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A computational model was developed to study the effects of
short-and long-term periods of disuse osteopenia and repair
to elucidate the interrelationships between bone mass, archi-
tecture, and strength. The model is one in which the sequence
of structural change events is followed in time. This temporal
feature contrasts with studies of real trabecular tissue which
are necessarily cross-sectional in nature and do not lend
themselves to insights into the dynamic nature of the struc-
tural changes with time. In the model it was assumed that the
stimulus for bone adaptation to mechanical load is the local
mechanical strain rate, according to which the trabecular
surfaces are differentially formed and resorbed. The effects
of mechanical loading and unloading (disuse) on the cancel-
lous bone properties were studied. The bone mass, architec-
ture, and elastic stiffness were shown to be strongly depen-
dent upon the period of the unloading phase, as well as the
period of the reloading phase. Mechanical stiffness is dem-
onstrated computationally to be a multivalued function of
bone mass, if architecture is not accounted for. The model
shows how the same value of trabecular bone mass can be
associated with two or more distinct values of biomechanical
stiffness. This result is the first explicit demonstration of how
bone mass, architecture, and strength are related under dy-
namical load-bearing conditions. The results explain the em-
pirical observation that bone mass can account for about
65% of the observed variation in bone strength, but that by
incorporating measures of bony architecture into the analy-
sis, the predictability is increased to 94%. The computational
model may be used to explore the eftects of different loading
regimes on mass, architecture, and strength, and potentially
for assistance in designing both animal and clinical bone loss
studies. (Bone 18:197-206; 1996)
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Introduction

Bone, as a living tissue, maintains its strength by a combination
of its mass and its architectural structure.'®*> Both mass and
architecture are influenced by closely related metabolic and bio-
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mechanical factors. Techniques to accurately assess bone mineral
mass in bone in vivo are well established.'® Current clinical
prediction of fracture risk is therefore based primarily on bone
mass alone.”! Nevertheless, a clearer understanding of the role
played by trabecular architecture in conjunction with bone mass
is important for ultimately dealing, as effectively as possible,
with bone loss disorders, particularly osteoporosis.'’

Trabecular bone is a highly complex material, whose apparent
elastic modulus is a function of its density.**® The actual modu-
lus of a trabeculum, the tissue level modulus, has been estimated
over the last century to be between 1 and 20 GPa. It has only
recently been determined to be in the range of 5-8 GPa, we use
7 GPa in this study.'® The variation in the apparent elastic modu-
lus is dependent upon many factors, including anatomic site,
species, age, loading direction, and disease state.'® Bone mass is
the primary factor contributing to bone strength. In vitro studies
demonstrate a quantitative relationship between bone mass and
biomechanical stiffness and strength.*?® Other factors besides
bone mass are also important with respect to the biomechanical
properties of bone. For example, the apparent density of trabec-
ular bone accounts for only about 65% of the observed variation
in overall strength.?® This can be increased up to 94% by includ-
ing in the model a measure of bone architecture known as fabric,
a quantification of the relative degree of structural anisotro-
py.>2%?7 Parfitt'® has shown that changes in trabecular bone
microstructure are related to increased incidence of osteoporotic
fractures. It has been shown that the number and thickness of
trabeculae decrease with decreasing density (i.e., with increasing
age), and that the intertrabecular spaces increase.? Mosekilde and
coworkers'> showed that the modulus of human trabecular bone
in the load-bearing direction decreased significantly with age, at
the rate of about 17% per decade. In addition, they have reported
that the strength anisotropy that exists for vertebral trabecular
bone increases with aging.'®

Architectural in vivo assessment techniques are significantly
less developed, although recent studies have demonstrated the
relative importance of architecture and mass as determinants of
bone strength.”> Several attempts at developing in vivo tech-
niques for assessing bone architecture have also been reported.
Changes in radiographic trabecular patterns of the human os
calcis under biomechanical disuse were detected using various
textural features.” These studies were extended to computed to-
mography scans of human vertebral bodies in an attempt to more
accurately predict strength, compared with using bone mass
alone.® °

The dynamic relationships existing between bone mass, ar-
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chitecture, and biomechanical properties has received consider-
ably less attention. Part of the reason for this arises out of the
complexity and cost of carrying out long-term animal or clinical
studies. Another reason is the difficulty in assessing biomechan-
ical and architectural features in vivo. Several studies have de-
scribed changes that occur over time under various conditions.
Animal experiments involving disuse and recovery have been
reported since the 1970s; these studies very strongly influenced
the computational adaptation reported here. Using rats, Lindgren
and Mattsson'? concluded that bone mass could not be recovered
after long-term disuse. Using young adult and old beagle dogs,
Jaworski and Uhthoff® showed that full recovery of bone mass
was possible if remobilization occurred early enough, and, more
recently, Schaffler and Pan,** using adult female beagles, have
shown that there is a point of no return between 12 and 20 weeks
of disuse where continued disuse causes loss of trabecular ele-
ments and the bone mass cannot be recovered. They noted that
bony architecture associated with disuse-induced bone loss is
different at different time points in the immobilization history.
For up to 12 weeks of disuse, loss of trabecular bone mass occurs
by resorption on all bone surfaces, resulting in an overall thin-
ning of trabeculae. After 12 weeks of disuse, osteoclastic activity
has been shown to lead to perforation and removal of trabecu-
lae.”* These results are consistent with the observations of
Mosekilde et al. '° and they represent the type of results that are
modeled here. The strain values used in the bone adaptation
models employed here come from Lanyon'' and Rubin and
Lanyon,””* who measured the values of axial strain in structural
long bones of many species and found that net bone resorption
will occur when compressive strains are less than 0.001, and that
net deposition will occur when compressive strains are greater
than 0.003.

This report describes a tissue level, as opposed to a continuum
level, computational model which can simulate physical changes
that occur during alternate periods of bone disuse and subsequent
reloading. An objective is to identify the relative roles played by
mass and architecture as reflected in bone stiffness and strength.
An overall objective is to better understand the dynamic, i.e.,
time-dependent, relationships between trabecular architecture,
mass, and strength, and to also provide a means for exploring in
further detail these complex relationships. Another long-term
objective is to develop a tool in association with experimental
and clinical observations to predict the effects of particular me-
chanical loading regimes, and of exogenous therapeutic agents
on the biomechanical properties of cancellous bone structures.

Methods

In this section we describe the tissue level computational model
which we use to compute the evolution of trabecular bone mass,
architecture, and biomechanical properties under specific loading
regimes. We will also describe the methods used to assess the
properties of the trabecular bone structure.

The model is based on the principle that bone turnover pro-
cess is a surface phenomenon in which osteoclastic thinning of
existing trabeculae during catabolic periods and then osteoblastic
thickening of remaining trabeculae during the repair stage occur.
Recognizing the many metabolic, nutritional, environmental, and
genetic factors that are involved as well, the model permits an
evaluation of the stiffness of bone as a whole under controlled
conditions of simulated osteopenia and repair, as well as the
relative role played by mineral mass and trabecular architecture.

The computational model involves several components, the
boundary element method, the local adaptation criterion, the ini-
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tial trabecular structure used, and the applied loading regime.
The boundary element method is used to computationally evalu-
ate the local stresses and strains at each point near the trabecular
surface undergoing strain adaptation for a specific load, under
assumptions that the trabecular bone material is linearly elastic
and isotropic. The boundary element method is implemented
according to the description found in Banarjee and Butterfield.'

The strain rate stimulus values at each point near a potential
strain adaptation surface is used to determine whether or not
strain adaptation occurs at that surface. In this approach, the
thickness of a trabeculum increases, decreases, or remains the
same, according to the value of the local strain rate stimulus S.
The implementation and justification for strain rate as an adap-
tation stimulus has been presented by Luo et al. '* In expressing
this criterion, U is used to denote the velocity of the bone surface
(U 0 is deposition and U < 0 is resorption), and S, is used to
denote an adaptation equilibrium value of the stimulus, S thus:

K\(5—S, ), if S<S,_
U =4 0,ifS,_ <S<S,.,
Ky(S— Sy, ). if Sy <S

If S is within the range S;_ to S, there is no adaptation. This
equation may be considered as an additional constitutive equa-
tion that specifies the velocity of movement of the exterior bone
surfaces. A plot of the adaptation surface velocity against the
stimulus is shown in Figure 1. In this characterization, S, is the
value of the strain rate stimulus above which deposition occurs,
and S,_ is the value of the stimulus below which resorption
occurs. The strain rate stimulus domain, S,_ = 0.00044 < S < S,
= (.00132, is the adaptation equilibrium domain, in which no
net deposition or resorption occurs. In this analysis the adaptation
rate constants K, = K, = K, are set equal to | mm per unit of
time where the unit of time is unspecified. In the calculations
presented, the number of steps in the calculation is more signifi-
cant that the time unit, and the results are valid for all selections
of the time unit. For example, letting the time unit equal 1 day so
that K = 1 mm/day and assuming the strain rate, S, is 50%
greater than S,,, then the adaptation velocity is about 0.7 pm/
day. This is of the same order as reported by Chow et al.*

Once the entire trabecular surface is adapted according to the
velocity U during a brief time interval for each point on the
adapting surface, the process of calculating the strain rate stimu-

U
Kz(s _So+)
SO_
B SO+ S o
Ki(S=S,.)

Figure 1. The surface bone adaptation velocity U as a function of the
surface bone adaptation stimulus S. In this description, S, is the value of
the strain rate stimulus above which deposition occurs, and S,_ is the
value of the stimulus below which resorption occurs. The strain rate
stimulus domain, S, = 0.00044 < § < §,, = 0.00132, is the adaptation
equilibrium domain, in which no net deposition or resorption occurs.
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lus and surface velocity function is repeated. The values associ-
ated with bone mass, architecture, and mechanical properties at
each time point of the adaptation process are evaluated according
to the methods discussed in the following paragraphs.

The idealized trabecular bone model used in this study is
shown in Figure 2. Due to the periodicity and the symmetry of
the mode! only one unit shown in Figure 2 is computationally
simulated. The results obtained on this one unit are then directly
extended to the overall structure. The elastic constants for solid
bone (i.e., the trabecular bone material) are the Young’s moedu-
lus, E,, assumed to be 7 GPa and the Poisson’s ratio, v,, assumed
to be 0.28. Because linear elasticity was employed in this study,
the ratio of Young’s modulus and external load is important, not
their values. If we increase or decrease the values of Young’s
modulus and external load proportionally, identical strain adap-
tation processes will occur. The load, P,, is externally applied on
the structural unit in the vertical direction, while the load, P, on
the structural unit in the horizontal direction is created by the
Poisson effect.

The loading history of the bone tissue is assumed to be that
characteristic of normal walking. Thus, a periodic load with a
period of 0.5-1 sec (1-2 Hz) is assumed to be applied to the
trabecular structure. The surface bone adaptation strain rate
stimulus is given by twice the maximum amplitude of the peri-
odic strain signal.'?

To initialize the computational process, maximum loads P,
= 1.9 N (equivalent to an average stress of 3.8 MPa) and P, =
0.5 P, (equivalent to an average stress of 0.95 MPa) are applied
to the idealized trabecular structure. Through use of the boundary
element procedures, together with the constitutive relationship of
Equation (1), the structural unit is computationally adapted until
adaptation equilibrium, referred to as adaptation equilibrium
state (a), is reached. This equilibrium structure serves as the
initial condition for all of the following computer simulations.

Two different loading regimes are used to simulate disuse
osteopenia. In the first, the external load is set to zero for a
relatively short period of time before restoring the load to its
original value. In the second, a significantly longer period of
disuse is simulated before restoring the original external load. In

both disuse processes, the model was initialized using the adap- .

tation equilibrium state (a) as described in the preceding para-
graph. The two processes are summarized in what fellows.

Short-Term Disuse Process

Step 1. Simulate disuse by removing all loads, i.e., setting P, =
P, = 0, and let bone resorb, stopping the process before any
horizontal trabeculae have resorbed.

N

Px

e ra g

e
(a) (b)

Figure 2. The idealized trabecular bone model employed in this study;
(a) the complete structure and (b) the unit cell employed in the compu-
tational algorithm.
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Step 2. Simulate the recovery process by reapplying the load
P, = 19Nand P, = 0.5 P until a new adaptation equilibrium,
referred to as adaptation equilibrium state (b), is reached.

Long-Term Disuse Process

Step 1. Simulate disuse by removing all loads, i.e., setting P, =
P, = 0, and let bone resorb until some horizontal trabeculae have
resorbed.

Step 2. Simulate the recovery process by reapplying the load
P, =19Nand P, = 0.5 P, until a new adaptation equilibrium,
referred to as adaptation equilibrium state (c), is reached.

Bone strain adaptation alters bone structure, thereby causing
changes in its strength. Measurement of the biomechanical
strength changes in the trabecular structure were made for the
three strain adaptation equilibrium states, namely, the initial state
and the adaptation equilibria states following the short- and long-
term disuse processes, respectively. The strength of the trabec-
ular structures was characterized by the maximum principal
strain in the sample. For each adapted equilibrium structure, we
report the maximum principle strain as a function of applied
loading angle (Figure 3), relative to the maximum principal
strain value obtained for O° loading in the initial structural equi-
librium state. For a sample of trabecular bone with homogeneous
and orthotropic material properties i.e., Young’s moduli E,, E,,
Poisson’s ratios v,,, v,,, and shear modulus G, the maximum
principal strain for the three adapted equilibrium structures can
be computationally determined as a function of load amplitude
and loading angle, 6. In this calculation, Poisson’s ratio v, is
assumed to be 0.2. ’

Before presenting the results of this study, we explain some
terms that are used. The volume ratio is defined as the volume of
the space occupied by solid bone per unit volume. Mean Inter-
cept Length (MIL) is defined as the inverse of the number of
intersections per unit length of a test line with the bone-void
boundary.?” Figure 4 demonstrates how the MIL is measured in
a typical cancellous bone specimen. MIL is a function of angular
orientation, i.e., the angle at which the mean intercept lengths are
measured. Thus bone oriented primarily in the vertical direction
will have a MIL value distinct from that for the horizontal di-
rection. The MIL function is a measure of the structural anisot-
ropy associated with a sample of trabecular bone. In this study,
we characterize the architecture of trabecular bone by the ratio of
the MIL in the vertical direction to the MIL value in the hori-

Y,

i

Figure 3. The strength test model. The strength of a trabecular structure
is characterized by its maximum principal strain, i.e., for a given bone
sample when the maximum principal strain is higher than a prespecified
value, we assume that the sample will fail. For each adaptation equilib-
rium, we report the maximum principal strain, as a function of applied
loading angle.
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Figure 4. Test lines superimposed on a cancellous bone specimen. The
test lines are oriented at the angle, v. The mean intercept length measured
at this angle is denoted by MIL(v).

zontal direction, which is termed the mean intercept length ratio
(MILR). Stiffness is directly proportional to Young’s modulus for
a solid bar, while Young’s modulus is measured in the following
way: If a bar with uniform cross-section shape and area A is
uniaxially loaded longitudinally by a force P, the Young’s modu-
lus is defined as P/(Ad), where d, assumed to be small, is the
elongation of the bar per until length. Strength is defined as
P../A, where P_ . is the maximum force that the bar can sus-
tain. The important point to remember is that stiffness is a mea-
surement of structural elasticity while strength is the stress at
which the material breaks or yields.

Results

The response of the same initial trabecular equilibrium structure
to both a short-term and a long-term disuse process was compu-
tationally determined. Figure 5 shows pictorially the changes
induced by short-term disuse. The initial bone is the sum of the
shaded and unshaded areas, the removed bone is shaded, and the
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Figure 5. Overall model before surface resorption of trabeculae and
remaining trabeculae (unshaded) after bone removal (shaded).

_
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remaining bone is unshaded. As may be seen, all trabecular sur-
faces are thinned, since the local strain rate is below the value for
which bone begins to resorb and the disuse process has been
stopped prior to any of the trabeculae being completely resorbed.
Once the external load is reapplied, the structure remodels to a
new equilibrium state as shown in Figure 6. As may be seen, a
thickening of trabeculae is observed to occur only on the longi-
tudinal (vertical) trabeculae. This is due to the nonuniform dis-
tribution of induced strain rate on the trabecular surfaces, and the
fact that the strain rate on the transverse trabeculae falls in the
inactive region of the strain rate adaptation function (Figure 1).
Thus, the strain rates induced on the transverse or crossbracing
trabeculae are such that little adaptation occurs at these sites.

The long-term disuse process is shown in Figure 7 and Fig-
ure 8. As may be seen, the longer period of mechanical disuse
leads to some of the transverse trabeculae becoming completely
resorbed (Figure 7). During repair, i.e., reloading, significant
thickening occurs only on the vertical or main load-bearing tra-
beculae. Note that bone growth is observed to occur only on
pre-existing trabeculae. Note also that the amount of thickening
of the longitudinal trabeculae is greater in the long-term model
(Figure 8), compared with that which occurs for the short-term
disuse model (Figure 8). Again, this is due to the specific amount
of induced strain rate for a given external load over the specified
time interval.

The qualitative and graphical changes in the trabecular struc-
tures observed for the long-and short-term disuse processes can
be quantified using the mass, architectural, and biomechanical
features as described earlier. Figure 9 displays the time evolution
of bone mass for the long-and short-term disuse processes. As
may be seen, there is a uniform decrease in bone mass during
disuse, with a significant increase following the reapplying of the
external load. In both cases, the final equilibrium mass values do
not return to their original value, and the long-term disuse pro-
duces a greater overall bone loss. This finding is consistent with
both experimental and clinical radiologic observations during
periods of disuse and repair.”

The mean intercept length ratio (MILR) is shown in Figure

J __J )
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o

Figure 6. Model after short-term absorption and repair by trabecular
thickening (shaded). The longitudinal trabeculae, receiving major
weight-bearing stresses, have thickened more than the less stressed hori-
zontal trabeculae.
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Figure 7. Model indicating greater amount of absorption of trabecular
surface (gray) after long-term relief of Jongitudinal load to the point that
some cross-bracing trabeculae have disappeared.

10 as a function of time. In this quantitative representation of
trabecular structure, the short-term disuse model does not pro-
duce a significant degree of change during the entire time course.
On the other hand, the long-term disuse produces about a 90%
increase in the MILR, indicating significant architectural changes
in the trabecular structure.

Figures 11 and 12 display the time dependent changes in
vertical (E,) and horizontal (E,) stiffnesses of the trabecular
structures, respectively, for the long-and short-term disuse pro-
cesses. Figure 11 shows that the vertical stiffness decreases more
for the long-term compared with the short-term disuse process,
but that the vertical stiffness returns to nearly its initial value, for
both the long and short disuse periods. In contrast, Figure 12
demonstrates that the horizontal stiffness is significantly reduced
in both the long-term and short-term disuse processes, compared
with the initial horizontal stiffness value. However, the long-term
disuse produces a significantly greater decrease in E_ than
does the short-term disuse process, due to loss of horizontal
trabeculae.

Figure 13 displays the vertical stiffness, E,, versus bone mass
for the two disuse processes. In this depiction, time is implicit
and increases monotonically along the stiffness-mass trajectory
from the initial to the final point. It is of a particular interest to
note that the relationship between bone mass and vertical stiff-
ness in this computational model is multivalued. That is, for a
specific value of bone mass, more than one value of vertical
stiffness may be found. Likewise, for a specific value of vertical
stiffness, more than one value of bone mass may be found. This
multivalued nature is more predominant in the long-term disuse
process. Figure 14 shows horizontal stiffness, E,, versus bone
mass, and a similar multivalued relationship is observed here as
well.

Table 1 summarizes the discussed changes quantitatively for
bone mass, MILR, E,, and E,, and also for the shear modulus, G,
for the three equilibrium states of the trabecular structure. The
three adaptation equilibrium states are denoted by (a), (b), and
(c), respectively, where (a) indicates the initial adaptation equi-
librium, (b) the adaptation equilibrium for a short-term disuse
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process, and (c) the adaptation equilibrium for a long-term disuse
process. The percent change of the trabecular features for adap-
tation equilibria (b) and (c) are also displayed in Table 1 by using
the values of the respective parameters in the adaptation equi-
librium state (a) as reference values. For example, the MILR is
1.16 for equilibrium state (a), while it is 1.23 and 2.18 for equi-
librium states (b) and (c), respectively. Thus, there is a significant
increase in the structural anisotropy as measured by MILR as-
sociated with the long-term disuse process.

In Table 2, the variations of the maximum principal strain are
listed for the three adaptation equilibrium states and for five
different loading angles. In the calculation of these principal
strain values, the adaptation equilibrium state (a) at O° is used as
a reference. As Table 2 shows, there is a dramatic increase in the
maximum principal strain as the angle of loading increases from
O°, for both the short-term and long-term disuse processes. How-
ever, the increase is highest for the long-term disuse process. The
data in Table 2 indicate that the strength of the structure is
severely compromised in both loading regimes to off-vertical
loads, and that the greatest compromise occurs for the long-term
disuse process. For example, at a loading direction of 2°, the
relative increase in the maximum principal strains are 9.1%,
41.7%, and 184.3% for equilibrium states (a), (b), and (c), re-
spectively. This means that at an off-axis loading of only 2°, the
long-term disuse state (c) has about twice the strain induced as
compared with the short-term disuse state (b). Thus, the combi-
nation of mass and architectural changes induced by the long-
term disuse process lead to a more marked decrease in its asso-
ciated biomechanical strength, compared with those induced by
the short-term disuse process.

Discussion
The numerical simulations, as in Table 1 show that the disuse
processes can significantly change the volume ratio, —12% for

short-term disuse (b) and ~20% for long-term disuse (c), respec-
tively; Young’s modulus in the horizontal direction, —36% for
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Figure 8. Repair of the long-term disuse model after complete resorp-
tion of some cross-bracing trabeculae, which do not reappear because
remaining trabeculae serve as templates on which new bone will form
(gray).
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Figure 9. Bone mass as a function of time for
the adaptation model with a long-term (solid
line) and short-term (dashed line) disuse. The
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solid triangle indicates when the short-term dis-
use ended and the solid circle indicates when the
long-term disuse ended, in which both cases
were followed by reloading of the structure.
These symbols have the same meaning in all
subsequent figures. Note that the bone mass does
not return to its original value, and that the long-
term disuse results in a greater reduction of bone
mass.

0 200 400 600
Time unit

(b) and —62% for (c) respectively; and the shear modulus, -57%
for (b) and —85% for (c), respectively. However, the change in
Young’s modulus in the vertical direction, the main external
loading direction, is negligible, —2% for (b) and -3% for (c),
respectively. These results imply that trabecular bone may be-
come much less able to withstand multidirectional loading in
cases when bone mass is reduced. This loss of mechanical sta-
bility is enhanced when the bone loss leads to significant changes
in the trabecular microstructure, as shown in the comparison
between the short-term and long-term disuse models.

The strength analysis, as provided in Table 2, also is consis-
tent with these statements. Table 2 shows that the trabecular bone
of all three adaptation equilibrium states has almost the same
maximum principal strains under vertical loading. The maximum
principal strain can be used as a strength measurement, i.c., when
the maximum principle strain in a trabecular structure is higher
than a given value the sample will fail. The results presented in
Table 2 imply that the three adaptation equilibrium states have
almost the same vertical strength independent of the bone having
been in a disuse process. However, if the applied load is off the
vertical direction, the maximum principal strain in the structure

800 1000

with disuse is much higher than one without any disuse, with the
same external load amplitude. This would imply that the trabec-
ular bone structure with disuse has a much higher failure risk
than one without any disuse. Moreover, the bone structure with
the long-term disuse process (c) is much more sensitive to the
loading orientation than the one with the short-term disuse pro-
cess (b). This suggests the need for properly timed intervention
in bone loss disorders, or for preventive measures to be instituted
as early as possible.

Many investigations utilizing bone specimens as well as clini-
cal studies have attempted to elucidate the interrelationships be-
tween bone mass, architecture, and strength. The cross-sectional
nature of those studies does not lend itself to establishing insights
into the dynamic nature of changes that occur in trabecular bone
structures over time. To address this limitation, the computa-
tional approach described in this article was developed. This
approach attempts to model the temporal changes that occur in a
specified trabecular model structure under distinct loading con-
ditions. The model suffers from several limitations itself. First, it
is two-dimensional and therefore only partially representative of
the complex three-dimensional changes that occur in trabecular

2.25 T T T T
2.00 r J
‘2 1.75 B ﬂ
[ Figure 10. The MIL ratio as a function of time
= for the adaptation models with a long-term (solid
= 1.50 | | line) and short-term (dashed line) disuse. Note
* long the significantly greater change in architecture
-~- short by the long-term disuse process.
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Figure 11. The Young’s modulus, E, in the vertical direction (vertical stiffness) as a function of time for the adaptation model with a long-term (solid
line) and short-term (dashed line) disuse. Note that, in both cases, the moduli return almost to their initial values, after experiencing a large reduction

during the disuse period.

bone. Second, the structure used in the simulations is highly
simplified and not typical of the kinds of trabecular architecture
actually existing. Third, the model assumes that strain rate is the
determining factor in terms of bone adaptation. Although this
assumption is still a point of debate, the results of this study
would not be significantly affected by choice of another but
similar adaptation stimulus, such as strain magnitude, for the
conditions described herein. However, this model could eventu-
ally serve to test the strain rate hypothesis based on its predic-
tions for a specific experimental set of conditions. Finally, the
model as designed does not take into account the complex physi-

ological and biological processes involved in bone adaptation.
For example, the model assumes a normal state of health in
which reformation of bone on existing surfaces will occur in
response to mechanical forces. In fact, this assumption may need
to be modified depending upon osteoblastic capability of repair
in osteoporotic bone. Older individuals may have diminished
osteogenic potential and fewer trabeculae to serve as a scaffold
for new bone formation. Therefore, a period of life may arise
when progressive osteopenia will occur independent of mechani-
cal stimulation. None of these considerations are presently ac-
counted for in the computational model.
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Figure 12. The Young’s modulus, E,, in the horizontal direction (horizontal stiffness), as a function of time for the adaptation model with a long-term
(solid line) and short-term (dashed line) disuse. In contrast with Figure 10, the horizontal moduli do not return to their initial values upon reloading,
and that the long-term disuse process results in significantly greater reduction in horizontal modulus than the short-term disuse.
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Figure 13. The Young’s modulus in vertical direction (vertical stiffness) versus bone mass for the adaptation model with a long-term (solid line) and
short-term (dashed line) disuse. Solid triangle mark indicates when the short-term disuse ended and solid circle mark indicates when the long-term disuse
ended. Both the empty triangle and empty circle indicate final adaptation equilibrium. Note that the dashed and solid lines are coincident during the
initial stages of disuse. The arrow pairs indicate points at which the structure has approximately the same mass but different stiffness values.

In spite of these limitations, the computational model and the
results presented can shed some light on the bone adaptation
process. Several experimentally observed phenomena do appear
to be consistent with some of the results obtained here. For
example, Jaworski and Uhthoff® observed thicker trabeculae af-
ter disuse and recovery, suggesting that trabeculae were lost
during disuse and the remaining trabeculae were thickened dur-
ing recovery. Consistent with the results reported here, Schaffler
and Pan®* observed that the bony architecture associated with

disuse-induced bone loss is different at different time points in
the immobilization history. They noted that, for up to 12 weeks
of disuse, loss of trabecular bone mass occurs by resorption on all
bone surfaces, resulting in an overall thinning of trabeculae. Af-
ter 12 weeks of disuse, osteoclastic activity perforates and re-
moves trabeculae.”® Another important observation is that the
computational model demonstrates why bone mass often does
not serve to estimate accurately bone stiffness and strength. In
this regard, the model is also consistent with the experimental
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Figure 14. The Young’s modulus in the horizontal direction (horizontal stiffness) versus bone mass for the adaptation model with long-term (solid line)
and short-term (dashed line) disuse processes. Solid triangle mark indicates when the short-term disuse ended and solid circle mark indicates when the
long-term disuse ended. Both empty triangle and empty circle marks indicate final adaptation equilibrium. Note that the dashed and solid lines are
coincident during the initial stages of disuse. The arrow pairs indicate points at which the structure has approximately the same mass but different

stiffness values.
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Table 1. The values of five measures of the mechanical structure of trabecular bone for three
different adaptation equilibrium states: (a) initial adaptation equilibrium; (b) adap-
tation equilibrium after short-term disuse; and (c) adaptation equilibrium after long-

term disuse®

Volume ratio MIL ratio E, (GPa) E, (GPa) G (GPa)
(a) 0.362 1.16 1.22 1.96 0.100
(b) 0.317 (-12%) 1.23 (+6%) 0.770 (-36%) 1.92 (-2%) 0.0431 (-57%)
(c) 0.289 (-20%) 2.18 (+88%) 0.459 (-62%) 1.89 (-3%) 0.0147 (-85%)

# The relative percent changes of the measures are calculated by taking the values for adap-

tation equilibrium state (a) as reference.

results of Mosekilde and Viidik'® who showed that the anisot-
ropy of vertebral trabecular bone increases with age.

Although it has been previously suggested'*'? that architec-
ture plays a role in the biomechanics of clinical bone loss, this is
the first attempt which provides an explicit and quantitative char-
acterization of the temporal processes involved in bone adapta-
tion. The results portray, for example, how clinical bone integ-
rity, i.e., strength and stiffness, may be largely maintained in
spite of significant reductions in bone mass. Conversely, the
results indicate how architectural changes in osteopenic trabec-
ular bone can lead to profound reductions in bone strength com-
pared with trabecular bone of similar bone density. Since the
normal process of bone turnover consists of both absorption and
formation, measurement of bone mass alone may coincide with
different trabecular patterns and stiffness depending upon the
biodynamics that exist at the time. Accordingly, clinical bone
densitometry measurements may not provide accurate character-
izations of bone strength.

Summary

This study has described the implementation of a simplified com-
putational model of trabecular bone adaptation response to load
regimes corresponding to short and long-term stages of disuse
osteopenia and repair. The model elucidates selected aspects of
trabecular bone adaptation and the interrelationships of bone
mass, architecture, biomechanical stiffness, and strength. Under
controlled situations, the model trabecular structure responds
predictably in tracing changes during the development of osteo-
penia and during attempts at repair. A model simulating osteo-
penia of disuse will repair to a trabecular architecture different
from the original trabecular architecture. The duration of the
osteopenic stage is the main determinant of the final architectural
changes, indicating the need for properly timed preventive mea-
sures. The model also demonstrates quantitatively that stiffness
of trabecular bone is a function of both mass and architectural
structure. This ambiguity or multivalued nature may be able to be

Table 2. Maximum principal strain increases when either the loading
angle, 8, changes from 0° to 10° or the adaptation equilibrium
state changes from (a) to (c)*

Loading angle, 6

0° 1° 2° 5° 10°
(a) Maximum strain  0.0% 2.5% 9.1% 44.4% 118.4%
(b) Maximum strain 1.8% 13.9% 41.7% 149.0% 337.3%
(¢) Maximum strain 3.5% 74.7% 184.3% 527.3% 1090.8%

*The numbers show the relative increases of the maximum principal
strain by taking the maximum principle strain of adaptation equilibrium
state (a) at zero loading angle as reference.

reduced by specifying the architectural state of trabecular bone at
a particular point in time. Finally, the computational paradigms
developed in this article may serve as guides in identifying per-
tinent animal experiments and developing timely clinical preven-
tive and therapeutic programs.
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