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Abstract—The load-transfer pathway in trabecular bone is
largely determined by its architecture. However, the influence
of variations in mineralization is not known. The goal of this
study was to examine the influence of inhomogeneously
distributed degrees of mineralization (DMB) on intratrabe-
cular stresses and strains. Cubic mandibular condylar bone
specimens from fetal and newborn pigs were used. Finite
element models were constructed, in which the element tissue
moduli were scaled to the local DMB. Disregarding the
observed distribution of mineralization was associated with
an overestimation of average equivalent strain and underes-
timation of von Mises equivalent stress. From the surface of
trabecular elements towards their core the strain decreased
irrespective of tissue stiffness distribution. This indicates that
the trabecular elements were bent during the compression
experiment. Inhomogeneously distributed tissue stiffness
resulted in a low stress at the surface that increased towards
the core. In contrast, disregarding this tissue stiffness
distribution resulted in high stress at the surface which
decreased towards the core. It was concluded that the
increased DMB, together with concurring alterations in
architecture, during development leads to a structure which is
able to resist increasing loads without an increase in average
deformation, which may lead to damage.

Keywords—Mandibular condyle, Trabecular bone, Mechanical
properties, FE models, Development.

INTRODUCTION

The trabecular bone of the mandibular condyle is
considered to transfer a multitude of mechanical loads,
applied to the relatively thin subchondral bone, to the
cortical shell of the mandibular ramus. The load-
transfer pathway is largely determined by the archi-
tecture and local stiffness of the trabecular bone.
During early development, the condyle is increasingly
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loaded due to involuntary contraction of developing
muscles.® Owing to this loading, the trabecular ele-
ments are subjected to strain, which leads to stress in
the bone tissue. Both stress and strain are considered
to modulate the growth of the bone.? Due to this
mechanism, bone is able to adapt to a changing
mechanical environment during development. This
may result, at the stage of birth, in a structure that is
able to adequately withstand the forces that go along
with early feeding behavior.

Over the past few years finite element (FE) analysis
based on micro-computed tomography (microCT)
reconstructions has become a powerful tool for deter-
mining the apparent mechanical properties of selected
trabecular bone volumes®®* or even complete
bones.'>****3* In many cases these analyses have re-
placed physical mechanical tests where these were
unfeasible or even impossible to perform. They can be
used to predict the apparent mechanical properties of
some volume of interest composed of irregularly
shaped trabeculae. In addition to apparent mechanical
properties, local strains and stresses within the
trabeculae can be estimated.

The results of FE studies are heavily dependent on
the assumed mechanical properties of the applied
materials. Regarding bone tissue, these properties
depend on the degree and distribution of mineraliza-
tion. It has been shown that mineralization is not
homogeneously distributed over the trabecular bone
tissue of, for example, developing bone (pig mandi-
ble'®!”) and mature bone (rabbit femur'; human
mandibular condyle®*). The degree of mineralization
appears to increase systematically from the surface of
the trabeculae towards their centers. In recent studies,
differences in degree of mineralization at the trabecular
level have been demonstrated to be related with con-
comitant differences in mechanical properties.”>*® The
resulting inhomogeneity of tissue stiffness can affect
the apparent mechanical properties of the complete
trabecular structure.''*2733 Thus far, the effect of the
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true distribution of mineralization has insufficiently
been taken into account as a determinant of bone
mechanical properties. It is unknown what the bio-
mechanical consequences of these variations in min-
eralization are for the apparent biomechanical
behavior of trabecular bone and for intratrabecular
distributions of stresses and strains, and herewith how
they change during development.

Quantitative knowledge about the three-dimen-
sional intratrabecular tissue stress and strain distribu-
tions provides information on the nature of trabecular
deformation during loading. It could, furthermore, be
a key factor to quantify bone integrity according to
Wolff’s trajectorial hypothesis, which suggests that,
normally, stress and strains should be distributed ra-
ther evenly over the trabecular structure. It may
additionally give insights into micro-crack initiation
and propagation behavior, which is influenced con-
siderably by heterogeneity in bone mineralization.* It
may, furthermore, provide information about stimuli
that are the bases for modeling and remodeling of bone
tissue. Finally, knowledge regarding the development
of mechanical properties during development will
augment the understanding of normal trabecular bone
development.

The goal of this study is, therefore, two-fold. First,
to investigate how variations in distribution of miner-
alization in the mandibular condyle affect the biome-
chanical behavior both locally, i.e. intratrabecular
distribution of stresses and strains, and globally, i.e.
average stress and strain over the trabecular structure
on an apparent level. Second, to investigate how these
are altered during development.'®!?

To pursue these goals, finite element models of
specimens from the mandibular condyle of developing
pigs were analyzed. Their geometry had been modeled
according to high-resolution microCT reconstructions
(Fig. 1). The tissue stiffness was approximated from
the local degree of mineralization, as measured also by
microCT. The influence of the inhomogeneity of min-
eral distribution was analyzed by comparing the results
with those of simulations where this inhomogeneity
was neglected. The distribution of stresses and strains
was assessed in a simulated compression test, applied
along the vertical condylar axis.

MATERIALS AND METHODS

Samples

The mandibular condyles of four fetal and four
newborn pigs from different litters (standard Dutch
commercial hybrid race) were examined. The fetal
specimens (estimated age: 75 days of gestation, mean
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FIGURE 1. FE model and boundary conditions shown for a
newborn mandible. (a) lateral view of a microCT reconstruc-
tion of a newborn pig mandible. (b) Sagittal cross-section of
the mandibular condyle. The red square indicates the
approximate location of the selected volume of interest. (c)
Trabecular bone cube used for vertical compression simula-
tion. Blue arrows: prescribed displacement on the top face.
Red arrows: the displacements of nodes at the vertical sur-
faces were suppressed in the direction normal to the face.
Black hatching: the bottom surface was fixed. Bar: 1.0 mm.

weight: 375 g) were obtained from commercially
slaughtered sows and their age was estimated from the
mean weight of the litter using growth curves.” The
newborn specimens (approximately 112—-115 days post
conception, mean weight: 1351 g) were acquired from
the experimental farm of the Faculty of Veterinary
Medicine in Utrecht, the Netherlands, and were
euthanized by an intravenous overdose of ketamine
(Narcetan) after premedication. The experiments have
been approved by the Committee for Animal Experi-
mentation of the Faculty of Veterinary Medicine,
Utrecht, the Netherlands. The specimens were stored
at —20 °C prior to assessment.

The mandibles were dissected from the heads and
cut in half at the symphyseal region. The right halves
were prepared for analysis. The condyle was separated
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with a frontal cut at the mandibular notch and with a
horizontal cut at the mandibular ramus parallel to the
occlusal plane.

MicroCT

Three-dimensional reconstructions of the bony
condylar structures were obtained by using a high-
resolution microCT system (uCT 40; Scanco Medical,
Bassersdorf, Switzerland). The specimens were moun-
ted in cylindrical specimen holders (polyetherimide;
outer diameter: 20 mm, wall thickness: 1.5 mm) and
secured with synthetic foam. The scans yielded an
isotropic spatial resolution of 10 um. A 45 kV peak-
voltage X-ray beam was used, which corresponds to an
effective energy of approximately 24 keV.'” An inte-
gration time of 1200 ms was applied to reduce noise
substantially and to facilitate the discrimination
between bone and background. The microCT was
equipped with an aluminum filter and a correction
algorithm that sufficiently reduced the beam hardening
artifacts to enable quantitative measurements of the
degree and distribution of mineralization.'” The com-
puted attenuation coefficient of the X-ray beam for
each volume element (voxel) was stored in an attenu-
ation map and represented by a gray value in the
reconstruction.

Cubic volumes of interest were defined in the con-
dyles (fetal: approximately 1.5 mm?® newborn:
approximately 7.5 mm?), and were built up out of
10 x 10 x 10 um? voxels from which degree of miner-
alization and architecture were determined (Fig. 1).
The top and bottom plane of the cubes were oriented
parallel to the occlusal plane. To discriminate between
bone and background, the reconstructions were seg-
mented using an adaptive threshold determination
procedure, which was visually checked. In a segmented
image every voxel with a linear attenuation value
below the threshold (assumingly representing soft tis-
sue or background) was made transparent and voxels
above this threshold (representing bone) kept their
original gray value. The latter can be considered pro-
portional to the local degree of mineralization of bone
(DMB).>! The DMB is the mass density of bone tissue
and is expressed as the mass of mineralized tissue (mg)
relative to its volume (cm?) in a volume of interest after
thresholding has been performed.

The DMB was quantified by comparing the atten-
uation coefficient with reference measurements of a
phantom containing hydroxyapatite of 0, 200, 400,
600, and 800 mg/cm>. To investigate the radial distri-
bution of the degree of mineralization in the trabeculae
a so-called peeling algorithm was used. Consecutive
layers of bone-containing voxels (7-8 um thick) were
peeled from the trabeculae, going from their surface

inwards, towards the core. Voxels peeled from the
trabecular surface may have either belonged to a sur-
face that was horizontal or vertical. In those cases the
average voxel thickness that was peeled off is 10 um.
However, when voxels are peeled off that belong to a
perfectly diagonal surface (possible in multiple direc-
tions), the average thickness of the peeled off layer is
somewhere between 7.1 and 8.6 ym. In a microCT
reconstruction of trabecular bone, a mixture of dif-
ferently oriented surfaces is present, of which most are
angled to some degree. Therefore, the average thick-
ness of a peeled off layer is about 7-8 yum in our esti-
mation. Bone-containing voxels were identified as
surface voxels when minimally one of its six sides
bordered on voxels that were identified as background.
In this procedure, the bone voxels in the layer adjacent
to the marrow space were disregarded as this layer is
likely to be corrupted by partial volume effects. After a
layer had been peeled off, its average degree and var-
iation (SD) of mineralization were calculated. Subse-
quently, the voxels that were peeled off were replaced
by background voxels. In this way consecutive layers
were characterized until the entire trabecular structure
and, thus, all bone-containing voxels were usurped.
This leads to seven layers for the fetal specimens and
nine for the newborns. Furthermore, the frequency
distribution was analyzed. The entire range of DMB
values present in a specific sample was divided in 100
bins. The frequency distribution was obtained by
counting the number of voxels in such a bin. Indeed,
the area under the curves sums to unity, due to nor-
malization with the total number of voxels in the
specific bone sample.

The trabecular architecture was quantified by a
number of architectural variables (BV/TV: bone vol-
ume fraction, Tb.N: trabecular number, Tb.Th: tra-
becular thickness, Tb.Sp: trabecular separation
(Scanco software 3.2, Scanco Medical AG).

FE Analyses

Using the three-dimensional reconstructions created
with microCT, an FE model was created for every
specimen. The voxels in the three-dimensional mi-
croCT reconstructions were directly converted into
cubic eight-node brick elements. The tissue modulus
(Ey) was approximated from the DMB value of the
corresponding microCT voxel according to logE, =
—8.58 + 4.05%log[Ca].” The concentration of calcium
[Ca], expressed as mg/g by Currey (1999) was recal-
culated to the concentration of hydroxyapatite [HA] or
DMB by multiplying [Ca] by a factor 2.5 (approxi-
mately 40% of hydroxyapatite consists of calcium) and
subsequently multiplying this by 1.4 g/em®, i.e. the
specific density of trabecular bone tissue.'*?> When the



Intratrabecular Stress and Strain 1671

inhomogeneous distribution of DMB was disregarded,
all elements were equipped with the same tissue mod-
ulus, corresponding to the average DMB of that
specimen.

The FE problems were solved using an element-by-
element FE-solver.”” This program was modified to
permit the assignment of a different Young’s modulus
to each individual element. A uniaxial compression
test, corresponding to the superoinferior direction, was
simulated by applying a uniform displacement (1%) on
the superior surface of the specimen cubes (Fig. 1).
Displacements of nodes at the other surfaces were
suppressed in the direction normal to the face. The
vertical direction was assumed to correspond most
closely to the average joint loading direction.

From the resulting components of the strain and
stress tensor, the average equivalent strain and von
Mises equivalent stress were calculated, respectively,
based on the fact that plastic deformation, which re-
lates to the risk of failure, is essentially shear defor-
mation which entails no volume changes. Therefore,
especially the parts of the strain and stress tensor that
belong to the shear component were considered. The
definition which was applied to calculate the equivalent
strain and von Mises equivalent stress was as follows:

TABLE 1. Architectural variables of the trabecular bone in
the condyle.

Fetal mean (sd) Newborn mean (sd)

BV/TV (%) 24.14 (4.14) 19.65 (1.64)
Tb.Th (mm) 0.049 (0.002) 0.063 (0.005)
Tb.N (mm™") 6.99 (0.47) 3.95 (0.22)
Tb.Sp (mm) 0.122 (0.012) 0.228 (0.016)

& Significant difference between fetal and newborn specimens
(p < 0.01).

BV/TV: bone volume fraction; Tb.Th: trabecular thickness; Tbh.N:
trabecular number; Tb.Sp: trabecular separation.

assessed using independent-sample 7-tests. A p value of
less than 0.05 was considered statistically significant.

RESULTS

Values for and differences in architectural variables
between fetal and newborn stages are given in Table 1.
Architectural development coincided with a reorgani-
zation of bone of the trabecular structure without a
significant change in the bone volume fraction itself.
There was an increase in trabecular thickness (from
0.049 to 0.063 mm) and separation (from 0.122 to

1 2 2
= 3 (=2 =20 (om0 6 (34 24,

1

Frequency distributions of the variables mentioned
and of the component of principal strain with the largest
magnitude were constructed. The radial distribution of
the equivalent strain and von Mises equivalent stress in
the trabecular elements was studied by applying a sim-
ilar peeling algorithm as applied for the DMB.

Statistics

To analyze the results from the peeling algorithm, a
general linear model (repeated measures) was applied.
To study the difference between models per layer a
general linear model (multivariate) was used. From the
frequency distributions of the equivalent strain and von
Mises equivalent stress, the mean and standard devia-
tion of these variables were determined. Differences
between fetal and newborn specimens were statistically

R R G )

0.228 mm) with a concurring decrease in trabecular
number (from 6.99 to 3.95 mm™).

The degree of mineralization significantly increased
during development from fetal to newborn age.
Whereas in fetal specimens the average DMB was
approximately 630 mg/cm?, in the newborn specimens
it was to approximately 730 mg/cm® (Fig. 2a). The
variation in mineralization as characterized by the
width of the frequency distribution remained constant.
The increase in DMB led to an increase in average
tissue stiffness from fetal (approximately 4.0 GPa) to
newborn (approximately 6.7 GPa) specimens, accord-
ing to the model by Currey (1999). Using the peeling
algorithm, it was demonstrated that the mineralization
was distributed inhomogeneously in a systematic pat-
tern over the trabecular elements (Fig. 2b). From the
surface of trabeculae towards their core, the degree of



1672 MULDER et al.

(a) 0.07 fetal - - - ‘newborn
0.06 1
0.05 1
0.04 1
0.03 -

0.02 -

relative occurrence

0.01 1

0 200 400 600 800 1000 1200 1400
DMB (mg/cm®)

o fetal o newborn

(b) 1000 -

~l [ (o)

o o o

o o o
o

600 -

DMB (mg/cm®)

500 +

400

2 3 4 5 6 7 8 9 10
layer

= dre o

FIGURE 2. Distribution of degree of mineralization (DMB) in
fetal (n = 4) and newborn (n = 4) trabecular bone specimens.
(a) frequency distributions. Note the increase in average DMB
from fetal to newborn (b) Distribution from the surface of
trabecular elements (layer 1) to their cores (fetal: layer 7;
newborn: layer 9). The error bars represent the standard
deviation between the specimens in a specific group (fetal or
newborn) for a peeled off layer. Layer 1 was omitted in cal-
culations of average values and histograms.

mineralization increased significantly in both the
fetal and newborn specimens. For the fetal ones, the
second and third layers were statistically different
from each other and successive layers (p < 0.05). The
increase in DM B reached a plateau after the third layer
as there was no difference between the more central
layers. In the newborn ones, layers two through
five were different from each other and successive
layers (p < 0.05), whereas layers six through nine were

not significantly different and thus also reaching a
plateau.

The average equivalent strain did not change sig-
nificantly from fetal to newborn stages (Table 2).
However, when the influence of mineralization on the
tissue elasticity was disregarded, the average equivalent
strain was overestimated by approximately 20%
(»p < 0.01). This was also noticeable from the fre-
quency distributions (Fig. 3a) and detectable in the
profile through trabecular elements as obtained by the
peeling procedure. In both fetal and newborn speci-
mens, the strain was largest in the superficial layers of
the trabecular elements, and significantly reduced
when getting closer to the cores (Figs. 3b—d), eventu-
ally leveling off towards the center of the trabecular
elements. When the distribution of mineralization was
disregarded, the equivalent strain was overestimated
starting from layer three (fetal) and four (newborn).

The average values of the von Mises equivalent
stress increased from fetal to newborn stages (Table 2).
Also, the frequency distribution changed during
development (Fig. 4a). In the newborn specimens the
stresses with the most frequent occurrence were larger
than in the fetal specimens. These stresses were reduced
in value by approximately 16% when the influence of
mineral distribution was disregarded (Table 2;
Fig. 4a). This influence was also evident in the radial
distribution of equivalent stress over the trabecular
elements. It was shown that the highest stress occurred
near their center (Fig. 4b). The profiles from both fetal
(Fig. 4c) and newborn specimens (Fig. 4d) showed
similar trends as examined by the peeling procedure.
The surface of trabecular elements contained the low-
est stress, which significantly increased to approxi-
mately halfway towards the cores and subsequently
decreased again near the cores, but not reaching the
values present at the surface. It was shown that disre-
garding the inhomogeneous distribution of minerali-
zation resulted in a different profile; the highest stresses
were then observed at the surface, which decreased
towards the cores. It, thus, caused an overestimation of
the equivalent stress at the surface of trabecular ele-
ments and an underestimation at their cores.

TABLE 2. Equivalent strain and stress.

Fetal mean (sd) Newborn mean (sd)

Equivalent microstrain, inhomogeneous model
Equivalent microstrain, homogeneous model
Equivalent stress, inhomogeneous model (MPa)
Equivalent stress, homogeneous model (MPa)

440 (130) 510 (70)
530 (140)° 620 (150)°
1.29 (0.38)? 2.53 (0.94)
1.08 (0.30)%° 2.16 (0.74)°

2 Significant differences between fetal and newborn specimens, p < 0.05.
b Significant differences between the homogeneous and inhomogeneous model per variable, p < 0.05; ¢ p < 0.01.
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FIGURE 3. Distribution of equivalent strain in fetal (n = 4) and newborn (n = 4) specimens. The histograms do not contain surface
voxels. (a) frequency distributions. Note the similarity between fetal and newborn specimens and the difference between the
models. (b) Frontal cross-section of the cubic volume of interest of a newborn specimen. Note the decreasing trend of the
equivalent strain from the trabecular surfaces to the cores (inset). (c) Three-dimensional distribution from the surface of fetal
trabecular elements (layer 1) to their core (layer 7). (d) Three-dimensional distribution from the surface of newborn trabecular
elements (layer 1) to their core (layer 9). The error bars represent the standard deviation between the specimens in a specific group

(fetal or newborn) for a peeled off layer.

The distribution of the component of the principal
strain with the largest magnitude (Fig. 5) was equally
wide for the fetal and newborn specimens. However,
distributions obtained while disregarding mineral dis-
tribution clearly overestimated the larger strains in
compression. In both age groups the larger part of the
component of the principal strain with the largest
magnitude was compressive. The balance seemed to
shift even more to compression in newborn specimens.

DISCUSSION

To our knowledge this is the first study in which the
influence of mineral distribution, related to tissue
stiffness, on the local distribution of tissue stress and
strain over the trabecular bone has been investigated.
We found that the cores of the trabeculae have higher
mineralization than superficial regions. This indicates
that modeling (formation of new bone without prior
absorption of old bone tissue) and remodeling
(replacement of old bone tissue with new bone) occurs
predominantly at the trabecular surface. Conse-
quently, the youngest bone is present at the surface and
the oldest bone at the core of the trabeculae.

From a mechanical point of view, it should be noted
that the bone mineral provides rigidity to the bone.®
Bone tissue with a high degree of mineralization, as
found in the cores of trabecular elements, can be ex-
pected to be stiff but brittle, with a low failure energy.’
Less mineralized bone tissue, present at the trabecular
surface, is more compliant and demonstrates a greater
ability to undergo high strains. Moreover, due to the
low degree of mineralization, the accompanying stress
remains low. In the cores of trabecular elements, the
high degree of mineralization may contribute to the
rigidity of the bone which leads to low strains, but high
stress. From that perspective, heterogeneity in bone
mineralization may have a considerable influence on
the bone toughness* and may make the trabeculae
compliant to bending.

This composition may, furthermore, be considered
preferable to prevent crack propagation. Cracks initi-
ated in the highly mineralized tissue of the trabecular
cores might in this way be prevented from continuing
to the surface layers, which have lower a degree of
mineralization.®> This prevents complete fracture of
the trabecular elements and enables repair of the
damage. This is confirmed by observation of damaged
trabecular elements, where the highly mineralized core
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FIGURE 4. Distribution of equivalent stress in fetal (n = 4) and newborn (n = 4) specimens. (a) frequency distributions. Note the
difference between fetal and newborn specimens and the difference between the models. (b) Frontal cross-section of the cubic
volume of interest of a newborn specimen. Note the increasing trend of the equivalent stress from the trabecular surfaces to the
cores (inset). (c) Three-dimensional distribution from the surface of fetal trabecular elements (layer 1) to their core (layer 7). (d)
Three-dimensional distribution from the surface of newborn trabecular elements (layer 1) to their core (layer 9). The error bars
represent the standard deviation between the specimens in a specific group (fetal or newborn) for a peeled off layer.

contains microcracks, while the mechanical integrity of
the trabecular elements is maintained by the undis-
turbed, less mineralized surface.!®!® However, the fact
that microcracks are observed mostly in the trabecular
cores, may be due to the remodeling process, which
occurs at the trabecular surface and may explain the
absence of cracks in this region. Also, stress concen-
trations in surface features, such as trabecular junc-
tions and resorption cavities may contribute to the
formation of cracks at trabecular surfaces. Further
detailed fracture/damage mechanics analyses are re-
quired to fully investigate this question.

We found that incorporating inhomogenecously
distributed tissue stiffness, according to the local de-
gree of mineralization, had a profound effect on fre-
quency distributions and three-dimensional profiles of
stress and strain through trabecular elements. Disre-
garding this inhomogeneously distributed tissue stiff-
ness was demonstrated to lead to an overestimation in
average equivalent strain, with vertical compression.
The von Mises equivalent stress on the other hand was
underestimated in that case. If the compression test
were a load controlled test, the results may be similar.
It has been shown that incorporating the inhomoge-
neously distributed mineralization leads to a decrease
in apparent/structural stiffness of about 10%.%° This

would imply that in a load control test the inhomo-
geneous model will be compressed 10% more than the
homogeneous one. From Table 2 it can be deduced
that the average strain during a strain controlled test
was 20% lower in the inhomogeneous model. As a
consequence, one may expect a 10% lower average
strain in the inhomogeneous model during a load
control test in comparison to the homogeneous model.

The three-dimensional stress and strain profile
through the trabecular elements indicates that the
deformation scheme of trabecular elements during
loading is affected by the distribution of mineraliza-
tion. Higher strains at the surface of trabecular ele-
ments than in the cores indicate that numerous
trabecular elements undergo bending deformation.
However, in pure bending the amount of compressed
and stretched tissue would be equal, which is not the
case for the presently applied deformation which re-
sults in more compression than tension (see Fig. 5).
This signifies that not all the trabecular elements un-
dergo pure bending during a compression test. This
might be dependent on the orientation of the trabec-
ular elements with respect to the loading direction and
the distribution of mineralization. Furthermore,
besides trabecular elements there may also be other
structures, as the bone forming the connections
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FIGURE 5. Frequency distributions of the principal strain
with the largest magnitude for fetal (n=4) and newborn
(n = 4) specimens. (a) inhomogeneous models. (b) homoge-
neous models.

between the trabeculae display a certain loading
pattern, which might not be bending. However, the
general bending deformation of the trabecular
elements was profound enough for it to be visible in
the intratrabecular distribution of equivalent strain.
The dip in principal strain around zero strain was
expected, as in a correctly applied load, one can expect
all the elements to be either stretched or compressed.
Its occurrence, however, depends on the bin width that
was chosen to create the frequency distributions.
According to Wolff’s law, the trabecular architec-
ture is assumed to minimize both bone stress and
weight. The present study, however, does not confirm
this paradigm that, normally, stress and strains should
be distributed rather evenly over the trabecular archi-
tecture. In contrast, it is in agreement with previous
studies where frequency distributions in human and
canine femurs were of similar shape.*>*' The fact that
no uniform distributions of stress and strain were
found is probably due to the fact that both the bone
architecture and mineralization are adapted to
multiple loading directions. Moreover, an optimal
trabecular structure may appear differently under
multi-directional loads than the ‘trajectorial’ organi-
zation proposed by Wolff.>* Obviously, a perfectly
even distribution cannot be expected for one single

load case because the condyle is subjected to varying
loading magnitudes and directions during normal use.
Not only joint forces but also muscle forces are applied
on it. A trabecular structure created through load
adaptive remodeling should reflect all these different
loading configurations in a weighted manner.*'

With the development from fetal to newborn, the
distribution of the equivalent strain as a result of the
applied compression did not change. Between the
stages a similar frequency distribution and profile
through trabecular elements was observed. However,
an increased amount of stress, probably due to the
increase in DMB was found. This increase was not
accompanied by a change in the profiles through tra-
becular elements. Between these stages, changes in
trabecular architecture, without altering the bone vol-
ume fraction has occurred.'®!” These changes included
an increase in thickness of the trabecular elements, a
reduction in their numbers, and a doubling of the in-
tertrabecular spacing (Table 1). Furthermore, the
average DMB had increased. These phenomena to-
gether show us that the increased DMB leads to a
structure which is able to resist larger amounts of load
without an increase in average deformation.

In the present analysis, a number of simplifications
have been applied. First, in the calculation of the aver-
age values for DM B and equivalent stress and strain the
superficial bone layer was disregarded. This was done
because the superficial voxels are likely to be corrupted
by partial volume effects. Their inclusion would have led
to an underestimation of mean DMB as they will have a
DMB less than this average. Second, the material
property of the bone tissue in our model was assumed to
be isotropic and linearly elastic. The latter is applicable
for trabecular bone for small deformations.!> Third,
trabecular bone tissue has a preferred orientation which
makes it both spatially and mechanically anisotropic.>®
This means that bone tissue properties may vary when
different loading directions are applied. Fourth, the
exponential relation used to scale tissue stiffness from
local degree of mineralization was derived from exper-
iments using cortical bone samples from several spe-
cies.” Although it is very likely that a similar relation will
be valid in pig trabecular bone tissue, it is unknown if
and how these fit into this relationship. A possible
aberration from this relationship, however, does pre-
sumably not affect the findings in a qualitative sense as it
is not likely that the proportional character of the
relationship will be affected. Finally, the trabecular
bone has been modeled morphologically by cubic ele-
ments. This approach produces ‘jagged’ surfaces. It has
been shown that this can lead to local computational
oscillations and errors in the stress-strain calculations,
near these surfaces.'' Because the surface layer was
omitted in the determination of the histograms, the
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effect on the histograms and the calculated average and
standard deviation will be small.*® Furthermore, due to
averaging the results over neighboring elements, possi-
ble instabilities were reduced.'’

It can be concluded that the inhomogeneous distri-
bution of mineralization has a decreasing effect on the
average equivalent strain, while it tends to raise the
von Mises equivalent stress in the trabecular bone. The
equivalent strain was largest at the surface of trabec-
ular elements and decreased towards their core. The
equivalent stress was found to have its maximum
about halfway between the surface and the core. This
indicates that the trabecular elements are bent during a
compression experiment. No changes in equivalent
strain were observed during development from fetal to
newborn specimens, but equivalent stress increased.
The profiles from surface to core were similar between
fetal and newborn specimens. Incorporating inhomo-
geneously distributed tissue stiffness, scaled to the local
degree of mineralization, in FE models is essential for a
better understanding of bone mechanical behavior.
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