðtiÞ þ Hðt ¼ 15 weeksÞ;

ð13Þ

which are graphically represented in Fig. 3.
To derive relative density / from hardness, a relation-

ship between hardness and micro-CT measurements was
first obtained, and then completed by a calibration of
the micro-CT with hydroxyapatite phantoms. CT
number and hardness were locally measured, one after
the other, at different locations distributed over the same
bone surface used for the previous hardness measure-
ments. A linear relationship was adjusted to these
measurements (r2 = 0.826). The calibration of the
micro-CT with phantoms of different density values
gave another linear relationship between CT and density
q (r2 = 0.999). Finally, using the definition of /, the
following relationship was obtained,

/ ¼ H þ 22.9

136.7
. ð14Þ

The above relation was used to transform all mean hard-
ness measurements to mean relative density values,
which were used to determine the unknown parameters
of the theoretical model.
4. Parameters identification

Assuming the form of the mechanical stimulus w, the
theoretical model contained formally six unknown
parameters: the densification and resorption rates
(md,mr), the response delay for densification and resorp-
tion (sd,sr), and finally the densification and resorption
limit of the equilibrium zone (wd,wr). Since these param-
eters are in fact associated to two distinct processes,
there were actually two set of three parameters: md, sd,
wd for densification and mr, sr, wr for resorption. These
two sets of parameters were identified separately, one
after the other, with the data of the running (densifica-
tion) period and with data of the return to control
(resorption) period.

However, in practice, there were more than six
unknowns to be set, in order to identify univocally the
model to the experimental data: first the geometry of
the bone sample used for hardness test, second, the ini-
tial conditions, which were the initial relative density /0



Fig. 4. Relative density evolution (solid line) that best fits the
experimental data. The dotted line shows simulated density evolution
if the running program was continued indefinitely after the 15th week.

Table 1
Value of the model�s parameters, identified by a least square error
minimization of experimental measurements

md [w�1] sd [w] wd [10�3] Sd [MPa]
0.7 (0.3) 1.9 (0.4) 7.5 9.2 (2.2)

mr [w
�1] sr [w] wr [10

�3] Sr [MPa]
9.4 (4.0) 0.1 (0.1) 6.6 (0.3) 5.9 (0.2)

Values in parenthesis correspond to the extension of the parameter�s
value that maintains the predicted density evolution within the stan-
dard deviation of the experimental data. For scale, w means week.
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and the initial value of the integral stimulus w0, third,
the elastic ei and plastic pi constants used to get the
stress S and the function Y, and finally the external
applied forces, which were required in the mechanical
equilibrium equations.

Since the bone sample was located at the midshaft of
the tibial diaphysis, its geometry was modelled by a hol-
low cylinder, whose dimensions were derived from
average values of micro-CT measurements of the exper-
imental samples (Fujie et al., 2004). The initial density
/0 was simply derived from the initial hardness measure-
ments, and assumed to be uniform in the hollow cylin-
der. Assuming that bone was in equilibrium before the
experiment (t < 0), and according to (10) the initial stim-
ulus w0 was equal to its initial value Y0, which could be
calculated from the initial relative density /0, the initial
stress S0� = S (t < 0), and the equation of mechanical
equilibrium. Finite elements tests, based on precise geo-
metric reconstructions of the bone samples, were per-
formed and compared to experimental compression
tests to validate the assumption that elastic, and by the
way, plastic constants of the rat tibia were similar to
human tibia, which were taken from the literature
(Cowin et al., 1987). The external forces were simplified
to a pure axial load applied to the hollow homogeneous
cylinder. Finally, only two extra-unknowns remained:
the axial stress, which was assumed constant and homo-
geneous, but obviously different for the densification
(Sd) and resorption (Sr = S0�) process.

Two more unknowns could be eliminated. For the
densification process, assuming that the value of wd cor-
responds to 1000 microstrains (Forwood and Turner,
1995), wd was derived from (5), reducing the unknowns
to: md, sd and Sd. For the resorption process, the equiva-
lent axial stress Sr could be derived from the remodelling
Eq. (12), since it corresponded to the equilibrium stress
maintaining a constant density value (eY ðSrÞ/4

0 � wd).
Finally, the unknowns of the resorption process were:
mr, sr, and wr. The remaining unknown parameters of
the model were obtained by a least square error minimi-
zation between experimental and predicted values of rel-
ative density evolution, which were calculated using
standard numerical solving techniques.
5. Results

The results consist in the value of the model�s param-
eters (Table 1), and the corresponding predictions of
density evolution during the two periods (Fig. 4). As
reported in Table 1, the densification rate md was more
than 10 times smaller than the resorption rate mr. The
delay for densification sd was more than 10 times longer
than that the delay for resorption sr, which was almost
negligible. Using the same conversion to get wd from
1000 microstrains, the resorption limit wr corresponded
to 940 microstrains. The effect of the delay can be
observed in Fig. 4: during the running period, the
maximum densification rate does not occur immedi-
ately, but only after some delay (�2 weeks), whereas
for the rest period, the resorption was maximal immedi-
ately after the stress change, and then decreased and sta-
bilized. The left part of Fig. 4 shows clearly that the
simulated density evolution lies very close to the exper-
imental measurements. The right part of the figure
shows the model�s prediction beyond the period of the
experiment. The solid curve revealed that, at the end
of the rest period, resorption was over and density
reached an equilibrium value, above the initial one.
The dotted curve, which represents the evolution of den-
sity if the running activity would have been continued
indefinitely, predicted that a remodelling equilibrium
would have occurred after about one year.
6. Discussion

Bone remodelling includes biological processes such
as bone cellular proliferation, differentiation, and miner-
alization. Remodelling of intracortical bone is specifi-
cally indicated by the tissue porosity evolution and
microcrack nucleation, which is reflected by osteocyte
activities (Verborgt et al., 2000). The intracortical
remodelling includes slight porosity change and more
(de)mineralization process compared to the trabecular
bone adaptation. Instead of porosity, hardness was
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therefore chosen for capturing the bone remodelling
since the intracortical remodelling involved only very
small changes of tissue porosity, which however greatly
influence the cortical bone strengths (Martin, 1984;
Hayashi et al., 1999).

Several inherent shortcomings in this work may have
influenced our results. Among them, we may question
about hardness-density relationship, the method for
removing growth effects, the validity of the theoretical
model, and the choice of upper limit of the equilibrium
zone wd.

The relationship between hardness and relative den-
sity was only valid in the hardness range (35–65 kg f/
mm2) that was used to get the CT-hardness relationship.
Outside this range, the relationship may not be linear.
However, since bone hardness in the control and
running groups were all within this range, this approxi-
mation was applicable for the present analysis.

To isolate the growth effect from the adaptation
effect, the simplest transformation was chosen. As an
alternative, the hardness could have been normalized
by the body weight, which was also measured during
the all experiment. However, this would have created
another variable (hardness/body weight), which would
have been more difficult to link to the relative density.
More complex (non-linear) transformations were also
tested, but did not significantly changed the results
(Terrier, 1999).

The choice of mechanical stimulus has been a long
debate, although different stimuli shapes have lead to
approximately the same bone remodelling pattern, in
experimental (Brown et al., 1990) or numerical (Terrier
et al., 1997a,b) studies. Basically, two concepts have
been proposed for defining the mechanical stimulus:
the strain/stress based theory (Rubin and Lanyon,
1985) and the microcracking theory (Burr et al., 1985).
In vivo experiments of the 1980s have shown the role
of strain environment in the remodelling process (Rubin
and Lanyon, 1985). In the present work, mainly devoted
to intracortical remodelling, these two concepts could be
however merged into one. Indeed, any strain level can be
associated to the occurrence of microcrack of cortical
bone even at low strain magnitude (Burr et al., 1985).

For the cortical bone, the distribution of microcracks
seems to better directly related to represent the tissue
remodelling. The pattern microcracking of young corti-
cal bone corresponds to the distribution of anisotropic
plastic yield stress function (Zioupos et al., 1995). For
the intracortical bone, bone microcracking was shown
to induce osteocyte apoptosis, followed by the resorp-
tion phase by osteoclasts, located in the same regions
as the regions of osteocyte apoptosis (Verborgt et al.,
2000).

Therefore, the direct relation between microcracking,
osteocyte death, and initiation of harvesian remodelling
supports the idea that a yield stress function is a good
candidate for the remodelling stimulus for the intracor-
tical bone. Since bone anisotropy is particularly impor-
tant for calculating the yield stress function and
accounting for the orientation of the microcrack nucle-
ation in the intracortical bone (Jepsen et al., 1999), it
was important to account for it in the yield stress
function.

To describe the bone elasticity and to calculate the
stimulus from stress, five elastic coefficients and five plas-
tic coefficients were required (Rakotomanana et al.,
1992). Since the elastic coefficients for the rat tibia were
unknown, the values for the human tibia (Cowin, 1989)
were used instead, assuming that basic bone contents
were the same in rats as well as in humans. The validity
of this assumption was confirmed by comparing com-
pression tests of bone samples of rat tibia (Hayashi
et al., 1999) with finite element analyses of the same sam-
ples using the human elastic coefficients (Terrier, 1999).

Empirical formulae have been extensively developed
to relate intracortical relative density to the elastic coef-
ficients and stress strengths of cortical bone through
power laws. The power values range from 2.3 (Carter
and Hayes, 1977), 5.74 (Currey, 1988) to 10.9 (Schaffler
and Burr, 1988). The discrepancy of these results
pointed out that the elasticity values became extremely
sensitive to the change of porosity when porosity was
near zero, which was the case for cortical bone. This jus-
tifies the choice of hardness as measured variable, which
is not such as sensitive to error as porosity measure-
ment. In the present study, we used a quadratic power
law. This choice did not influence the model�s parame-
ters since the range of porosity effectively used in the
present study was very narrow.

In the present work, we assumed that the ‘‘densifica-
tion stimulus’’ threshold wd corresponded to 1000
microstrains. In a previous four-point bending model,
it has been shown that lamellar bone formation on the
endocortical surface of the rat tibiae increases linearly
when a threshold of approximately 1000 microstrains
is reached (Forwood and Turner, 1995). Although this
cannot be directly related to intracortical remodelling,
we nevertheless retain this value. This choice was also
supported by a similar study using the turkey osteotomy
model (Rubin and Lanyon, 1984), which showed that
strain below 1000 microstrains is associated to endosteal
resorption and intracortical demineralization, whereas
strain greater than 1000 microstrains is associated with
increased periostal expansion with osteonal remodelling.
In other words, a bone reaction was noticed intracortic-
ally when the strain exceeded the 1000 microstrains
threshold. A sensitivity analysis of the remodelling
parameters with respect to wd did not show significant
variations. However, further studies on this upper limit
should be performed in the future.

A pure axial compression was applied to the mid-
shaft bone sample, while some bending is probably
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superposed to the compression. This simplification was
however reasonable since the hardness measurements
were not significantly different at the different locations
(anterior, posterior, medial, lateral), also justifying the
averaging of the hardness over the entire surface. More-
over, when the identification procedure was applied sep-
arately on each location, we only get a small difference
(4%) in the applied stress to fit the experimental data.

The main purpose of this study was to quantify the
delay of intracortical remodelling following a stress
change. Two stress changes were considered: first, from
normal to running activity (inducing densification), and
second, from running to normal activity (inducing
resorption). To this end, the proposed model implicitly
assumed that the primary function of intracortical
remodelling is to repair cortical bone microcracks. This
assumption was supported by a cause-to-effect relation-
ship between microcracks and Bone Modelling Unit
(BMU) activities in cortical bone (Mori and Burr,
1993). However, the amount of time required to repair
a microcrack is not clearly defined up to now. We found
a densification delay 10 times greater than the resorption
delay. This result can by interpreted through the role of
osteocyte activities. Delay of three to four days reflects
the time required for communication of mechanical sig-
nal to osteoprogenitor cells and their differentiation into
active osteoblasts (Turner et al., 1998). Other experi-
mental studies have reported that a period of four to five
days is necessary after a mechanical stimulus before
bone formation begins (Vico and Alexandre, 1989; Uliv-
ieri et al., 1990; Turner and Forwood, 1994; Turner
et al., 1998; Verborgt et al., 2000). During an in vivo
experiment of rats, it was observed that a single four-
point bending (2000 microstrains, 36 cycles at 2 Hz)
increased the length of periosteum covered with osteo-
blasts as early as day 2, with a peak at day 3, and a
return to non-loaded levels by day 9 (Boppart et al.,
1998). This seems to correspond to a lapse of time
required for ‘‘forgetting’’ of the initial single session load.
On the other side, a delay of nine days could also be
attributed to the conversion of osteoblasts to osteocytes
and the mineralization of the osteoid (Jaworski and
Hooper, 1980). In the same way, ‘‘mineralization lag
time’’ was normally 10 days (Parfitt, 1983). The small
resorption delay observed at the end of the running per-
iod was probably enhanced by the effects of unrepaired
microcracks routinely generated by running activities.
Large amount of microcracks have been shown to induce
changes in osteocyte integrity and canaliculi network
and then enhance the intracortical bone resorption (Ben-
tolila et al., 1998). These above experiments on cells are
consistent with the results obtained here at the tissue le-
vel. However, extrapolation of the model�s parameters
to other bone location should be undertaken with cau-
tion. Indeed, it was measured that treadmill exercise of
young rat stimulates more their tibia than their lumbar
vertebra (Iwamoto et al., 1999).

The densification rate md was about 10 times lower
than the resorption rate mr. Extrapolation to humans is
not straightforward (load pattern of the quadrupedal
rats is very different from that of humans). The ratio
mr/md was reported to be about 4 for humans (Nauenberg
et al., 1993). The resorption rate mr obtained for the rat
tibia was more than two times higher compared to the
one obtained for the human tibia (Terrier, 1999). More-
over, the value of sr obtained here for the rats was more
then 10 times lower than the one obtained with the same
theory from human clinical data on the tibia (Ulivieri
et al., 1990). These findings are consistent with previous
studies (see review of Cowin, 1989) that lead to the con-
clusion that adaptation gets faster as mammals become
smaller.

In conclusion, by combining theoretical and experi-
mental investigations, we obtained four important
parameters of the intracortical bone remodelling for
young rats tibiae: the resorption and densification rates,
and the delays of resorption and densification. There-
fore, this work could not only explain most of the recent
results on bone adaptation, but also improved our
knowledge of the phenomenon. In particular, the bone
response delay was found to be negligibly small for
resorption, but significant for densification. This infor-
mation is critical for the design of protocols to obtain
recovery of musculoskeletal tissues after prolonged dis-
use. However, extrapolation of the experimental data
from this work to humans should be undertaken with
great caution.
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