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Introduction



Chapter 1

The skeleton enables the body to maintain its outer shape, it protects vulnerable
organs like the heart and lungs and the long bones act as lever arms for the muscle
forces. Furthermore, it serves as a reservoir of minerals. The skeleton consists of
two types of bone: compact bone, which forms the outer shell of the bones (the
cortex) and cancellous bone, a very porous bone structure made of mineralized
plates and struts. Cancellous bone is found in the ends of the long bones, where it
serves to transfer external forces from the bone surface in the joints to the cortex.
This cancellous bone gives the bones a relatively low mass and a high stiffness.
The architecture of the long bones is illustrated in figure 1.1, which shows the
cortex surrounding the cancellous bone in a slice of a human femur. Cancellous
bone is also found in the spine, in flat bones like the skull and the pelvis and in the
hand and feet.

Cancellous bone

Figure 1.2: slice of a human vertebra, sho-
wing the alignment of the trabeculae in the
vertical direction.

Figure 1.1: Slice of a human femur
showing the cortex, the cancellous
bone and the main load bearing di-
rection (arrow in upper right corner)
(Courtesy of Chris Jacobs, Stanford
University.)

The architecture of the adult skeleton results from constant adaptation to the
external forces applied to the skeleton. This is particularly clear in the cancellous
bone. Most trabeculae (the plates and struts in the cancellous bone) are aligned to
the main load bearing direction. These aligned trabeculae are supported by trans-
versal trabeculae which are oriented in the plane perpendicular to the main load
bearing direction. Together, these two types of trabeculae form a strong cancel-
lous bone network with a low weight. The alignment of the trabeculae can be seen
in the femur in figure 1.1 and the vertebra in figure 1.2. In the femoral head, tra-
beculae can be seen which transfer the forces applied to the femoral head to the
cortex, in the vertebra most trabeculae are aligned vertically, in the main load bear-
ing direction. More than a century ago, this alignment of trabeculae was already
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observed by Roux [149] and Wolff [183]. Nowadays, the statement that the bone
architecture adapts to external loads is generally known as Wolff’s law [183].

In the cortex 95% of the volume is occupied by mineralized bone tissue, in can-
cellous bone the bone volume fraction is only 5% to 40%. Cortical bone accounts
for approximately 80% of the weight of the skeleton, cancellous bone for the other
20% [124]. Bone tissue consists of organic and anorganic components. The anor-
ganic component accounts for 65% of the dry weight of bone tissue and consists of
calcium and hydroxide deficient hydroxyapatite. Besides this, numerous impuri-
ties are found in these crystals, such as carbonate, magnesium, potassium, fluoride,
phosphate and citrate. Of the organic components, approximately 90% is formed
by collagen, the other 10% consists of noncollagenous proteins, vascular elements
and cells [14]. The collagen provides a high tensile strength, the mineral crystals
give the bone tissue a high compression stiffness.

The skeleton can withstand forces higher than the forces that act on the skele-
ton during normal daily loading. By comparing the strains that occur in bone in
vivo to the failure strain of cortical bone, the safety factor of bone to yield was
calculated to be between 1.4 and 4.1 [6]. However, even the normal daily loads
cause some damage in the bone tissue [5, 21]. This microdamage consists of small
cracks in the bone tissue, which are far too small to cause failure of a whole bone or
even a single trabecula. To prevent these cracks from growing and coalescing into
bigger cracks, the damaged tissue must be replaced by new tissue. The replace-
ment of the damaged tissue is performed by bone multicellular units (BMU’s) in
the so-called bone remodeling process. These BMU’s consist of bone resorbing
cells, osteoclasts, and bone building cells, osteoblasts [53].

In cancellous bone, the osteoclasts make resorption cavities in the surface of
the trabeculae, as illustrated in figure 1.3. This bone resorption takes 3-6 weeks.
After a resting period of approximately 9 days the osteoblasts refill the cavity
with collagenous tissue, called osteoid. This tissue formation process takes 2-4
months [124, 125, 56]. Some days after formation of the collagenous tissue, the
mineralization of this tissue starts. In the first two weeks, approximately 70% of
the mineralization process is completed. After this initial fast mineralization, the
growth of the mineral crystals continues slowly over the following years [64, 129].
In the cortex, osteoclasts dig tunnels in the longitudinal direction, which are filled
by osteoblasts, as illustrated in figure 1.4.

During bone formation, some osteoblasts stay behind and are embedded in the
bone matrix. These cells differentiate to osteocytes, which form a highly connected
network in the bone tissue (see Fig.1.5). Because of their location in the tissue,
their connection to other osteocytes and to bone lining cells on the surface, the
osteocytes are assumed to play an important role in the maintenance process of the
skeleton [114]. It is often hypothesized that osteocytes can detect stresses, strains
and damage in the tissue. The network would enable the osteocytes to send signals
to the bone surface to start bone remodeling.
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Osteoclasts Lining cells

Figure 1.4: Schematical representation
of bone remodeling in cortical bone.

Figure 1.3: Schematical representation
of bone remodeling in cancellous bone.

Lining cells
= & Osteoblasts

Figure 1.5: Schematical representation of incorpora-
tion of osteocytes in bone tissue. The osteoblast indi-
cated by the arrow stays behind, is incorporated in the
bone tissue and turns into an osteocyte.

The skeleton is continuously remodelled by the process just described. Every
year, approximately 20% of the bone tissue is renewed [124]. The rate of renewal
varies throughout the body [25]. In trabecular bone the rate of turnover varies from
10 to 30%/year, in cortical bone from 3 to 6% of the bone volume per year [65].

Besides repair of damage, bone remodeling enables the body to maintain cal-
cium homeostasis* and to adapt the architecture of the skeleton to changes in ex-
ternal loads. When loads applied to the skeleton increase, osteoblasts will make
more tissue than osteoclasts resorbed in order to increase bone mass, strength and
stiffness [92]. When the loads decrease less bone tissue is needed to carry the loads
and bone mass will decrease, by an increase in bone resorption and a decrease in
bone formation. This last effect occurs for example during bed rest or spaceflight
[179, 79].

The bone remodeling process also has its disadvantages. After peak bone mass
has been reached at the age of 25-30 years, bone mass decreases slowly because
osteoblasts make slightly less tissue than osteoclasts resorb. This is illustrated in

*Calcium homeostasis is the maintenance of a fairly constant level of calcium in the body. The
skeleton is a reservoir of minerals, bone resorption frees the calcium from the bone tissue, so that it is
available for other purposes.
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Figure 1.6: Changes in bone mass with Figure 1.7: Increase in fracture in-
age, in men and women. cidence with age, in men (A)and
women(<>) (graph from data presented in
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figure 1.6, which shows the decrease in bone mass with age in men and women.
On the macro scale, the cortex becomes thinner and the bone volume fraction in
cancellous bone decreases. On the trabecular scale, trabeculae become thinner and
plates are perforated. The thinning of structures in the cancellous bone increases
the chance that trabeculae are breached by resorption cavities. It is believed that
these breached trabeculae are not repaired, but removed by further osteoclastic
resorption [108]. Trabeculae aligned in the main load bearing direction are mostly
preserved, transversal trabeculae have a higher chance of being resorbed. This
leads to an even larger loss of strength and stiffness, and an increase of fracture
risk (see Fig.1.7).

It is clear that the changes in the skeleton with age are a result of the bone
remodeling process, but it is not known exactly how the bone remodeling is regu-
lated. Several hypotheses exist: damage, stress, strain and fluid flow are assumed
to play a role [78, 20, 98, 86]. Increased remodeling in response to microdamage
has been shown [5, 21, 104, 19], but not all remodeling is damage-related. A large
part of all bone remodeling might not be targeted but random. Bone remodeling
also plays a role in calcium homeostasis, for this purpose mechanical feedback is
not needed [131].

When the bone remodeling loop is distorted, this can lead to large increases in
bone mass or fast bone loss. For example, in postmenopausal osteoporosis, bone
turnover is increased and bone loss is accelerated. The cancellous bone architec-
ture becomes more anisotropic [29], transversal trabeculae are lost and the cortices
get thinner. This reduces the strength of the bones and largely increases fracture
risk.

Nowadays, anti-resorptive treatment is widely used in bone diseases in which
bone remodeling is affected. The anti-resorptive agents act mainly via the osteo-
clasts and decrease bone resorption. Because bone resorption and formation are
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coupled in the bone remodeling process, this results in a decrease in bone forma-
tion. The overall result is a decrease in the rate of bone turnover and a concomitant
increase in the age of the bone tissue. In treatment of osteoporosis in large clinical
trials the bone mineral density (BMD) as measured by DXA (Dual energy X-ray
absorptiometry) increased 3-11% [50, 166]. The number of vertebral fractures was
decreased up to 50% after 3-5 years [95, 50, 11, 138, 133]. The reductions in frac-
ture risk were surprisingly high, considering the small increases in bone mineral
density.

Concluding, the steps in the remodeling process are well described: bone re-
sorption is followed by bone formation and subsequent mineralization of the new
tissue. Damaged tissue is replaced by new tissue and the alignment of the trabec-
ulae shows that mechanical signals play a role. The beneficial and the detrimental
effects of bone remodeling are known, but it is not yet known if and how this
process is regulated.

1.1 structure of this thesis

The aim of the research projects described in this thesis was to gain more insight
in the regulation of bone remodeling and in the interactions between bone remo-
deling, architecture and bone tissue properties. The most striking changes during
aging and osteoporosis take place in cancellous bone. For this reason, the research
presented in this thesis focussed on bone remodeling in cancellous bone. We used
computer modeling, finite element calculations and in vivo labeled bone speci-
mens.

In the first study (chapter 2) a computer simulation model of the bone remo-
deling process in cancellous bone was made. The model mimics the process of
bone remodeling in three dimensional models of cancellous bone tissue, made us-
ing x-ray micro computed tomography scans. The bone remodeling parameters
resorption depth, number of resorption cavities and formation deficit were var-
ied and the long term effects of the bone remodeling on stiffness and architecture
were determined. Using this model, the effects of changes in the bone remode-
ling parameters on the cancellous bone architecture and stiffness were studied in
computer models of human vertebral cancellous bone.

In the second study, described in chapter 3 the mechanical consequences of
bone loss and bone remodeling in cancellous bone were studied in detail. We
used finite element models of human vertebral cancellous bone to investigate the
distribution of external loads over the trabeculae in cancellous bone. Bone loss
with aging was simulated and the changes in global stiffness and load distribution
were determined. Besides this, we examined the stresses, strains and strain energy
density in the vicinity of resorption cavities. These models give information about
stresses and strains at trabecular level, which might play a role in the regulation of
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the bone remodeling process.

Clinically, disorders of bone remodeling are frequently treated by suppress-
ing the bone remodeling process. The anti-resorptive agents reduce bone turnover
and increase bone mineral density (BMD) [31, 150, 177, 50]. Clinical trials have
shown reductions in fracture risk which were larger than expected from the relati-
vely small increases in BMD [32]. The model described in chapter 2 was modified,
so that the number of resorption cavities, resorption depth and formation deficit
could be changed during the simulation. Using the modified model, we simulated
the changes in bone remodeling during the menopausal transition and subsequent
anti-resorptive treatment, as described in chapter 4. Changes in bone mass and
stiffness resulting from menopause and treatment were investigated. Specifically,
we investigated the differences between three types of anti-resorptive drugs. Be-
sides this we examined the differences between early and late started treatment.
Bone mass and stiffness were compared at the start of the perimenopausal period
and 20 years after the start of menopause.

In the third study described in this thesis the three dimensional distribution of
remodeling sites in cancellous bone was investigated (chapter 5). Locations of
bone apposition can be labelled in vivo with fluorochrome markers, which bind to
calcium. When recently deposited osteoid mineralizes, the label is incorporated
with the calcium in the tissue. These labels can then be visualized using fluores-
cence microscopy [93]. The 3D distribution of remodeling sites can not be in-
vestigated using other techniques currently used in bone research. Bone histology
gives information about the locations of remodeling, but not about the 3D archi-
tecture. Micro-CT scans give information about the 3D architecture, but not about
the locations of bone remodeling. The changes in cancellous bone with aging are
known, but it is not known how these changes are created. Several scenarios are
possible. For example, it is possible that resorption occurs more frequently on
transversal trabeculae than on trabeculae aligned in the main load bearing direc-
tion. The formation deficit would then result in thinning of transversal trabeculae,
while the aligned trabeculae are preserved. Another possibility is that resorption
cavities are initiated on both aligned and transversal trabeculae, but that the for-
mation deficit is smaller in aligned trabeculae because of larger stresses or strains
in these trabeculae.

In order to study the distribution of bone remodeling sites, a setup for auto-
mated serial sectioning of bone specimens was built. This computer controlled
setup consisted of a heavy duty sledge microtome, a fluorescence microscope and
a digital camera. Bone specimens were embedded in black epoxy and serially sec-
tioned in the setup. After each section, an image of the new top surface of the
specimen was made, to make a three dimensional reconstruction of the bone spe-
cimen. The data set contained the three dimensional architecture of the cancellous
bone and the locations of recent bone formation. These data sets were used to de-
termine whether bone remodeling is initiated randomly throughout the structure,
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or more on e.g. load bearing or transversal trabeculae (chapter 5).

The bone remodeling process does not only change the bone architecture, it
also influences the properties of the bone tissue itself. Recently deposited bone
tissue has a rather low mineral content, which increases as the tissue becomes
older [64, 129]. A high turnover rate results in young tissue with a relatively low
mineral content. A low turnover rate will result in older tissue, with a higher
mineral content. It has been shown experimentally that the stiffness of bone tissue
increases exponentially as the mineral content of the bone tissue increases [35]. In
cancellous bone, the surface layer of the trabeculae is remodeled more frequently
than the core of the trabeculae which is not reached by the resorption cavities
[10, 16].

In the fifth study, described in chapter 6, we investigated the effect of this
nonuniform mineral distribution on the global stiffness of cancellous bone. In or-
der to do this, we made three different computer models of cancellous bone speci-
mens. In these models, the mineral was distributed in three different ways over the
trabeculae of the cancellous bone. In the first model, the mineral was distributed
uniform, all elements had the same mineral content and stiffness. In the second
model a thin surface layer had a lower mineral content and therefore also a lower
stiffness, the thickness of this surface layer was varied. These models mimicked
the in vivo mineral distribution. In the third model, a hypothetical mineral distri-
bution, in which the surface layer had a higher mineral content than the core of
the trabeculae was incorporated in the model. The global stiffness of these models
was determined using finite element calculations. These simulations were used to
determine whether the nonuniform distribution of the mineral over trabeculae is
mechanically advantageous or not.

Differences in bone tissue properties are not only found within trabeculae, but
also between young and old, healthy and diseased people [16, 18]. The average
mineral content of bone tissue increases with age, which results in stiffer, but also
more brittle bone tissue. It has been hypothesized, that the bone loss with increas-
ing age is a result of malfunctioning of the bone cells [91]. According to that
assumption the cells do not perceive changes in their environment, or they do not
sent out the right signals anymore. The coupling between bone mass and the ex-
ternal loads is lost and bone stiffness decreases. In our sixth study (chapter 7),
we hypothesized that the bone loss with age is not a result of malfunctioning of
the bone cells, but of changes in the tissue properties with age. The increase in
mineral content with age results in an increase in the stiffness of the bone tissue
and a decrease in the deformation at cell level. The bone cells detect lower defor-
mations and bone mass will decrease. In this chapter, we investigated the effect
of changes in tissue stiffness on bone architecture, assuming that the bone cells
act normally. We used finite element calculations, in which the bone architecture
was adapted to the external loads. At locations where the strain was higher than
a certain threshold, bone tissue was added to the surface of the trabeculae. Bone
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tissue in which the strain was lower than a certain value was removed. These two
threshold values are the boundaries of the so-called lazy zone: the range of strains
that do not induce adaptation of the architecture. We investigated the changes in
architecture resulting from changes in tissue stiffness and changes in the lazy zone.

The results of all these studies are put in a wider context and compared to
existing knowledge on bone remodeling in the discussion. The studies in this
thesis contribute to the unraveling of the bone remodeling process. However, they
also make clear that there is a lot more to be done, before we really understand this
complex biological system.
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A 3D simulation of age related
remodeling in cancellous bone*
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*Reproduced from JBMR volume 16(4):688-96, 2001 with permission of the American
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Chapter 2

2.1 Abstract

After peak bone mass has been reached, the bone remodeling process results in
a decrease in bone mass and strength. The formation deficit, the deficit of bone
formation compared to previous resorption, results in bone loss. Moreover, trabec-
ulae breached by resorption cavities are probably not repaired. The contributions
of these mechanisms to the total bone loss are unclear.

In order to investigate these contributions and the concomitant changes in tra-
becular architecture and mechanical properties, we made a computer simulation
model of bone remodeling using micro-CT scans of human vertebral trabecular
bone specimens. Up to 50 years of physiological remodeling were simulated. Re-
sorption cavities were created, and refilled three months later. These cavities were
not refilled completely, to simulate the formation deficit. Breached trabeculae were
not repaired, loose fragments generated during the simulation were removed. Re-
sorption depth, formation deficit and remodeling space were based on biological
data.

The rate of bone loss varied between 0.3 and 1.1% per year. Stiffness aniso-
tropy increased, morphological anisotropy (MIL) was almost unaffected. Connec-
tivity density increased or decreased, depending on the remodeling parameters.
The formation deficit accounted for 69-95%, breached trabeculae for 1-21% and
loose fragments for 1-17% of the bone loss. Increasing formation deficit from 1.8
to 5.4% tripled bone loss but only doubled the decrease in stiffness. Increasing
resorption depth from 28um to 56um slightly increased bone loss but drastically
decreased stiffness. Decreasing the formation deficit helps to prevent bone loss,
but reducing resorption depth is more effective in preventing loss of mechanical
stiffness.

12
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2.2 Introduction

The skeleton is continuously renewed in the remodeling process, which prevents
accumulation of damage [19, 104] and adapts the bone architecture to external
loads [55]. A side effect of this remodeling process is a gradual decrease of the
bone volume after the peak bone mass has been reached, at approximately 30 years
of age. This decrease is caused by the formation deficit, the deficit of osteoblast
formation relative to osteoclast resorption [128]. In addition, more bone may be
lost because trabeculae that are breached by resorption cavities are probably not
repaired [127]. This bone loss and the concomitant changes in bone architecture
decrease the strength and stiffness of the bone, and thereby increase the fracture
risk.

Numerous studies have investigated the changes in the trabecular architecture
with aging or as a result of diseases. In these studies parameters like trabecular
thickness, trabecular spacing, connectivity and volume fraction have been deter-
mined in two and in three dimensions [70, 69, 116, 119]. Using fluorochrome-
labeling techniques, remodeling parameters such as resorption, resting and refill
period have been determined [48]. Furthermore, examples of breached trabeculae
have been shown in SEM studies of trabecular bone specimens [108].

These studies have shown that bone is lost because of the formation deficit
and breached trabeculae. However, the contributions of these mechanisms to the
total bone loss are not known yet. The relation between the remodeling param-
eters measured in fluorochrome labeling studies and the changes in architecture
determined in morphological studies is unclear. Moreover, it is not known what
1s more important in preventing or reducing bone loss using medicines: reducing
resorption depth, or reducing the formation deficit. The formation deficit leads to
thinner trabeculae, more breached trabeculae, and a lower BMD. A larger resorp-
tion depth will result in more breached trabeculae. The changes in architecture,
however, depend on a combination of parameters, and can not be predicted easily.

In a few studies computer simulations have been used in order to assess the
changes in trabecular thickness and the number of breached trabeculae that result
from bone remodeling [90, 97, 136, 165]. These studies used simplified, two-
dimensional models of the trabecular bone architecture. Recently, Tayyar et al.
[163] performed a simulation in a simplified three-dimensional model of trabe-
cular bone, using an artificial bar-plate model. In this model, resorption cavities
were created in the middle of the ’trabeculae’. Using this model the authors de-
termined contributions of the formation deficit and breached trabeculae and found
that breached trabeculae accounted for 20 to 40 percent of the total bone loss,
dependent on remodeling rate.

In this study we want to illustrate how bone remodeling parameters such as
resorption depth, formation deficit, remodeling space and remodeling period af-
fect bone loss, architecture and mechanical stiffness of trabecular bone. The re-

13
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modeling process was studied using detailed three-dimensional models of human
vertebral cancellous bone specimens made from micro-CT scans. We developed
a three-dimensional computer simulation where resorption could take place ev-
erywhere on the surface of the trabeculae, mimicking in vivo remodeling. In our
model bone is lost in three ways: the formation deficit results in a gradual loss
of bone, breached trabeculae are not repaired and loose fragments created during
simulated remodeling are removed. By varying the remodeling parameters, the
effect of these parameters on the bone loss and bone architecture was investigated
and the contributions of the formation deficit, breached trabeculae and loose frag-
ments to the total bone loss were determined. In addition we examined the effects
of remodeling and bone loss on mechanical stiffness and architectural parameters.

2.3 Materials and Methods

Specimens

The specimens used in this study were obtained from autopsy L4-vertebrae of
three donors: two males, 37 and 77 years old, and one female: 80 years old.
These were part of the European Union BIOMED 1 project ”Assessment of Bone
Quality in Osteoporosis”. According to the donor data, these donors did not suf-
fer any osteoporotic fractures. The specimens were micro-CT scanned (Scanco
Medical, voxel size 14um) and the reconstructions were binarized to obtain three-
dimensional voxel models of 4 x 4 x 4 mm trabecular bone, with cubic elements
of 14 x 14 x 14pm. The volume fractions of these specimens were 6.4% (female
donor 80 years, F80), 11.8% (male donor 77 years, M77) and 12.9% (male donor
37 years, M37), resulting in computer models of 1.4 - 2.9 million brick elements.

Simulation of bone remodeling

The remodeling process was simulated in three steps. In the first step resorption
cavities were created, randomly distributed over the surface of the trabeculae. The
center elements of these hemi-spherical cavities were surface elements, here de-
fined as elements with at least one face adjacent to marrow. The resorption depth
was varied in the biologically relevant range [48]; resorption depths of 28, 42 and
56 pum were simulated. In the second step, a check for breached trabeculae was
performed. Resorption cavities that breached trabeculae were not refilled. Breach-
ing of a trabecula could be caused by one resorption cavity, or by more resorption
cavities in the same trabecula. In the third step, all cavities that did not breach
trabeculae were refilled. One or more surface elements in these cavities were not
refilled in order to simulate the formation deficit. The formation deficit in the mod-
els was 1.8, 3.6 or 5.4% of a resorption cavity, which is in the range of measured
biological values [54]. A two-dimensional representation of this simulation perfor-

14
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1. Resorption 2. Check 3. Formation
Formation Deficit

Resorption cavity Disconnected Refilled

Figuare 2.1: 2D representation of the simulation performed in 3D in this study.

med in three dimensions is shown in Figure 2.1. The three steps shown in Figure
2.1 were repeated to simulate the continuing process of physiological remodeling.

In each simulation cycle, new resorption cavities were created and old cavities
were refilled. In our simulation, each simulation cycle corresponded to one month
in real life. The cavities were refilled three simulation cycles after the resorption
step, in the model the total time from the start of resorption to refill was assumed
to be three months. The remodeling space, the volume occupied by resorption
cavities, was 4% of the bone volume in all simulations. This results in a turnover of
16% per year, which corresponds to values found in histological studies of human
bone [65].

During the simulation, loose fragments could be generated, if a trabecula was
breached by resorption cavities at different locations. The loose fragments of bone,
not connected to the main structure anymore, were removed from the model each
50%" simulation cycle. This removal of loose fragments was not performed each
cycle, because it was a cpu-time consuming procedure. The difference in total
bone loss between removing loose fragments each cycle and only each 50" cycle
was below 1% of the total bone loss, and therefore did not affect the results. This
simulation of bone remodeling was performed on all three specimens. The combi-
nations of remodeling parameters used in the simulations are shown in Table 2.1.
Fifty years of remodeling were simulated in the model of the 37-year-old donor,
20 years of remodeling were simulated in the models of the 77 and 80-year-old
donors. The amount of bone loss resulting from the three mechanisms of bone
loss (formation deficit, breached trabeculae and loose fragments) was determined.

Morphological parameters

In order to investigate the influence of this simulated remodeling on the archi-
tecture, connectivity density and anisotropy were determined. Before calculating
these parameters, the surface of the trabecular bone after simulated remodeling was
smoothed, using 3D mathematical morphology software (Morph3D, R.A. Peters,
Vanderbilt University). This was done to prevent the ruffled borders that resulted
from the formation deficit in the simulation from influencing the morphological
parameters. In Figure 2.2 some trabeculae are shown before and after smooth-
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Table 2.1: Parameters used in the simulations of
the remodeling process. The duration of the re-
modeling cycle was three months, the remodeling
space 4% of the trabecular bone volume.

Variation of formation deficit

Formation deficit Resorption depth

% of cavity #elements upm  #elements
1.8% 1 42 3
3.6% 2 42 3
5.4% 3 42 3

Variation of resorption depth

Formation deficit Resorption depth

% of cavity #elements um  #elements
5.4% 1 28 2
5.4% 3 42 3
5.4% 8 56 4

N\

Figure 2.2: Some trabeculae from specimen F80, before
and after the smoothing procedure carried out after simu-
lated remodeling (Software: Morph3D, R.A.Peters, Van-
derbiit University).

ing. Morphological anisotropy was determined as maximum divided by minimum
value of the eigenvalues of the ellipsoid approximation of Mean Intercept Length
(MIL). Connectivity density and MIL were determined using previously described
methods [116, 119].

Mechanical properties

In order to investigate the effects of the simulated remodeling and changed mor-
phology on the mechanical properties, the apparent stiffness of the specimens was
calculated using finite element analyses. This was done for the original models,
after 20 years of remodeling in specimens F80 and M77 and after 50 years of sim-
ulated remodeling in specimen M37. The datasets with elements of 14um cubed
were coarsened to datasets with elements of 42pm cubed. Previous studies have
shown that elements of 40m cubed are small enough to accurately calculate ap-
parent stiffness of trabecular bone [169, 176]. Coarsened elements containing the
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maximum number of 14m bone elements (27 elements) were given a tissue mod-
ulus of 1000 MPa. The Young’s Modulus of the coarsened elements was linearly
related to the number of 144m bone elements in the same volume in the original
model. The tissue modulus in the finite element model was assumed to be uni-
form, isotropic and linearly elastic. Real bone matrix is not uniform, isotropic and
linearly elastic, but good results for apparent stiffness of trabecular bone can be
obtained using this approximation [82]. The global stiffness matrix was calcu-
lated by simulating six uniaxial strain cases in which homogeneous displacements
were prescribed at the surfaces [175]. From this matrix, the best orthotropic rep-
resentation of the global stiffness matrix was determined, using an optimization
procedure [175]. The stiffness anisotropy was calculated as the maximum divided
by the minimum of the stiffness in these orthotropic directions. The changes in
stiffness due to simulated remodeling were determined.

24 Results

The formation deficit accounted for the major part of the bone loss. Bone loss
caused by breached trabeculae became increasingly important with age, as the
trabeculae became thinner and the probability of trabeculae being breached by a
resorption cavity increased. After 45 years of simulated remodeling with a re-
sorption depth of 42 or 56 pm and a formation deficit of 5.4% in the model of
the specimen from the 37-year-old donor, a large part of the model was discon-
nected from the main structure, because of breached trabeculae, and the structure
fell apart. Therefore, we did not include the results of these last simulation cycles
in the results, further results from 50 years of simulated remodeling include only
simulations with smaller formation deficits and shallower cavities.

The bone loss over 50 years of remodeling in the specimen from the 37-year-
old donor varied between 16 and 47% in this simulation study, dependent on the
remodeling parameters. Twenty years of simulated remodeling resulted in 6-23%
bone loss in the two specimens from the 77 and 80-year old donors. We found that
the formation deficit accounted for 69-95% of the bone loss, breached trabeculae
for 1-21%, and loose fragments that were removed from the model for 1-17%, see
Figures 2.3 and 2.4. The rate of bone loss varied between 0.3 and 1.1% per year.

Variation of resorption depth

Cavities of 28 or 42 i in combination with a formation deficit of 5.4% resulted in
all specimens in a rate of bone loss of 0.8% per year over the first 20 years of sim-
ulated remodeling. Apparently, these resorption depths are small compared to the
trabecular thickness, so that almost no accelerated bone loss caused by breached
trabeculae occurred (Fig.2.3, left and middle column). Cavities 56 ym deep re-
sulted in faster bone loss, more trabeculae were breached, and more loose frag-
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Figure 2.3: Bone loss with simulated age, expressed as a percentage of the original
bone volume. Resorption depth was varied: the left, middle and right column show
results for resorption depths of respectively 28, 42 and 56 ym. Formation deficit was
5.4% of a cavity, remodeling space 4% of the bone volume, remodeling duration 3
months. In the graphs the total bone loss (+-), loss due to formation deficit (x), breached
trabeculae (o) and loose fragments (e) are shown.

ments were generated (Fig.2.3, right column). This resulted in rates of bone loss
of 0.9% per year in the specimens of the 37-year old and the 77-year old donor,
and of 1% per year in the specimen from the 80-year-old, female donor. This
difference is mainly caused by a larger amount of bone lost as a result of loose
fragments, as can be seen in Figure 2.3. The rate of bone loss increased with sim-
ulated age, between simulated ages of 77 and 87 years the rate of bone loss in the
specimen from the 37-year-old donor was 1.1% per year.

Variation of formation deficit

A larger formation deficit resulted in faster thinning of trabeculae, and thereby in a
larger number of breached trabeculae. Bone loss with age as a result of a resorption
depth of 42 ym, and varying formation deficit, is shown in Figure 2.4. The rate
of bone loss depended largely on the formation deficit. A formation deficit of
1.8% of a cavity resulted in a rate of bone loss of 0.3% per year in all specimens.
A formation deficit of 3.6% resulted in 0.5% bone loss per year in the specimen
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Figure 2.4: Bone loss with simulated age, expressed as a percentage of the original
bone volume. Formation deficit was varied: left, middle and right columns show results
for formation deficits of respectively 1.8, 3.6 and 5.4% of a cavity. Resorption depth
was 42 pm, remodeling space 4%, remodeling duration 3 months. In the graphs the
total bone loss (), loss due to formation deficit (x), breached trabeculae (o) and loose
fragments (e) are shown.

from the 77-year-old male donor, of 0.6% per year in both other specimens. A
formation deficit of 5.4% resulted in an average rate of bone loss of 0.8% per year
in all specimens.

Connectivity density

Connectivity density either increased or decreased, depending on the remodeling
parameters. During remodeling plates are perforated, which increases connectiv-
ity density. Besides this, trabeculae are breached, which decreases connectivity
density. The changes in connectivity density, resulting from the combined effect
of these processes, are shown in Figure 2.5.

Mechamical properties

As expected, the specimen from the youngest, 37-year-old, donor had the high-
est apparent stiffness, in all directions. In all specimens, the maximal stiffness

19



Chapter 2

—~ M37 P M77 — F80

% ? @

£ £ £ o original model

£ E £ 2

; * g ‘; x 28um, 5.4%

£10 * =10 2101 o 42um, 1.8%

_§ * é _§ 42um, 3.6%

35¢’§9cgoo Spoe e 3 ¢ S 5| * d2um5a%

= * = = + 56um, 5.4%

° k] Q % & o & §

[0 3] ()

£ £ £

g 0 S0 50

© 40 60 80 © 80 90 100© 80 90 100
simulated age simulated age simulated age

Figure 2.5: Change in connectivity density with simulated age. Resorption depth and for-
mation deficit are indicated in the legend in the figure to the right.

in the orthotropic approximation was oriented within 7° of the superior-inferior
direction. Fifty years of simulated remodeling resulted in a decrease in maximal
stiffness of 22 to 64%, dependent on the remodeling parameters. .

In transversal directions, the stiffness was decreased more, by 35 to 73%, as
can be seen in Table 2.2. Twenty years of simulated remodeling in the specimen
from the 80-year-old female donor resulted in a decrease of 9 to 33% in the direc-
tion of maximal stiffness. In the other directions the decrease was 18 to 46%. In
the specimen from the 77-year-old male donor, the decreases were only 10 to 26%
in the direction of maximal stiffness, and 14 to 39% in transversal directions. The
direction of maximal stiffness did not change much as a result of the simulated
remodeling, the maximal change was 4°. The apparent stiffness of the specimens
before and after simulation of remodeling is shown in Table 2.2.

Mechamnical and morphological anisotropy

The specimen from the youngest donor had the lowest morphological anisotropy,
the specimen from the male donor of 77-year-old had the highest morphological
anisotropy. This morphological anisotropy was almost unaffected by the simu-
lated remodeling. The maximum value of MIL was oriented within 12° of the
Sl-direction for all specimens at all simulated ages, the minimum was oriented
within 12° of the transversal plane.

The change in morphological anisotropy with simulated age is shown in Figure
2.6. Despite the small changes in morphological anisotropy the stiffness aniso-
tropy showed an increase with simulated age. The stiffness anisotropy increased
in all specimens as a result of the remodeling simulation, as can be seen in Table
2.2. The largest resorption cavities, of 56 um, resulted in the largest decrease in
stiffness, as well as the largest increase in stiffness anisotropy.
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Table 2.2: Apparent stiffness and mechanical anisotropy of the three specimens. Ap-
parent stiffness is shown in superior-inferior and transversal directions in MPa for the
original models. Decrease in apparent stiffness is shown (in %) after 20 years of
simulated remodeling in specimens F80 and M77, and after 50 years of simulated re-
modeling in specimen M37. Remodeling parameters resorption depth and formation
deficit are shown in the table.

Superior- Transversal aniso-
Inferior tropy
M37 App. stiffness(MPa) 64.0 314 23.7 2.7
Rem. parameters
50 years of 28 pm, 5.4% 64% 3% 73% 3.6
simulated 42 pum, 1.8% 22% 35% 37% 33
remodeling 42 ym, 3.6% 38% 54% 52% 3.5
M77 App. stiffness(MPa) 552 248 153 3.6
Rem. parameters
20 years of 28 pm, 5.4% 20% 24%  25% 3.9
simulated 42 pym, 1.8% 10% 14% 16% 3.9
remodeling 42 pm, 3.6% 15% 19% 22% 3.9
42 pm, 5.4% 21% 22% 29% 4.0
56 pm, 5.4% 26% 33%  39% 4.4
F80 App. stiffness(MPa) 23.1 8.2 74 3.1
Rem. parameters
20 years of 28 pum, 5.4% 21% 26% 28% 3.5
simulated 42 pm, 1.8% 9% 18% 18% 3.4
remodeling 42 pm, 3.6% 16% 28% 24% 34
42 pm, 5.4% 21% 30% 28% 34
56 pum, 5.4% 33% 46% 41% 3.5
22 o M77
O F80  pOOOOm
o 2] x M37
&
318 eleleleny
2 O
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Figure 2.6: Morphological anisotropy versus
simulated age, for all simulations shown in
Figure 2.3 and 2.4. Mean and standard de-

viation are shown.
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2.5 Discussion

The present simulation study provides a relationship between bone loss caused
by the remodeling process in trabecular bone and the remodeling parameters that
describe this remodeling process. In a three-dimensional simulation of the remo-
deling process resorption depth and formation deficit were varied, based on biolog-
ical values. The contributions of thinning of trabeculae, breached trabeculae and
loose fragments to the bone loss were quantified. The formation deficit accounted
for 69-95% of the bone loss, breached trabeculae for 1-21%, and loose fragments
that were removed from the model for 1-17%. The rates of bone loss were in the
range of 0.3-1.1% per year, which is in good agreement with bone loss found in
experimental studies [63, 96, 107].

It must be kept in mind, that in this simulation study the remodeling process is
discretized: resorption cavities are either completely resorbed, or completely re-
filled. In reality the resorption and refill periods of the cavities last several weeks,
a cavity has its maximum dimensions only during the reversal period, which is
estimated to last approximately 9 days [48]. However, this discretization has no
influence on the long-term effect of the simulated remodeling on the properties of
the bone. Furthermore, because of the cubic elements in the model, the formation
deficit can not be simulated as a thin surface layer with the present resolution. This
results in a jagged surface of the trabeculae afier decades of simulated remodeling.
Therefore, the surface was smoothed before determination of architectural param-
eters. This smoothing does not affect the connectivity density, since no trabeculae
are added or removed. However, a jagged surface would result in a large number
of extra bone-marrow intercepts in a direction along the surface of the trabeculae.
Smoothing of the surface results in a more accurate determination of morpholog-
ical anisotropy determined by mean intercept length. Finally, after 45 years of
simulated remodeling a large piece of the specimen of the 37-year-old donor was
disconnected from the structure, resulting in a large sudden bone loss. This is a
result of the small specimen size used in the simulation. A whole vertebra can
not be cut in two by breaching only a few trabeculae. Moreover, if a number of
trabeculae becomes very thin in vivo this will probably lead to a vertebral fracture
before the structure can be cut in two parts by ongoing resorption.

We found that the formation deficit has a larger influence on the rate of bone
loss than the resorption depth. This was an expected result, since increasing the
formation deficit results directly in more bone loss, while increasing the resorp-
tion depth has only an indirect effect: trabeculae have a higher chance of being
breached. Increasing the resorption depth from 28 to 42 pum, while keeping the
other parameters constant, caused almost no change in the rate of bone loss. In-
creasing resorption depth from 42 pm to 56 pm resulted in 10% faster bone loss,
while increasing the formation deficit from 1.8% to 3.6% of a cavity doubled the
rate of bone loss. Increasing the formation deficit to 5.4% resulted in an extra in-
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crease of 50 to 60% in the rate of bone loss. Therefore, it seems that in preventing
bone loss, restoring the balance between osteoclastic resorption and osteoblastic
formation is more important than reducing resorption depth. However, deeper
cavities had a larger effect on mechanical properties. This can be explained by the
large strain peaks at the bottom of deep resorption cavities [170]. Although cavi-
ties of 56 and a formation deficit of 5.4% resulted in only 10% faster bone loss
compared to cavities of 28 or 42 pm, mechanical stiffness decreased 25 to 50%
more. These deep resorption cavities also caused the largest increase in stiffness
anisotropy.

Connectivity density increased or decreased as a result of simulated remode-
ling, depending on the remodeling parameters. Trabeculae were breached, which
decreased connectivity, and plates were perforated, which increased connectiv-
ity. Both these processes occur in vivo, but to the authors’ knowledge, there is
no experimental data showing an increase of connectivity with age. In contrast,
all simulations of remodeling resulted in a decrease in the stiffness of the spec-
imens. The values for connectivity density found in the present study are in the
same range as in experimental studies in which connectivity density and stiffness
of human trabecular bone specimens were determined [81]. In that experimen-
tal study a slight increase of connectivity density with decreasing stiffness was
found for a constant bone volume. With increasing bone volume, a slight increase
in connectivity density was found. The decrease in connectivity density with de-
creasing volume fraction in our study is in agreement with the experimental study
[81], but the increase of connectivity density with decreasing volume fraction is in
disagreement. Concluding, connectivity density alone can not be used as an indi-
cator of stiffness of trabecular bone. However, loss of connectivity is irreversible,
while thin trabeculae can thicken again as a result of antiresorptive treatment or
increased mechanical loads. Therefore, connectivity density might be useful to get
an indication of how much of the mechanical strength of trabecular bone can be
regained after large amounts of bone have been lost [85].

An aspect that certainly plays a role in physiological remodeling, and that was
not taken into account in the present simulation, is the role of mechanical loading.
Numerous hypotheses exist about the way the loading influences the remodeling
process. Disuse results in resorption of bone matrix [74], heavy use in apposition
of bone [92]. In the present simulation the cavities were distributed randomly over
the surface of the trabeculae. No stress, strain or damage distribution in the trabec-
ulae was taken into account. At the moment, a 3D simulation of remodeling at the
level of detail of the present study based on stress or strain criteria is unfeasible,
but less detailed simulations have been performed [109]. However, as computer
technology develops further, such a detailed simulation will probably be possible
in the future.

The unloading of breached trabeculae is assumed to lead to a rapid resorption
of the remaining struts in vivo [108]. In our simulations, breached, and therefore
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Figure 2.7: Effect of simulation of remodeling on
bone structure, shown in one slice of the specimen
from the 80-year-old female donor. The whole slice
before simulated remodeling, at an age of 80 years, is
shown. The details show the bone loss in two trabecu-
lae. Simulated age is indicated in the figures.

unloaded trabeculae were not removed rapidly from the model. This does not in-
fluence the changes in stiffness anisotropy we found, because the remaining struts
do not contribute to the stiffness of the specimen. However, if a strut was cut
through, the loose fragment that was created in this way was removed from the
model, resulting in a fast removal of the remaining struts (see Figure 2.7). Thus,
although we did not include a stress or strain criterion in the model, like others
did in two dimensions [78, 111], the struts remaining after breaching of trabeculae
were removed relatively fast. In a previous simulation model of bone remodeling,
performed in a simplified bar-plate model of trabecular bone [163], the whole ’tra-
becula’ was removed when it was breached. In that study, the contribution of
breached ’trabeculae’ to the total bone loss was 20-40%. In our study, the contri-
bution of breached trabeculae varied between 1 and 20%. The loose fragments in
our study are also a result of breaching of trabeculae. If we combine the bone loss
caused by breached trabeculae and the bone loss caused by loose fragments, this
adds up to 20-30% of the total bone loss after 50 years of simulated remodeling in
the specimen from the 37-year-old donor.

Although the morphological anisotropy stayed approximately constant during
the simulation of normal physiological remodeling, we found an increase in stiff-
ness anisotropy with age, in accordance with some experimental findings [61, 113].
This can be explained by the existing anisotropy of the specimens. During the
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donors’ life, the architecture was adapted to external loads. This resulted in speci-
mens with thicker vertical trabeculae, and on average thinner horizontal trabeculae,
shown by the initial anisotropy of the specimens. During the simulation, the thin-
ner horizontal trabeculae have a larger chance of becoming breached by resorption
cavities. If a trabecula was breached during the simulation, this trabecula did not
contribute to the load bearing in the simulated mechanical test, but the remaining
struts on both ends were still present in the model. The resolution of the models
was high enough to detect the new intersections at the ends of the remaining struts
[87], but this caused only small increases in morphological anisotropy. This ex-
plains the increase in stiffness anisotropy while the morphological anisotropy was
almost unaffected.

In the present study, the remodeling parameters were kept fixed during the sim-
ulation. No increased resorption depth or increased remodeling space was included
in the model, to study changes in bone remodeling in e.g. menopause or Paget’s
disease. However, these changes can be incorporated in the model, by changing
remodeling parameters at a certain simulated age. This way, this simulation model
can be used to evaluate e.g. anti resorptive drugs treatment.

Concluding, in the present study we estimated the contribution of the bone
loss mechanisms formation deficit, breached trabeculae and loose fragments to the
total bone loss. For this purpose, we made a simulation of the bone remodeling
process in three-dimensional models of human vertebral trabecular bone. We used
biologically relevant values as input for the remodeling parameters, and found
rates of bone loss in the biologically relevant range. An increase in formation
deficit caused a larger increase in rate of bone loss than an increase in resorption
depth. However, deeper resorption cavities caused larger decreases in mechanical
stiffness of the specimens.
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3.1 Abstract

The skeleton is continuously renewed in the bone remodeling process. This pre-
vents accumulation of damage, and adapts the architecture to external loads. A
side effect is a gradual decrease of bone mass, strength and stiffness with age. We
investigated the effects of bone loss on the load distribution and mechanical prop-
erties of cancellous bone, using three dimensional computer models of human
cancellous bone.

Several bone loss scenarios were simulated. Bone matrix was removed at lo-
cations of high strain, of low strain and random throughout the architecture. Fur-
thermore, resorption cavities and thinning of trabeculae were simulated. Removal
of 7% of the bone mass at highly strained locations had deleterious effects on the
mechanical properties, while up to 50% of the bone volume could be removed at
locations of low strain before the structure collapsed. Thus, if remodeling would
only be initiated at highly strained locations, where repair is likely needed, cancel-
lous bone would be continuously at risk of fracture.

Thinning of trabeculae resulted in relatively small decreases in stiffness, the
same bone loss caused by resorption cavities caused large decreases in stiffness and
high strain peaks at the bottom of the cavities. This explains that a reduction in the
number and size of resorption cavities in anti-resorptive drug treatment can result
in large reductions in fracture risk, with small increases in bone mass. Strains in
trabeculae surrounding a resorption cavity increased by up to 1000 microstrain,
which could lead to bone apposition. These results give insight in the mechanical
effects of bone remodeling and resorption at trabecular level.
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3.2 Introduction

It is believed that the structure of cancellous bone adapts to external loads by mod-
eling and remodeling processes, which result in an architecture well suited for its
load bearing function [26, 55, 146]. In the remodeling cycle bone matrix is re-
sorbed by osteoclasts, which make resorption cavities of 40 to 60 microns deep. In
approximately 3 months these cavities are refilled with new bone matrix by osteo-
blasts. The formation and resorption phase are coupled so that the bone mass stays
approximately constant during this continuing process of physiological remode-
ling [128]. Nevertheless, after the age of 30, the bone mass decreases slowly with
age because there is a small deficit of osteoblast formation relative to osteoclast
resorption. Moreover, disconnected trabeculae are probably not repaired [128]. In
general, the amount of bone loss with aging in the spine and hip is in the order of
0.5% of the bone volume per year. The increase in resorption depth and activation
frequency [49, 65] during menopause result in faster bone loss [2], as trabeculae
are disconnected and plates are perforated. The decrease of bone mineral content
(BMC) or bone mineral density (BMD) is the most important reason for reduced
load bearing capacities of bone in elderly people [102]. However, the decrease
in bone strength and increase in fracture risk can not be fully explained by the
decrease of BMC or BMD [123]. This has resulted in a considerable interest in
the architecture of cancellous bone, which could further explain the changes in the
quality of the bone and the complementary increase in fracture risk.

Developments in three dimensional imaging have resulted in three dimensional
quantification methods for the cancellous architecture [70, 69, 116, 119]. These
methods have been used to gain a better understanding of the mechanical func-
tioning of cancellous bone and to find relationships between the morphological pa-
rameters and mechanical properties such as strength and stiffness [61, 168]. Small
changes in the architecture, which cause small changes in the morphological pa-
rameters, can considerably change the load distribution and thereby have a large
effect on the mechanical properties and the fracture risk [60].

Bone remodeling causes changes in the architecture. After peak bone mass
has been reached, bone is lost slowly, trabeculae become thinner and plates are
converted to rods. Resorption cavities can have large effects on the properties of
trabeculae. A resorption cavity with a depth of 40 - 60 ym can considerably de-
teriorate the strength of a trabecula with a thickness of approximately 100 gm.
Failure of a trabecula results in increased loading of the surrounding trabeculae,
which could lead to failure of the whole structure. Insight into the strain distri-
bution in trabeculae could thus be useful in understanding mechanical aspects of
bone loss and remodeling in cancellous bone and in predicting fracture risk. In
cortical bone, strains can be measured in vivo, but in cancellous bone this is not
possible [12, 22, 62, 152, 161].

The purpose of our work was to quantify the strain distribution in the trabeculae
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Figure 3.1: Two dimensional representation in
one trabecula of the bone loss simulated in three
dimensions in the 2" experiment. A: original
model, gray elements are bone elements in the fi-
nite element model. B: bone loss by resorption
cavities, white elements were removed in order to
simulate the cavities. C: bone loss by thinning of

trabeculae. White elements were removed from
the model.

of cancellous bone, in order to estimate the mechanical effects of bone loss and
bone remodeling. Using computer models that incorporate the full 3D architecture
of cancellous bone we calculated the strains in individual trabeculae under normal
physiological loading conditions. This enabled us to study how apparent level
loading is resolved into tissue level deformations. Furthermore, we determined the
changes in strain distribution and mechanical properties that resulted from bone
loss by simulating various cases of bone loss in computer models. The results
of these simulations show the mechanical effects of bone loss and remodeling at
trabecular level.

3.3 Materials en methods

In this study we used 3D reconstructions of cancellous bone specimens, which
were made using micro-CT scanning or serial sectioning. A specimen of 6 mm
cubed from the proximal end of an autopsy human tibia was serially sectioned in
slices of 20um and digitized [117]. The 3D architecture was reconstructed in a
computer model by converting the voxels to elements of 60xm cubed [175, 176].
The volume fraction of this specimen was 13.9%. Three specimens from the center
of human vertebral bodies were reconstructed using a micro-CT scanner [39, 68].
The donors were two males, of 37 and 77-years-old (M37, M77), and one fe-
male, 80-years-old (F80). These datasets were coarsened to obtain finite element
computer models of trabecular bone (4 mm cubed) with brick elements of 28m
cubed. The volume fractions of these specimens were 7.4%(F80), 13.4%(M37)
and 8.9%(M77). The tissue material properties in the computer models were cho-
sen isotropic with a Young’s modulus of 5000 MPa and a Poisson’s ratio of 0.3
[89, 176].

Using these finite element models several computer simulation experiments
were performed in order to investigate the effects of bone loss on the strain dis-
tribution within the trabeculae. If a cancellous architecture is well suited for its
load bearing function, the load will be distributed equally over all elements in the
structure, resulting in a narrow strain distribution.
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Worst case and best case scenario of bone loss.

The model of the cancellous bone specimen from the proximal tibia was loaded
in the computer simulation in the Superior-Inferior direction, which corresponds
to the in vivo loading axis. At the bottom face, displacements in the SI-direction
were constrained, a displacement of -1 mm in the SI-direction was prescribed to
the top face. Displacements in the side planes were suppressed for directions per-
pendicular to these planes. The strains in the trabeculae and the reaction force at
the top surface were calculated using finite element analyses [176]. This reaction
force was linearly related to the prescribed displacement and the Young’s modu-
lus of the cancellous bone tissue, because of the assumed linear elastic material
properties. The strains were recalculated to correspond to a force of 18 N, which
equaled an apparent stress of 0.5 MPa.

The maximal principal strains in the trabeculae were calculated. Changes in the
maximal principal strain distribution as a result of bone loss were studied in three
cases. First, a simulation of bone loss randomly distributed over the trabecular
structure was performed. Second, bone was removed at locations of high strain
and third, bone was removed at locations of low strain. With these simulations,
insight into the influence of the location of bone loss on the deterioration of the
mechanical properties of cancellous bone was obtained.

Bone loss caused by bone remodeling.

Although the previous simulation analyses may mimic potential stages of net bone
loss, they certainly differ from the way in which bone is normally lost in vivo. The
computer simulations in this second experiment mimicked both bone loss in re-
sorption cavities, the direct effect of bone remodeling, and thinning of trabeculae,
the long-term effect of remodeling with a formation deficit. In order to simulate the
direct effect, resorption cavities were created in the three models of vertebral can-
cellous bone, randomly distributed over the surface of the trabeculae. The depth
of these resorption cavities was 56 um, which is in the biologically relevant range
[47]. In 5 steps up to 20% of the bone volume was removed by creating resorption
cavities.

In order to simulate long-term bone loss, trabeculae were thinned in 5 steps.
Each step, more surface elements were removed from the trabeculae, until 20%
of the bone volume was removed in the fifth step (see table 3.1). Thinning of
trabeculae and creating of resorption cavities are illustrated in Figure 3.1.

A load of 8 N was applied to the finite element models in the SI-direction,
which corresponds to the in vivo loading axis, as described in experiment 1. This
load equaled an apparent stress of 0.5 MPa, which is in the physiologically relevant
range [155]. The global stiffness matrix of the specimens was calculated in all
phases of bone loss, by simulating three compressive and three shear tests in the
finite element models. From this matrix, the Young’s Moduli of the specimens in
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Table 3.1: Volume fraction in five steps of bone loss by thinning of trabeculae or by
resorption cavities

V(%) (relative V¢[%)])
F80 M37 M77
Stepno.  Cavities Thinning Cavities Thinning Cavities  Thinning
Original 7.4(100) 7.4(100) 10(100) 10(100) 8.9(100) 8.9 (100)
1 7.1096) 7207 9606 9606 85(96) 87097
68(92) 7.005 92(92) 93(93) 82(92) 849
65(88) 67091 88(88) 90(90) 78(@88 81011
6.2(84) 6486 8484 8585 154 7.7(86)
59(80) 590 8080 7909 71@80) 7.1(80)

(¥ I SNV I ]

the three principal orthogonal directions were determined, using an optimization
procedure [175]. In addition, the strain distributions in the original model and
after 20% bone loss caused by resorption cavities or by thinning of trabeculae
were determined and compared.

Resorption cavities in detail.

In this experiment, the effect of resorption cavities on the load distribution in the
trabeculae was studied in more detail. One horizontal and one vertical trabecula
were selected in the reconstruction of a vertebral body specimen (F80). Both tra-
beculae, located in the center of the reconstruction, had a rod-like shape and a
diameter of approximately 120 ym. In the vertical trabecula, a resorption cavity
was created. This cavity was made gradually deeper, until the trabecula was dis-
connected. In each step, the whole specimen was loaded in the SI-direction with a
force of 8 N (0.5 MPa) in a finite element simulation, as described in experiment
1. The same experiment was performed in the horizontal trabecula. We investi-
gated the changes in strain in the resorbed trabecula itself and the redistribution
of the loads throughout the specimen that resulted from a resorption cavity in one
trabecula.
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3.4 Results

Calculated strain distributions in trabecular bone specimens.

A force of 18 N (0.5 MPa) on the top surface of the tibial specimen resulted in an
apparent strain of 0.36% (3600 microstrain). In 90% of the elements the strain was
lower than 700 microstrain, in most of these elements the strain was approximately
100 microstrain (Figure 3.2). This rather equal distribution of the load over the
elements indicates that this specimen is well suited for its load-bearing function
in the SI-direction. The same apparent stress applied to the vertebral specimen
resulted in an apparent strain of 0.54% (5400 microstrain). In this specimen the
strain in 90% of the elements was lower than 4300 microstrain, with most elements
showing a strain of approximately 1000 microstrain (Figure 3.3C).

This wider strain distribution shows that the vertebral specimen had a lower
stiffness, and a less efficient architecture. In this specimen, the applied stress might
cause microdamage in a mechanical experiment in which a stress of 0.5 MPa is
applied to the specimen [83].
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Worst case and best case scenario of bone loss

Randomly removing elements from the bone structure degraded the mechanical
properties, the strain distribution flattened out significantly after removal of 25%
of the bone volume. Up to 41% of the bone volume could be removed before
the strain distribution became completely flat, indicating highly strained as well
as almost unloaded elements in the structure (Figure 3.2A). The deterioration of
the trabecular architecture depended largely on the location of the bone loss. Bone
matrix removed at locations of low strains had a minor effect on the distribution,
as shown in Figure 3.2B. Even after removal of 50% of the bone volume at loca-
tions of low strain, the distribution showed a narrow peak at 400 microstrain and
almost no increase in the number of highly strained elements was found. In con-
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Table 3.2: FE-calculated Stiffness of the three verte-
bral specimens in SI and transversal directions

Sl direction Transversal directions

Specimen (MPa) MPa)
F80 120 59 46
M37 212 82 51
M77 158 60 44

Figure 3.4: Central part (2 2 * 2mm) of specimen F80, sho-
wing the maximal principal strain distribution (in microstrain)
over the trabeculae, resulting from an applied apparent stress of
0.5 MPa.

trast, removal of only 4% of the bone volume at locations of high strain caused a
considerable change in the strain distribution and 7% loss resulted in a completely
flattened strain distribution, and a 10 fold increase of the average strain (Figure
3.20).

Bone loss caused by bone remodeling

The calculated stiffness of the three vertebral specimens is shown in table 3.2. Fig-
ure 3.4 shows the distribution of the maximal principal strain over the trabeculae in
2 X 2 x 2 mm from the center of specimen F80. Resorption cavities caused a larger
decrease in stiffness than thinning of trabeculae, especially in the SI-direction.
Removal of 20% of the bone volume by resorption cavities decreased the apparent
stiffness in the SI-direction by 50%, compared to a decrease of only 30% caused by
thinning of trabeculae, as can be seen in Figure 3.3A. The difference between the
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slopes of the regression lines was significant (p < 0.001). The difference between
the decreases in stiffness in transversal directions caused by thinning of trabec-
ulae or resorption cavities was not significant (Figure 3.3B). The lower stiffness
that results from resorption cavities is reflected in the strain distribution within the
trabeculae. Resorption cavities resulted in a wider strain distribution, and a lower
peak at low strains (Figure 3.3C).

Resorption cavities in detail

The vertical trabecula in which the resorption cavity was created was compressed
and bent in its original shape. The maximal strain in this trabecula was approx-

>10.000 microstrain

-

=

Figure 3.5: Resorption cavity in trabecula that was aligned with the main
in vivo loading axis, in the middle of vertebral specimen F80. The thick-
ness of this trabecula was approximately 120um, resorption depth in-
creased from A to F: A:Oum, B:28um, C:56pum, D:84pm, E:84um
(wider cavity), F: disconnected. Figures A-F show strains in the superior-
inferior direction, in microstrain. G: Changes in strain caused by the
small cavity shown in figure B, in microstrain. A decrease in strain is
shown in blue, an increase in yellow. H: One horizontal slice of the sur-
roundings of the resorbed vertical trabecula, showing the difference in
strain between the original configuration and figure E.

imately 4000 microstrain (Figure 3.5A). A small cavity as shown in Figure 3.5B
caused an increase in strain of approximately 1000 microstrain at the bottom of
the cavity, and a small decrease in strain near the rim of the cavity. These changes
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in strain are shown in Figure 3.5G. With increasing resorption depth the strain
in the resorbed trabecula increased further. The neighboring trabeculae gradually
took over the load, and the load transferred through the resorbed trabecula de-
creased. In the 5th step (3.5E) extreme values, above 10,000 microstrain occurred
in the resorbed trabecula. At this point, the load transferred through this trabecula
was decreased by 25%. In step 6 (disconnection, Figure 3.5F) the strains in the
surrounding trabeculae were approximately 1000 microstrain higher than in the
original configuration (Figure 3.5H).

In the horizontal trabecula the strain in the initial configuration was signifi-
cantly lower, the maximum value was only slightly higher than 1000 microstrain.
The resorption cavity in this trabecula had only small effects, no extreme strain
values were found. The strain in this trabecula doubled, and the load transferred
through this trabecula decreased. The strain distribution in this trabecula with
increasing resorption depth is shown in Figure 3.6. In the third step, the load trans-

Figure 3.6: Resorption cavity in a horizontal trabecula, perpen-
dicular to the main in vivo loading axis, in the middle of the
vertebral specimen. The thickness of this trabecula was approx-
imately 120 (m. Resorption depth increases from A to D: A:
Oupm, B: 28um, C: 56pum. In D the trabecula is disconnected.
Strains in longitudinal direction in initial situation (A) and after
several stages of resorption (B-D) are shown (in microstrain).

ferred through this trabecula was decreased by approximately 20%. However,
the strains in the neighboring trabeculae were almost unaffected because the load
transferred through this trabecula was 7 times smaller than the load transferred
through the vertical trabecula.

3.5 Discussion

In this study we used computer simulation models to analyze how apparent level
strains are resolved into local tissue level strains in trabecular bone specimens.
Several bone loss scenarios were simulated in order to determine the changes in
tissue level strains and mechanical properties. Although we have analyzed only a
few specimens we assume that these reveal some general concepts. We used spec-
imens from male and female donors of different ages, and these samples showed
similar results.
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The calculated tissue level strains were on average lower than the applied ap-
parent strains, and in the same range as experimentally measured strains in cortical
bone [6, 22]. This indicates that trabecular bone can deform heavily without high
strains at the tissue level. Small amounts of bone loss at highly strained locations
completely deteriorated the mechanical properties, while severe bone loss at loca-
tions of low strains (up to 50% of the bone volume) had only small effects. This
shows that cancellous bone has a large safety factor for bone loss, as long as the
bone is not lost at highly strained locations. Resorption cavities caused large local
increases in strain and a redistribution of the load over the trabeculae. The load
transferred through the resorbed trabecula was decreased by up to 25%, the strains
in the surrounding trabeculae were increased by up to 1000 microstrain. Com-
bining these results, we can conclude that resorption cavities at locations of high
strain have deleterious effects on the stiffness of trabecular bone.

The models used in this study represented the three dimensional architecture
of human cancellous bone, the elements were small enough to allow accurate cal-
culation of global mechanical properties and strain distributions using cubic brick
elements [75, 169, 174, 175, 176]. Since we investigated small deformations, the
behavior of the bone matrix could be considered linear. However, matrix proper-
ties at the microstructural level, such as microdamage and the lamellar structure
of the bone matrix, were not incorporated in our models. Therefore, the present
computer models are only suited to investigate the effect of architectural changes.
A disadvantage of the use of cubic elements is the jagged representation of the
surface of the trabeculae. This may cause errors in the interpolated stresses and
strains at the surfaces. However, since most of the strains in the cross-sectional
views are internal values and because we have not found extreme gradients in the
strain values near the surfaces of the trabeculae, we do not feel that the errors
caused by the jagged surfaces substantially affected our findings.

Recently, a technique to determine strains in trabecular bone experimentally
was developed [4]. X-rays or CT-scans of trabecular bone specimens are made in
loaded and unloaded situation and the strains in the trabeculae are determined us-
ing texture correlation. The advantage of this method, compared to finite element
models, is that no assumptions about the tissue mechanical properties have to be
made. In finite element simulations changes in the architecture can easily be stud-
ied, by changing the architecture in the model. The strain values found with these
techniques can not be compared directly, because different specimens were used.
However, the output of both experiments is in the same range, and both techniques
result in similar skewed strain distributions.

The finite element technique used in this study can be used to calculate strains
in whole bones [174]. In the present study, we choose to calculate the strains in
a smaller specimen, enabling the study of several bone loss scenarios within a
reasonable amount of computing time. The strains found in the whole femur [174]
were slightly Jower than the strains found in the present study. This was probably
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caused by the cortical shell around the trabecular bone that was included in the
whole bone model. This shell might enable a more homogeneous distribution of
the load over the trabeculae, resulting in a narrower strain distribution and a lower
average strain.

The question has been raised in the literature why the small increases in bone
mass that result from bisphosphonate, calcitonin or SERM treatment of osteo-
porotic patients result in large reductions of fracture risk [38, 147]. This reduction
in fracture risk could not be explained by the small increases in bone volume of 5 to
8% after 1 to 3 years alone [71, 95, 180, 32]. Hence, it has been concluded that ei-
ther the architecture improves considerably or the matrix tissue strength increases.
Recently, the relation between increase in BMD and decrease in fracture risk was
assessed using a compilation of data from a large number of studies [181]. A high
correlation between increase in BMD and decrease in fracture risk was found. This
supports the idea that the extra bone mass resulting from anti-resorptive treatment
is deposited where it is mostly needed, so that a small increase in bone mass can
largely reduce fracture risk.

In this study, we showed that resorption cavities caused large decreases in stiff-
ness, and strain peaks at the bottom of the cavities. A decrease in the number of
cavities would decrease the number of strain peaks, a decrease in depth of the
cavities would decrease the strain at the bottom of the cavities. The known reduc-
tion in activation frequency and resorption depth that results from anti-resorptive
treatment [ 153] results in smaller cavities, which are more widely separated. This
could result in a rather large increase in the stiffness, and therefore also in strength
of the bone [143], as can be concluded from the present finite element simulations.

Using the simulation results, we can gain insight into the influence of microda-
mage on bone remodeling. Increased bone resorption in damaged regions has been
shown in cortical bone [21]. Under strenuous conditions, strains up to 5000 mi-
crostrain have been measured in animals and humans [6, 22]. From the calculated
strain distributions in this study, we expect strains higher than 10,000 microstrain
to occur in some trabeculae under strenuous conditions. These strain values can
cause damage in the bone matrix [23]. If remodeling is induced by microdamage,
this remodeling process would start by resorption of the damaged tissue by osteo-
clasts. In the first experiment we showed that removal of 4% of the bone volume
at highly strained locations, which are likely the damaged regions, significantly
deteriorated the structure. In normal physiology, approximately 15 to 20% of the
trabecular bone is remodeled each year [65]. In combination with a duration of the
remodeling cycle of 3 to 6 months, this yields that approximately 5% of the bone
volume is undergoing remodeling at any timepoint [47, 56]. Thus, it seems un-
likely that osteoclasts resorb only damaged tissue. The cancellous bone structure
would be continuously at risk for failure. Furthermore, the remodeling rate of the
vertical trabeculae would be higher, because strains in vertical trabeculae under
physiological loading are higher than strains in horizontal trabeculae, as shown in
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the present study. The formation deficit would result in thinning of the vertical
trabeculae, with the horizontal trabeculae staying the same. In general, the oppo-
site is found: the vertical trabeculae are conserved, while horizontal trabeculae are
thinner, or even completely resorbed in old bone [106].

Another topic of great interest is the coupling between osteoclast resorption
and osteoblast formation. At cellular level, osteoblasts control osteoclast activ-
ity by RANKL and its decoy receptor osteoprotegerin [184], but location specific
coupling remains to be explained. Increases in strain at the bottom of a resorp-
tion cavity were shown in a simplified, cylindrical model of one trabecula [156].
If osteoblasts were activated by high strains, an automatic coupling would occur.
In this study, we showed small increases in strain caused by a resorption cavity
in a horizontal trabecula, in contrast to large increases in a vertical trabecula. A
resorption cavity in a vertical trabecula also increased the strain in surrounding
trabeculae (Figure 3.5H). This could induce bone formation on the surrounding
trabeculae. This effect, apposition of bone matrix on trabeculae without previous
resorption has been shown in experimental studies [46, 28]. This would decrease
the load in the resorbed trabecula, and slow down the bone formation in the cav-
ity. Thick trabeculae would become thicker and thin trabeculae might completely
disappear, which is in agreement with histological findings [178]. In real bone,
numerous resorption cavities play a role, leading to a more complex system [182].
Insight into this phenomenon could be obtained from finite element analyses in
which bone remodeling is simulated as a dynamic feedback system [111, 157].

In conclusion, this study provides insight in the mechanical consequences of
the bone remodeling process. This process is needed to maintain the trabecular
architecture and to prevent damage accumulation, but it results in bone loss after
peak bone mass has been reached. We have shown that the location of bone loss
largely determines the mechanical consequences. From this we conclude that not
all remodeling can be initiated at locations of high strains, the structure would be
at risk for failure if all strained bone matrix was resorbed at the same time. These
results support the idea that non-targeted remodeling, for e.g. calcium-homeostasis
[130], plays a role in the remodeling process. The large fracture risk reduction
that results from a small increase in bone mass in anti-resorptive treatment can be
understood from the strain increase caused by resorption cavities. Deep resorption
cavities cause extremely high strains in the resorbed trabeculae. These large local
increases in strain could explain the location specific coupling between resorption
and formation in the remodeling process. In addition the increased strain in the
trabeculae surrounding a resorption cavity may induce bone formation on these
trabeculae. The known decrease in osteoclast activity and cavity size that results
from anti-resorptive treatment [153] will result in a drastic decrease of the strains
at the bottom of the cavities, and a large increase in the stiffness of the bone. In
this study we have shown that knowledge of the strain distribution at tissue level
can help to explain the complex dynamics and mechanical effects of the bone
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remodeling process.
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4.1 Abstract

Anti-resorptive treatments are widely used to prevent osteoporotic fractures in men
and women. Large clinical trials have shown vertebral fracture risk reductions up
to 50%, resulting from relatively small increases of 3-8% in bone mineral density
(BMD). In order to try to explain this large decrease in fracture risk we developed
a computer model that mimics bone turnover in human vertebral cancellous bone
during menopause and anti-resorptive treatment. This model links cell activity
in trabeculae to changes in bone volume and mechanical properties of cancellous
bone.

The predicted bone volume changes corresponded well to clinical BMD data.
We found that the increased turnover during menopause must be transient, other-
wise we can not explain the reduced rate of bone loss seen from 5 to 8 years after
the start of the perimenopausal period.

We also compared the effects of anti-resorptive treatment started early and
late. The long-term difference in bone volume between early and late treatment
was only 2%. The difference in stiffness was considerably larger. Late treatment
resulted in large increases in mechanical anisotropy of the cancellous architecture
and decreases in transversal stiffness of up to 22%.

The effect of the incorporation of bisphosphonates in the tissue was small.
After discontinuation of treatment bone was lost slower, but after 20 years the
difference between the incorporated and the not incorporated drug was below 2%
of the bone volume. This kind of simulation models may be used in the future
to preclinically test new pharmaceuticals and treatment protocols and to predict
long-term effects before patient data become available.
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4.2 Introduction

Pharmacological agents that reduce bone resorption by osteoclasts are nowadays
widely used in osteoporosis treatment. These anti-resorptive agents primarily
increase bone mineral density (BMD) by reducing osteoclast activity and bone
turnover [31, 150, 177]. 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 treatment have been shown [50, 166]. Anti-resorptive treatments reduced
vertebral fracture risk by up to 50% [11, 50, 95, 133, 138]. This large reduction
can, however, not be explained by the small increases in BMD [32].

The most important effects of anti-resorptive treatment take place in cancellous
bone [144]. 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 anti-resorptive treat-
ment at trabecular level and changes in global properties of cancellous bone could
elucidate the large anti-fracture effects resulting from small increases in BMD.

In this study we used a computer model of cancellous bone remodeling, which
we published previously [171]. This model uses three dimensional (3D) recon-
structions of human cancellous bone created using micro-computed tomography
(micro-CT) scans and remodeling parameters known from histology. The model
links cellular activity at the trabecular level to changes in architecture and strength
of cancellous bone. For the present study the model was extended, to enable sim-
ulation of menopause and anti-resorptive treatment. Small differences between
treatments, of which it is difficult to predict the effect in patients, can be considered
in detail in this model. Although simulations of the global effects of menopause
on bone volume have been done [67, 112, 163, 164], this is (to our knowledge) the
first simulation of postmenopausal bone loss and subsequent treatment that mimics
bone resorption and formation in models of human cancellous bone that represent
the 3D cancellous architecture. We simulated menopause and treatment with three
types of anti-resorptive agents. Specifically, we compared the effects of treatment
started early and late on bone volume and mechanical stiffness, which is highly
correlated to strength of the bone. These models may be useful to preclinically
test new pharmaceutical interventions and to predict treatment results many years
before the patient data become available.

4.3 Methods

In order to develop our model we used a specimen from an autopsy L4-vertebra of
a 37-year old donor. This donor was part of the European Union BIOMED1 project
”Assessment of Bone Quality in Osteoporosis” and did not suffer any osteoporotic
fractures. Using a micro-CT scanner (Scanco Medical, Zurich, Switzerland) a
3D reconstruction of the cancellous architecture was obtained (Fig.4.1a). This
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Figure 4.1: 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 Figure A. All elements are cubes with a
sidelength of 14pm. C: Two-dimensional representation of the three
steps of the remodeling process performed in three dimensions in
this study.

reconstruction was segmented to a model of 4 X 4 X 4 mm cancellous bone, with
cubic elements of 14 x 14 x 14ym. The bone volume fraction was 12.9%.

We extended a previously presented model of bone remodeling [171] to simu-
late menopause and anti-resorptive treatment. In short: in step 1 spherical resorp-
tion cavities with a specified depth were created in a computer model of cancel-
lous bone, randomly distributed over the surface of the trabeculae. In step 2 it was
checked whether resorption cavities breached trabeculae. Cavities that breached a
trabecula were not refilled, which resulted in permanent bone loss. All other cav-
ities 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.4.1¢c). By
repeating these three steps ongoing physiological remodeling was simulated.

In the extended model these remodeling parameters could be changed gradu-
ally during the simulation:

e the number of resorption cavities made by osteoclasts
o the depth of these cavities, called resorption depth
¢ the bone balance per cavity. A negative balance is called a formation deficit:

osteoblasts make less bone than osteoclasts resorbed and bone is lost. A
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positive bone balance we call a formation surplus: osteoblasts make more
than osteoclasts resorbed and bone volume increases

Bone tissue deposited during simulated drug treatment was marked as drug-
containing tissue, because it has been shown that bisphosphonates are mostly
incorporated in active resorption cavities [154]. If the incorporated bisphospho-
nate decreased bone resorption, cavities made in bisphosphonate-containing tissue
were less deep. The simulations were performed on an SGI Origin3800, 25 years
of simulated remodeling took approximately 25 minutes of one CPU.

Development of model of menopause

The model of menopause was based on rates of bone loss and turnover of cancel-
lous bone during the perimenopausal period from clinical and biological studies.
This input was obtained from studies that used histomorphometry, bone remode-
ling markers in serum or urine and measurements of BMD and calcium balance.

Two histomorphometry studies showed that the bone formation rate in post-
menopausal women was a factor 1.1 to 2 higher than in premenopausal women
[65]. Several studies showed increases in bone remodeling markers over menopause,
varying from 30 to 150 % [59, 135]. An increase in these markers indicates an
increase in bone remodeling, but the exact changes in bone remodeling are not
known [51]. Some studies showed elevated marker levels long after menopause,
but the rate of bone loss decreases after the perimenopausal period [59, 135]. Mea-
surements of calcium balance have shown that Ca resorption was increased more
than Ca accretion in the first menopausal years, which corresponds to a negative
bone balance and a larger formation deficit in the perimenopausal years [66].

Bone loss during the menopausal transition was determined using BMD mea-
surements in a number of studies [101, 121, 134, 135]. Before menopause, these
showed small bone losses, typically less than 1%/year. These studies showed that
bone loss begins before the last menses and reaches a maximum during the peri-
menopausal period of 2.3 - 3.8%/year on average. After this fast loss, bone loss
decreases and becomes very small during the 5th - 8th postmenopausal year, in
one study not even significantly different from zero [101]. Finally, bone loss in-
creases again to values similar to or slightly higher than the premenopausal bone
loss rate. The rate of bone loss showed a wide biological variation. For example,
the maximum rate of bone loss varied between 0.3 and 6% per year.

Using this information, we made a simulation model of menopause. We varied
several parameters, as described in detail below, to investigate the sensitivity of
the model to changes in these parameters. In order to explain how this model was
developed, we included some intermediate results in this methods section. The
model started with normal remodeling [171]. Remodeling space, the amount of
bone resorbed but not yet replaced at any timepoint, was 4 or 6% of the bone
volume [54, 126]. Resorption depth was 42um [30], the formation deficit was
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Figure 4.2: A. Change in the remodeling space during simu-
lated menopause, in the case of an increase during the perimeno-
pausal period (PMP in the figure) of 66%. B. Changes in bone
volume and stiffness during simulated menopause according to
the continuous line in Fig. A.

3.6% of a cavity [54]. This resulted in rates of bone loss in the premenopausal
period of 0.6% (rem.sp.4%) and 1% (rem.sp.6%) of the bone volume per year. In
order to simulate the increased remodeling rate during the perimenopausal years,
we increased the remodeling space by 33, 66 or 100%, using the increases in bone
remodeling markers as a guideline (Table 4.1).

Bone turnover was increased over a period of 2 years, because clinical studies
showed that the rate of bone loss increases over a period of 2 to 3 years in the peri-
menopausal period [135] (see Fig.4.2a). Besides this, we increased the formation
deficit during the perimenopausal years, in order to mimic the more negative bone
balance during the perimenopausal years. The resulting rates of bone loss during
the high turnover in the perimenopausal period are shown in table 4.1.

All these rates of bone loss are within the range of rates of bone loss mea-
sured in perimenopausal women [101, 121, 134, 135]. Ongoing turnover at the
high remodeling rate (dashed line in Fig.4.2a), resulted in complete destruction of
the bone architecture within 10 - 30 years. Although some bone marker studies
showed elevated bone marker levels long after menopause [59, 135] the fast de-
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Table 4.1: Rates of bone loss during the perimenopausal years. Premenopausal remode-
ling 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)

Premenopausal rem. sp. 4% of bone volume 6% of bone volume
Changes during resulting rates of bone Ioss
perimenopausal period (% of bone volume/year)
rem. sp. + 33% ‘ 1.25 2
rem. sp. + 66% 1.9 3
rem. sp. + 100% 25 4
rem. sp. + 33% and

form.def. doubled 1.8 3
rem. sp. + 66% and

form.def. doubled 26 4
rem. sp. + 100% and

form.def. doubled 33 5

struction of the bone architecture is not in agreement with the BMD data, which
showed a decrease in the rate of bone loss. Therefore, we decreased bone turnover
in our simulation. The remodeling space was returned to the premenopausal value
(Fig.4.2a, dotted line), or the remodeling space was decreased to a value in be-
tween the pre- and the perimenopausal remodeling spaces (Fig.4.2a, continuous
line).

Again, all rates of bone loss resulting from these parameter settings were in the
biological range. The simulation results show that input values for our simulation
model in the biological range result in bone loss rates in agreement with BMD-
studies. To simulate the effects of anti-resorptive treatment, we choose a model
of menopause, which corresponded to the average rate of bone loss determined
with BMD measurements during the perimenopausal period. We do not claim
that the numbers used in this simulation correspond exactly to changes during the
menopausal transition, we show that this simulation model, which is based on bio-
logical data, corresponds to rates of bone loss seen in clinical studies. The change
in bone volume with age resulting from this menopause model is shown in Figure
4.2b. In this model, the premenopausal remodeling space was 4%, the remodeling
space increased by 66% and the formation deficit doubled in the perimenopausal
period.

The decrease in stiffness of the specimen in the load-bearing direction was cal-
culated using finite element analyses [175]. The finite element-calculated stiffness
is a good predictor of the strength of cancellous bone [77]. The stiffness of a ma-
terial is a measure of its deformation under load. The stiffness can be determined
in a compression test and is calculated as stress (force per unit of area) divided by
strain (deformation in % of original size). In the finite element analysis a compres-
sion test is simulated and the stiffness of the bone is calculated numerically.
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Simulation of anti-resorptive treatment

Using the model of menopause, we investigated the effects of three types of drugs
on bone volume and stiffness of the cancellous bone. The effects of these drugs
were based on the effects of anti-resorptive drugs described in literature, such as
a decrease in resorptive activity of osteoclasts [154, 177], an anabolic effect on
osteoblasts [84, 140] and a decrease in remodeling rate [177].

The first drug was incorporated in the bone tissue, as has been described for
bisphosphonates [154]. Cavities made in drug-containing tissue were less deep.
Besides this, the formation deficit was changed to a formation surplus and the
number of cavities was decreased. The changes in remodeling during treatment
are summarized in table 4.2. The second type of drug was not incorporated, as is
the case in e.g. estrogen treatment. All cavities created during treatment with this
drug were less deep, the number of cavities was decreased and the formation deficit
was changed to a formation surplus, as shown in table 4.2. The third drug had a
moderate effect on the bone remodeling, as is for example the case in raloxifene
treatment. The decrease in number of cavities was only 25% and bone formation
was equal to resorption. 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. For clarity, the three types of drugs will be called ’bisphosphonate’,
’estrogen’ and ’‘raloxifene’ from here on. However, we do not claim that the
changes in remodeling parameters in these simulations are exactly representative
for bisphosphonate, estrogen and raloxifene treatment.

Furthermore, the simulation results were compared to clinical BMD data.
Strictly speaking, these can not be compared directly. BMD, as measured by DXA,
is an areal density of bone mineral content, in the simulations we determine bone
volume. Anti-resorptive treatment reduces bone turnover, which results in an in-
crease in the age of the tissue and in the mineral content [13] in a process called
secondary mineralization. This secondary mineralization was not incorporated in
our model. Therefore, the comparison of simulation results and BMD is only an
indication, the increase in areal BMD in reality may be higher than the increase in
bone volume computed in our model.

4.4 Results

Simulation of menopause

Using input parameters derived from biological data, we can simulate the bone
loss during the menopausal transition in accordance with the bone loss seen in
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Table 4.2: Remodeling parameters during and after simulated anti-resorptive treatment with a drug that was incorporated in the tissue

(’bisphosphonate’), a drug that was not incorporated ('estrogen’) and a drug with moderate effects(’raloxifene’).)

Drug incorporated in tissue
(’bisphosphonate’)

Drug not incorporated in
tissue
(’estrogen’)

Drug with moderate effects
(raloxifene’)

Decreased for cavities in

Decreased for all cavities

Decreased for all cavities

: H . h - .. k .
During Resorption bisphosp olnate containing made during treatment made during treatment
treatment depth tissue (4210 28,m) 42 1o 28m)
# , (42 to 28um) H iz
eso.r[.mon -50% -50% 5%
cavities
Formation
surplus +5% +5% 0
. Defneased for cavities H.la.d cm Returned to normal for all Returned to normal for all
After Resorption bisphosphonate-containing . .
treatment depth tissue cavities cavities
resomni (42 to 28m) (28 t0 42 pm) (28 to 42 pmn)
eso.r[? tion Return to untreated Return to untreated Return to untreated
cavities
Formation
surplus Return to untreated Return to untreated Return to untreated
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BMD studies. Ongoing high turnover resulted in ongoing fast bone loss to such
an extent that the bone architecture was destroyed within 30 years. A decrease
in the excess remodeling space created in the perimenopausal period resulted in a
postmenopausal rate of bone loss in accordance with clinical studies.

From these results we conclude that the remodeling rate reaches a maximum
during the perimenopausal years and decreases thereafter. From our simulation
we can not determine whether remodeling rate returns to the premenopausal re-
modeling rate or stays elevated, both resulted in rates of bone loss in the biological
range. However, because most clinical studies indicate that the postmenopausal
remodeling rate is higher than the premenopausal remodeling rate, we included
this in our menopause model. The transient increase in turnover resulted in loss of
12% of the bone volume 10 years after menopause (Fig.4.2b). This is in the range
of reported clinical data [121, 135]. In this simulation, 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.4.2b).

Table 4.3: Increases in stiffness (in %) in the
superior-inferior direction (SI) and transversal

directions after 5 years of simulated estrogen
(es), bisphosphonate (bis) or raloxifene (ral)
treatment started early or late, compared to the
untreated case.

Table 4.4: Difference between early
and late treatment (in %) in stiffness
20 years after the start of the peri-
menopausal period.

early late es bis ral
es bis ral es bis ral Stiffness ST 9 6 2
S1 14 14 7 13 13 6 Stiffness transv. 22 15 8

transv. 26 26 15 20 18 11

Simulation of anti-resorptive treatment

Simulated estrogen treatment resulted in a fast increase in bone volume, up to 5%
after 5 years of treatment. Simulated bisphosphonate and raloxifene treatment re-
sulted in increases of 4 and 0.5%. The increase in bone mass was slower in the
case of bisphosphonate treatment, because this drug only reduced resorption depth
when it was incorporated in the tissue. Because of this, the effect became larger as
more cavities were refilled during simulated treatment. Stopping simulated estro-
gen treatment resulted in faster bone loss than stopping simulated bisphosphonate
treatment (Fig.4.3), because the bisphosphonates incorporated in the tissue still
exerted a protective effect. This is in agreement with clinical data on spinal BMD
[122, 158].

The increases in stiffness in the transversal directions were larger than in the
main load bearing (superior-inferior) direction (Table 4.3). Between 1 and 10 years
after start of menopause 9% of the bone volume was lost (Fig.4.2b). However, 20
years after the start of the menopausal transition the difference in bone volume
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Figure 4.3: A: Effect on bone volume of three types of
drugs, which resembled bisphosphonate, estrogen and
raloxifene started 1 year after the start of the perimeno-
pausal period. B: Effect on bone volume of the same
three types of drugs as shown in Fig A, started 10 years
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Figure 4.4: Comparison of clinical BMD measurements and
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mass at the start of treatment. (Alendronate data[166], rise-
dronate data[52])
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between early and late treatment was only 3% (Fig.4.3). The difference in stiffness
was considerably larger, as shown in table 4.4.

The increases in bone volume in the simulations were in the range of increases
in BMD seen in clinical studies. This is shown graphically for bisphosphonate
treatment (Fig.4.4).

Simulated anti-resorptive treatment increased the mean age of the tissue by 9
to 13% 20 years after the start of the perimenopausal period.

4.5 Discussion

In this study, we developed a computer simulation model of human vertebral can-
cellous bone remodeling, which mimics bone turnover during menopause and anti-
resorptive treatment. This model predicts changes in bone volume and global stiff-
ness of cancellous bone based on biological input data. To our knowledge, this is
the first computer model that incorporates remodeling parameters in 3D cancellous
bone models to predict changes in bone volume, age and stiffness resulting from
menopause and subsequent drug treatment.

The rate of bone loss resulting from the bone remodeling process depends on
the remodeling space, the formation deficit and the duration of the remodeling
cycle. These parameters are not exactly known, because they can not be measured
directly in bone specimens. Instead, these parameters have been estimated by
derivation from other, measurable, parameters [54, 126]. On the one hand, thisis a
limitation for computer simulation models, because estimated values must be used
instead of directly measured values. On the other hand, this is exactly the power
of this type of models: the estimated values can be incorporated in the simulation
model, and by comparing the output of the model to changes observed in reality,
it can be shown whether the parameter values were realistic. The changes in bone
volume in our simulation model, which are in good agreement with biological data,
indicate that the remodeling parameters we used were in the biologically relevant
range.

‘We analyzed how sensitive our model was to changes in the remodeling param-
eters. Remodeling spaces of 3 to 6% resulted in changes in bone volume within
the biologically relevant range, with remodeling spaces of 4 or 5% resulting in
changes in bone volume according to the average BMD changes reported in liter-
ature. A variation in the periods over which the rate of turnover in our model was
changed during the perimenopausal 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. Obviously, the remodeling parameters
that we used for the simulation model of menopause also affect the simulations of
treatment. For example, increasing the formation deficit or the remodeling space
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during simulated menopause changed the bone mass that could be reached during
the anti-resorptive treatment. However, changing these parameters did not change
our conclusions about the difference between the incorporated and the not incor-
porated drug, early and late treatment and the gain in stiffness in transversal and
longitudinal directions.

According to our simulation model, the bone turnover rate decreases after the
perimenopausal years. Previously, a decrease in turnover after menopause [44], as
well as elevated turnover up to 40 years after menopause [59] have been shown.
Our results show that ongoing high turnover would result in an unrealistic total de-
struction 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 [101, 121, 135]. Our simulations indicate that the reduced
rate of bone loss 5 to 8 years after the start of the perimenopausal period is not a
result of equal bone resorption and formation, but of a partial refilling of the ex-
cess remodeling space created during the perimenopausal period. In our model,
postmenopausal turnover equal to the premenopausal remodeling rate, as well as
postmenopausal turnover at a rate in between the pre- and the perimenopausal re-
modeling rate resulted in changes in bone volume in agreement with clinical BMD
data. This might reflect the difference in turnover between subjects with normal
bone loss and those who will develop osteoporosis [59].

Simulated anti-resorptive treatment resulted in changes in bone volume in
agreement with clinical data [52, 166]. We showed increases in stiffness, which
were larger than the increases in bone volume. Moreover, the anisotropy of the
cancellous architecture changed: the transversal stiffness increased more than the
stiffness in the main load bearing direction. In a fall, the bones are often not loaded
in the main load bearing direction, but more in the transversal directions. Because
stiffness and strength of cancellous bone are highly correlated [77] the large in-
crease in transversal stiffness could contribute to the large anti-fracture effects of
small increases in BMD. Moreover, the reduced turnover during treatment results
in an increase in the average age and mineral content [13] of the bone tissue, which
leads to a concomitant increase in stiffness [34]. In the simulations we determined
the age of the bone tissue, but the relation between age and mineral 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 mineralization in reality.
This would increase the stiffness of the cancellous bone even more than our model
predicts.

Like all simulation models, this model is a simplification of reality. In reality
resorption and refill of a cavity take several weeks, in the simulation cavities are
either completely resorbed or completely refilled. This has, however, no effects on
the long-term changes in bone volume and stiffness [171]. As input for our model
we used a specimen from a male donor of 37 year to show that bone remodeling
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and treatment can be simulated in our model. It has been shown that at this age
there is no significant difference in vertebral cancellous bone volume fraction and
mechanical properties between males and females [102, 107]. Besides this the
effects on bone of anti-resorptive treatment in osteoporotic men and women are
similar [166]. Furthermore, it has been shown that the differences between speci-
mens in simulation outcome are rather small [171]. Finally, the effects of mechan-
ical loads on the bone structure were not taken into account. Mechanical loading
does affect bone remodeling, but the exact mechanisms are not known. A 3D sim-
ulation of bone remodeling as presented here, which also includes the effects of
mechanical loads, is not feasible at the moment, but less detailed simulations and
simulations in 2D have been performed [78, 109]. As computer technology de-
velops further and the effect of loading on remodeling is better understood, such a
detailed simulation will be possible in the future.

Most clinical studies have been performed in osteoporotic patients or in pa-
tients who were postmenopausal for at least 2 years [11, 50, 52, 166]. Here, we
investigated the difference between treatment started “early’ and ’late’ (1 and 10
years after the start of menopause). Late treatment resulted in an approximately
3% lower bone volume, a 2-9% lower stiffness in the main load bearing direc-
tion and an 8-22% lower stiffness 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 treatment, but irreversible loss of stiffness occurs.
Furthermore, the long-term effect of incorporation of bisphosphonates in the bone
tissue is small. Discontinuation of simulated bisphosphonate treatment resulted in
a slower bone loss than discontinuation of estrogen treatment, but 20 years after
menopause the difference in bone volume was less than 2%.

Heaney et al. [67] performed a mathematical fit of changes in remodeling to
increases in BMD in alendronate treatment [95]. A decrease of 36-38% in newly
created cavities and a positive bone balance of 1% of the bone volume per year
resulted in a good fit. In this study, we showed that a reduction in number of
cavities of 50% and a positive bone balance of 5% per cavity resulted in increases
in bone volume in the range of increases in BMD in clinical studies (Fig.4.4).
By varying the remodeling parameters, we could get a closer correspondence to
the clinical results. However, our aim was not to make a fit to clinical data, but
to develop a model that links bone remodeling at trabecular level to changes in
global properties of cancellous bone and that enables comparison of different drug
treatment protocols.

Taken together, the presented model mimics bone remodeling during menopause
and anti-resorptive treatment, 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 thereafter.
Estrogen treatment resulted in faster bone volume increases than bisphosphonate
treatment, but on the long term the simulated effects of these agents were virtually
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equal. However, during the first years after discontinuation of treatment, bisphos-
phonates incorporated in the tissue still exerted a protective effect. It might be
possible to take advantage of this by applying intermittent treatment [145]. The
presented model could be used as a guideline for the development of such treat-
ment regimens. Moreover, simulation models of biological systems, like the one
presented here, may be used in the future to predict the effects of drug treatments
before patient data become available.
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5.1 Abstract

Bone remodeling leads to changes in the cancellous bone architecture with age.
Trabeculae become thinner, plates are perforated and some trabeculae are resorbed.
The mechanisms by which these changes in architecture are created are not exactly
known. For example, it is not known whether bone remodeling occurs more fre-
quently on horizontal than on vertical trabeculae or maybe random throughout the
structure.

In order to investigate this, we built a setup for three dimensional reconstruc-
tion of bone specimens, including the locations of recent bone apposition, which
are labeled with fluorochrome labels. This setup consisted of a sledge microtome,
a fluorescence microscope and a digital camera. The setup was automated by com-
puter software and electronics.

Using this setup, we reconstructed 4 labeled dog vertebral bone specimens. We
found that bone remodeling occurs slightly more on transversal trabeculae than on
trabeculae aligned in the main load bearing direction, when the bone volume frac-
tion is high. This might explain the changes in architecture with age: a more fre-
quent remodeling of transversal trabeculae in combination with a formation deficit
would lead to more thinning and loss of transversal than of aligned trabeculae.
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5.2 Introduction

Disorders that affect the bone remodeling process can result in extremely high or
low bone mass and changes in the architecture of cancellous bone. Moreover, even
normal bone remodeling in healthy people results in a decrease of the bone mass
with increasing age [107]. The osteoblasts make slightly less tissue than osteo-
clasts resorb, and trabeculae that are breached by resorption cavities are probably
not repaired [108]. This leads to bone loss and an increase in anisotropy of the can-
cellous bone. Thin transversal trabeculae are resorbed, while trabeculae aligned in
the load-bearing direction are mostly preserved. This is particularly clear if the
bone mass is very low, like in osteoporosis [29].

It is clear that the changes in cancellous architecture result from the bone re-
modeling process, but the exact mechanism is not known. Several scenarios are
possible. For example, it is possible that resorption occurs more frequently on
transversal trabeculae than on trabeculae aligned in the main load bearing direc-
tion. This would result in thinning of transversal trabeculae by the formation deficit
and almost no change in the aligned trabeculae. Another possibility is that resorp-
tion cavities are initiated on both aligned and transversal trabeculae, in combina-
tion with a smaller formation deficit in the aligned trabeculae because of higher
stresses and strains in these trabeculae.

More knowledge on the spatial distribution of the resorption cavities in the
cancellous architecture could elucidate the mechanisms that lead to the changes in
cancellous bone with age. However, these questions can not be answered using
techniques currently used in bone research. Using two dimensional sections of
bone tissue labeled with fluorochromes, remodeling parameters have been deter-
mined in healthy and diseased bone biopsies in numerous studies. This technique
gives information on the locations of bone remodeling, but not about the 3D can-
cellous architecture. Using micro-CT scans, three dimensional reconstructions of
the bone architecture can be made, with resolutions up to 10 pm. This technique
gives detailed information about the cancellous architecture, but not about the lo-
cations of fluorochrome labels.

In order to study the three dimensional distribution of bone remodeling, we
made a setup for three-dimensional reconstruction of the bone architecture includ-
ing fluorochrome labels. This setup consists of a sledge microtome, a fluorescence
microscope and a digital camera. The computer-controlled setup automatically
makes a stack of images from which we can reconstruct the 3D bone architecture
including the locations of bone apposition.

The reconstructions can be used to study the spatial distribution of the apposi-
tion of new bone tissue in the cancellous architecture. Specifically, to investigate
whether resorption cavities are distributed randomly over the surface of the trabec-
ulae or located preferentially on vertical or horizontal trabeculae or on concave,
convex or flat bone surfaces.
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Figure 5.1: The computer controlled setup used in this study, consisting
of a sledge microtome, a microscope and a digital camera.

5.3 Methods

The setup for automated sectioning was made using a sledge microtome (LKB
2259 Multirange Microtome), a fluorescence microscope (Nikon Optiphot 100S)
and a digital camera (Coolsnap, RS Photometrics, 1392%1040 square pixels), as
shown in figure 5.1.

The sledge with the bone specimen moves underneath the knife and a section
of usually 10um thick is made. The specimen moves back to the stop-position
under the microscope and an image of the top surface of the block is made. This
procedure is repeated until the desired number of images is made. The procedure
is computer controlled, using Labview software (National Instruments) to control
the camera and microtome. A linear potentiometer is used to measure the speci-
men position. This potentiometer is connected to the sledge with the specimen and
the microtome. When the specimen is close to the desired stop position, the con-
trol over the sledge is switched automatically from the computer to an electronic
circuit. This circuit enables real-time control of the sledge movement and stops
the specimen at the desired position under the microscope. Using the electronic
circuit, the stop position of the specimen could be reproduced within 5 pym.

The bone tissue and the labels can be distinguished in the same image. The
tissue is autofluorescent, while calcein labels emit a brighter signal (see Fig. 5.2).
When slices are used to study bone architecture and remodeling, the problem is
that the slices are deformed. This problem does not occur when the images are
made from the top surface of the block. Howeyver, the disadvantage of making
images of the top surface of the block is that the light emitted from the labels shines
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Figure 5.2: Image made from the top surface of the embedded
bone specimen. left: original image, middle: segmented for
bone, right: segmented for label.

through the bone tissue. Therefore, label in the bone tissue below the surface can
be seen before it is actually sectioned.

We corrected for this effect using a deconvolution algorithm in Matlab (Mat-
lab6, the Mathworks). As light shines through a material, the light intensity de-
creases exponentially:

I= IO x t"

Here, t is the fraction of the light intensity left after transmission through one slice
of bone tissue (10um in our setup). I is the intensity of light emitted by the label
and I is the intensity seen when a label that emits intensity Iy is observed through
n layers of bone tissue. The deconvolution algorithm starts in the bottom image,
and subtracts the light emitted from label in this bottom layer from images on top
of this layer. This is done for all the layers in the data set.

The result of this algorithm is shown in figure 5.3, for a phantom that was
serially sectioned in the setup. This phantom was made of a piece of cortical cow
bone, in which a hole with a diameter of 0.6 mm was drilled. The surface of the
phantom was labelled with calcein green by immersing the phantom in a calcein
green solution (10 mg calceinml) at room temperature for one hour. This phantom
was sectioned as shown in Fig. 5.3. This figure shows the raw data and the data
after deconvolution and segmentation.

To obtain the final data sets, the images were coarsened to obtain 3D data sets
of 2.1 x 2.8 x 3 mm consisting of cubic elements of 10 um sidelength. Using
a marching cubes algorithm in Matlab a smooth triangulated surface of the bone
architecture was made, including the 3D locations of the labels in the bone.

Using the data sets thus obtained, we can investigate whether the resorption
cavities were distributed randomly throughout the structure, or located preferen-
tially on transversal or aligned trabeculae, or on convex, concave or flat surfaces.
Here, we call the trabeculae which are oriented in the plane perpendicular to the
main load bearing direction transversal trabeculae. Aligned trabeculae are the tra-
beculae which are aligned to the main load bearing direction. We use convex for
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Figure 5.3: Left: phantom, made by drilling
a hole in a bone specimen and labeling the
surface with calcein green. Middle: recon-
struction of phantom, made by serial section-
ing, raw data. Right: segmented reconstruc-
tion after deconvolution to correct for the light
shining through the bone tissue.

a surface that is created when a cavity is made in a plate of bone tissue, a concave
surface is created when extra bone is added on a flat surface. The orientation of the
trabeculae and the curvatures of the bone surface were determined using specially
developed Matlab software, which used the surfaces triangles generated with the
marching cubes algorithm as input.

The orientation of the trabeculae relative to the main load bearing direction
was determined from the surface normals of the triangles in the trabecular surface.
The algorithm that was used to determine the local surface curvatures was derived
from a method described in literature.

5.4 calculation of local surface curvatures

The local curvature of a surface is characterized by two signed radii (r; and r3).
If we rotate a plane which contains the normal on the spot we find a largest and
a smallest in magnitude. The two principal curvatures (x; and x2 are the inverse
of these radii (v, = %, Kg = %). These are combined to determine the Mean

curvature (H) and the Gauss curvature (K):

H=%ﬂ K = fy X s (5.1)

Following Jinnai et al [80] we introduce area-averaged curvatures (H , K). Ac-
cording to [80], the area of a new continuous surface that is created by moving a
surface with are S(0) outwards by a distance d is:

S(d) = S(0)(1 +2Hd + Kd?) (5.2)
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In our model, we do not have a continuous surface, but a triangulated surface gen-
erated using the marching cubes algorithm. We derived an algorithm to compute
the curvatures based on the triangles of this triangulated surface.

The surface normal N of a triangle of which the corners are given by three vectors
P1_3 is:
N=PxP+PxP3+P3x P (5.3)

The normalized surface normal is U:

IN|=VN-N U= ﬁ (5.4)
The surface of the triangle is:
1 1
sO) =3lINll=5N-U (5.5)

D1 _g are the normals in the corners of the triangle, calculated from the normals of
the surrounding triangles:

p-2 > U (5.6)

The vectors F7_3 have the same direction as [, 3 and point from the corners of
the original triangle to the corners of a new triangle, which is created by moving
the triangle outwards by a distance d:

IVl ,_ D
E= dN D DU

d 5.7
The surface s(d) of the new triangle is:
1
s(d) = 5((131 + By) X (Py+ Eg)+

(Po+ E2) X (P3+ E3)+ (Ps+ E3) x (PL+Eq))- U (5.8)

By performing the multiplications and substituting N, s(0) and E we can rewrite
this to:

s(d) = s(0)+
d 3 Dl D2
5(_Pz—Pl 3'U—{—(P3-—P2)XDI.U+(P1—P3)XW).U+
d2 D1 D2 D2 D3 DB Dl
_é-(Dl-UXDQ-U+D2’UXD3'U+D3‘UXDl'U).U 5.9
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For the whole surface we sum over all triangles :

S(d) = S(0)+
D3 Dy Dy
—Z ~P)x 5 U+(p —B) X o+ (P = Ba) Dz_U).U+
Dy D, Ds D3 D;
22 U D, - U D‘)'U Ds - U+D3 U D U) U G.10)

By comparing these last equations with equation 5.2 we see that we can calculate
the average H and K from the triangulated surface:

,\_ D3
H‘zsz 2= P> oot
D1 D2
(Pg-—Pg) X Dl-U+(P1-P3) X DQU)U G¢.1D
N D2 D2 D3 D3 Dl
k= .
252 U D - U+D2-UXD3-U+D3-UXD1~U()SZ
., 12)

However, the direction in which the corners of the triangles move when the surface
is moved outwards by a distance d is not always determined. Initially a number of
triangles intersects at one point, the common vertex of these triangles. If there is
again one point of intersection after the triangles are moved outwards (parallel!)
the direction in which the point moves is well defined. However, in general, more
than three triangles intersect in a vertex. When these triangles are moved outwards,
they do not intersect in one point anymore in most cases. The solution is a com-
promise in one sense or another: each triangle gets its own 'new’ point or the new
triangles are not exactly parallel to the original triangles. For this problem, we
used a solution that others used before: we used surface weighted face normals.
So N is used instead of U in equation 5.6 and if there are three or more surrounding
triangles the set of equations is solved by the least square method. This results in
the vertex normals D used in the formulas above. From equation 5.11 and 5.12 we
can calculate the local mean (H) and gauss (K) curvatures:

Dy
P3) X D2 - U)U

+(P3—P2)><

1
H=—((P,—P
45((2 1) %

3 1
Ds-U D-U

1( D1 D2 D2 D3 D.?, Dl
28 DlU D')U D")U D3U D3U DlU

y-U
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Figure 5.4: Reconstruction of
cancellous bone architecture (dark
grey), including the locations of
the fluorochrome labels (light

grey).

5.5 specimens

In this study we used four calcein labeled dog L1 vertebral bone specimens. The
dogs received double calcein labelling according to a 2-12-2-5 schedule before
sacrifice, as described in detail elsewhere [100]. We used specimens obtained
from untreated dogs. The bone specimens were embedded in black epoxy resin
(Epofix, Struers, colored black using araldite coloring paste from Ciba)[118].

5.6 Results

The serial sectioning process presented here is completely automated, slicing of 1
mm of bone in sections of 10um thickness takes approximately 1 hour. Figure 5.4
shows part of a reconstruction of a dog vertebral cancellous bone specimen made
using this setup.

Using these data sets, we determined the percentage of labelled surface, which
was 18 £ 2 %. These percentages were slightly lower, but not significantly differ-
ent from with the percentages of labelled surface in these dogs determined in the
L3 vertebrae using 2D histology [99].

The percentage of labelled surface was slightly higher on the transversal tra-
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Figure 5.5: ratio of percentages labeled sur-
face on transversal and aligned trabeculae vs
BV/TV.

beculae than on trabeculae in the main load bearing direction in 3 of the 4 speci-
mens. The ratio of labelled surface on transversal trabeculae and labelled surface
on aligned trabeculae was related to the bone volume fraction, as shown in fig-
ure 5.5. In these specimens, we did not find a relation between the local surface
curvature and the locations of the labels.

Concluding, bone remodeling is probably not initiated randomly throughout
the architecture. Our results indicate that as long as the bone volume fraction is
high, resorption is initiated slightly more frequently on transversal trabeculae. This
could be regulated by stresses or strains in the trabeculae: these are lower in the
transversal trabeculae than in the trabeculae in the main load bearing direction. If
high stresses protect against resorption, resorption needed for e.g. calcium home-
ostasis might be initiated more on transversal trabeculae. Obviously, study of more
specimens is needed to make more definitive conclusions about the regulation of
bone remodeling.

5.7 Discussion

Bone remodeling leads to changes in architecture and mechanical properties of
bone with increasing age. Especially in cancellous bone, the changes in bone vol-
ume, bone stiffness and strength with age can be large. Although it is known that
these changes result from the bone remodeling process, it is not clear by what
mechanism the observed changes are created. Knowledge about the three dimen-
sional distribution of bone apposition in cancellous bone could elucidate this and
thereby give insight in the mechanism by which bone remodeling changes the ar-
chitecture of the bone.

In order to study this bone remodeling in three dimensions, we built a setup
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to make reconstructions of the bone architecture including the locations of recent
bone apposition. Mineralizing bone tissue can be labeled in vivo by fluorochrome
labels that bind to calcium, given by intraperitoneal injections or orally. These la-
bels are deposited in the bone tissue along with the calcium as the new bone tissue
mineralizes. By reconstructing the locations of the labels in the bone, locations of
recent new bone formation can be visualized. We have shown that it is possible
to reconstruct both the bone architecture and the locations of fluorochrome labels
incorporated in the mineral of the bone tissue from one set of images. The stacks
of images were made using serial sectioning and fluorescence microscopy.

The use of micro-CT scanners has resulted in more insight in the changes in
cancellous bone that occur with aging [68, 42]. As the resolution of this technique
improves, probably even information about local mineralization can be obtained
from the scan data. However, information about recent bone apposition and re-
sorption in the remodeling cycle can at the moment not be obtained using these
scanners. In the future, it will probably be possible to study the effects of bone
remodeling with in vivo CT-scanners, but only in small animals like mice and rats.
Using our setup, the architecture and the labels can be studied in three dimensions
in biopsies from larger species as well.

Although the bone apposition sites are clearly labelled with fluorochrome
markers, we can not detect bone resorption sites in our setup. It is generally ac-
cepted that bone resorption and formation are coupled in the bone remodeling
process [128]. In the dogs used in this study, the growth plates were closed, so
bone remodeling will be the dominant process, not bone modeling. It is therefore
highly likely that the locations of bone formation that we find are previous bone
resorption sites.

Using our setup, it will be possible to study normal bone remodeling, but also
to gain more insight in the changes in bone remodeling that are caused by e.g.
anti-resorptive treatment, in osteoporosis or osteoarthrosis. It is clear that bone
remodeling is reduced during anti-resorptive treatment [177, 99, 166], but it is not
known whether these treatments also change the spatial distribution of bone remo-
deling. Another application might be to look at the travelling of BMU’s through
the bone architecture. By using different colors of fluorochrome labels, bone ap-
position in subsequent weeks or months can be labelled and distinguished in the
reconstructions [160]. Studying bone remodeling in three dimensions will cer-
tainly help to better understand the bone remodeling process in healthy organisms
as well as during aging and pharmacological interventions.
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6.1 Abstract

The bone remodeling process takes place at the surface of trabeculae and results
in a nonuniform mineral distribution. This will affect the mechanical properties
of cancellous bone, because the properties of bone tissue depend on its mineral
content.

We investigated how large this effect is by simulating several non-uniform min-
eral distributions in 3D finite element models of human trabecular bone. The min-
eral was distributed uniform, the surface layer had a higher mineral content than
the core of the trabeculae or vice versa. The apparent stiffness of these models
was calculated using finite element simulations. In the "linear model’ we assumed
a linear relation between mineral content and Young’s modulus of the tissue. In the
’exponential model” we included an empirical exponential relation in the model.

When the linear model was used the mineral distribution slightly changed the
apparent stiffness, the difference varied between an 8% decrease and a 4% increase
compared to the uniform model with the same BMD. The exponential model re-
sulted in up to 20% increased apparent stiffness in the main load-bearing direction.
A thin less mineralized surface layer (28um) and highly mineralized interstitial
bone (mimicking mineralization resulting from anti-resorptive treatment) resuited
in the highest stiffness. This could explain large reductions in fracture risk result-
ing from small increases in BMD. The non-uniform mineral distribution could also
explain why the bone tissue stiffness determined using nano-indentation is usually
higher than the finite element determined stiffness.

We conclude that the non-uniform mineral distribution in trabeculae does af-
fect the mechanical properties of cancellous bone and that the tissue stiffness de-
termined using finite element modeling could be improved by including detailed
information about mineral distribution in trabeculae in the models.
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6.2 Introduction

The skeleton has an important load-bearing function. Therefore, numerous studies
have quantified strength, stiffness and failure load of cortical and trabecular bone
[27, 35, 83, 107, 141]. Besides experimental studies, finite element simulations
have been used to calculate the stiffness of trabecular bone specimens.

The finite element simulations use 3D models of trabecular bone specimens
made using micro-CT scans, MRI-scans or serial sectioning [75, 89, 120, 173].
These models accurately represent the three-dimensional architecture, but differ-
ences in material properties in the bone tissue*® are usually not taken into account.
The bone tissue is assumed to be uniform, isotropic and linearly elastic [75, 173].
Cancellous bone exhibits linear behavior for small deformations [83], but bone tis-
sue has a lamellar structure, and is not isotropic. Furthermore, bone tissue is not
uniform at the trabecular level: the bone remodeling process results in a nonuni-
form distribution of the mineral within the trabeculae. The surface layer of trabec-
ulae is frequently renewed, but tissue in the middle of trabeculae (interstitial bone)
can escape from this remodeling [10, 16], and become older than the surface layer.
As new bone tissue mineralizes, approximately 70% of the mineral is deposited
in a couple of days, but mineralization continues slowly for several more years
[64, 129]. This results in a higher mineral content in the interstitial bone, com-
pared to the surface layer. This non-uniform distribution has been shown with a
variety of techniques [24, 40, 58, 115, 148], as iltustrated in figure 6.1.

The distribution of the mineral over the trabeculae depends on the rate of bone
turnover. A high turnover rate results in a large difference in mineral content be-
tween the interstitial bone and the surface layer. Anti-resorptive treatment results
in less and shallower cavities, so that the difference in mineralization between the
surface layer and the interstitial bone is small and the surface layer thin. It has
been shown that the stiffness of bone tissue is exponentially related to the mineral
content [35]. Therefore, besides differences in architecture between e.g. healthy
and diseased bone, the mechanical properties might also be affected by differences
in mineral distribution.

In trabeculae, the highly mineralized core is surrounded by a surface layer
with a lower stiffness. This is in contrast with normal engineering practice, where
I-beams and hollow pipes are used to obtain structures with a high (bending) stiff-
ness combined with a low mass. However, in bridges and buildings failure must be
prevented, while in trabeculae small cracks can be repaired as long as the trabec-
ulae are not completely fractured. Furthermore, bone tissue with a high mineral
content has a high stiffness, but a relatively low failure energy [34]. Therefore, the
mineral distribution found in cancellous bone may be advantageous. The highly
mineralized older bone is located in the middle [185], where deformations are

*In this chapter, "bone tissue’ is used to describe the material of which the trabeculae are made,
including osteoid and mineralized matrix, but excluding bone marrow.
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Figure 6.1: Non-uniform mineral distribution in trabecular bone, shown using several techniques. A-D: Human,
thionine staining (high mineral content=dark staining). A: female, 58y, osteopetrosis. B, C: female, 77y, normal
bone, D: male, 51y, normal bone. E, F: rat, tibia, scanning acoustic microscopy (SAM). High mineral content:
light gray. (courtesy of C. Jorgensen, Aarhus University Hospital, Denmark). G: human, vertebra, female, 14y,
Scanning small angle x-ray scattering (SAXS), high mineral content:black (Camacho et al., Bone 25(3)) H:
minipig, rib, BSE-image (High mineral content: light gray) (Roschger et al., Bone 20(5))(G and H reprinted

with permission from Elsevier Science)
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Non-uniform mineral distribution in cancellous bone

smaller. Furthermore, this brittle bone is surrounded by a surface layer with a
lower mineral content, which has better crack-stopping mechanisms.

The aim of this study was to investigate the influence of the non-uniform min-
eral distribution in trabecular bone on apparent stiffness in order to be able to
estimate the effect of changes in this distribution caused by diseases or drug treat-
ment.

6.3 Materials and Methods

The specimens used in this study were obtained from autopsy L4-vertebrae of three
donors: two males, 37 and 77 years old, and one female: 80 years old. These were
obtained as part of the European Union BIOMED 1 project ”Assessment of Bone
Quality in Osteoporosis”. According to the donor data, these donors did not suffer
any osteoporotic fractures. The specimens were scanned in a micro-CT scanner
(Scanco Medical, voxel size 14um, resolution 28uum). The reconstructions were
segmented in order to obtain three-dimensional voxel models of 4 X 4 X 4 mm
cancellous bone, with cubic elements of 28 x 28 x 28 m. The volume fractions of
these specimens were 6.4% (female donor 80 years, F80), 11.8% (male donor 77
years, M77) and 12.9% (male donor 37 years, M37), resulting in computer models
of 180,000 to 360,000 brick elements.

Using these datasets, we created various models with different mineral dis-
tributions. First, the mineral was distributed uniformly over the trabeculae. The
mineral content of all elements was 0.4 g Ca/cm?®, which is in the biological range
[9]. Second, the mineral distribution as observed in cancellous bone (see Figure
6.1) was simulated: the interstitial bone was given a high mineral content, with
values of 0.44, 0.48 or 0.52 g Ca/cm?® bone tissue. The surface layer of the trabec-
ulae, which was either thin (28 pm) or thick 56 (um), was given a lower mineral
content, so that the mean mineral content of all elements was 0.4 g Ca, / cm? bone
tissue in all models. The mineral contents of the interstitial bone and of the surface
layer are shown in table 6.1. Third, we created a hypothetical mineral distribution,
in which the surface layer had a higher mineral content than the interstitial bone.
The mean mineral content was again 0.4 g Ca/cm3. This was only done for the
case of the thin surface layer. In the case of the thick surface layer a mean mineral
content of 0.4 g Ca,/cm3 could not be achieved without assigning negative mineral
contents to the tissue in the middle of the trabeculae. The mineral contents of the
interstitial bone and of the surface layer are shown in table 6.2. The different dis-
tributions would result in the same BMD in a DXA-scan. Figure 6.2 shows slices
of the finite element models with simulated mineral distributions.

Assuming a linear relation between mineral content and Young’s modulus, the
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Table 6.1: Mineral content of interstitial bone ("Int bone’) and surface layer (28
or 56 um) of trabeculae in all three specimens for 4 different mineral contents
in the interstitial bone, which has a higher mineral content than the surface layer,
mimicking the in vivo mineral distribution.

Surface layer
Int. M37 M77 F80
Bone 28pm 56pm  28um  56pum  28pm  56pm
Mineral 0.40 0.40 0.40 0.40 0.40 0.40 0.40
content 0.44 0.35 0.39 0.35 0.40 0.36 0.40
(gCa/em®) 048 029 039 031 039 032 039
0.52 0.24 0.38 0.26 0.39 0.27 0.39

Table 6.2: mineral content of surface layer and interstitial bone
of trabeculae in all three specimens for 4 different mineral con-
tents of the surface layer, which is 284m thick. The interstitial
bone has a lower mineral content than the surface layer.

Interstitial bone
Surface M37 M77 F80
layer 28um 28 um 28um
Mineral 0.40 0.40 0.40 0.40
content 0.44 0.37 0.36 0.36
(g Ca/cm®) 0.48 0.34 0.33 0.32
0.52 0.31 0.30 0.28

Young’s modulus of each element (£;) was calculated using this formula:

Cay is the mineral content of the i*® element, Camesn is the mean mineral content
of 0.4 ¢ Ca/cm®. The constant ¢ in this linear model is 5 GPa, resulting in a
Young’s modulus of 5 GPa for elements with the mean mineral content of 0.4 g
Ca/cm3.

The global stiffness properties of the models were calculated using an element-
by-element FE solver [176]. This solver was slightly modified, to allow for the
assignment of different Young’s moduli to the elements. In this method, six uni-
axial mechanical tests (three compression and three shear tests) were simulated by
applying homogeneous displacements at the surfaces. Each simulated test yielded
one row of the global stiffness matrix of the specimen. Using an optimization
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P e 2 s

Figure 6.2: One slice of finite element model of donor M37,
with a surface layer of either two elements (left) or one element
(right). Marrow space is white, interstitial bone black, the sur-
face layer is shown in gray. The surface layer was given either a
lower (table 6.1) or a higher (table 6.2) mineral content than the
interstitial bone.

procedure, the best orthogonal representation of the global stiffness matrix of the
specimens was calculated [175]. From this matrix, we used the maximum appar-
ent Young’s modulus of the specimens, which was oriented within 6° from the
superior-inferior direction of the specimens, and the Young’s moduli in transverse
directions, which were oriented within 6° from the transverse plane in all mod-
els. The direction of maximal stiffness was only slightly changed by changes in
mineral distribution, the maximal change was 0.7°. The superior-inferior direc-
tion of the specimens corresponded to the main in vivo load bearing direction. The
effect of the mineral distribution on the apparent stiffness of the specimens was
determined.

Besides the linear relation between mineral content and Young’s modulus, we
also investigated the effect of an empirical exponential relation [35] on the appar-
ent stiffness of the models mimicking the in vivo mineral distribution. By compar-
ing the results of this exponential model to the previous linear model, the sensitiv-
ity of the calculated stiffness to the relation between mineral content and Young’s
modulus can be estimated. The Young’s modulus of the elements was based on
their mineral content, using a cubic relation:

Cai

Camean

Ei=cx( )3 (6.1)

Where Ej is the Young’s modulus (MPa) of the ith element, c is a constant (5 GPa),
Ca; is the mineral content of the i*® element, Camean is the mean mineral content
of the elements of the specimen (0.4 g Ca/cm?®). Using this formula, the Young’s
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Table 6.3: Mineral content of interstitial bone (’Int bone’) and surface layer (28
or 56 pm) of trabeculae in all three specimens for 4 different mineral contents
in the interstitial bone, which has a higher mineral content than the surface
layer, mimicking in vivo mineral distribution.

Surface layer
Int. M37 M77 F80
Bone 28um 56pum 28um 56um 28um 56um
Young’s  5.00 5.00 5.00 5.00 5.00 5.00 5.00
modulus  6.66 3.24 476 3.45 4.88 3.58 491
(GPa) 8.64 1.95 4.54 2.26 4.75 247 4.81
10.99 1.05 431 1.39 4.62 1.61 4.72

modulus of an element with the mean mineral content of 0.4 ¢ Ca/cm? was 5 GPa.
Table 6.3 shows the resulting tissue moduli for the interstitial bone and the surface
layer, calculated using this formula in all three specimens.

The mineral distribution in the trabeculae also affects the way the loads applied
to the bone are distributed over the trabeculae. We investigated the effect of the
mineral distribution on the strain energy density distribution (SED) resulting from
a uniaxial confined compression in the superior-inferior direction. An apparent
stress of 0.5 MPa was applied to the top surface of the specimen. The bottom face
was not allowed to move, elements in the side faces were not allowed to move
perpendicular to these faces. The stress and strain in all elements in the model
were calculated, and the strain energy density distribution was determined.

In an ideal structure, the load is distributed evenly over all the elements in the
structure, resulting in a uniform SED distribution, and a narrow peak in the SED
histogram. If a structure is not well suited for load bearing, some elements will
be highly loaded, while others are almost not loaded, resulting in a wide SED
distribution. By comparing SED distributions of the uniform and the nonuniform
models, we can determine whether the nonuniform mineral distribution seen in
cancellous bone is mechanically advantageous.

6.4 Results

The calculated apparent stiffness of the cancellous bone specimens was relatively
independent of the mineral distribution when the linear model was used. The stiff-
ness of the models that resembled the in vivo mineral distribution was somewhat
lower than the stiffness of the uniform model. The maximal reduction in apparent
stiffness was 8%. The models with a higher mineral content in the surface layer
had a slightly higher apparent stiffness than the uniform model. The maximal
increase was 4%.
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Figure 6.3: Change in apparent Young’s
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Figure 6.4: Change in apparent Young’s
Modulus in transversal directions as a
function of the mineral content of the in-
terstitial bone.

The apparent stiffness in superior-inferior direction of the models mimicking
the in vivo mineral distribution was higher than the stiffness of the uniform model,
when the exponential model was used (see Fig. 6.3). This stiffness increased when
the mineral content in the middle of the trabeculae increased. The increase was
larger in the case of the thin surface layer. The models with the thin surface layer
had up to 20% (mean:15%) higher apparent stiffnesses in the main load beating
direction. The models with the thick surface layer showed smaller increases, the
maximal increase was 5%.

In the transverse directions the nonuniform mineral distribution had smaller
effects (see Fig. 6.4). The difference in apparent stiffness varied between a 4%
decrease and a 1.5% increase, compared to the uniform models. The models with
a thick surface layer showed a small increase in apparent stiffness with increasing
mineral content in the interstitial bone. The models with the thin surface layer
showed a decrease in apparent stiffness for a mineral content in the middle of the
trabeculae of 0.44 and 0.48 g Ca/cm?®. For a mineral content of 0.52 g Ca/cm?® in
the interstitial bone the models with the thin layer showed an average increase in
apparent modulus of 1.3%.

The higher stiffness in the superior-inferior direction of the models with a
higher mineral content in the interstitial bone is a result of a more uniform dis-
tribution of the applied deformation energy over the elements. Figure 6.5 shows
the SED-distribution of the elements in specimen M77 for the uniform model and
the model with a thin surface layer and a mineral content in the interstitial bone of
0.52 g Ca/cm?®, which are the models with the lowest and highest apparent stiffness
(see Figure 6.3). The model with the higher mineral content in the interstitial bone
had a higher and narrower peak at low SED, and a 30% lower median SED value.
This effect was similar for the other two specimens.
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Figure 6.5: Strain energy density (SED) distribution
of the elements in the model from the male donor of 77
years old, resulting from an applied stress of 0.5 MPa
to the top surface of the specimen. The SED distribu-

tion of the uniform model is wider than the distribution
of the nonuniform model with a mineral content of 0.52
g Ca/cm in the interstitial bone.

6.5 Discussion

The bone remodeling process results in a nonuniform mineral distribution in cor-
tical and cancellous bone. In cancellous bone, the interstitial bone in the core of
trabeculae has a higher mineral content than the surface layer. Since the stiffness
of bone tissue depends on its mineral content [34], this non-uniform distribution
will affect the apparent stiffness of cancellous bone. In order to determine how
large this effect is we included non-uniform mineral distributions in finite element
models of human trabecular bone. These non-uniform models represent the real
bone better than the usually used uniform models [75, 173].

The mineral distribution had only a small effect on the apparent stiffness when
a linear relation between mineral content and Young’s modulus was assumed. Hy-
pothetical mineral distributions with a high mineral content in the surface layer and
a low mineral content in the interstitial bone resulted in higher apparent stiffnesses
than the uniform model. The maximal increase was 4%. Models that mimicked
the in vivo mineral distribution had a somewhat lower stiffness than the uniform
model. The maximal decrease was 8%. This shows, that the mineral distribution
in trabeculae is not advantageous when apparent stiffness is considered using the
calculations in the linear model.

In this model, the mineral distribution within a rod (trabecula) does affect the
bending stiffness, but has no effect on compression stiffness. The bending stiffness
of a cylindrical rod ('trabecula’) with a less mineralized surface layer as shown in
table 6.1 can be up to 30% lower than the stiffness of a uniform rod with the
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same mineral content. Therefore, the smaller effect of the mineral distribution on
the apparent stiffness indicates that bending as well as compression occurs as the
whole specimen is loaded. When the empirical exponential model is used, the
decrease in stiffness of the surface layer is outweighted by the high stiffness of the
interstitial bone. This results in an increase in the apparent stiffness compared to
the uniform distribution, as determined using the finite element models.

In the present study we used a computer algorithm to create mineral distribu-
tions that resembled distributions seen in cancellous bone. The material properties
in our models were nonuniform, but the tissue was still assumed to be isotropic and
linearly elastic. Cancellous bone behaves linearly for small deformations [83], but
trabecular bone tissue is not isotropic [151]. Both models, with surface layers of
28 and 56 pm thick, are simplifications of the real mineral distribution in can-
cellous bone. In real bone, the age of the bone packets made in the remodeling
process varies, as well as their mineral content (see Fig.6.1). However, because
remodeling takes place at the surface of trabeculae, the surface layer generally has
a lower mineral content than the interstitial bone. Furthermore, it has to be kept
in mind that the exponential relation was derived from experiments using cortical
bone specimens [35]. Although it is very likely that a similar relation will be valid
in cancellous bone tissue, this has yet to be verified.

It has been shown, that bone with a high mineral content has a relatively low
failure energy. Bone tissue changes from ductile, for a low mineral content and low
Young’s modulus, to brittle, for a high mineral content and high Young’s modulus
[34]. In trabeculae, the highly mineralized interstitial bone provides a high com-
pression stiffness. When cracks start in this tissue, the surface layer, which has a
lower mineral content and better crack stopping mechanisms [185] prevents com-
plete fracture of the trabeculae and repair of the damage is possible. In damaged
trabeculae, it can be seen that the highly mineralized core contains microcracks,
while the less mineralized surface layer maintains the mechanical integrity of the
trabecula [57, 105].

In determining the stiffness of trabecular bone tissue, the nonuniform mineral
distribution is usually not taken into account. For example in bending tests of
individual trabeculae, the modulus is calculated assuming homogeneous material
properties. Bending experiments resulted in Young’s Moduli of 3-8 GPa [27, 88,
103]. In finite element simulations, the tissue modulus is determined by fitting the
calculated apparent stiffness to the experimentally measured stiffness assuming
homogeneous tissue properties. Good fits have been obtained with tissue moduli
of 5to 7 GPa[77, 89]. Kabel et al. found high correlations between calculated and
measured stiffness using an ’effective isotropic tissue modulus’ and concluded that
inclusion of tissue level material properties is not necessary [82]. However, these
high correlations do not prove that differences in tissue level properties do not
affect apparent stiffness of cancellous bone. Moreover, the modulus found using
finite element modeling is usually lower than the modulus found using ultrasound
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and nanoindentation techniques, which yielded moduli of 8-20GPa [3, 73, 142,
151, 167, 187]. The nano-indentations are usually made in the highly mineralized
core of the trabeculae, to avoid effects of the embedding resin {142]. This could
explain the higher moduli found using this technique.

The stiffness of the models mimicking the real mineral distribution was up to
20% higher than the stiffness of the uniform model when the empirical exponential
relation was used. The 20% increase was found in models with a Young’s modulus
of 11 GPa in the interstitial bone, which is twice as high as the modulus of the el-
ements in the uniform model. If the tissue modulus were determined by fitting the
simulation to a mechanical test, assuming homogeneous tissue, the stiffness of the
interstitial bone tissue would be underestimated. As scanning techniques improve,
higher resolutions and more detailed information can be obtained, e.g. by using
synchrotron radiation (20). Including this information in finite element models
might improve predictions of tissue properties of cancellous bone specimens.

In antiresorptive treatment, resorption cavities become shallower, resulting in
thicker interstitial bone and a thin surface layer. If the treatment has an anabolic
effect on osteoblasts, this will result in a thicker surface layer and an increase in
bone volume. The present results show that highly mineralized interstitial bone
and a thin surface layer results in a high apparent stiffness, even if the mineral
content and the bone volume stay the same. In antiresorptive treatment, the amount
of mineral in the bone can increase because of the reduced turnover [13]. This
results in even more pronounced increases in stiffness and strength, which results
in large reductions in fracture risk found in clinical studies [11].

Concluding, the nonuniform mineral distribution in trabeculae has an effect on
the finite element calculated apparent stiffness, but the difference is not more than
20%. However, when trabecular tissue stiffness is determined by fitting simulation
results to experimental tests assuming uniform tissue properties, the stiffness of
the interstitial bone can be underestimated by a factor of 2. Furthermore, when the
nonuniform mineral distribution is taken into account, the discrepancy between
different ways of determining trabecular bone tissue modulus can be explained.
Anti-resorptive treatment results in shallower cavities, and a thin less mineralized
surface layer in combination with a highly mineralized core. The present results
show that such a mineral distribution results in a high apparent stiffness. This
could partly explain the high reduction in fracture risk resulting from only small
increases in BMD. Finally, the enclosure of the highly mineralized interstitial bone
by a less mineralized surface layer decreases the chance of complete fracture of
trabeculae. While the effect of the mineral distribution on apparent stiffness is
relatively small, the effect of this distribution on the toughness of the bone could
be large.
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Chapter 7

7.1 Abstract

With aging, bone architecture changes and bone mass, strength and stiffness de-
crease. In this paper, we hypothesize that the bone loss with age could be a result
from changes in bone tissue* properties with age. As people get older, the average
mineral content of their bone tissue increases. This results in a higher tissue stiff-
ness and smaller deformations of the bones. In this paper, we assume that cells can
detect local tissue deformation and adapt the cancellous architecture according to
this information. Several authors have observed that bone architecture is adapted
to external loads [55, 183]. High loads lead to increases of bone volume, small
loads to bone loss [7, 79, 92].

We tested this hypothesis by using finite element simulations, in which the
architecture of the cancellous bone was adapted to the applied external loads ac-
cording to the *mechanostat’. Bone tissue with a strain signal below a certain
threshold was resorbed, a strain signal above a certain value induced bone forma-
tion. A strain signal in between these two boundaries, in the so-called ’lazy zone’
did not induce any changes in bone architecture. We investigated the effect of
the width of the lazy zone on bone mass, stiffness and architecture. Furthermore,
we investigated the effect of an increase or decrease in trabecular tissue stiffness
(while the lazy zone was not changed) on bone mass, stiffness and architecture.

We found that an increase in tissue stiffness led to bone loss and increased
mechanical anisotropy. A decrease in bone tissue stiffness led to large increases in
bone mass, resulting in an almost constant global stiffness in the main load bearing
direction. Concluding, changes in trabecular tissue stiffness and deformation could
affect bone mass and architecture during aging and in diseases. We showed that
this mechanism can partly explain the bone loss with increasing age.

*Here, tissue is used for the mineralized tissue of which the trabeculae are made.
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7.2 Introduction

With aging, the bone mass of the skeleton decreases. Cortices become thinner and
more porous, trabeculae in the cancellous bone become thinner. Plates in the can-
cellous bone are perforated and some trabeculae are lost [1, 107]. This results in
large decreases of the strength and stiffness of the skeleton. In extreme cases the
skeleton becomes osteoporotic, which results in large increases in fracture risk.
Recently, Lanyon and Skerry hypothesized that osteoporosis is a result of mal-
functioning of the bone cells [91]. They assumed that the quality of the bones
decreases because the bone cells do not react properly to stresses and strains any
more in older people. This is a likely explanation, because the functioning of cells
does degenerate with age.

However, this is not the only change in the skeleton with age. Most bone
tissue is renewed frequently in the bone remodeling process, but some bone tissue
escapes from this renewal and becomes older and more mineralized. For example,
bone tissue in the middle of trabeculae is not reached by resorption cavities and
becomes older than the surface layer of the trabeculae [10]. In cortical bone, old,
highly mineralized osteons are found next to young osteons [132]. It has been
shown, that the average mineral content of bone tissue increases as people get
older [16, 17, 33, 64, 139]. Mechanical and indentation experiments have shown
that the stiffness and microhardness of bone tissue increase as the mineral content
of bone tissue increases [34, 72]. Assuming that the loads applied to the bone stay
the same, a higher tissue stiffness results in smaller deformations.

In this paper, we assume that cells in the bone detect these smaller deforma-
tions in their vicinity and "decide’ that less bone is needed to carry the loads. We
tested this hypothesis using a three dimensional bone remodeling simulation in
which the cancellous architecture of human vertebral bone is adapted to external
loads based on local deformations of the tissue. We examined the effects of the
sensitivity of the bone cells and the properties of the bone tissue on the architec-
ture, global stiffness and anisotropy of cancellous bone. In this model, the final
architecture and stiffness of the specimen are determined by the reaction of the
bone cells to their local environment.

7.3 Materials and methods

The specimens used in this study were obtained from autopsy L4-vertebrae of three
donors: two males, 37 and 77 years old, and one female: 80 years old. These were
obtained as part of the European Union BIOMED 1 project ”Assessment of Bone
Quality in Osteoporosis”. According to the donor data, these donors did not suffer
any osteoporotic fractures. The specimens were scanned in a micro-CT scanner
(Scanco Medical, voxel size 14um, resolution 28m). The reconstructions were
segmented in order to obtain three-dimensional voxel models of 4 X 4 X 4 mm
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Figure 7.2: lustration of the change in strain signal when the
tissue stiffness increases. The arrow labeled *E 77 indicates the
shift when the tissue stiffness is increased.

10, 20 or 50%. The increased stiffness led to a decrease in deformation, which
induced bone resorption because the signal in surface elements became lower than
the lower boundary of the lazy zone (Fig.7.2). The architectures with the new bone
tissue stiffness were adapted to the external loads and the bone volume, global
stiffness and mechanical anisotropy of the resulting architectures were determined.

In order to fully investigate this mechanism of adaptation of the bone architec-
ture to external loads according to a lazy zone, we also investigated the effect of a
decrease in tissue stiffness on bone mass, architecture and global stiffness. We de-
creased the bone tissue stiffness with 10, 20 or 50%. These decreases also induced
adaptation of the architecture, because deformation of the tissue increased, which
led to bone apposition.

7.4 Results

The size of the region over which the strain signal was calculated had an effect on
the final architecture. In the case of an increased tissue modulus, the difference
in global stiffness in superior-inferior direction was less than 5%. In transversal
directions, the difference between a region with a radius of 28 or 84 ym was less
than 3%. A region of 140 ym, however, resulted in a 30% decrease in transversal
stiffness. In the case of a decreased tissue modulus, the maximal difference in stiff-
ness in superior-inferior direction was 20%, in transversal directions the maximal
difference was 7% (Fig 7.3).

From these results we conclude that the effect of the size of this region is rather
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small, as long as the trabeculae are thicker than the radius of the region over which
the signal is calculated. Radii of 28 or 84 pm resulted in similar results, 140 ym
resulted in larger changes in architecture. In further simulations, we used a radius
of 84 pm.

The width of the lazy zone had an effect on the equilibrium bone architectures:
a narrow lazy zone resulted in a lower bone mass than a wide lazy zone (Fig 7.4a).
Furthermore, the mechanical anisotropy resulting from a narrow lazy zone was
higher (Fig 7.4b), because of a higher global stiffness in SI-direction and a lower
stiffness in transversal directions (Fig. 7.4c).
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Figure 7.5: Global stiffness in SI and transversal directions (A and B), bone volume frac-
tion (C) and mechanical anisotropy (D), relative to the data of the equilibrium models. Mean
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librium models (Egissue = 1000 MPa) of the wide, narrow and middle lazy zone are shown
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tissue stiffness, the left halves show the effect of a decrease in tissue stiffness. Data points
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An increase in tissue stiffness, which simulated the increased tissue stiffness
resulting from a higher mineral content, resulted in increases in global stiffness in
the SI direction (Fig 7.5a). In transversal directions, a middle or narrow lazy zone
resulted in a decrease in global stiffness (Fig 7.5b), a wide lazy zone resulted in in-
creased stiffness. The increases in global stiffness were smaller than the increases
in tissue stiffness, because the increase in tissue stiffness resulted in bone loss of 2
to 30% of the bone volume (Fig 7.5¢). The increase in stiffness in superior-inferior
direction was larger than the increase in transversal directions, which resulted in
an increase in mechanical anisotropy (Fig 7.5d).

A decrease in bone tissue stiffness led to a large increase in bone mass, of
up to 60% (Fig. 7.5c). This resulted in an almost constant global stiffness in
SI-direction, despite the decrease in bone tissue stiffness (Fig. 7.5a). The global
stiffness in transversal directions decreased (Fig.7.5b). The mechanical anisotropy
increased, as shown in Fig 7.5d.

7.5 Discussion

In this paper we have tested whether bone loss with age could be a result of the
ongoing secondary mineralization and the concomitant increase in tissue stiffness
with age. We assumed that bone cells can detect the tissue deformation in their
environment and adapt the bone architecture according to this information. We
tested our hypothesis using finite element simulations of confined compression
of cancellous bone specimens, mimicking the in vivo loading of the cancellous
bone. In the simulations, the bone architecture was adapted to the external loads
by adding bone in highly loaded regions and removing bone in only slightly loaded
regions, according to the mechanostat theory.

We found that an increase in tissue stiffness led to an increase in mechanical
anisotropy and up to 30% decrease in bone mass. The bone loss and the increase
in anisotropy are in agreement with experimental data [43, 107]. However, we also
found an increase in global stiffness, which is not in agreement with experimen-
tal tests. Two simplifications in the model contribute to this high global stiffness.
First, we did not take the effects of microdamage into account, which might de-
crease the stiffness of highly mineralized bone tissue. Second, in our model the
architecture is adapted to external loads, which are kept the same throughout the
simulation. In reality, the loads applied to the skeleton decrease with age, because
daily activity and muscle strength decrease with age. A decrease in loading results
in decreased strains in the trabeculae and subsequent loss of bone mass and stiff-
ness. Decreasing the applied external loads in our simulation would also lead to
more bone loss and a lower global stiffness of the cancellous bone.

A decrease in tissue stiffness led to large increases in bone mass, up to almost
60%. These increases in bone mass resulted in an almost constant global stiff-

94



Tissue stiffness and cancellous architecture

ness in the main load bearing direction, despite the decreased tissue modulus. In
transversal directions, the global stiffness decreased with decreasing tissue mod-
ulus, the anisotropy of the architecture increased. The increase in bone volume
is in agreement with experimental data. For example, in early osteoarthritis, a
decreased tissue stiffness was found in combination with a high bone volume frac-
tion [36]. Concerning anisotropy, data are conflicting. Some found an increase in
anisotropy in an animal osteoarthritis model, others found decreases in anisotropy
[45, 15] .

In our simulations, we increased the tissue modulus with 10, 20 or 50% and
decreased the tissue modulus with the same percentages. Reductions in tissue
modulus by up to 60% have been shown, for example in early osteoarthritis [36].
Therefore, the decreases in tissue stiffness we simulated are in the clinically rel-
evant range. With aging, the mineral content of bone tissue has been shown to
increase 5% on average [33]. Using an experimental exponential relation between
tissue modulus and tissue stiffness [35], this would lead to an increase in tissue
stiffness of 16%. Therefore, the increases in tissue stiffness of 10 and 20% are in
the clinically relevant range. However, increases in tissue modulus of 50% do nor-
mally not occur. In anti-resorptive treatment, increases in mineralization of bone
tissue up to 11% have been shown [13]. This will lead to a high stiffness. How-
ever, during anti-resorptive treatment, remodeling is decreased and therefore also
the adaptation of the bone architecture.

An increase in tissue stiffness with 50% has the same effect on the strains in
the tissue as a decrease in loading of 50%. The architecture that resulted from an
increase in tissue stiffness with 50% is the same architecture that would result from
a constant tissue stiffness and a decrease in loading of 50%. Therefore, the results
of these simulations indicate what the effect of decreased loading with aging on
architecture would be.

It has to be kept in mind that our finite element models calculate the global
stiffness and strain distribution in the cancellous bone models, assuming that the
bone tissue is homogeneous, linear and isotropic. In reality bone tissue has a lamel-
lar structure and the bone tissue is not homogeneous. However, good results for
the stiffness of cancellous bone specimens can be obtained using these approxima-
tions [77, 173]. The average mineral content of the bone tissue increases with age,
but this mineral is not distributed uniformly over the trabeculae. The core of the
trabeculae can escape renewal, and thereby become highly mineralized, while the
surface layer of the trabeculae is more frequently renewed and has a lower min-
eral content. Furthermore, the effects of microdamage are not incorporated in our
model. Because microdamage decreases the strength and stiffness of bone, this
might lead to an overestimation of the global stiffness in the model.

This is more important in the highly mineralized models than in the models
with a low mineral content and stiffness. A low mineral content and tissue stiff-
ness is assumed to be a result of frequent remodeling of the tissue, so that micro-

95



Chapter 7

damage can not accumulate. The high mineral content, however, is found in older
bone tissue, which might have accumulated microdamage. Therefore, the global
stiffness of the models with a high tissue stiffness might be overestimated. Besides
this, bone tissue with a higher mineral content has less good crack stopping mech-
anisms and is more brittle [186]. Even if the stiffness is rather high, the work of
fracture might be low, which increases the chance of fractures.

Another difference between our model and real bone adaptation, is that we
adapted the cancellous architecture by gradually thinning and thickening trabecu-
lae at the locations where the strain signal was not within the lazy zone. In reality,
the adaptation occurs by over- or underfilling of resorption cavities. Once tra-
beculae are thin, the chance that trabeculae are breached by resorption cavities
increases. Breached trabeculae will probably not be repaired [108], so that the
stiffness and strength of the structure can decrease rather fast. This effect will lead
to a rather fast decrease in global stiffness in transversal directions and a more
pronounced increase in anisotropy than we found in this study [171].

It has been shown, that the cancellous architecture in the hip of hip fracture
patients is more anisotropic than cancellous bone in healthy controls [29]. Our
results show, that an increase in tissue stiffness leads to small decreases in bone
mass, but rather large increases in anisotropy. These results could explain the
increase in anisotropy in osteoporotics, if the bone tissue of osteoporotic patients
were more highly mineralized than the bone tissue of healthy people. However,
experimental data do not show large differences between normal and osteoporotic
tissue. A slightly higher mineral content and a lack of collagen have been found in
osteoporotic tissue [41, 8]. However, others found a slightly lower mineral content
in osteoporotic patients [94]. In a study that compared finite element simulations
to mechanical tests of osteoporotic and healthy people, the average bone tissue
stiffness in the osteoporotic specimens was almost 10% higher than in control
specimens, but this was not significant [76]. This indicates that at the tissue level,
osteoporotic tissue might have a slightly higher stiffness, but the differences are
too small to explain the extreme bone loss in osteoporosis. However, a slightly
higher tissue modulus in combination with a narrow lazy zone might predispose
for osteoporosis.

Taken together, changes in tissue modulus properties can partly explain changes
in global bone properties with aging, and in bone diseases that change the bone
tissue properties. With aging, the bone cells do their best to keep the tissue defor-
mation in their environment more or less constant. This adversely results in bone
loss, because the bone tissue stiffness increases. Of course, other factors can not
be excluded, but the mechanism described here might play a role in the increases
in subchondral bone volume in osteoarthritis and the gradual bone loss with age in
all people.
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Discussion

Bone tissue would be an ideal construction material: it contains collagen fibers
for a high tensile strength and mineral crystals for a high compression stiffness. It
is a living tissue: cells in the bone tissue adapt the bone architecture to external
forces. High loading induces extra bone formation, disuse induces resorption of
superfluous bone tissue. Moreover, small cracks in the tissue are repaired by the
bone remodeling process. ,

However, this bone remodeling process also has disadvantages. With aging,
bone architecture changes: bone mass decreases, the cortex becomes more porous,
trabeculae become thinner and some trabeculae are lost. These changes are side
effects of the bone remodeling process, but it is not exactly known how this pro-
cess causes these changes in architecture. Several hypotheses exist: microdamage,
stresses, strains and fluid flow are assumed to play a role [78, 20, 98, 86]. These
factors are related to each other: for example, a change in tissue properties results
in changes in the strains in the trabeculae. Bone remodeling changes the archi-
tecture and tissue properties and thereby the stresses, strains and fluid flows: the
signals that probably regulate bone remodeling.

Bone remodeling could be distributed randomly throughout the bone tissue, it
could be targeted to damage repair or it could be regulated by stresses or strains
according to the mechanostat theory. These possibilities do not exclude each other;
in vivo bone remodeling is probably a combination of these three types of bone
remodeling.

In literature, it is under debate whether remodeling is targeted to microdamage
or not. It is possible that bone remodeling is targeted to microdamage repair, but
damage could also be repaired just because most bone tissue is replaced by random
remodeling. Several authors have tried to estimate the contribution of damage-
targeted remodeling to the total bone turnover. The estimated values vary widely:
from histology in dog radii, it was estimated that 30% of the bone remodeling sites
is targeted to microdamage [20]. Others used a mathematical model of cortical
remodeling, in which they showed that it is possible that all remodeling in cortical
bone is targeted to microdamage [98]. In cancellous bone, no estimates of targeted
and non-targeted remodeling exist. However, because of the high turnover rate of
cancellous bone, it is likely that the rate of cancellous bone turnover is higher than
needed for damage repair [131].

According to the mechanostat theory, bone cells can detect the local stress or
strain in the bone tissue and adapt the architecture according to this information.
This theory can explain the change in cancellous architecture with age: the archi-
tecture becomes more aligned to the main load bearing direction, because more
tissue is lost from transversal than from aligned trabeculae, in which stresses and
strains are higher.

We asked ourselves whether mechanical feedback is needed for the changes in
architecture with age in cancellous bone. In order to investigate this we simulated
the whole remodeling cycle in cancellous bone in a computer simulation model
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(chapter 2). We found changes in cancellous architecture similar to changes found
in vivo, even though the bone remodeling sites were distributed randomly over the
cancellous architecture in our model. From these simulations we conclude that
mechanical feedback is not a prerequisite for the changes in cancellous bone with
aging.

During growth, mechanical feedback might be more important. However, the
architecture of cancellous bone is anisotropic the moment it is formed in the growth
plate, the cancellous architecture is aligned to the main load bearing direction from
the first start [162]. Therefore, mechanical feedback in bone remodeling is not
needed to align the architecture to external loads.

However, we do not imply that bone remodeling is not affected by mechanical
loading at all. The balance between bone resorption and formation depends on the
external loads applied to the skeleton. It is known that during bed rest and space
travel bone is lost and strenuous exercise, like e.g. weightlifting increases bone
mass [74, 7, 92]. At trabecular level, stress or strain might also play a role. It is
possible that resorption stops because of the large local increases in strain caused
by resorption cavities (chapter 3). These same strain peaks might play a role in the
coupling between resorption and formation [137, 156, 172].

Architectures similar to cancellous bone can be created from artificial meshes
in computer models in which mechanical feedback is incorporated [78, 110]. In
these models, adaptation of cancellous architectures to changes in external loads
was also simulated. From these simulation models it was concluded that model-
ing of cancellous bone architecture according to mechanical feedback is a feasible
concept. During e.g. fracture healing or when external loads change, this mechan-
ical feedback probably plays a role. In an adult skeleton, where the architecture is
adapted to more or less constant external loads this adaptive capacity is probably
not used: random remodeling in our simulation resulted in changes in cancellous
bone similar to in vivo changes.

It is possible to include mechanical feedback in our simulation model. This is
not a matter of simply implementing the *mechanical feedback rule’ in the com-
puter model, because the exact effect of mechanical loading on osteoclasts and
osteoblasts activity is not known. However, the bone remodeling simulation could
be used to verify hypotheses about the relation between local stress and strain and
osteoclast and osteoblast activity. This might be useful to investigate effects of
unloading and reloading of cancellous bone. Detailed models of bone remodeling,
which include bone resorption and formation and mechanical feedback, might play
arole in preclinical testing of e.g. anti-resorptive treatments in the future.

To investigate the three dimensional (3D) distribution of remodeling sites in
cancellous bone, we built a setup to reconstruct the cancellous bone architecture
including the locations of recent bone apposition (chapter 5). This computer con-
trolled setup consisted of a sledge microtome, a fluorescence microscope and a
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digital camera. The 3D architecture including the labels could be reconstructed
from a stack of images. The cancellous architecture and the distribution of remo-
deling sites can not be investigated simultaneously with other techniques that are
currently used in bone research. In studies that use fluorochrome labels, the loca-
tions of bone remodeling are known, but not the 3D architecture. Using micro-CT
scans, the 3D architecture can be studied, but not the locations of the bone remo-
deling sites. In the future, it will probably be possible to study the effects of bone
remodeling with in vivo CT-scanners, but only in small animals like mice and rats.
Using our setup, the architecture and the labels can be studied in three dimensions
in biopsies from larger species as well.

From the first 3D sectioning data from our setup we tend to conclude that bone
remodeling is not completely random. In the investigated specimens, we found that
the percentage of labeled surface was up to 20% higher on transversal trabeculae
than on aligned trabeculae in specimens with a high bone volume fraction. From
finite element simulations that simulate in vivo loading of cancellous bone we
know that the strain in transversal trabeculae is lower than in aligned trabeculae
(chapter 3), especially when the volume fraction is high. This indicates that bone
remodeling is indeed affected by stresses or strains in the tissue. When the volume
fraction is high, transversal trabeculae can be resorbed without largely decreasing
the stiffness and strength of the cancellous architecture.

These 3D models of bone and fluorochrome labels open possibilities for further
research. For instance, by combining finite element modeling with these models it
can be investigated whether a relation between local stresses and strains in the bone
tissue and bone remodeling exists. Another possibility is to investigate the effects
of anti-resorptive treatment on bone remodeling. It is known that this treatment
reduces the size and number of resorption cavities, but it is not known whether this
treatment also affects the distribution of bone remodeling sites in the cancellous
architecture. Furthermore, by using fluorochrome labels in different colors, the
path of bone multicellular units over the trabecular surface could be followed.

In literature, it has been hypothesized that bone quality decreases with age
because of degradation of the cells [91]. Although it is likely that bone cells in
young and old people behave differently, this is not the only change in bone with
increasing age. The bone tissue itself also changes, the average mineral content
and tissue stiffness increase as people get older [139, 33, 17]. In chapter 7 we
hypothesized that smaller tissue deformations, resulting from higher tissue miner-
alization and stiffness play a role in the bone loss with age. Using finite element
models of bone, we showed that this is a feasible concept. Although bone loss
with age is probably a result of multiple factors, the increase in tissue stiffness
can partly explain the cancellous bone loss and the increase in anisotropy with age
(chapter 7).
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Finite element modeling was introduced some years ago to calculate the stiff-
ness of cancellous bone specimens [176, 75]. Since then, this technique has been
frequently used for this purpose. In the finite element models, it is generally as-
sumed that the bone tissue is homogeneous, isotropic and linearly elastic. The
tissue stiffness calculated this way is the ’effective tissue modulus’: the modulus
of the bone tissue including variations in tissue properties, cells and canaliculi.
Because calculated stiffnesses correlated well with experimental test results, it has
been concluded that more detailed incorporation of bone tissue properties is not
necessary [82].

‘We thought that the non uniform material properties of trabecular tissue, espe-
cially the difference in mineralization and stiffness between the surface layer and
the tissue in the middle of trabeculae, might have an effect on the global stiffness
of cancellous bone. Therefore we investigated the effects of this non uniform min-
eral distribution in trabeculae on the global stiffness of cancellous bone (chapter
6). Bone tissue in the middle of thick trabeculae is not reached by resorption cav-
ities and becomes older and more highly mineralized [10]. We found that the non
uniform mineral distribution resulted in an up to 20% higher apparent stiffness
than a uniform distribution (chapter 6). Therefore, the non uniform mineral distri-
bution seems to be advantageous: the global stiffness is high because of the highly
mineralized cores of the trabeculae, while the more elastic surface layer prevents
complete fracture of trabeculae. This is in agreement with studies that showed
damage in trabeculae: the microcracks were found in the highly mineralized core
of the trabeculae [57, 105].

From the results of this study, we could explain a discrepancy between the bone
tissue stiffness determined using finite element methods and using nanoindenta-
tion. The last method resulted in high values for the tissue stiffness [73, 142, 151,
167, 187]. Nano-indentation experiments are usually performed in in the middle
of trabeculae, to avoid effects of the embedding resin. This implies that the nano
indentations are made in the highly mineralized tissue, which has a high stiffness.
When the tissue modulus is determined from finite element calculations assuming
homogeneous tissue, the stiffness of the interstitial bone can be underestimated by
up to a factor of 2 (chapter 6).

This shows, that it is worth while to make more detailed models, especially
when improvements in CT-scanners and for example the use of monochromatic X-
ray sources enables the construction of models with detailed density information.

In clinical trials of osteoporosis treatment, reductions in fracture risk were
larger than expected from the small increases in bone mineral density [32]. Several
anti-resorptive agents showed similar results: apparently, small increases in bone
mineral density are sufficient to achieve large reductions in fracture risk [181]. In
order to find an explanation for this, we simulated menopause and anti-resorptive
treatment in cancellous bone (chapter 4). We found that small increases in re-
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sorption depth resulted in rather large increases in strain below resorption cavities
(chapter 3). The gain in stiffness resulting from simulated anti-resorptive treat-
ment was larger in transversal directions than in the main load bearing direction
(chapter 4). Taken together, the results from our simulations explain how the small
increases in bone mineral density can result in large reductions in fracture risk.
The bone stiffness in transversal directions is especially important in e.g. falls,
when bones might fracture. The reduction in size and number of resorption cavi-
ties has rather small effects on the total bone mass, but the concomitant reduction
in the number and intensity of the strain peaks will largely increase the strength
and stiffness of the cancellous bone.

Obviously, good simulation results can not be obtained without input from the
biological system. Most remodeling parameters have been determined from bone
histology, but some parameters, like remodeling space and formation deficit can
not be measured directly. These parameters are therefore estimated from other,
measurable, parameters [54, 126]. On the one hand, this is a limitation of these
computer simulations, the values of important parameters are not exactly known.
On the other hand, this is exactly the power of these models: the estimated values
can be included in the model and comparison of simulation results with clinical
data shows whether the estimated values result in realistic output.

In this thesis, it was shown that the initiation of remodeling sites in age related
remodeling is probably not regulated by mechanical feedback. Simulated random
remodeling resulted in changes in architecture similar to changes seen in vivo, the
existing anisotropy of the cancellous architecture increased ’automatically’. In the
adult skeleton, the cancellous architecture is adapted to the external loads, which
are more or less constant. Therefore, mechanical regulation of initiation of bone
remodeling sites is not needed.

However, stress peaks below resorption cavities could play a role in coupling
of resorption and formation and mechanical loading probably affects the bone bal-
ance; bone mass decreases with age, as activity and the loading of the skeleton
decrease. We showed that this effect could be enhanced by an increase in mineral
content and stiffness of bone tissue with age.

The results from the simulation studies described in this thesis give more in-
sight in the interactions between remodeling, architecture and tissue properties. It
must be kept in mind, that confirmation of a hypothesis in a simulation model does
not exclude other possibilities. However, combination of this kind of models with
3D investigation of bone remodeling in labeled specimens and data from in vivo
scanners will certainly result in a better understanding of bone remodeling.
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The skeleton protects vulnerable organs like the heart and lungs, it provides lever
arms for the muscles and it serves as a reservoir of minerals. The bone tissue
is continuously renewed by the bone remodeling process, where bone tissue is
resorbed by osteoclasts and replaced with new tissue by osteoblasts. This process
enables the skeleton to adapt its architecture to changes in external loads, it plays
arole in calcium homeostasis and it repairs microdamage.

This essential bone remodeling process also has disadvantages. After peak
bone mass has been reached at the age of 25-30 years, bone mass decreases slowly
because osteoblasts make slightly less tissue than osteoclasts resorb. This results
in thinning of cortices and thinning and loss of trabeculae. This bone loss leads to
an even larger loss of strength and stiffness and an increase in fracture risk.

It is not known how the bone remodeling process is regulated, but several hy-
potheses exist. Bone remodeling could be initiated randomly throughout the bones,
it could be regulated by mechanical loading, by fluid flow or by damage in the tis-
sue. In this thesis, interactions between bone remodeling, tissue properties and
cancellous bone architecture were investigated. We used computer simulations,
finite element calculations and in vivo labelled bone specimens. The most impor-
tant changes in the skeleton during aging and osteoporosis take place in cancellous
bone. Therefore, we focussed on bone remodeling in cancellous bone.

We developed a computer model to gain more insight in the effects of bone
remodeling on the cancellous architecture (chapter 2). This model simulates the
whole remodeling cycle in cancellous bone. Although this is not the first computer
model of bone remodeling, it is the first model that uses three dimensional models
of human cancellous bone and bone remodeling parameters known from histol-
ogy. Like all models, our model is a simplification of reality (see section 2.5), but
it mimics bone remodeling in cancellous bone closer than previously described
models.

The random remodeling in our simulation model resulted in bone loss and in-
creases in anisotropy of the cancellous bone, similar to changes seen in cancellous
bone in vivo [107, 43]. This shows that the existing anisotropy in cancellous bone
that is adapted to external loads will *automatically’ increase, even if the bone re-
modeling sites are distributed randomly over the trabecular surface. According to
this simulation model, mechanical feedback is not a prerequisite for the increase
in anisotropy seen with aging.

In a second study (chapter 3) the mechanical consequences of bone loss and
bone remodeling were studied. We used finite element models to investigate the
distribution of external loads over the trabeculae. The effects of resorption cavities
and bone loss were investigated and the load distribution in the vicinity of resorp-
tion cavities was studied in detail. We found high peak stresses at the bottom of
resorption cavities, which were higher in aligned than in transversal trabeculae’.

TIn this thesis, aligned trabeculae is used for trabeculae oriented in the main load bearing direction,
transversal trabeculae are oriented in the plane perpendicular to the main load bearing direction.
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We concluded that the high stress below resorption cavities could play a role in the
coupling of bone resorption and formation. Stress peaks could induce bone forma-
tion by osteoblasts and they might prevent breaching of trabeculae by osteoclasts.
Osteoblast activity could also be affected by the local stress in the resorption cav-
ity. This might enhance the increase in anisotropy that was shown to result from
random remodeling in the previous chapter.

In clinical trials of osteoporosis treatment, reductions in fracture risk were
larger than expected from the small increases in bone mineral density [32]. In order
to investigate how these small changes in bone mass can result in large decreases
in fracture risk we simulated resorption cavities and anti-resorptive treatment in
cancellous bone (chapter 3 and 4). We found that resorption cavities introduced
large peak stresses, especially in aligned trabeculae (chapter 3). Furthermore, the
gain in stiffness resulting from anti-resorptive treatment was larger in transversal
directions than in the main load bearing direction (chapter 4). Taken together, these
results explain how the small increases in bone mineral density can result in large
reductions in fracture risk. The reduction in size and number of resorption cavities
has rather small effects on the total bone mass, but the concomitant reduction in
the number and intensity of the strain peaks will largely increase the strength and
stiffness of the cancellous bone.

In order to investigate whether bone remodeling is initiated randomly through-
out the architecture or not, the 3D distribution of bone remodeling sites in the
architecture is needed. This 3D distribution can not be obtained using techniques
currently used in bone research, like micro-CT scans and bone histology. There-
fore, we built a setup to reconstruct the three dimensional cancellous architecture
including the distribution of locations of recent bone apposition, as described in
chapter 5. This setup consisted of a heavy duty sledge microtome, a fluorescence
microscope and a digital camera. Locations of bone apposition were labelled in
vivo using fluorochrome labels. The specimens were embedded in black epoxy,
and serially sectioned in the setup. After each slice, an image of the new top
surface of the epoxy block with the specimen was made. These images were com-
bined into a three dimensional reconstruction of the cancellous bone, including the
locations of the labels incorporated in the bone tissue.

Using this setup, we made three dimensional reconstructions of four labeled
dog vertebral bone specimens (chapter 5). In these specimens, we found a higher
percentage of labeled surface on transversal than on aligned trabeculae in speci-
mens with a high bone volume. Finite element simulations of loading of cancellous
bone have shown that the strain in transversal trabeculae is lower than in aligned
trabeculae (chapter 3). This indicates that bone remodeling is indeed affected by
stresses or strains in the tissue. When the volume fraction is high, transversal tra-
beculae can be resorbed without largely decreasing the stiffness and strength of
the cancellous architecture.

Bone remodeling does not only change the cancellous architecture, it also af-
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fects the tissue properties. Most bone tissue is replaced frequently, but some tissue
can escape from remodeling and become older and highly mineralized. For exam-
ple, the bone tissue in the middle of thick trabeculae is not reached by resorption
cavities [10]. This affects the mechanical properties, because the stiffness of bone
tissue increases as the mineral content increases [35]. In chapter 6 we investigated
whether the non uniform mineral distribution in trabeculae is beneficial for its me-
chanical properties. In this study, the same amount of mineral was distributed in
different ways over the trabeculae in finite element models. In the first model,
the mineral distribution was uniform. In the second model, the surface layer of
the trabeculae had a low mineral content, while the mineral content in the middle
of the trabeculae was higher. This mimicked the in vivo mineral distribution. In
the third model, the surface layer was highly mineralized, while the middle of the
trabeculae had a lower mineral content. The stiffness of the bone elements was
calculated from their mineral content, using a linear or an exponential model. The
non-uniform distribution found in vivo resulted in a higher apparent stiffness than
a uniform distribution. We concluded that the nonuniform mineral distribution
that results from the bone remodeling process is advantageous. The highly miner-
alized middle of the trabeculae provides a high stiffness, while the surface layer,
which has a lower mineral content and better crack stopping mechanisms, prevents
complete fracture of trabeculae.

In literature, it has been hypothesized that the bone loss with age is a result of
degradation of the cells [91]. Although it is likely that bone cells in young and
old people behave differently, this is not the only change in bone with increasing
age. As people get older, the average mineral content of their bone tissue increases
[139, 33, 17]. Highly mineralized tissue has a high stiffness, which results in
small deformations of the tissue under loading. In chapter 7 we hypothesized that
a decrease in tissue deformations, resulting from higher tissue mineralization and
stiffness play a role in the bone loss with age.

We tested this by simulated adaptation of a cancellous bone architecture to
external loads in a finite element simulation (chapter 7). In the computer model,
the tissue stiffness was varied to simulate changes in the mineral content of the
bone tissue. We found that an increase in tissue stiffness resulted in bone loss and
an increase in anisotropy. This is in agreement with changes in cancellous bone
architecture with aging [43, 107]. A decrease in tissue stiffness resulted in large
increases in bone mass and an almost constant global stiffness of the cancellous
bone, despite the decrease in tissue stiffness. This high bone volume as a result
of low tissue stiffness is in agreement with experimental findings in e.g. early
osteoarthritis and rickets [36, 159]. Although bone loss with age is probably a
result of multiple factors, the increase in tissue stiffness can partly explain the
cancellous bone loss and the increase in anisotropy with age.
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Het skelet beschermt kwetsbare organen zoals het hart en de longen, het dient als
hefboom voor de spieren en het fungeert als mineraal reservoir. Het botweefsel
wordt constant vernieuwd door het botremodelleringsproces. Tijdens dit proces
wordt botweefsel geresorbeerd door osteoclasten en wordt nieuw weefsel gemaakt
door osteoblasten. Door dit proces kan de architectuur van het skelet worden
aangepast aan veranderingen in de externe belasting, schade worden gerepareerd
en de hoeveelheid calcium in het lichaam worden gereguleerd.

Dit proces heeft echter ook nadelen. Nadat de maximale botmassa is bereikt
op de leeftijd van 25-30 jaar neemt de botmassa langzaam af, doordat osteoclasten
net iets meer botmassa resorberen dan osteoblasten maken. Hierdoor worden de
cortices dunner en gaan trabekels verloren. Dit botverlies leidt tot een afname van
de sterkte en stijfheid van het skelet en een groter fractuurrisico.

Het is niet goed bekend hoe dit botremodelleringsproces wordt gereguleerd,
maar er zijn wel een aantal hypothesen. Botremodellering zou random kunnen
plaatsvinden, het zou geregeld kunnen worden door mechanische belasting, door
vloeistofstroming of door schade in het botweefsel.

In dit proefschrift worden wisselwerkingen tussen botremodellering, weef-
seleigenschappen en de architectuur van trabeculair bot onderzocht. Hierbij
zijn computer simulaties, eindige elementen modellen en in vivo gelabelde bot-
preparaten gebruikt. Omdat de belangrijkste veranderingen in het skelet met het
ouder worden en bij osteoporose plaatsvinden in trabeculair bot, hebben we re-
modellering in trabeculair bot bestudeerd.

We ontwikkelden een computer model van botremodellering om meer inzicht
te verwerven in de effecten van remodellering op de trabeculaire architectuur
(hoofdstuk 2). In dit model wordt de hele remodelleringscyclus in trabeculair bot
gesimuleerd. Hoewel dit niet het eerste model is dat botremodellering simuleert, is
het wel het eerste model dat drie dimensionale modellen van menselijk trabeculair
bot en remodelleringsparameters uit bothistologie gebruikt. Zoals alle modellen,
is dit model een vereenvoudiging van de werkelijkheid (zie paragraaf 2.5), maar
het benadert botremodellering in trabeculair bot dichter dan de eerder beschreven
modellen.

De random remodellering in ons simulatiemodel resulteerde in botverlies en
een toename in de anisotropie van het trabeculaire bot, zoals ook gebeurt in tra-
beculair bot in vivo [107, 43]. Hieruit blijkt dat de bestaande anisotropie van
trabeculair bot automatisch toeneemt, zelfs bij random remodeling. Volgens dit
simulatie model is mechanische terugkoppeling geen vereiste voor de veranderin-
gen in architectuur met het ouder worden.

In de tweede studie (hoofdstuk 3) is de invloed van remodellering en botver-
lies op de mechanische eigenschappen van trabeculair bot onderzocht. Met eindige
elementen modellen werd de verdeling van externe krachten over de trabeculaire
architectuur berekend. Deze modellen werden gebruikt om resorptie lacunes en
botverlies te simuleren en de spanningsverdeling rondom resorptie lacunes in de-
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tail te bekijken. Resorptie lacunes veroorzaakten scherpe spanningspieken. Deze
waren groter in trabekels in de richting van de grootste in vivo kracht dan in tra-
bekels loodrecht hierop. Deze spanningspieken zouden een rol kunnen spelen in
de koppeling tussen resorptie en formatie: ze zouden botaanmaak door osteoblas-
ten kunnen stimuleren en kunnen voorkomen dat een resorptie lacune een tra-
bekel doorsnijdt. De hoeveelheid bot die de osteoblasten maken zou ook kunnen
afhangen van de spanning in de lacune. Dit zou de toename in anisotropie die
gevonden werd in het vorige hoofdstuk kunnen versterken.

In klinische onderzoeken naar de behandeling van osteoporose waren de reduc-
ties in fractuur risico door kleine toenamen in botmassa groter dan verwacht werd
[32]. Om dit te onderzoeken simuleerden we osteoporose en de behandeling daar-
van in trabeculair bot (hoofdstuk 3 en 4). Resorptie lacunes veroorzaakten scherpe
spanningspieken en de toename van de stijfheid van de trabeculaire architectuur
was groter in de dwarsrichtingen dan in de hoofdrichting (hoofdstuk 4). Deze re-
sultaten kunnen verklaren hoe de kleine toenamen in botmassa kunnen leiden tot
een sterke reductie van het fractuurrisico. De afname in het aantal en de afmetin-
gen van de resorptie lacunes heeft een tamelijk klein effect op de totale botmassa,
maar de reductie in het aantal spanningspieken zal de trabeculaire structuur veel
sterker maken.

Om te onderzoeken of botremodellering random plaatsvindt of gestuurd wordt
door bijvoorbeeld mechanische belasting, is informatie over de drie dimensionale
verdeling van remodeling nodig. Micro-CT scans en bot histologie, technieken die
veel gebruikt worden in botonderzoek, geven hierover geen informatie. Daarom
hebben we een opstelling gebouwd om de drie dimensionale botarchitectuur en
de locaties waar recent nieuw bot werd aangemaakt te reconstrueren (hoofdstuk
5). Deze opstelling bestaat uit een slede microtoom voor harde weefsels, een flu-
orescentie microscoop en een digitale camera. Locaties waar bot werd aange-
maakt werden in vivo gelabeld met fluorochrome labels, de preparaten werden
ingebed in zwart epoxy. Van dit geheel werden coupes gesneden in de opstelling.
Na iedere plak werd een opname gemaakt van de nieuwe bovenkant van het in-
gebedde preparaat, zodat uit al deze opnamen de drie dimensionale architectuur
van het preparaat met de labels gereconstrueerd kon worden.

Met deze opstelling maakten we reconstructies van trabeculair bot uit 4 hon-
denwervels (hoofdstuk 5). In deze preparaten bevond zich meer label op de tra-
bekels loodrecht op de richting van de grootste in vivo kracht dan op trabekels
in de richting van deze kracht. Uit eindige elementen simulaties blijkt dat de
vervorming van deze trabelekels loodrecht op de grootste in vivo kracht kleiner
is dan in trabekels in de richting van deze kracht (hoofdstuk 3). Dit wijst erop
dat remodellering beinvloed wordt door mechanische belasting. In het bijzon-
der als de volume fractie hoog is, kan botweefsel van de trabekels loodrecht op
de hoofdrichting geresorbeerd worden zonder dat de mechanische eigenschappen
sterk achteruit gaan.
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Botremodellering beinvloedt niet alleen de trabeculaire architectuur, het heeft
ook effect op de weefseleigenschappen. Het meeste botweefsel wordt regelmatig
vervangen, maar er is ook botweefsel dat niet wordt vervangen, ouder wordt en
daardoor steeds meer mineraal bevat. Zo wordt bijvoorbeeld het weefsel in het
midden van dikke trabekels niet bereikt door resorptie lacunes [10]. Dit verandert
de mechanische eigenschappen van het bot, omdat de stijfheid van het weefsel toe-
neemt wanneer de hoeveelheid mineraal in het weefsel toeneemt [35]. In hoofdstuk
6 onderzochten we of de niet uniforme mineraalverdeling in de trabekels gunstig
is voor de mechanische eigenschappen van trabeculair bot. :

In dit onderzoek werd een hoeveelheid mineraal op verschillende manieren
over een computer model van trabeculair bot verdeeld. In het eerste model was
de verdeling uniform. In het tweede bevatte de oppervlakte laag minder dan het
midden van de trabekels, zoals in vivo ook het geval is. In het derde model bevatte
de oppervlaktelaag meer mineraal dan het midden van de trabekels. De stijfheid
van de elementen werd berekend uit de mineralisatie van de elementen, met be-
hulp van een lineair of een exponentieel model. De niet uniforme verdeling die
op de werkelijke in vivo verdeling leek resulteerde in een grotere stijtheid dan
de uniforme verdeling. Deze verdeling lijkt dus gunstig te zijn. Het zwaar ge-
mineraliseerde weefsel in het midden van de trabekels zorgt voor een grote stijf-
heid, terwijl de meer elastische oppervlaktelaag er voor zorgt dat de trabekels niet
makkelijk breken.

In de literatuur is wel verondersteld dat het botverlies met de leeftijd het gevolg
is van slecht functionerende botcellen in oudere mensen [91]. Hoewel dit een
plausibele hypothese is, is dit niet het enige dat verandert in bot wanneer mensen
ouder worden. De gemiddelde mineralisatie neemt ook toe, wat zorgt voor een
grotere stijtheid van het weefsel [139, 33, 17]. Deze grotere stijtheid resulteert in
kleinere vervormingen van het weefsel. In hoofdstuk 7 testten we de hypothese dat
een afname in de vervorming van het botweefsel door een hogere mineralisatie en
stijfheid van het botweefsel een rol speelt in het botverlies met het ouder worden.

Deze hypothese is getest door een trabeculaire structuur in een computer
model aan te passen aan externe krachten (hoofdstuk 7). De weefselstijfheid werd
gevarieerd om veranderingen in de mineraalinhoud van het weefsel te simuleren.
Een hogere weefselstijtheid leidde tot botverlies en een toename in de anisotropie.

Deze resultaten zijn in overeenstemming met veranderingen in de trabeculaire
botstructuur in vivo [43, 107]. Een verlaging van de weefselstijfheid resulteerde
in een sterke toename van de botmassa en een daardoor bijna constante globale
stijfheid van de architectuur. Deze hoge volumefractie is in overeenstemming met
experimenteel gemeten waarden, bij bijvoorbeeld vroege artrose [36]. Het verlies
van botmassa bij het ouder worden wordt waarschijnlijk door meerdere factoren
veroorzaakt, maar de toename van de weefselstijtheid kan het botverlies en de
veranderingen in architectuur gedeeltelijk verklaren.
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