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Femur
ne bone tissue modulus of murine cortical bone is to estimate it from three-point
bending tests, using Euler–Bernoulli beam theory. However, murine femora are not perfect beams; hence,
results can be inaccurate. Our aim was to assess the accuracy of beam theory, which we tested for two
commonly used inbred strains of mice, C57BL/6 (B6) and C3H/He (C3H).

We measured the three-dimensional structure of male and female B6 and C3H femora (N=20/group) by
means of micro-computed tomography. For each femur five micro-finite element (micro-FE) models were
created that simulated three-point bending tests with varying distances between the supports. Tissue
modulus was calculated from beam theory using micro-FE results. The accuracy of beam theory was assessed
by comparing the beam theory-derived moduli with the modulus as used in the micro-FE analyses. An
additional set of fresh-frozen femora (10 B6 and 12 C3H) was biomechanically tested and subjected to the
same micro-FE analyses. These combined experimental–computational analyses enabled an unbiased
assessment of specimen-specific tissue modulus.

We found that by using beam theory, tissue modulus was underestimated for all femora. Femoral
geometry and size had strong effects on beam theory-derived tissue moduli. Owing to their relatively thin
cortex, underestimation was markedly higher for B6 than for C3H. Underestimation was dependent on
support width in a strain-specific manner. From our combined experimental–computational approach we
calculated tissue moduli of 12.0±1.3 GPa and 13.4±2.1 GPa for B6 and C3H, respectively.
We conclude that tissue moduli in murine femora are strongly underestimated when calculated from beam
theory. Using image-based micro-FE analyses we could precisely quantify this underestimation. We showed
that previously reported murine inbred strain-specific differences in tissue modulus are largely an effect of
geometric differences, not accounted for by beam theory. We suggest a re-evaluation of the tissue properties
obtained from three-point bending tests, especially in mouse genetics.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Osteoporosis is a disease characterized by low bone mass and
structural deterioration of bone tissue, leading to bone fragility and an
increased susceptibility to fractures [1]. Because the effects of
osteoporosis only become apparentwhen a bone fractures, bone quality
is best characterized in terms of bone mechanical properties, such as
stiffness and strength. Many factors influence global (also called
apparent) bone mechanical properties. Following engineering princi-
ples, characteristics that are normally distinguished include structural
properties, such as size, shape and trabecular architecture, and tissue
level (also called intrinsic) properties, such as tissue modulus. In line
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with these engineering principles, several studies have investigated
bone tissue properties as one of the components influencing bone
stiffness and strength. Inmice, themostwidely used animals in genetics
studies, strong effects of genetic background on bone tissue properties
have been reported [2,10,19,21,30]; in an analysis of 29 different inbred
strains of mice, Wergedal et al. recently reported largely differing tissue
moduli, ranging from 3.4 GPa to 10.9 GPa, respectively [30].

In all these animal studies, bone tissue modulus was calculated
from three-point bending test using Euler–Bernoulli beam theory,
which is based on the theory of elasticity. Specifically, tissue modulus
(Ebeam) is derived as [7]:

Ebeam ¼ FL3

48dI
ð1Þ

where F is the force applied at a location centered between the two
supports, L is the width between the two supports, d is the

mailto:harry.vanlenthe@mech.kuleuven.be
http://www.mech.kuleuven.be/bmgo/
http://dx.doi.org/10.1016/j.bone.2008.06.008
http://www.sciencedirect.com/science/journal/87563282


Fig. 1. Representation of the computational model for the simulation of a three-point
bending test for a hollow beam (A) and for a murine bone (B); the latter figure
represents a female B6 bonewhere the supports are 7 mm apart; the inset identifies the
tested volume relative to the size of the bone. SW: support width; D: diameter; WT:
wall thickness; Th.AP: thickness in antero-posterior direction; Ct.Th: cortical thickness.

List of symbols

Ebeam tissue modulus as calculated from beam theory
(used in a general sense).

Ebeam+exp tissuemodulus as calculated from beam theory using
experimental data.

EFE tissue modulus as used in the finite element models.
EFE + exp tissue modulus as calculated from finite element

models using experimental data; it is calculated by
relating Sexp to SFE (Eq. (2)).

Sexp stiffness as measured experimentally.
SFE stiffness as calculated from a finite element model

with EFE as tissue modulus.
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deflection, and I is the second moment of area. Due to the small size
of murine bones, this approach is considered to be the gold standard.
However, several assumptions underlie the use of beam theory, and
these include (a) the beam should be made from a homogeneous,
linear-elastic, material, (b) the beam should have a uniform cross
section, and (c) it should be long in proportion to its depth [31].
These assumptions are well known and have been identified as
potential errors in three-point bending tests as it is clear that they
are not met for murine femora [2,22,24]. Nevertheless, most
experimental studies have neglected these conditions, probably
because it is as yet unclear how large an error one makes in applying
Euler–Bernoulli beam theory to estimate tissue modulus. In a recent
study, Schriefer et al. [21] estimated the effects of limited aspect
ratio (AR), defined as support width divided by specimen diameter.
Assuming bones to be hollow cylinders, and using finite element
analyses, they derived these errors for two commonly used inbred
strains of mice C57Bl/6 (B6) and C3H/He (C3H). They found that
underestimation can be large depending on aspect ratio and that it is
modulated by cortical thickness; they derived a correction factor of
53% for female B6, and a factor of 15% for female C3H, respectively,
when the supports were 10 mm apart; for smaller support width,
those correction factors should be even higher. However, bones are
not straight, hollow cylinders which were assumed in the derivation
of the correction factors. Furthermore, the use of strain-specific
correction factors disregards the fact that geometric bone differences
do not only occur among inbred strains, but also within inbred
strains. In addition, using correction factors based on a priori
assumptions of bone geometry (e.g. a hollow cylinder), can result
in erroneous outcomes when one bone deviates more from the
assumed geometry than another bone. Hence, the adequacy of beam
theory to derive tissue modulus from three-point bending tests
remains unclear. As a consequence, its current use, e.g. in identifying
genes influencing bone properties, is questionable. Therefore, the
aim of this study was to determine the precise effects of bone
geometry and support width on bone stiffness and intrinsic tissue
modulus as calculated from three-point bending test. Specifically, we
assessed those effects for two inbred strains of mice, B6 and C3H,
which are the two most commonly used mice in studies on bone
mechanics.

Materials and methods

Bone stiffness as measured in three-point bending tests
depends on bone structure (i.e., shape and internal architecture)
and bone tissue level material properties. To assess their specific
contributions, we took a combined computational and experimen-
tal approach. Bone geometric effects were quantified using
computational models with a high level of detail. In combination
with experimental biomechanical tests these data enabled deter-
mination of the tissue modulus in an unbiased way. This combined
computational–experimental approach was validated using simple
cylindrical beams. The methods are described in the following
three sections.

Validation

In order to validate our approach we performed computational
analyses similar to Schriefer et al. [21], which we complemented with
experimental tests. The experimental tests were performed on
cylindrical torlon 4203 (Solvay S.A., Brussels, Belgium) beams with
diameters of 1.5 mm, 2.0 mm and 2.5 mm, respectively. Material
modulus of the bulk material was 4.14 GPa, as measured by the
manufacturer. The beams were tested in three-point bending with the
supports 14.0 mm apart, and were repeated for support widths of 11.9,
10.2, 7.7, 6.0 and 4.0 mm, respectively. Crosshead speed was 0.5 mm/s.
Total force was limited to 15 N to stay in the elastic range. Force and
deflection were measured; stiffness was calculated as the slope of the
force-deflection curve; material modulus was calculated from beam
theory (Eq. (1)).

The computational tests consisted of creating finite element
models of cylindrical beams under three-point bending. Support
width was arbitrarily set to 10 mm; the thickness of the beam was
varied to create models with different aspect ratios. A displacement
that equaled 10% of the beam diameter was applied at a point
midway between the supports. The models consisted of eight-node,
first-order, arbitrarily distorted elements. Element size was selected
such as to provide a smooth mesh, and to have accurate
deformation behavior which was confirmed by convergence tests.
The models were solved using Marc (MSC Software Corporation, Los
Angeles, CA) running on a Superdome System (Hewlett-Packard,
Palo Alto, CA) and were used to calculate the force needed to obtain
the prescribed displacement. As the deformation of a beam depends
on the ratio of beam thickness to support width, the experimentally
measured and computer-simulated data are comparable when they
have identical aspect ratio. The analyses were repeated for hollow
cylinders in which the wall thickness was given by the wall
thickness ratio, defined as twice the wall thickness divided by the
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beam diameter (Fig. 1A). The cross-sectional area moment of the
beams was calculated and the material modulus was estimated from
beam theory (Eq. (1)), and related to the material modulus as used
in the finite element models (4.14 GPa).

Murine femoral biomechanics — structural aspects

The structural aspects (i.e., geometric aspects) of bone stiffness
were evaluated for femora from 16-week old C3H and B6 mice,
respectively. These two inbred strains are of similar size and weight,
and also have femora of similar length, but they differ strongly in their
femoral cross section; where C3H have a thick cortex, cortices in B6
are thin. Femora from both sexes were analyzed. Each group had 10
mice fromwhich left and right femora were analyzed, summing up to
eighty femora in total. These bones were collected and prepared at the
Jackson Laboratory (Maine, USA) and stored in alcohol for the oversee
travel. Use of mice for this research project was reviewed and
approved by the local IACUC.

The three-dimensional structure of all femora was assessed by
micro-computed tomography (μCT40, Scanco Medical, Switzerland)
using a 20 μmnominal resolution. After increasing voxel size to 30 μm
using the manufacturer's software (IPL, Scanco Medical, Switzerland),
the reconstructed images were filtered using a constrained three-
dimensional Gaussian filter to partially suppress noise in the volumes
(σ=1.2 and support=1). We developed an automated alignment
routine that turned the reconstructed femur into a horizontal position,
with the condyles pointing downward. In short, the shaft of the femur
was automatically extracted. A transformation was then determined
such that the principal axes of the inertia tensor coincided with the
axes of the reference frame. This transformation was applied to the
Gaussian-filtered μCT data using tri-linear interpolation, after which
the data were binarized using a global threshold (22.4% of maximum
possible gray scale value) as previously described [20]. Morphometric
analysis was performed at the mid-diaphysis at 53% of the femur
length when measured from the proximal side, to obtain cortical
thickness (Ct.Th), thickness in antero-posterior direction (AP thick-
ness), cortical area (Ct.A), and cross-sectional moment of area (Iyy).
Visual inspection had identified this position as being the middle of
the femoral shaft.

Micro-finite element (μFE) models were generated for each femur
using a standard voxel conversion technique, hence, each voxel from
the μCT reconstruction was converted to a hexahedral element in the
μFE model. Voxel size was 30 μm, hence, the cortex was spanned by
6 and 11 elements for B6 and C3H, respectively. Mesh convergence
tests were performed that showed the accuracy of the results (data
not shown) when using this voxel size, a result in line with findings
in trabecular bone for which it has been shown that accurate results
are obtained when the voxel size is less than one-fourth of average
trabecular thickness [15]. Boundary conditions were applied that
represented a three-point bending test, with loading in the antero-
posterior direction (Fig. 1B). A prescribed displacement was applied
at the anterior side of the femur, at a position of 53% of the length of
the femur, as measured from the femoral head. The supports were
positioned equidistant from the load application site; nodal
displacements at the supports were constrained in the vertical
direction; the nodes at the end were free to move. Care was taken
that the midpoint of the two supports and the midpoint of the load
application site were positioned in one vertical plane. For each
femur, μFE analyses were performed simulating support widths of 3,
4, 5, 6, and 7 mm, respectively. To reduce computational time, all
bone tissue that extended 1 mm beyond the supports was artificially
removed before analysis. Component labeling was performed to
assure that no unconnected bone fragments (image artifacts) were
included in the μFE models. The models representing the 7 mm
support width consisted on average of 310,000 elements and
425,000 elements for B6 and C3H, respectively; the number of
nodes was 380,000 and 485,000 for B6 and C3H, respectively. All
elements in the μFE models were given an identical, and arbitrary,
tissue modulus (EFE) of 1 GPa, and a Poisson ratio of 0.3. The μFE
models were used to calculate the force needed to obtain a
prescribed displacement, representing 10% of AP thickness. Assum-
ing linear-elastic behavior, the models were solved using an
element-by-element method [4,23] running on a supercomputer
consisting of 8 IBM Regatta p690 SMPs for a total of 256 Power4
CPUs. Bone stiffness (SFE) was calculated as the μFE calculated force
divided by the prescribed displacement. Hence, the μFE analyses
were used to precisely assess the effects of bone structure, and bone
structure only, on bone stiffness as the only predicted value.

The accuracy of beam theory was tested by relating the tissue
modulus as calculated from beam theory (Ebeam) to the tissue
modulus as used in the μFE models (EFE=1 GPa). To do so, we used
beam theory in the same way as one would do after an
experimental test; hence, tissue modulus was determined using
Eq. (1). The data needed as input to this equation were taken from
the μFE analyses; hence, F was the force as calculated from the μFE
model and its value is directly related to the tissue modulus as
used in the μFE models (EFE); L was the support width, and d the
prescribed deflection; Iyy was the cross-sectional moment of area
which was directly calculated from one μCT slice at the center of
the femoral shaft. In the case where beam theory correctly
determines tissue modulus, Ebeam should equal EFE, hence, ideally,
Ebeam/EFE=1. Any deviation from 1 can be considered the error due
to the use of beam theory.

Murine femoral biomechanics — material aspects

The intrinsic material aspects were evaluated for 10 femora from
15-week old female B6 and 12 femora from 15-week old female C3H
mice. The animals were stored at −20 °C and thawed at room
temperature just before dissection of the femora. The bones used to
assess the structural aspects could not be used for experimental
biomechanical testing, because they had been stored in alcohol and for
different periods of time, such that the mechanical properties might
have degraded. The femora were tested in three-point bending at
room temperature in a custom made loading device, which was
integrated in a materials testing machine (1456, Zwick GmbH & Co.).
Load was applied midway between two supports that were 6 mm
apart. The femora were positioned such that the loading pin was
applying a force at a location on the mid-shaft. The femora were lying
freely on the supports and a 1 N preload was applied. Load-
displacement curves were recorded at a crosshead speed of 0.5 mm/s
[25]. Stiffness was calculated as the slope of the linear part of the force-
deflection curve.

Before the experimental tests were performed the three-dimen-
sional structure of all femora was assessed by micro-computed
tomography at a resolution of 20 μm. Morphometric parameters
were calculated from the μCT data, and structural stiffness was
determined from μFE analyses simulating three-point bending with a
support width of 6 mm and using an element size of 30 μm, all as
described before. In addition to calculating tissue modulus from beam
theory (Ebeam; Eq. (1)), the tissue modulus was also calculated based
on the μFE analyses by linear scaling, as

EFEþexp ¼ Sexp
SFE

dEFE ð2Þ

where Sexp and SFE are the stiffnesses as determined from the
experimental biomechanical test and from the μFE analysis, respec-
tively; EFE is the tissue modulus used in the μFE analyses (1 GPa). The
linear scaling as presented in Eq. (2) effectively links experimental to



Fig. 2. (A) Finite element (— FE) analyses showed that material modulus as estimated
from beam theory was underestimated for full cross-sectional beams and that it
depended on aspect ratio. Experimental data on 1.5, 2.0, and 2.5 mm beams (identified
with □, ⋄, and Δ, respectively) confirmed our computational findings. (B) The
underestimation depended on aspect ratio andwall thickness ratio, defined as twice the
wall thickness divided by beam diameter; identified are the curves for wall thickness
ratios of 0.2, 0.3, 0.5, and 1.0, respectively. Aspect ratio was defined as support width
divided by beam diameter.

Table 1
Descriptive statistics on the femora evaluated for structural stiffness

Strain Sex N AP thickness
[mm]

Ct.Th [mm] Ct.Th ratio
[–]

Iyy [mm4]

B6 Female 20 1.22±0.05 0.17±0.01 0.28±0.02 0.11±0.01
Male 20 1.22±0.05 0.17±0.02 0.28±0.02 0.12±0.02

C3H Female 20 1.11±0.04a 0.33±0.02a 0.60±0.03a 0.09±0.01a

Male 20 1.11±0.03a 0.36±0.02a,b 0.66±0.05a,b 0.11±0.01a,b

AP thickness: femoral width measured in antero-posterior direction.
Ct.Th: cortical thickness.
Ct.Th ratio: cortical thickness ratio, defined as 2×Ct.Th/Th.AP.
Iyy: cross-sectional moment of area.
Values are mean±SD.

a Significantly different between B6 and C3H (pb0.01).
b Significantly different between males and females (pb0.05).
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computational data and is similar to the methodology to determine
tissue modulus from axial compression tests [13,29]; it is valid
because all analyses were linear-elastic.

Statistical analysis

Data are presentedasmean±SD.Mechanical andmorphometric data
for both strains and sexes were compared using Student's t-tests.
Fig. 3. Top view, frontal view, and several cross sections of a typical male B6 femur (A), and
bending when using either a 5 mm or 10 mm support width.
Significance level for all analyses was set to pb0.05. All statistical
analyses were performed with Excel 2003 (Microsoft, Redmond, USA).

Results

Validation

The computational analyses revealed that aspect ratio (AR) had a
critical effect on the outcomes of three-point bending tests. For perfect
cylindrical beams with an AR equal to 5.0 Ebeam/EFE was 0.71; hence,
the material modulus as calculated from beam theory was under-
estimated by 29% (Fig. 2A). With smaller AR the underestimation was
even larger. For all three tested diameters the experimentally derived
material moduli closely matched the computationally derived ones
(Fig. 2A); only for very small aspect ratios a slight deviation between
experiment and finite element analyses was found.

The analyses of beams with different wall thicknesses showed that
a decrease of wall thickness ratio is associated with an increase in the
underestimation of material modulus. For an AR of 5 and a wall
thickness ratio of 0.6, the underestimation of material modulus was
30.1%, compared to 29.0% for a full cross-section beam (Fig. 2B). A wall
thickness ratio of 0.3 increased the underestimation to 42.1%.

Murine femoral biomechanics — structural aspects

Morphometric analysis of the diaphyseal region of the femora
showed that B6 had thinner cortices than C3H and that their femoral
widths were slightly larger (Fig. 3; Table 1). Individual differences
within strains were small, as identified by the small standard
deviations; a small but significant sex difference was found for
male C3H femur (B), respectively. Also indicated are the volumes tested in three-point



Fig. 4. (A) Stiffness in three-point bending as calculated for male and female B6 and C3H
femora using micro-finite element analyses with an arbitrary tissue modulus of 1 GPa;
B6 and C3H curves were significantly different (pb0.001) whereas sex differences were
not. (B) For all femora the tissue modulus as determined from beam theory (Ebeam) was
strongly underestimated; estimated moduli were well correlated to aspect ratio
(R2N0.99 for all four groups); all groups were significantly different (pb0.001). Note
that error bars representing standard error of the mean are not visible because they fall
within the data points.

Fig. 5. Tissue modulus for B6 and C3H female femora as determined from experimental
testing in combination with beam theory and μ FE analysis.
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cortical thickness, cortical thickness ratio, and cross-sectional
moment of area in C3H (pb0.001), but not in B6 (pN0.05).

The alignment procedurewas robust and performed correctly in all
cases; all femora were rotated to a similar position as visually checked
by three-dimensional reconstruction and visualization.

All mechanical parameters were strongly affected by support
width. Structural stiffness decreased with increasing support width
(Fig. 4A); this decrease was stronger in C3H than in B6. We found that
the tissue modulus as calculated from beam theory was much lower
than the tissue modulus as applied in the μFE models (Fig. 4B). For a
5 mm support, tissue modulus was only 40% of the correct value (i.e.,
as input in the μFE models) for B6 females; for B6 males, the
underestimation of tissue modulus was even more severe, and Ebeam/
EFE was only 0.34. Underestimation was less severe for C3H femora,
tissue moduli were 68% and 63% of the correct values for C3H females
and males, respectively. Just as for the cylindrical beams, the
Table 2
Mechanical properties for B6 and C3H femora tested in three-point bending, using a
support width of 6 mm

Strain Sex N Ebeam/EFE
[–]

Sexp
[N/mm]

Ebeam+exp

[GPa]
EFE+ exp
[GPa]

B6 Female 10 0.47±0.02 133.5±26.2 5.6±0.5 12.0±1.3
C3H Female 12 0.78±0.02a 234.7±39.1a 10.5±1.7a 13.4±2.1

Ebeam/EFE: ratio between the tissue modulus as calculated by beam theory and the true
tissue modulus.
Sexp: stiffness as measured experimentally.
Ebeam+ exp: tissue modulus as calculated from beam theory and experimental
measurement.
EFE+ exp: bone tissue modulus as calculated from μ FE analysis and experimental
measurement.

a Significantly different between B6 and C3H (pb0.01).
underestimation depended strongly on support width and was more
severe as support width decreased.

Murine femoral biomechanics — material aspects

The 1 N preload oriented all femora into a similar orientation as
visually checked on movies made with a high-speed camera during
themechanical tests. Experimentally measured stiffness was higher in
C3H than in B6 (Table 2). When determined from beam theory (Eq.
(1)), tissue moduli were 5.6 GPa and 10.5 GPa for B6 and C3H,
respectively (Fig. 5). When calculated from the combined experi-
mental–computational approach (Eq. (2)) those values were 12.0 and
13.4 GPa, respectively; hence, the moduli as derived from the
experimental–computational approach were about 10% higher for
C3H as compared to B6; this difference did not reach statistical
significance (p=0.10).

Discussion

Micro-finite element (μFE) analysis has become a widely accepted
method for the mechanical evaluation of small bones and bone
samples. It is a validated technique [27] to calculate stresses and
strains in a sample [29]; experimental validation has seen an excellent
agreement between μFE calculated stiffness versus measured stiffness
[5,9,26,28]. In this study, we used μFE analysis to accurately quantify
the influence of bone geometry on the outcomes of three-point
bending tests. The advantage of using μFE was that we could precisely
analyze the effects of bone shape on the outcomes of three-point
bending tests, without having to make assumptions on bone
geometry. This makes the technique applicable to any bone. We
showed that tissue moduli as calculated from three-point bending
tests are strongly underestimated. We also showed that the extent of
underestimation depends on bone size and shape, and that this is
different for different inbred strains; tissue moduli for B6 were
underestimated markedly more than for C3H. The reason for this
underestimation is clear: murine bones are not perfect beams (Fig. 3);
their geometries deviate from the assumptions underlying beam
theory leading to erroneous results when applying beam theory.

The notion that certain requirements must be fulfilled for the use
of beam theory is not new. The potentially confounding effects of
aspect ratio and cortical thickness ratio on the outcomes of three-
point bending test have been described previously [2,22,24]. Never-
theless, in three-point bending tests of murine bones these effects
have been largely neglected. No standardized experimental set-up has
been described in literature; as a result, people have used different
experimental set-ups with support width varying from 2 mm to
10 mm for murine femora [2,10,14, 21,25]. The short support width
leads to relatively constant cross-sectional moment of area, however,
at the cost of a very small aspect ratio. The larger support width
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maximizes aspect ratio, however, it does so at the cost of having a
varying cross-sectional moment of area along the beam axis (Fig. 3).
Both approaches may induce errors. Indeed, this study explained the
largely varying estimates for bone tissue modulus that have been
reported for the same bone (e.g. the femur) of the samemurine inbred
strain (e.g. B6) as a consequence of the limitations of current three-
point bending tests.

Our experimental data on 10 B6 and 12 C3H femora showed that,
when calculated from beam theory, tissue modulus (Ebeam) for C3H
was nearly twice as high as that for B6. This is in line with several
other studies [3,6,25,30], and has traditionally been explained by
variations in tissue composition. However, our computational ana-
lyses showed that these beam theory-derived estimates of tissue
modulus are wrong, because they are affected by bone geometry.
These findings confirm a recent study [21] where murine femorawere
modeled as hollow cylinders. With a combined experimental–
computational approach we could show that the difference between
the moduli (Eexp+FE) was only 10% and that this difference was not
statistically significant. Although a larger sample size may prove this
to be a true difference, the key finding here is that the moduli differ to
a smaller extent – if at all – than previously reported. Hence,
previously reported differences were largely an effect of geometric
differences, not accounted for by beam theory. Using the correction
factors as determined from our micro-finite element analyses we
recalculated the values as reported in the literature. Instead of using
specimen-specific correction factors, as we did for our measured data,
we could only use group averages. After correction, the tissue moduli
for B6 and C3H were much more similar (Fig. 6) and differed only by
about 10%, just as in our study. Absolute values vary, though. We
expect that these study-specific effects are caused by differences in
experimental set-up, such as the speed of the indentor during testing.
It is noteworthy that the inbred strains used in this study represent the
extremes of femoral geometry, so that studies involving other strains
will entail less strain-specific differences than those encountered in
this work. Nevertheless, our strain-specific differences are of
significance because B6 and C3H strain are the most commonly
studied mouse strains.

Our findings have important implications for other inbred strains,
too. Several research groups have tested different inbred strains of
mice and have noticed inbred strain-specific values for tissue moduli.
As a consequence, a paradigm has developed stating that bone tissue
properties are largely influenced by genes. In this study we showed
that femora with thin cortices and large mid-shaft diameters will
more greatly underestimate tissue modulus. Hence, any genetic
Fig. 6. Experimental data on tissue moduli as derived from experimental three-point
bending tests. Previously reported data showed that tissue moduli were markedly
higher for C3H. After μFE correction, these differences largely disappeared.
variant that affects these geometrical parameters will appear to affect
tissue properties. So whether the paradigm of inbred strain-specific
tissue moduli will hold, remains to be seen.

Beam theory takes some of the geometric differences between
bones into account through the cross-sectional moment of area (Iyy).
Therefore, accurate measurements of Iyy have become standard in
three-point bending analyses of murine bones. However, in this study
we showed that in itself an accurate assessment of Iyy is of no help:
murine femora simply do not fulfill the requirements for accurate use
of beam theory, hence, even a perfect assessment of Iyy will still result
in a strong underestimation of tissue modulus.

For simple cylindrical beams we were able to validate our
computational approach. Accurate results are obtained from three-
point bending tests in combinationwith beam theorywhen the aspect
ratio is 20 (Fig. 2B), which is a common recommendation for bending
tests [24]; this shows that our computational analyses fit analytical
solutions. Furthermore, the experimentally derived tissue moduli
closely matched the computationally derived ones for all three tested
diameters. This implies, as expected, that the underestimation of
tissue modulus as estimated from beam theory is not affected by
diameter per se, but only by its ratio to support width.

What do our findings mean to other parameters measured in a
three-point bending tests? As long as these parameters are measured
directly, such as stiffness (force over displacement) and strength
(maximum load until failure) these parameters are correct, because
they are not affected by the limitations of beam theory. Nevertheless,
it is important to realize that these parameters are affected by support
width, as well. It is quite obvious that a larger support width will lead
to a lower stiffness. However, it is less intuitive that results obtained at
one support width are not necessarily indicative of results obtained at
another support width. As an example: at a support width of 3 mm,
female C3H femora were 2.4 times stiffer than female B6 femora,
whereas at a support width of 7 mm, the C3H femora were nearly as
stiff as B6 femora (Fig. 4A). As there is no theory for it, the effects of
support width on parameters like stiffness, strength and toughness
cannot be corrected for by μFE.

In this study we used a maximum support width of 7 mm.
According to beam theory outcomes would be less affected when
using larger support widths [31]. However, we could not confirm that
for these murine bones. In fact, in our computational simulations we
found larger variability in stiffness and tissue moduli when support
width was 8 mm or beyond (data not shown). This might be related to
(i) local geometric variations of the femur near the condyles and
especially near the neck region, and to (ii) inadequacies in our
alignment routines that determine the contact location between the
bone and the two supports and between the bone and the indentor.
The deviations from cylindrical shape make it difficult to determine
beforehand where these contacts are located. The appropriate way to
deal with this situation is to have a computer program find these
locations iteratively. Although such software is available, the size of
our models prevents using it for our purposes. Hence, both (i) and (ii)
could be the underlying mechanism for the large variability we
observed when simulating three-point bending tests with large
support widths. For that reason, we propose a support width of
7mm, because this appears to be themaximumwidthwhere the shaft
is still in contact with the supports. Nonetheless, the limitations of
three-point bending should always be kept in mind.

The combined experimental–computational method that we
applied in this study allowed for an unbiased assessment of tissue
modulus, because it took specimen-specific variations in bone
geometry into account. Another approach to limit specimen-specific
variations would be to machine cortical bone specimens that can be
tested either in three- or four-point bending tests [11] or in uniaxial
tension and compression [16]. Although quite common for bone
testing of larger animals [24], this is a difficult technique for murine
bones, considering that the machined beams should have an aspect
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ratio of 20. A more direct measurement of tissue modulus is possible
by using nano-indentation [2,8,12] or by combining scanning acoustic
microscopywith synchrotron-radiation μCT, as recently demonstrated
[17]. However, these techniques are affected by systematic errors,
related to specimen preparation (e.g. surface polishing, dehydration,
and embedding), and image registration. It is likely that the higher
values for tissue moduli as obtained with these techniques [2,8,17,18]
can be explained by these errors.

We conclude that μFE precisely quantified the underestimation of
tissue moduli in murine femora when calculated from beam theory.
For B6 and C3H inbred strains of mice we showed that the tissue
moduli as derived from three-point bending tests are largely an effect
of geometric differences, not accounted for by beam theory. Our
findings indicate that genetic effects on bone tissuemodulus aremuch
less strong than previously suggested. We hypothesize that the large
variations found between other inbred strains of mice are also largely
affected by these geometric effects, not by tissue compositional
variations. To quantify that in more detail, we suggest a re-evaluation
of the tissue properties obtained from three-point bending tests,
especially in mouse genetics.
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