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A Computational Model for Cortical Endosteal Surface Remodeling
Induced by Mechanical Disuse

He Gong∗,† and Ming Zhang‡

Abstract: In mechanical disuse conditions as-
sociated with immobilization and microgravity
in spaceflight, cortical endosteal surface moved
outward with periosteal surface moving slightly
or unchanged, resulting in reduction of cortical
thickness. Reduced thickness of the shaft cor-
tex of long bone can be considered as an inde-
pendent predictor of fractures. Accordingly, it
is important to study the remodeling process at
cortical endosteal surface. This paper presents a
computer simulation of cortical endosteal remod-
eling induced by mechanical disuse at the Basic
Multicellular Units level with cortical thickness
as controlling variables. The remodeling anal-
ysis was performed on a representative rectan-
gular slice of the cross section of cortical bone
volume. The pQCT data showing the relation-
ship between the duration of paralysis and bone
structure of spinal cord injured patients by Eser
et al. (2004) were used as an example of me-
chanical disuse to validate the model. Cortical
thickness, BMU activation frequency, mechani-
cal load and principal compressive strain for tibia
and femur cortical models were simulated. The
effects of varying the mechanical load and maxi-
mum BMU activation frequency were also inves-
tigated. The cortical thicknesses of femur and
tibia models were both consistent with the clin-
ical data. Varying the decreasing coefficient in
mechanical load equation had little effect on the
steady state values of cortical thickness and BMU
activation frequency. However, it had much ef-
fect on the time to reach steady state. The max-
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imum BMU activation frequency had effects on
both the steady state value and the time to reach
steady state for cortical thickness and BMU ac-
tivation frequency. The computational model for
cortical endosteal surface remodeling developed
in this paper can be further used to quantify and
predict the effects of mechanical factors and bio-
logical factors on cortical thickness and help us to
better understand the relationship between bone
morphology and mechanical as well as biological
environment.

Keyword: Remodeling; Cortical bone; En-
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1 Introduction

The skeleton is made up of cortical bone and tra-
becular bone. Cortical bone, also known as com-
pact or lamellar bone, forms the thin outer shell in
the long bones and the major portion of the cortex
of other bones. Trabecular bone is also known as
spongy or cancellous bone. It is made of a net-
work of intersecting plates and rods (trabeculae)
within the cortex, and serves as the supportive in-
frastructure of the bone.

Throughout life, bone is constantly resorbed and
new bone is formed by a process called bone re-
modeling, which is performed by groups of os-
teoblasts and osteoclasts organizing into Basic
Multicellular Units (BMUs). About 5% of the
bone mass is remodeled by about 2 million BMUs
in the human skeleton at any time. The renewal
rate for bone is about 4% per year for corti-
cal bone and 20% per year for trabecular bone
(Ganong 2005).

Osteoporosis is a systematic skeletal disease
characterized by low bone mass and micro-
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architectural deterioration, with a consequent in-
crease in bone fragility and susceptible to fracture.
Structural integrity of trabecular bone is impaired
and cortical bone becomes more porous and the
cortex becomes thinner (Slade et al., 2005; Ritzel
et al., 1997). Skeletal disuse, whether due to mi-
crogravity caused by spaceflight, prolonged bed
rest, paralysis, localized stress shielding follow-
ing arthroplasty, or cast immobilization may lead
to bone loss in humans, as well as laboratory an-
imals (LeBlanc et al. 1998; Prince et al., 1988;
Paga et al., 1991). Aging, estrogen deficiency, and
drug treatments are known as biological factors.

Some researchers built computational model for
trabecular bone at BMUs level to theoretically an-
alyze of the contributions of mechanical factors as
well as biological factors on trabecular bone re-
modeling (Hernandez et al., 2001, 2003; Gong et
al., 2006). These studies have led us to a better
understanding of the trabecular bone-remodeling
behavior and its importance for the biomechani-
cal stability of the bone. However, the studies on
the computational model for cortical bone remod-
eling are remarkable limited. Hazelwood et al.
(2001) developed a mechanistic model for inter-
nal bone remodeling, which may be useful when
examining the importance of transient responses
for bone in disuse, and for investigating the role
that fatigue damage removal plays in preventing
or causing stress fractures. It has been shown that
reduced thickness of the femoral shaft cortex is
an independent predictor of hip fracture (Gluer et
al., 1994). In mechanical disuse conditions as-
sociated with paralysis and microgravity caused
by spaceflight it was found that cortical-endosteal
surface moved outward at a significantly greater
rate with periosteal surface moving slightly or un-
changed, resulting in cortical thinning (Lang et
al., 2004; Eser et al., 2004). Hence it is impor-
tant to do computational simulation of cortical en-
dosteal remodeling, which can be used to quantify
and predict the effects of mechanical factors and
biological factors on cortical thickness, and can
help us to better understand the relationship be-
tween bone morphology and mechanical, as well
as biological environment.

In this study, we develop a computational model

at the BMU level for cortical endosteal remod-
eling. The pQCT data showing the relationship
between the duration of paralysis and bone struc-
ture of spinal cord injured patients by Eser et al.
(2004) were used as an example of mechanical
disuse to validate the model.

2 Methods

A computer simulation of cortical endosteal sur-
face remodeling was developed at the BMU level
in this study. Six state variables and 9 constants
included in the model were listed in Table 1 and
Table 2. The remodeling analysis was performed
on a representative rectangular slice of the cross-
section of the cortical bone volume as shown
schematically in Fig. 1.

2.1 Cortical thickness changes

An imbalance between bone resorption and refill-
ing leads to changes in cortical thickness. The rate
of change in cortical volume was assumed to be a
function of the bone resorption rate (Qr(x, t)) and
bone refilling rate (Q f (x, t)) for each BMU, and
the density of resorbing and refilling BMUs/area
(NR(x, t) and NF(x, t), respectively)

d h(t)·l
h0·l
dt

= Qr(t)NR(t)−Q f (t)NF(t) (1)

where the resorption rate Qr(t) and the refilling
rate Q f (t) were assumed to be linear in time:
Qr(t)= A

Tr
and Q f (t)= A

Tf
with A representing the

area of bone resorbed by each BMU. h(t) was the
cortical thickness at time t, l was the length of
the representative rectangular slice and h0 was the
initial cortical thickness as shown in Fig. 1.

Hence

dh(t)
dt

= h0(Qr(t)NR(t)−Q f (t)NF(t)) (2)

NR(t) and NF(t) were calculated as:

NR(t) =
∫ t

t−Tr

fa(t ′)dt ′ (3)

NF(t) =
∫ t−(Tr+Ti)

t−(Tr+Ti+Tf )
fa(t ′)dt ′ (4)

fa(t) was the BMU activation frequency.
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Table 1: State variables in the model
State variable

h Cortical thickness (mm)
NR Number of resorbing BMUs (BMUs/mm2)
NF Number of refilling BMUs (BMUs/mm2)
f a BMU activation frequency (BMUs/mm2/day)
ε Strain (μ , ε)
Φ Mechanical stimulus (MPa)

BMU: Basic Multicellular Unit

Table 2: Constants in the model
Constant Norminal values in the example

A Cross-sectional area of each BMU (mm2) 2.84×10−2a

Tr Resorption period (days) 24b

Ti Reversal period (days) 8b

Tf Refilling period (days) 64b

fa(max) Maximum BMU activation frequency (BMUs/mm2/day) 0.299c

kb Dose-response coefficient (Pa) 0.005759c

kc Dose-response coefficient (Pa−1) 1129.493c

fa0 Maximum BMU activation frequency (BMUs/mm2/day) 4.8768×10−4d

Φ0 Initial Mechanical stimulus (Pa) 2258.986
a: based on Parfitt (1983)
b: from Hazelwood et al. (2001) based on several histomorphometric studies
c: parametrical sensitivity analyses were done for the coefficients to fit the curves within known exper-

imental data ranges (Eser et al., 2004)
d: based on equation (5)

Table 3: The geometrical and mechanical conditions of the representative rectangular slices for femur and
tibia cortical models

Tibia Femur Remarks
Initial cortical thickness h0 (mm) 5.84 3.33 From Eser et al. (2004).
Length l (mm) 1 1.64 The length of tibia model was chosen to guar-

antee a small slice and that of femur model
was chosen such that both models occupied
the same percentage of total cortical area, i.e.
approximately 1.69%.

Initial area A0 of the model (mm2) 5.84 5.46 From equation A0 = h0 · l.
Equilibrium strain ε0 (μ ε) 500 500 From Beaupré et al. (1990) and Turner et al.

(1997).
Porosity p0 (%) 4.43 4.43 From Hazelwood et al. (2001). And from

Eser et al. (2004), it was shown that no de-
crease in cortical BMD of the diaphyses with
time after injury was found. Hence the corti-
cal porosity in this analysis was held constant.

Elastic modulus E (MPa) 18000 18000 From the relationship between elastic modu-
lus and porosity of cortical bone proposed by
Currey (1988):
E = (23440× (1− p0)5.74)MPa.

Equilibrium load F0 (N) 52.770 49.336 From equation F0 = ε0 ·A0 ·E.
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Figure 1: Schematic example of BMUs in a representative bone volume of cortical bone. The remodeling
analysis was performed on a representative rectangular slice of the cross section of the cortical bone volume
as shown schematically here. Bone volumes were assigned linearly elastic and isotropic material proper-
ties. Axial compressive loads are placed on the cortical bone volume. For simplification, the cortical bone
volume was assumed to be cylindrical. r– Initial endosteal radius; R– Periosteal radius; l – Length of the
representative rectangular slice; h – cortical thickness; h0 – initial cortical thickness with h0 = R− r.

2.2 BMU activation frequency

The relationship between BMU activation fre-
quency and mechanical load was assumed to be
sigmoidal, similar to the response found in phar-
macological application (Hazelwood et al., 2001).

f a(t) =
f a(max)

1+ekb(φ(t)−kc) (5)

where f a(max) = 0.299BMUs/mm2/day, kb and
kc were coefficients defining the slope and inflec-
tion point of the curve, respectively. Sensitiv-
ity analyses were done first for the coefficients in
these functions to fit the curves within known ex-
perimental data ranges (Eser et al., 2004). φ (t)
was mechanical stimulus, which was described
by strain energy density (Mullender and Huiskes,

1995)

φ (t) =
1
2

E(t) · ε2(t) (6)

where E(t) was the elastic modulus and ε(t) was
the mechanical strain.

2.3 Examples

The pQCT data showing the relationship between
the duration of paralysis and bone structure of
spinal cord injured patients by Eser et al. (2004)
was used as an example of mechanical disuse.
Eighty-nine motor complete spinal cord injured
men (24 tetraplegics and 65 paraplegics) with a
duration of paralysis of between 2 months and
50 years were included. The age range was
41.5±14.2 for all subjects. The reference group
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comprised 21 healthy able-bodied men of the
same age range.

The remodeling behaviors of cortical bone in the
femur, as well as in the tibia were both simulated
in this paper. The representative cross section of
the femur cortical bone was located at 25% of to-
tal bone length from the distal end for the femur,
and at 38% for the tibia as the locations of dia-
physeal scans in Eser et al. (2004). For simpli-
fication, the cortical bone volume was assumed
to be cylindrical and the endosteal surface and pe-
riosteal surface were assumed to be concentric cir-
cle (Fig. 1). The geometrical and mechanical con-
ditions for the two cortical examples were shown
in Table 3.

2.4 Loading conditions

The mechanical load in the disuse pattern of paral-
ysis was assumed to decrease exponentially with
the duration:

F(t) = F0 · e−t·a (7)

with t = time (year), a was a decreasing coeffi-
cient, which was chosen such that the simulation
results could be in accordance with experimental
data ranges (Eser et al., 2004). F0 was the equilib-
rium load.

Using a time-dependent approach (equations (1)–
(7)), computer simulations of cortical endosteal
remodeling processes in the femur, as well as in
the tibia were performed from t = 0 day to t = 50
years to cover the course of the clinical investiga-
tion. The cortical thickness, BMU activation fre-
quency, mechanical load and principal compres-
sive strain were simulated. Effects of varying the
mechanical load and maximum BMU activation
frequency were also investigated.

3 Results

3.1 Simulation results of tibia and femur cor-
tical models

Figure 2 shows the numerical outcomes of corti-
cal thickness of the femur and tibia models. The
simulated cortical bone thicknesses for both mod-
els were both consistent with the clinical data

(a)

(b)

Time to reach steady state in the computational 
simulation: 1868days, approximately 5.1 years 

 0                   10                    20                   30                   40                   50 
                                         Time post-injury (year) 

 0                   10                   20                   30                   40                  50 
                                         Time post-injury (year) 

Time to reach steady state in the computational 
simulation: 2532 days, i.e. approximately 6.9 years 

Figure 2: Simulation results of cortical thickness
of tibia and femur models. The curves repre-
senting cortical thickness are the simulation out-
comes. The data points show the clinical data
measured by Eser et al. (2004). (a) Tibia model;
(b) Femur model.

measured by Eser et al. (2004), which can be seen
from the following aspects:

(1) The similarity of our numerical outcomes
with clinical data can be seen directly from
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fig. 2.

(2) The correlation coefficients between the clini-
cal data points and the simulated values at the
same time points were R2=0.43 (p <0.001)
for the femur model, and R2=0.33 (p <0.001)
for the tibia model.

(3) The times to reach steady state in the simula-
tion were in agreement with the clinical inves-
tigation, i.e. approximately 5.1 years for fe-
mur cortical bone and 6.9 years for tibia cor-
tical bone.

(4) The simulated steady state values of corti-
cal thickness in both models were close to
the clinical data. For the femur model, the
simulated steady state value of cortical thick-
ness was 2.038mm and the clinical data was
2.17mm with relative difference of 6.08%.
For the tibia model, the simulated steady state
value was 4.134mm and the clinical data was
3.94mm with relative difference of 4.92%.

Figure 3 shows the changes of mechanical load
for both models. The mechanical load in the tibia
model followed the equation F(t) = F0 tibia · e−0.2t

with t = time (year) and that in the femur model
followed the equation F(t) = F0 f emur · e−0.3t with
t = time (year). The values of F0 tibia and F0 f emur

are listed in Table 3, respectively. The effect of
decreasing coefficient a in equation (7) on the
simulation results will be shown later.

The changing patterns of BMU activation fre-
quency and principal compressive strain on both
models are shown in figure 4 and figure 5, respec-
tively.

From fig. 3 mechanical load in the femur cortical
bone decreased faster than that in the tibia cor-
tical bone, hence the decrease of strain and me-
chanical stimulus was also faster (figure 5), and
the BMU activation frequency in the femur cor-
tical bone increased faster and reached a higher
level in response to the faster mechanical disuse
situation (figure 4). As a result, the femur cortical
thickness decreased more and was faster to reach
steady state value than the tibia model, which was
in accordance with clinical observation.

Taking femur model as an example, effects of
varying the mechanical load and the maximum
BMU activation frequency were obtained as fol-
lows:

3.2 Effects of the decreasing coefficient in me-
chanical load equation

The effects of varying the decreasing coefficient
a of mechanical load [equation (7)] on cortical
thickness and BMU activation frequency were
shown in figure 6. From the nature of exponen-
tial function of equation (7), a determines the de-
creasing speed and F0 determines the initial and
maximum value of the mechanical load, and the
mechanical load is close to zero after a relative
long period of time. Varying the decreasing coef-
ficient had little effect on the steady state values of
cortical thickness and BMU activation frequency.
However, it had much effect on the time to reach
steady state. With a increasing from 0.15 to 0.5,
the time to reach steady state was significantly re-
duced.

3.3 Effects of the maximum BMU activation
frequency

The effects of varying the maximum BMU acti-
vation frequency on cortical thickness and BMU
activation frequency were shown in figure 7. The
maximum BMU activation frequency had effects
on both the steady state value and the time to
reach steady state for cortical thickness, as well
as BMU activation frequency. Decreases of the
steady state cortical thickness and increases of
BMU activation frequency were observed as the
maximum BMU activation frequency increased.
And the time to reach steady state also increased
as the maximum BMU activation frequency in-
creased.

4 Discussion

The observed adaptation of bone mass and ar-
chitecture to the typical mechanical usage indi-
cated that some mechanism existed for monitor-
ing the mechanical usage and controlling bone
modeling and remodeling activities (Forwood and
Turner, 1995; Turner et al., 1994). Loads on
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       0                    10                   20                  30                  40                  50 
                                              Time post-injury (year) 

Figure 3: Changes of mechanical load for both models.

       0                  10                 20                 30                 40                 50 
                                              Time post-injury (year) 

Figure 4: Changing patterns of BMU activation frequency in both models.

bones generated strain-dependent signals (Mar-
tin 2000; Jones et al., 1991). Frost (1983) used
the minimum effective strain (MES) as thresh-
old or mechanical set point to describe bone’s
adaptation to its mechanical environment. When
dynamic strains stay below a lower remodeling
threshold range (MESr), ‘disuse-mode’ remod-
eling removes bone next to marrow. That re-
moval causes a ‘disuse-pattern’ osteopenia char-
acterized by widened marrow cavities, cortical

thinning, and normal or even slightly increased
outside bone diameters (Frost 2000). This is the
physiological basis for our computational simula-
tion for cortical endosteal surface remodeling in-
duced by mechanical disuse.

Eser et al. (2004) did not find decrease in corti-
cal BMD of the diaphyses with time after injury.
Besides, Feik et al. (1997) investigated the com-
plete cross-sections from the femoral midshaft of
180 individuals aged 21-97 years and found that
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       0                  10                 20                 30                 40                50 
                                          Time post-injury (year) 

(
)

Figure 5: Changing patterns of principal compressive strain in both models.

male intracortical porosity changed little with ag-
ing from twenties to eighties. Hence it was rea-
sonable to set the cortical thickness as state vari-
able to control the remodeling process, while the
cortical porosity was held constant in this analy-
sis. An in vivo animal model of disuse osteope-
nia set up by Gross and Rubin (1995) suggested
that disuse induced a uniform expansion of the en-
dosteal envelop of the radius. Hence by conduct-
ing bone remodeling analysis on a representative
rectangular slice of the cross section of the corti-
cal bone volume, and setting the cortical thickness
as control variable, the cortical endosteal surface
remodeling can be simulated.

As femur and tibia are weight-bearing bones,
whose main function is to withstand loads placed
on them. Bone quality and quantity are closely
related to the mechanical load conditions. For the
paralyzed patients the loads on femur and tibia
were significantly reduced, which resulted in sig-
nificant reduction in cortical thickness of femur,
as well as tibia. However, the speed and amount
of cortical thickness reduction were not the same
for both locations as indicted in the clinical in-
vestigation by Eser et al. (2004). By assuming
a proper form of mechanical load and investigat-

ing the effects of varying the mechanical load and
maximum BMU activation frequency, the simu-
lated cortical thickness for the femur and tibia
models can be both consistent with the clinical
data. It is difficult to measure the mechanical
loads placed on femur and tibia in vivo. Although
we can not say for sure that the mechanical loads
decrease exactly according to the equations we as-
sumed in the process of paralysis, it can at least
shed some light on the decreasing characteristics
of mechanical load.

There was much difference in the remodeling be-
haviors between males and females. Feik et al.
(1997) found that the introcortical porosity of fe-
males with the age of 60 years above was signif-
icantly greater than that of females in their twen-
ties. The bone remodeling behaviors of females
was influenced not only by mechanical load, but
also biological factors such as aging and estrogen
deficiency (Gong et al., 2006). In this case, for
the quantification of cortical endosteal surface re-
modeling of females, a new remodeling scheme
including both the cortical thickness and porosity
as controlling variables, and their coupling factors
needs to be further investigated.
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(a)

(b)

 0         1         2         3          4         5          6         7          8         9        10 
                                               Time post-injury (year) 

 0         1         2         3          4         5          6         7          8         9        10 
                                               Time post-injury (year) 

Figure 6: Effects of varying the decreasing co-
efficient a of mechanical load [equation (7)] on
cortical thickness and BMU activation frequency
for femur model. (a) Cortical thickness; (b) BMU
activation frequency.
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