


to determine the mean anisotropy ratio (E,a/Eqans=4.2) [10]. Using
the volume fractions of the six cubes in an experimental modulus-
density regression [11] the mean axial modulus for the trabecular
centrum (338 MPa) was determined. Remaining elastic constants were
calculated using the anisotropy ratio and the axial modulus. The
change in apparent level stiffness (AK/Kg) with and without the
cortical shell was then determined for cortical shell modulus values
ranging from 1 to 20 GPa, and the modulus that produced agreement
with the uFE model was identified. Linear analyses of the generic
model required on average 2 minutes CPU time (Abaqus v6.2, HKS,
Pawtucket, RI) on an engineering workstation.

RESULTS

The cortical shell constituted 22.4% of the total bone tissue
volume and had an average thickness of 0.31 mm, in close agreement
with previously reported measurements [6]. The apparent level
stiffness reduction upon removal of the cortical shell was 44%
(Table 1). Bimodular strain histograms were indicative of tissue level
bending in all three models (Fig. 3).

Calibration of the generic model to match the 44% reduction in
apparent level stiffness seen in the uFE model resulted in an effective
cortical shell modulus of 14.7 GPa. Using this value, the stiffness of
the isolated shell was 12% of the intact vertebral body, just slightly
higher than the uFE result (9%).

Table 1. Vertebral body pFE model results

Model # of CPU time" Mea.n;t SD Stiffness
elements (hrs) Strain” (%) (N/mm)
With Shell 23,644,335 923 -0.42 £0.57 3141
No Shell 18,594,683 454 -0.30£0.53 1762
Shell Only 4,979,992 27 -0.11+£0.41 254

* Wall clock time for the largest model was 54 minutes on 1024 processors.
® Calculated from maximum principal strains in each finite element
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Figure 3. Histograms of maximum principal strains in the tissue for the three
UFE models (left). Stiffness reduction vs. effective cortical shell modulus
(right). The pFE value is shown with a dashed line.

DISCUSSION

Our results indicate that the cortical shell plays an important role
in vertebral body mechanical behavior. Although the isolated cortical
shell has an axial stiffness that is only 8% of that of the intact vertebral
body, and occupies 22.4% of the total bone volume, removal of the
shell resulted in a 44% reduction in stiffness (Table 1). These findings
imply the shell and trabecular centrum display a mechanical
interaction that cannot be explained by simple load sharing. From the
strain histograms (Fig. 3) it is evident that the removal of the shell
results in an increase in the volume of tissue at zero-strain. This
suggests that the role of the cortical shell is to maximize the load
carrying capacity of the trabecular bone by providing load transfer
paths to the edge trabeculae that otherwise would be unloaded.

The cortical shell effective modulus of 14.7 GPa for the generic
model was lower but comparable to the tissue modulus of 22.5 GPa
measured for vertebral cortical tissue using nanoindentation [12]. The
difference between these values can be attributed to the effects of shell
porosity and geometry, both of which were homogenized in the
generic model. However, these effects were indirectly incorporated in
the generic model through the calibration with the pFE model
behavior.

In conclusion, our results indicate that the cortical shell plays a
potentially important structural role by transferring load to the
centrum. Furthermore, the calibrated generic finite element model
accurately captures this mechanical interaction. We believe these
models can be used to parametrically study the effects of variations in
the material properties of the centrum and shell that may arise due to
osteoporosis.
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