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Mechanical testing has been regarded as the gold standard to investigate the effects of pathologies on
the structure-function properties of the skeleton. With recent advances in computing power of
personal computers, virtual alternatives to mechanical testing are gaining acceptance and use. We have
previously introduced such a technique called structural rigidity analysis to assess mechanical strength
of skeletal tissue with defects. The application of this technique is predicated upon the use of
relationships defining the strength of bone as a function of its density for a given loading mode. We are
to apply this technique in rat models to assess their compressive skeletal response subjected to a host of
biological and pharmaceutical stimulations. Therefore, the aim of this study is to derive a relationship
expressing axial compressive mechanical properties of rat cortical and cancellous bone as a function of
equivalent bone mineral density, bone volume fraction or apparent density over a range of normal and
pathologic bones.

We used bones from normal, ovariectomized and partially nephrectomized animals. All specimens
underwent micro-computed tomographic imaging to assess bone morphometric and densitometric
indices and uniaxial compression to failure.

We obtained univariate relationships describing 71-78% of the mechanical properties of rat cortical
and cancellous bone based on equivalent mineral density, bone volume fraction or apparent density
over a wide range of density and common skeletal pathologies. The relationships reported in this study
can be used in the structural rigidity analysis introduced by the authors to provide a non-invasive
method to assess the compressive strength of bones affected by pathology and/or treatment options.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction 2002; van Rietbergen et al., 2002; Martin et al., 2004). Virtual
Biomechanics, or the assessment of mechanical strength of
skeletal tissue through alternate non-destructive means, enables
one to perform longitudinal in-vivo assessment of bone strength
to reduce the number of subjects and the costs associated with a

study and facilitate the evaluation of multiple skeletal sites from

Conventional mechanical testing has historically been re-
garded as the gold standard for investigating the effects of various
interventions and pathologies on the structure-function proper-
ties of the skeleton (Danielsen et al., 1993; Turner and Burr, 1993;

Hornby et al, 2003). Given the recent advances in speed,
resolution, and reduction of artifacts in medical imaging (Genant
et al, 2000; MacNeil and Boyd, 2007), and ever increasing
computing power of personal computers (Moore, 1965), virtual
alternatives to conventional invasive procedures are becoming
increasingly feasible (Bagi et al., 1992; Ferretti et al., 1995;
Ferretti et al.,, 1996; Van Rietbergen et al., 1999; Newitt et al.,
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the same subject. It can also reduce the large experimental errors
associated with operator dependent procedures such as speci-
mens prepration and gripping (Odgaard and Linde, 1991; Keaveny
et al,, 1997; Un et al., 2006) and inter-laboratory testing protocol
differences (Turner, 1989).

Virtual alternatives to mechanical testing often account for the
contribution of both tissue material and geometric properties to
bone strength. Currently used methods of virtual biomechanics
can be categorized into patient specific finite element analysis
(FEA) (Martin, 1991; Bessho et al., 2007; Bonnick, 2007) and direct
strength assessment based on Dual-energy X-ray Absorptiometry
(DXA) (Leichter et al., 1982; Kanis et al., 2000) or quantitative
computed tomography (QCT) (Gasser, 1995; Jamsa et al., 1998;
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Lochmuller et al.,, 2002; Buckley et al., 2007). While patient
specific FEA accounts for changes in tissue material and geometric
properties, its main drawback is the cost associated with it, as this
method requires large computational power and expert man-
power to generate an appropriate model from medical imaging
data (Guldberg et al.,, 1998). DXA is more cost-effective; but,
fracture predictions based on DXA rely on a 2D projection of a 3D
structure that do not take into account changes in either the
material or geometric properties of bone and have been shown to
be neither sensitive nor specific (Cummings et al., 2002; Riggs and
Melton, 2002; Heaney, 2003; Bauer et al., 2004; Schuit et al.,
2004). QCT based methods (Lang et al., 1988; Faulkner et al.,
1991; Lang et al., 1997; Lang et al., 1998; Beck et al., 2000; Beck,
2003) are more accurate and provide information on both
material and geometric properties of bone, yet they expose the
patients to significant radiation dosages.

To that end, we have introduced a new method called
Structural Rigidity Analysis (SRA) to supplement the currently
available FE, QCT and DXA based methods to non-invasively
assess the axial, bending and torsional rigidities of bones “with
defect” from their transaxial cross-sectional images (Hong et al.,
2004) in a series of ex-vivo (Whealan et al., 2000; Hong et al.,
2004) and in-vivo (Aaron et al., 2002; Snyder et al., 2006) human
experiments. With this technique, modulus of elasticity is treated
as a function of bone density, and bone geometry is represented
by its cross-sectional area and moment of inertia (Martin, 1991;
Turner, 2002). For these studies, species-specific relationships for
cancellous (Rice et al., 1988) and cortical (Snyder and Schneider,
1991) bone mechanical properties were used to express modulus
of elasticity as a function of bone density. In order to extend the
application of virtual biomechanics to animal models, validating
empirical relationships that describe mechanical properties of any
bone as a function of its density would be immensely beneficial.

Moreover, using separate models for the mechanical properties
of cortical and cancellous bone, necessitates the introduction of an
arbitrary thresholding value to separate cortical bone from
cancellous bone. In order to void the use of such an arbitrary
thresholding value; we will use nano-indentation (Ashman and
Rho, 1988; Rho et al., 1998; Turner et al., 1999; Zysset et al., 1999)
to demonstrate that tissue level modulus and hardness of rat
cortical and cancellous bone are not different from one another,
and that meaningful differences between the tissue types are best
observed at the bone structural level. Therefore, a single
univariate relationship between elastic modulus and density that
spans both cortical and cancellous bone will be sought in the
current study. This approach will facilitate further automation of
the process; and reduce operator interventions which are prone to
error.

To that end, we utilized micro-computed tomography (1CT) as
the current research imaging tool of choice for non-destructive
assessment of the three dimensional (3D) microstructural and
densitometric properties of cancellous and cortical bone (Rueg-
segger et al., 1996; Borah et al., 2001). The normal control (CON),
ovariectomized (OVX) and partially nephrectomized (NFR) Spra-
gue-Dawley (SD) rats were used as common animal models in
bone research (An and Friedman, 1999) to represent a broad range
of densities, and two predominant disease models that affect bone
structure and material separately. We hypothesize that at the
macro level, either equivalent bone mineral density, bone volume
fraction or apparent density account for the majority of changes in
the mechanical properties of cortical and cancellous SD rat bone.-
Therefore, we aim to derive univariate relationships expressing
axial compressive mechanical properties of rat bone as a function
of UCT based equivalent bone mineral density, bone volume
fraction or apparent density over a range of normal and
pathologic bones.

2. Methods
2.1. Animal model

The study protocol was approved by Beth Israel Deaconess Medical Center’s
Institutional Animal Care and Use Committee (IACUC). Thirty female Sprague-
Dawley (SD, mass: 250-275 g, ~15 weeks old) rats were obtained from Charles
River Laboratories (Charles River, Charlestown, MA, USA) and were divided into
three equally sized groups: the animals in the control group were not subjected to
any surgical or dietary interventions; the OVX group underwent ovariectomy (a
week prior to the start of the study) to induce a state of low bone mass and micro-
architectural deterioration (Miller and Wronski, 1993; Guo and Goldstein, 2000;
Wang et al., 2001; Hornby et al., 2003; Ito et al., 2005; Kaczmarczyk-Sedlak et al.,
2005; Ogawa et al., 2005; Reddy Nagareddy and Lakshmana, 2005; Yao et al.,
2005); and the NFR group underwent 2 nephrectomy (Freesmeyer et al., 2001;
Jokihaara et al., 2006) (a week prior to the start of the study) in addition to being
placed on a modified diet containing 0.6% Ca and 1.2% P (from time zero till the
end of the study) to induce renal osteodystrophy (normal rodent diet contains
1.35% Ca and 1.04% P) and severe secondary hyperparathyroidism (Turner et al.,
1996; Miller et al., 1998; Freesmeyer et al., 2001; Kazama et al., 2003; Brkovic
et al., 2005; Feng et al., 2006; Jokihaara et al., 2006). Both surgical procedures were
conducted at the animal supplier facility one week prior to the arrival of the
animals at the laboratory. Animals were weighed each week to assess changes in
body mass over the study period. CON, NFR and OVX animals were euthanized via
CO, inhalation after 2, 3, and 4 months, respectively (based on previous studies
assessing the onset of quantifiable manifestations of ovariectomy and partial
nephrectomy by our group) , and femurs from each animal were used for the
study.

2.2. Specimen preparation

After dissection and cleaning of all adherent soft tissues [Fig. 1a - Frame I], the
femur was held in a specially designed holding jig. All specimens were cut
perpendicular to the anatomic axis using a small diamond wafering blade on a
low-speed saw (Isomet, Buehler Corporation, Lake Bluff, IL, USA) under copious
irrigation. The first cut was made right above the growth plate proximal to the
femoral condyles to include metaphyseal trabecular microstructure [Fig. 1a —
Frame II]. The exact location of the first cut was confirmed with anterior-posterior
contact radiograph. Then, one thin section less than 1 mm in thickness was cut
proximally from the metaphysis and was saved for nano-indentation [Fig. 1a -
Frame IlI]. The femur was then removed from the holding jig and the remaining
metaphyseal cortex was shaved off under magnified viewing and ample lighting
with the operator holding the femur in hand (allowing much greater freedom of
movement than using a jig) [Fig. 1a - Frame IV and V, Appendix for further details].
After removal of the cortex, the femur was placed back in the holding jig and the
shaved off metaphyseal (trabecular only) region [Hrrap: 6.22 4+ 0.73 mm, Grrap at
mid-length: 4.84 + 0.41 mm] was cut [Fig. 1a - Frame VI and Fig. 1b]. Then, a mid-
diaphyseal (cortical only) section [Hcogr: 5.99 + 0.28 mm, Qcorr at mid-length:
3.64 + 0.24 mm] was cut, maintaining an approximate 2:1 height to diameter ratio
(Keaveny et al., 1993) [Fig. 1a - Frame VII]. Finally, a thin section less than 1 mm
thick was cut from the proximal diaphyseal section for nano-indentation [Fig. 1a -
Frame VIII].

The cortical and cancellous specimens underwent cleaning via sonic agitation
(Fisher Scientific International, Hampton, NH, USA) while suspended in distilled
water for 20 min, followed by centrifugal removal of excess water and marrow at
9G for 15 min. The average mass (m, g) and physical dimensions of each specimen
were measured ( x 3) using precision balance and calipers. Additionally, bone
tissue volume (Vgone, mm?>) was measured using gas pycnometry (Accupyc 1330,
Micromeritics, Norcross, GA, USA).

2.3. Imaging and image analysis

Sequential transaxial images through the entire cortical and cancellous bone
sections were obtained using micro-computed tomography (uCT) (LCT 40, Scanco
Medical, AG, Briittisellen, Switzerland) at an isotropic voxel size of 30 pm,
integration time of 250 ms and tube voltage and current of 55 KeV and 145 uA,
respectively, while applying a 1200 mg cm~> hydroxyapatite (HA) beam hard-
ening correction curve. After applying adaptive thresholding [Appendix for further
details], cortical (Ct.BV/TV) and trabecular (BV/TV) bone volume fractions were
assessed for all images (Hildebrand et al., 1999). Cortical and cancellous equivalent
bone mineral densities (pequiv» & cm ™) were calculated using a hydroxyapatite
phantom, supplied by the manufacturer, to convert X-ray attenuation coefficient
(u) to an equivalent density. The variability of pCT assessment of 3D
microstructural and densitometric indices of excised rat bone samples is less
than 0.5% at our laboratory. The area for each cross-section was calculated by
counting the number of voxels and multiplication by pixel size. Then, the cross-
section with the minimum area was used to calculate axial stresses. The average
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Fig. 1. (a) An illustration of cortical and trabecular specimen preparations for conventional mechanical testing and nano-indentation through a series of frames: (I) whole
bone; (II) cut at condyles; (III) distal metaphyseal cut for trabecular nano-indentation; (IV) specimen ready for cortex shaving; (V) distal metaphyseal cortex shaved; (VI)
trabecular bone specimen cut; (VII) cortical bone specimen cut; (VIII) two diaphyseal cuts for cortical nano-indentation. (b) Representative distal metaphyseal cancellous
bone samples with the cortex shaves from control (left) and ovariectomized (right) animals.

Resin cylinder

Nano-indentation surface
[cortical bone — transverse direction]

Nano-indentation surface
[cortical bone — axial direction]

Fig. 2. A depiction of axial and transverse cortical bone samples embedded bone
in resin for nano-indentation.

cross-sectional area variation of cortical and trabecular specimens were 6% and
19%, respectively.

2.4. Nano-indentation

The resin embedded cortical and cancellous bone specimens [Fig. 2] were used
to assess bone tissue material properties by nano-indentation using a Berkovich
indenter (Hysitron Triboindenter System, Minneapolis, Minnesota, USA). The
middle of the trabecular elements and the cortical shells were selected as
indentation sites to avoid boundary condition errors. Thirty five indentations
distributed across the cross-section of each sample were performed and the
results were averaged per sample [see Appendix for further details].

2.5. Mechanical testing

Specimens were thawed out to room temperature and hydrated prior to
mechanical testing; otherwise, they were stored in saline soaked gauze at —20 °C
for the duration of the study. Circular brass end-caps (8 mm in diameter, 1 mm in
thickness) were glued to both ends of each sample to reduce end-effect artifacts
(Keaveny et al., 1993). Specimens were preconditioned, using a triangular

waveform to 0.33% strain for 7 cycles and a strain rate of 0.005 s~ !, followed by
uniaxial compression to failure at a strain rate of 0.01 s~ (Instron 8511, Instron,
Norwood, MA, USA). Stiffness (K, kN mm~"), yield displacement (dy, mm), yield
load (Ly, kN), ultimate displacement (dy.r, mm), ultimate load (Lyrt, kN),
representing intrinsic structural properties, were reported for the study [Appendix
for further details].

2.6. Statistical analysis

Continuous data were assessed for normality using the Kolmogorov-Smirnov
test. Bone tissue density (prissue, & cm~3) was calculated by dividing bone mass
(m) by bone volume (Vpong) Obtained through pycnometry, and apparent bone
density (papp, £ cm~3) was calculated by multiplying bone tissue density (prissue)
with bone volume fraction (BV/TV or Ct.BV/TV). To assess whether the SD rat bone
tissue mechanical properties were different between cortical and cancellous
bones, and whether they were affected by orientation, a two-way Analysis of
Variance (ANOVA) was conducted with group (cortical or cancellous) and
orientation (axial or transverse) as fixed factors and bone tissue properties (tissue
modulus and tissue hardness) measured by nano-indentation as dependent
parameters.

Univariate regression analysis was conducted to examine whether the
modulus of elasticity and yield strength of cortical and cancellous SD rat bone
could be expressed as a function of bone volume fraction (obtained from pCT
imaging), apparent density, or equivalent bone mineral density (obtained from
UCT imaging).

The SPSS statistical package (version 15.0, Chicago, IL, USA) was used for data
analysis. All reported p-values are two-tailed with p < 0.05 considered statistically
significant.

3. Results

There is little difference between normal rat cortical and
cancellous tissue properties with respect to tissue type and
orientation. Two-way ANOVA results showed that there were no
significant differences between the tissue modulus and tissue
hardnes values for rat cortical and cancellous bone (p > 0.05) and
for the orientation (p > 0.05). In addition, a paired Student’s t test
showed no differences in Exano and H between the pairs of axial
(p=0.46) and transverse (p=0.72) specimens for both cortical and
cancellous bone [Table 1].

Inclusion of bones from normal, ovariectomized and partially
nephrectomized animals resulted in a diverse data set with a bone
volume fraction range from 10% to 77% and a bone tissue density
range 1.36-2.44gcm~> [Table 2]. A univariate power law
regression model revealed that compressive modulus of
elasticity can be expressed as a function of the > p,, (i) over all
pixels (equivalent mineral density) along the cross-section in the
form of E=8362.8(prquiv)*>®, R*>=0.77 [Fig. 3a]. Similarly,
compressive yield strength can be expressed as a function of
equivalent mineral density in the form of gy=106.4(pequiv)*?",
R?>=0.70 [Fig. 3b]. Moreover, a univariate regression model
revealed that compressive modulus of elasticity can be defined
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as a function of bone volume fraction in the form of E=14899
(BV/TV)'94 R2=0.71 [Fig. 3c]. Similarly, compressive yield
strength is defined as a function of bone volume fraction in the
form of oy=180.6(BV/TV)”!, R?=0.68 [Fig. 3d]. Finally, a
univariate regression model revealed that apparent density can
describe compressive modulus of elasticity in the form of
E=3711.4(papp)'®’, R>=0.74 [Fig. 3e], and a similar univariate
regression model can describe the compressive yield strength of
rat bone as a function of apparent density in the form of
0y=53.4(papp)%%, R?=0.71 [Fig. 3f].

4. Discussion

A univariate power law relationship with bone volume
fraction, apparent density or equivalent mineral density as the
independent variable describes the mechanical properties of rat
bone. Either independent variable describes 71-77% of the
variation in modulus of elasticity and 68-71% of the variation in

Table 1

Tissue level mechanical properties of normal (CON) and pathologic (OVX and NFR)
rat cortical and cancellous bones in axial and transverse directions (Enano: tissue
modulus, H: tissue hardness).

Enano(GPa) H(GPa)
Cortical bone
Axial Mean 18.98 0.74
Standard Deviation 4.78 0.35
Transverse Mean 17.65 0.67
Standard Deviation 4.37 0.15
Cancellous bone
Axial Mean 18.27 0.63
Standard Deviation 4.26 0.21
Transverse Mean 17.08 0.62
Standard Deviation 4.38 0.19
Table 2

yield strength. Each univariate relationship provides a single
equation describing the mechanical properties of cortical and
cancellous bones precluding the dependence on an arbitrary value
to separate cortical from cancellous bone.

The incorporation of pathologic bones from ovariectomized
and partially nephrectomized animals enhances the range of bone
density and provides a relationship that describes both normal
and pathologic bones. In all cases, cancellous bones from OVX
animals comprise the lowest density and strength combination,
while there is a relative overlap between normal and NFR
cancellous bone samples. Additionally, NFR cortical bones
encompass the lower density and strength range of the cortical
bone distribution; whereas, cortical bones from CON and OVX
animals overlap at the higher density strength range of the data
distribution. As expected, cancellous bones from OVX animals
presented the weakest mechanical properties, as ovariectomy
disproportionately affects trabecular microstructure (Wronski
et al.,, 1988; Chen et al., 1995), thereby reducing the load bearing
capacity of the cancellous bone. Additionally, partial nephrectomy
caused little change in cancellous bone, hence the overlap
between cancellous bones from normal and NFR animals (Gal-
Moscovici et al., 2002). Moreover, cortical specimens from the
NFR group displayed significant decrease in bone volume fraction
due to fenestration of the cortical shell in response to the disease
[Fig. 4].

The univariate strength equation based on pCT-generated
equivalent mineral density provides a convenient means to
convert density to strength. This conversion will be useful in
studies where the effects of a pathologic condition and/or a
pharmacologic agent on the bone strength are examined using the
now laboratory standard pCT imaging systems. Likewise, the
strength equation based on apparent density provides a conver-
sion means for studies not based on PCT imaging. The strength
equation based on bone volume fraction provides a means where
strength of bone can be described by the amount of bone present.
Such an equation is useful in cases where a pathologic condition
or a pharmacologic agent specifically alters the amount of bone.

Densitometric and mechanical properties of all cortical and cancellous bones from all three models (CON, OVX and NFR).

pussue(gem ) BV/TV (mm*/mm?®)  papp(gcm3)  prouv(@HAcm@)  eyipn(%)  oviern(MPa)  eupr(%)  oun(MPa)  E(MPa]
Cortical bone
CON
Mean 2.167 0.636 1.379 0.927 245 109.00 3.16 139.50 8803
Standard Deviation 0.017 0.080 0.174 0.041 0.55 33.82 1.28 19.14 2533
ovXx
Mean 2.173 0.604 1.314 1.009 1.69 110.23 217 127.24 7256
Standard Deviation 0.081 0.036 0.101 0.011 0.90 23.94 0.99 35.04 2725
NFR
Mean 1.713 0.486 0.847 0.772 2.24 48.58 297 71.38 3442
Standard Deviation 0.294 0.075 0.248 0.130 1.23 16.26 1.88 33.85 1506
Cancellous bone
CON
Mean 2.156 0.366 0.788 0.563 2.01 29.95 3.90 35.95 2169
Standard Deviation 0.072 0.042 0.086 0.073 1.10 12.09 2.82 15.62 916
ovX
Mean 2.308 0.216 0.483 0.321 2.23 18.54 3.05 26.89 1022
Standard Deviation 0.100 0.077 0.182 0.049 0.82 13.62 1.47 22.35 787
NFR
Mean 1.864 0.474 0.897 0.526 2.36 32.71 3.62 27.62 1912
Standard Deviation 0.191 0.083 0.217 0.034 1.12 5.74 1.61 10.56 434

The parameters reported in the table are: ppissyg: tissue density, BV/TV: bone volume fraction, papp: apparent density, prquiv: equivalent density, eyigip: yield strain, oyigip:
yield strength, ey.r: ultimate strain, oyr: ultimate strength, and E: modulus of elasticity.
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Fig. 3. Univariate exponential relationships describing the mechanical behavior of rat cortical and trabecular bone. (a), (c), and (e) describe modulus of elasticity based on
the independent variable of equivalent mineral density, bone volume fraction or apparent density, respectively. Likewise, (b), (d), and (f) describe yield strength based on
the independent variable of equivalent mineral density, bone volume fraction or apparent density, respectively.
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Cortical

Trabecular

Fig. 4. Representative [ICT cross-sections from the mid-diaphysis and from the distal metaphysis illustrate cortical and trabecular bone morphologies, respectively, for CON,
OVX and NFR groups. More significant cortical changes are observed in the NFR specimen, yet significant trabecular changes are observed in both the OVX and NFR specimen.

The three relationships presented in this study have been derived
from the same animals using the same methods, allowing for
cross conversion and interpretation of data, in cases where only
one independent variable is available. Further improvement on
the predictive powers of these regressions will be achieved by
introducing morphometric indices that can better account for the
variations in the 3D microstructure of bone (especially cancel-
lous). This step could also reduce the variation in mechanical
properties for any given density value.

Mechanical properties of OVX and NFR animal models have
been studied previously, but differences in testing modes, speci-
men preparation protocols, and observation periods makes it
difficult to compare those results with the ones generated from
this study. Ogoshi et al. (1989) tested metaphyseal and diaphyseal
specimens from 24 weeks-old control rat femurs and reported
ultimate uniaxial compressive strengths of 126.6 +19.7 and
167.3 +42.2 MPa, respectively. They tested a distal femur end
and a mid-diaphyseal specimen from each femur in compression
with constant speed along the specimens’ longitudinal axis.
The cross sections were imaged and the areas were measured
using an ASM Leitz analyzer. We reported oy.r values of
35.95 + 15.62 and 139.50 + 19.14 MPa for cancellous and cortical
bones, respectively. There is concordance between the results for
diaphyseal cortical bones from the two studies; however, results
from metaphyseal bones are significantly higher than those
reported for cancellous bones in this study. This discrepancy is
due to the fact that metaphyseal bones used in the study by
Ogoshi et al. included both cortical cancellous bone components.

Hogan et al. (2000) also studied the mechanical properties of
rat cancellous bone. They cut 2 mm long (in axial direction)
specimens from the proximal tibia below the growth plate and
performed compression testing on the cancellous component of
the metaphyseal bone only without disruption of the cortical
shell. They reported oyt values of 18.1 +5.21 MPa for control SD
rats. Hogan et al. used the average apparent area to calculate bone
strength values which resulted in underestimation of strength
and modulus values. In contrast, we have used minimum bone
surface area. While minimal cross-sectional area governs the
mechanical strength of the structure; calculation of strength
should be based on the actual area of bone and not on the
apparent area, specially for cancellous bone.

The nano-indentation results suggest that femoral diaphyseal
cortical and femoral metaphyseal cancellous SD rat bones have
similar tissue level hardness and modulus properties in the axial

and transverse directions. Therefore it is reasonable to assume
that differences in continuum level modulus properties between
the two can be explained by the variations in their respective
structures. Additionally, as modulus of elasticity and yield
strength are significantly correlated with one another (R?=0.92
in this study), it is assumed that tissue level similarities in
modulus will also provide a basis so that continuum level yield
strength properties between the two can be explained by the
variations in their respective structures. Therefore, it is justified to
use a single relationship to describe the mechanical properties of
cancellous and cortical bone instead of using an arbitrary value to
separate cortical and cancellous bone. This step will help further
automate the analysis process, and reduce manual interventions
to separate the two types of bones.

The empirical relationships generated in this study to predict bone
strength should be interpreted within limitations associated with this
type of studies. In order to optimize the utility of an empirical
relationship, one should improve the quality of the input sources,
which in case of this study are mechanical testing and pCT imaging.

The uniaxial compression was selected as a common mode of
mechanical testing for this study which represents a significant
portion of in-vivo loads applied to the skeleton (McBroom et al.,
1985; Silva et al., 1997). Additionally, it does not require a
complex testing setup and can be performed on small specimens.
The small specimen size and variations in cross-sectional area
could be sources of errors in the mechanical testing.The
other source of error in this study is in imaging and analysis
methods.

Although there are some limitations in quantitative measure-
ment of bone density with any imaging modality, the current
generation of puCT imaging systems’ errors in measured density
and microstructural data are in the order of 0.5% based on quality
control measurements performed in our laboratory (Nazarian
et al., 2008).

The univariate relationships based on pCT (ionizing source)
generated data can only assess the contribution of the mineral
component of the bone to its overall strength, while ignoring the
contribution of the matrix. Recent advances in solid state magnetic
resonance (MR) imaging have enabled the quantitative assessment
of mineral and matrix components of bone using a non-ionizing
imaging modality. As the resolution gap between these two
modalities is narrowing, it is becoming increasingly possible to
establish relationships that account for changes in both mineral
and matrix components of bone non-invasively in near future.



E. Cory et al. / Journal of Biomechanics 43 (2010) 953-960 959

There are a number of approaches in virtual biomechanics to
determine bone strength from imaging parameters (Lang et al.,
1988; Faulkner et al., 1991; Lang et al., 1997; Lang et al., 1998;
Beck et al., 2000; Cummings et al., 2002; Riggs and Melton, 2002;
Beck, 2003; Heaney, 2003; Bauer et al., 2004; Schuit et al., 2004).
One of these approaches is the use of structural rigidity analysis,
which is predicated upon the use of empirical relationships to
calculate rigidity of each cross-sectional image from the modulus-
weighted area of each pixel. The relationships generated from this
study can be used to assess rigidity of rat bones as affected by
different biologic or pharmaceutical agents. Other approaches are
based on the creation of patient specific models from 3D images
such as QCT and MRI to predict bone mechanical behavior via
finite element (FE) analysis. The correlations reported in this
study can be employed in FE models to assign tissue properties to
the models and incorporate the effects of density into the existing
structure based FE models. In conclusion, we have introduced
univariate relationships to describe the mechanical properties of
rat bone based on equivalent mineral density, bone volume
fraction or apparent density [Fig. 3]. These relationships can
describe the mechanical properties of both cortical and cancellous
bone over a wide range of bone density and common skeletal
pathologies. It is worthwhile to mention that virtual biomecha-
nics is not aimed to replace conventional mechanical testing, as
many mechanical properties simply cannot be quantified via
virtual biomechanics, such as displacement and absorbed energy.
However, virtual biomechanics can provide a first hand and
simplified approach to assess the effects of pathology and/or
pharmacologic agents on bone strength on a large throughput and
cost-effective manner.
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