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Abstract. Antiresorptive drugs are widely used to pre-
vent osteoporotic fractures in men and women. Large
clinical trials have shown vertebral fracture risk reduc-
tions up to 50%, resulting from relatively small increases
of 3-8% in bone mineral density (BMD). We developed
a computer model that mimics bone turnover in human
vertebral cancellous bone during menopause and an-
tiresorptive treatment. This model links cell activity in
trabeculae to changes in bone volume and mechanical
propertiecs. We asked whether treatment started shortly
after menopause is better than treatment started late
after menopause. In order to answer this question we
used the model to simulate menopause and 5 years of
anti-resorptive treatment with two different agents: one
incorporated in the tissue, one not incorporated. We
found that late treatment can result in almost the same
bone mass as early treatment, but early treatment is
much better in conserving the strength and stiffness of
the cancellous bone. The effect of the incorporation of
drugs in the tissue (giving the drugs a long half-life) was
small. After discontinuation of treatment, bone was lost
slower, but after 20 years the difference between the
incorporated and the not incorporated drug in stiffness
and bone volume was below 3%. This kind of simulation
model may be used to preclinically test new pharma-
ceuticals and treatment protocols and to predict long-
term effects of treatment before patient data become
available.
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Pharmacological agents that reduce bone resorption are
widely used nowadays in osteoporosis treatment. These
antiresorptive agents primarily increase bone mineral
density (BMD) by reducing osteoclast activity and bone
turnover [1-3]. In the first three years of treatment, fast
increases in spinal BMD of 2-8% have been reported
and ongoing slow increases up to 7 years after start of
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treatment have been shown [4, 5]. These treatments re-
duced vertebral fracture risk by up to 50% [4, 6-9].
However, this large reduction cannot be explained by
the small increases in BMD [10].

The most important effects of antiresorptive treat-
ment take place in cancellous bone [11]. However, DXA
and biochemical markers of bone turnover do not pro-
vide information about changes in architecture and
stiffness of cancellous bone. More knowledge about the
relation between the effects of antiresorptive treatment
at the trabecular level and changes in global properties
of cancellous bone could elucidate the efficacy of these
drugs and the large anti-fracture effects resulting from
small increases in BMD.

Our goal, therefore was to develop a computer model
of remodeling during menopause and antiresorptive
treatment to investigate changes in BMD, anisotropy
and most importantly, the mechanical properties of the
bone. As basis for this model, a previously published
model of age-related remodeling was used [12]. This
model links changes at the trabecular level to changes in
architecture and strength of cancellous bone using three-
dimensional models of human cancellous bone and
remodeling parameters known from histology. Other
simulations of bone remodeling during menopause and
treatment have been performed, but these looked at the
total bone balance or used artificial models of cancellous
bone [13-16]. In contrast, we use models of human
cancellous bone specimens and simulate bone remode-
ling at the trabecular level.

As input for our model we used clinical and biolog-
ical data from the literature. Increases in bone re-
modeling markers over menopause varied from 20 to
150% in literature [17—19]. During the perimenopausal
years, bone resorption increased more than bone for-
mation, resulting in a negative bone balance and bone
loss in this period [18, 20]. Some reported data are
conflicting: some studies showed ongoing high turnover,
others showed a decrease during the postmenopausal
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Fig. 1. (A) Three-dimensional reconstruction of 4 x 4 x 4 mm cancellous bone made using a micro-CT scanner. (B) Detail of the
reconstruction shown in (A). All elements are cubes with a side length of 14 um. (C) Two-dimensional representation of the three
steps of the remodeling process performed in three dimensions in this study.

years [17-19]. Using histomorphometry, it was shown
that the bone formation rate in postmenopausal women
was a factor 1.1 to 2 higher than in premenopausal
women [21, 22]. Several studies reported changes in
spinal BMD resulting from these changes in remodeling
[19, 23-26]. Premenopausal bone losses were small,
typically below 1% per year. Bone loss increased before
the last menses and reached a maximum of 2.3-3.8% per
year on average. After this period, the rate of bone loss
decreased and became very small during the 5th—-8th
postmenopausal year. The postmenopausal bone loss
rate was similar to or slightly higher than the premen-
opausal loss rate. The rates of bone loss varied widely,
for example, the maximum rate of bone loss varied be-
tween 0.3 and 6% per year.

We aimed to simulate menopause and treatment with
two types of antiresorptive agents; one that is incorpo-
rated in the bone tissue and therefore has a long half-life
and one that is not incorporated, acts directly on the
bone cells and has a quick treatment response. Specifi-
cally, we wanted to compare the effects of these treat-

ments on bone volume, age and mechanical properties
and to investigate whether treatment started shortly
after menopause is better than treatment started years
after menopause.

Methods

As input for the model we used a three-dimensional computer
model of a human cancellous bone specimen (Fig. 1a), made
using a micro-CT scanner (Scanco Medical, Zurich, Switzer-
land). The specimen was taken from an autopsy L4 vertebra of
a 37-year-old donor. This donor was part of the European
Union BIOMEDI project “Assessment of Bone Quality in
Osteoporosis” and did not suffer any osteoporotic fractures.
The model, of 4*4*4 mm cancellous bone, consisted of cubic
elements of 14*14*14 pum. The bone volume fraction was
12.9%.

The simulation model of menopause and antiresorptive
treatment was based on a previously published model of age-
related remodeling [12]. In this model, ongoing remodeling was
simulated by repeating three steps. In the first step spherical
resorption cavities with a specified depth were created, ran-
domly distributed over the surface of the trabeculae. In step 2
it was checked whether resorption cavities breached trabecu-
lae. Cavities that breached a trabecula were not refilled, which
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resulted in permanent bone loss. All other cavities were refilled
in step 3, except for one or more surface elements, which were
removed from the model in order to simulate the formation
deficit (Fig. 1c). In the new model these remodeling parameters
could be changed gradually during the simulation: (1) the
number of resorption cavities, (2) the resorption depth, and (3)
the bone balance per cavity. A negative balance is known as a
formation deficit, a positive bone balance we call a formation
surplus: osteoblasts make more tissue than osteoclasts re-
sorbed and bone volume increases.

Bone tissue deposited during simulated treatment with a
drug that was incorporated in the tissue was marked as drug-
containing tissue, because it has been shown that antiresorp-
tive drugs are mostly incorporated in active resorption cavities
[27]. The simulations were performed on an SGI Origin3800,
25 years of simulated remodeling took approximately 25
minutes of one CPU.

Model of Menopause

Using information from the literature [17-26], we developed a
model of menopause. The reported changes in bone remode-
ling vary widely, therefore, we used changes in remodeling
parameters in the range of reported values that resulted in
changes in bone mass similar to changes in BMD measured in
clinical studies.

The simulation started with normal remodeling [12]. Re-
sorption depth was 42 um, the formation deficit was 3.6% (2
elements in the model) per cavity [28, 29]. Remodeling space,
the amount of bone resorbed but not yet replaced at any
timepoint, was 4 or 6% of the bone volume [29, 30]. This re-
modeling space was created by making resorption cavities until
the total volume of the cavities was 4 or 6% of the bone vol-

to the continuous line in (A).

ume. We varied remodeling space and the changes in re-
modeling space and formation deficit during and after
menopause. During the perimenopausal years, we increased
the remodeling space by 33, 66 or 100% by creating more
resorption cavities, using the increases in bone remodeling
markers during this period as a guideline. Bone turnover was
gradually increased over a period of 1, 2 or 3 years, to mimic
slow changes in remodeling shown in clinical data [19] (Fig. 2a
shows an increase over 2 years). The formation deficit was
increased to mimic the more negative bone balance during the
perimenopausal years [18].

The effect of three remodeling rates after menopause was
investigated: the bone remodeling rate was kept at the high
perimenopausal level (Fig. 2a, dashed line), returned to the
premenopausal value (Fig. 2a, dotted line), or decreased to a
value in between the pre- and the perimenopausal remodeling
rate (Fig. 2a, continuous line). The remodeling rate was de-
creased over a period of 3, 4 or 5 years (Fig. 2 shows a decrease
over 4 years).

Because of the wide biological variation, simulations with
varying remodeling parameters resulted in changes in bone
mass in the same range as changes in bone mass reported in the
literature [19, 23]. These literature studies used BMD meas-
urements to determine changes in bone mass over time. For
our model of antiresorptive treatment we used a simulation
model that resulted in changes in bone mass corresponding to
the average changes in bone mass reported in clinical studies.

The effect of simulated menopause on the mechanical
properties of the cancellous bone was determined by cal-
culating the stiffness of the specimen at several timepoints.
This stiffness, which is a good predictor of the strength of
cancellous bone [31], was calculated using finite element
analyses [32].
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Table 1. Remodeling parameters during and after simulated antiresorptive treatment with a drug that was incorporated and a

drug that was not incorporated in the bone tissue

Incorporated in tissue

Not incorporated in tissue

During treatment Resorption depth

-50%
+ 5%

#Resorption cavities

Formation surplus
After treatment Resorption depth
#Resorption cavities
Formation deficit

Decreased from 42 to 28 pm
in drug-containing tissue

Decreased from 42 to 28 pm in
drug-containing tissue

Return to untreated

Return to untreated

Decreased from 42 to 28 pm for
all cavities made during treatment

-50%

+5%

Returned to normal for all cavities
(28 to 42 pm)

Return to untreated

Return to untreated

Table 2. Rates of bone loss during the perimenopausal years

Premenopausal rem. sp. —

4% of bone volume 6% of bone volume

Changes during perimenopausal period

Resulting rates of bone loss (% of bone volume/year):

rem. sp. + 33%

rem. sp. + 66%

rem. sp. + 100%

rem. sp. + 3% and form. def. doubled
rem. sp. + 66% and form. def. doubled
rem. sp. + 100% and form. def. doubled

1.25 2
1.9 3
2.5 4
1.8 3
2.6 4
33 5

Premenopausal remodeling space was 4 or 6%, turnover in the perimenopausal period was increased as shown in the table. (rem.

sp. = remodeling space, form. def. = formation deficit)

Simulation Antiresorptive Treatment

We simulated treatment with two drugs: one that was incor-
porated in the bone tissue and a drug that was not incorpo-
rated. The first drug was incorporated in newly formed bone
tissue and reduced the resorption depth of cavities made in
drug-containing tissue. The second drug was not incorporated
in the tissue and reduced resorption depth by directly acting on
the osteoclasts. Besides this, both drugs changed the formation
deficit to a formation surplus and decreased the number of
resorption cavities. The changes in remodeling are summarized
in Table 1.

Five years of simulated treatment were started early (1 year
after the start of the perimenopausal period), or late (10 years
after the start of this period). The effects of the treatment
regimens on bone age, volume and stiffness were determined.

Results
Simulation of Menopause

The simulated premenopausal remodeling resulted in
rates of bone loss of 0.6 and 1% of the bone volume per
year, for remodeling spaces of 4 and 6% of the bone
volume. The rates of bone loss resulting from the in-
creased turnover during the perimenopausal period are
shown in Table 2. The rates of bone loss in our simu-
lation model are within the range of bone loss rates
measured in perimenopausal women [19, 23-26].

A variation in the periods over which the rate of
turnover in our model was changed during the peri-
menopausal years had only small effects. Increasing
bone remodeling over a period of 1, 2 or 3 years, and
decreasing over a period of 3, 4 or 5 years resulted in

variations of bone volume of less than 3% from 10 to 20
years after the start of the perimenopausal period.

Ongoing turnover at the high remodeling rate (dashed
line in Fig. 2A) resulted in complete destruction of the
bone architecture within 10-30 years, which is not in
agreement with clinical BMD data. The rates of bone loss
resulting from decreased remodeling after the perimen-
opausal period (dotted and continuous line in Fig. 2A)
were both in the biological range. Because clinical studies
indicate that the postmenopausal remodeling rate is
higher than the premenopausal remodeling rate [17, 33,
34], we included this in our menopause model (continu-
ous line in Fig. 2). The bone loss in this model corre-
sponded to the average rate of bone loss in the spine
determined with BMD measurements. In this model, the
premenopausal remodeling space was 4%, the remode-
ling space was increased by 66% and the formation deficit
was doubled in the perimenopausal period.

The transient increase in turnover resulted in loss of
12% of the bone volume 10 years after menopause (Fig.
2b), which is in the range of reported clinical data [19,
23]. The stiffness decreased 2% in the first year of high
turnover and was decreased by almost 35% 20 years
after the start of the perimenopausal period (Fig. 2b).

Simulation of Antiresorptive Treatment

The drug not incorporated resulted in a fast increase in
bone volume, up to 5% after 5 years of treatment. The
incorporated drug resulted in a slower increase in bone
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Fig. 3. (A) Effect on bone volume of simulated treatment with
an incorporated and a not incorporated drug. Treatment was
started 1 year after the start of the perimenopausal period. (B)
Effect on bone volume of the same drugs as shown in (A),
started 10 years after the start of the perimenopausal period.

mass and a maximal increase of 4% (Fig. 3). The in-
corporated drug resulted in a slower increase in bone
mass because this drug only reduced resorption depth in
drug-containing tissue. Stopping treatment with the not
incorporated drug resulted in faster bone loss than
stopping treatment with the incorporated drug, because
the incorporated drug still exerted a protective effect
after treatment was stopped. The increases in stiffness
resulting from simulated antiresorptive treatment were
larger in the transversal directions than in the main
load-bearing (superior-inferior) direction (Table 3).

Although 9% of the bone volume was lost between 1
and 10 years after the start of menopause (Fig. 2b) the
long-term difference in bone volume between early and
late treatment was only 3% (Fig. 3). The difference in
stiffness was considerably larger, as shown in Table 4.

The increases in bone volume in the simulations were
in the range of increases in BMD seen in clinical studies
[5, 35]. Simulated antiresorptive treatment increased the
mean age of the tissue by 9-13% 20 years after the start
of the perimenopausal period.

Discussion

In this study, we developed a computer simulation
model of remodeling in human vertebral cancellous

bone during menopause and antiresorptive treatment.
This computer model incorporates remodeling parame-
ters in 3D cancellous bone models and predicts changes
in bone volume, age and stiffness resulting from meno-
pause and subsequent drug treatment.

Simulated antiresorptive treatment resulted in
changes in bone volume, in agreement with clinical data
[5, 35]. We showed increases in stiffness of the cancellous
bone, which were larger than the increases in bone
volume. The transversal stiffness increased more than
the stiffness in the main load-bearing direction. The
large increase in transversal stiffness could contribute to
the large anti-fracture effects of small increases in BMD,
because the bones are often loaded in the transversal
direction in falls. Moreover, the reduced turnover dur-
ing treatment results in an increase in the average age
and mineral content of the bone tissue [36, 37], which
leads to a concomitant increase in stiffness of the bone
tissue [38]. In the simulations we determined the age of
the bone tissue, but the relation between age and min-
eral content of bone tissue is not well known. Therefore,
we presented the results as changes in bone volume,
rather than BMD. A constant bone volume in our
simulation model could correspond to a slow increase in
BMD due to prolonged secondary mineralization in
reality. This would increase the stiffness of the cancel-
lous bone even more than our model predicts.

Like all simulation models, this model is a simplifi-
cation of reality. In reality, resorption and refill of a
cavity take several weeks, and in the simulation model
cavities are completely resorbed or completely refilled
instantly. However, this has no effects on the long-term
changes in bone volume and stiffness [12]. As input for
our model we used a specimen from a 37-year-old male
donor. It has been shown that at this age there is no
significant difference in vertebral cancellous bone vol-
ume fraction and mechanical properties between males
and females [39, 40]. Besides this the effects on bone of
antiresorptive treatment in osteoporotic men and
women are similar [5, 41]. Another simplification in our
model is that the effects of mechanical loads on the bone
structure were not taken into account. Mechanical
loading probably affects bone remodeling: high loads
are assumed to induce bone formation, loads below a
certain threshold bone resorption [15]. The exact
mechanisms are not known, but we can speculate on the
expected effects on the architecture. For example, tra-
beculae that are breached, through which no load is
transferred anymore, are expected to be resorbed rather
fast. Including this in the model would lead to slightly
faster bone loss, but it would have no effects on the
stiffness, since the breached trabeculae do not contribute
to the load bearing in the specimen. On the other hand,
high local loads could induce extra bone formation. As a
result of this, the thinning of the trabeculae in the load-
bearing direction could be slowed down, or the re-
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Table 3. Increases in stiffness caused by 5 years of early- or late-started treatment with an incorporated or a not incorporated drug

Early Late
Untreated Not incorporated Incorporated Untreated Not incorporated Incorporated
SI 51.5 MPa 58.8 MPa 58.7 MPa 43.9 MPa 49.6 MPa 49.4 MPa
(14%) (14%) (13%) (13%)
Transversal 21.3 MPa 26.9 MPa 26.8 MPa 16.5 MPa 19.8 MPa 19.4 MPa
(26%) (26%) (20%) (18%)

Shown are the stiffness in the untreated situation, the stiffness after treatment and in the increase (in %) for the superior-inferior

direction (SI) and transversal directions

Table 4. Gain in stiffness obtained by early treatment, com-
pared to late treatment (with an incorporated or a not incor-
porated drug), on the stiffness 20 years after the start of the
perimenopausal period

Not incorporated Incorporated
Stiffness SI 9% 6%
Stiffness transv. 22% 15%

maining trabeculae might even increase in thickness to
compensate for loss of other trabeculae.

A 3D simulation of bone remodeling as presented
here, which also includes the effects of mechanical loads,
is not feasible at the moment, but less detailed simula-
tions and simulations in 2D have been performed [15,
42]. As computer technology develops further and the
effect of loading on remodeling is better understood,
such a detailed simulation will be possible in the future.
Another improvement to the model that can be made,
for example, by making a parallel version of our code, is
the use of smaller elements in the model. This would
enable investigation of the effects of small changes in,
e.g., resorption depth during normal remodeling and
during menopause, which is not possible with the cur-
rent elements of 14 um cubed.

Previously, other simulation models of bone re-
modeling during aging, menopause and antiresorptive
treatment have been performed [13, 14, 16, 43-45]. Some
models used artificial models of trabecular bone or 2D
models [13, 44]; the other models did not include the
bone architecture. Using these last models, the contri-
butions of the change in remodeling space, the bone
balance and mineralization changes to the total changes
in BMD were estimated [45, 46]. The changes in BMD
found in clinical studies could be explained from the
changes in remodeling space and bone balance or from a
change in remodeling space combined with an increase
in tissue mineralization. In our model, we changed the
remodeling space and bone balance during menopause
and antiresorptive treatment and found results in
agreement with the changes in remodeling found in
Heaney et al. [46].

Our simulations of menopause and antiresorptive
treatment were based on biological and clinical data
[17-26]. However, the reported changes in the biological
and clinical studies vary widely. Moreover, there is no
exact relation between the changes in markers in serum
or urine and changes in bone remodeling. Therefore, we
varied the parameters in our model in the range of re-
ported biological values and compared the results to
reported changes in BMD. Obviously, the parameters
we used for the menopause simulation also affect the
simulations of treatment. However, changing these
parameters did not change our conclusions about
the differences between the incorporated and the
nonincorporated drug, early and late treatment and
the gain in stiffness in transversal and longitudinal
directions.

Most clinical studies have been performed in oste-
oporotic patients or in patients who were postmeno-
pausal for at least 2 years [4, 5, 7, 35]. Here, we
investigated the difference between treatment started
‘early’ and ‘late’ (1 and 10 years after the start of men-
opause). Late treatment resulted in an approximately
3% lower bone volume, a 6-9% lower stiffness in the
main load-bearing direction and a 15-22% lower stiff-
ness in transversal directions than early treatment, 20
years after menopause. This indicates that late treatment
can result in almost the same bone mass as early treat-
ment, but early treatment is better than late treatment
when mechanical properties are considered: when bone
is lost, some trabeculae are breached and the architec-
ture deteriorates. These trabeculae are not made again
when bone mass is increased. This is in agreement with
previous investigations of the effects of the transient
increase in remodeling during menopause: even a couple
of years of high turnover can increase the fracture risk
later in life [47]. Also, early treatment largely reduces the
number of years that a patient is at risk of fracture. This
strongly supports early treatment, even if the bone mass
that can be obtained with late treatment is almost the
same.

We compared a drug that was incorporated and one
that was not incorporated. These two types are com-
parable to treatments used frequently nowadays: estro-
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gens and SERM’s are not incorporated in the bone tis-
sue, but bisphosphonates are incorporated [27]. In our
simulation, the long-term effect of incorporation of a
drug in the bone tissue was small: stopping treatment
resulted in a slower bone loss than stopping treatment
with the nonincorporated drug. This difference is in
agreement with clinical data [48—50]. However, 20 years
after menopause the difference in bone volume was be-
low 3% in our simulation, so the long-term effects are
very small.

According to our simulation model, the bone turnover
probably decreases after the perimenopausal years. Pre-
viously, a decrease in turnover after menopause, as well
as elevated turnover up to 40 years after menopause,
have been reported [17, 18]. Our results show that on-
going high turnover with a formation deficit would result
in an unrealistic total destruction of the bone within 10—
30 years after menopause. The decrease in turnover in
our simulation resulted in changes in bone volume in
agreement with BMD data from clinical studies [19, 23,
24]. Another possibility, that we cannot exclude based on
our results, is that remodeling does continue at a high
rate, but that the formation deficit decreases: perfect re-
modeling, with equal resorption and formation, would
not result in destruction of the bone. However, we think
it is unlikely that after years of remodeling with a for-
mation deficit, remodeling at old age would be perfect
remodeling without bone loss. In our opinion, the re-
duced rate of bone loss 5-8 years after the start of the
perimenopausal period is a result of a partial refilling of
the excess remodeling space created during the peri-
menopausal period, not of unequal bone resorption and
formation. This should be realized when prescribing
antiresorptive treatment: the constant bone mass should
not be confused with an effect of the treatment.

In conclusion, the presented model mimics bone re-
modeling during menopause and antiresorptive treat-
ment, and predicts changes in bone volume in agreement
with data from clinical follow-up studies. We found that
the rate of bone turnover reaches a peak during the
perimenopausal years and probably decreases thereaf-
ter. During the first years after stopping treatment, an
incorporated drug still exerted a protective effect on the
bone. It might be possible to take advantage of this by
applying intermittent treatment [51]. The presented
model could be used as a guideline for the development
of such treatment regimens. Early treatment was found
to be better, not in terms of bone mass, but it preserved
the mechanical properties of the bone better than late
treatment. This kind of simulation model of biological
systems may be used in the future to predict the effects
of drug treatments before patient data become available.
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