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Abstract
Patient-specific measures derived from quantitative computed tomography (QCT) scans are currently
being developed as a clinical tool for vertebral strength prediction. QCT-based measurement
techniques vary greatly in structural complexity and generally fall into one of three categories: 1)
bone mineral density (BMD), 2) “mechanics of solids” (MOS) models, such as minimum axial
rigidity (the product of axial stiffness and vertebral height), or 3) three dimensional finite element
(FE) models. There is no clear consensus as to the relative performance of these measures due to
differences in experimental protocols, sample sizes and demographics, and outcome metrics. The
goal of this study was to directly compare the performance of QCT-based assessment techniques of
varying degrees of structural sophistication in predicting experimental vertebral compressive
strength. Eighty-one human thoracic vertebrae (T6 – T10) from 44 donors cadavers (F = 32, M = 12;
85 + 8 y.o., max = 97 y.o., min = 54 y.o.) were QCT scanned and destructively tested in uniaxial
compression. The QCT scans were processed to generate FE models and various BMD and MOS
measures, including trabecular bone mineral density (tBMD), integral bone mineral density (iBMD),
and axial rigidity. Bone mineral density was weakly to moderately predictive of compressive strength
(R2 = 0.16 and 0.62 for tBMD and iBMD, respectively). Ex vivo vertebral strength was strongly
correlated with both axial rigidity (R2 = 0.81) and FE strength measurements (R2 = 0.80), and the
predictive capabilities of these two metrics were statistically equivalent (p > 0.05 for differences
between FE and axial rigidity). The results of this study indicate that non-invasive predictive
measures of vertebral strength should include some level of structural sophistication, specifically,
gross geometric and material property distribution information. However, for uniaxial compression
of isolated vertebrae, which is the current biomechanical testing paradigm for new non-invasive
strength assessment techniques, QCT-based FE and axial rigidity measures are equivalent predictors
of experimental strength. However, before abandoning the FE method in favor of more simplistic
techniques, future work should investigate the performance of the FE method versus MOS measures
for more physiologically representative loading conditions, e.g., anterior bending or in situ loading
with intervertebral discs intact.
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Introduction
Non-invasive assessment of vertebral strength is critical for the effective treatment of
osteoporosis. The current clinical standard, which is site-specific bone mineral density (BMD)
assessment using dual energy x-ray aborptiometry (DXA) (1,4), is only moderately effective
in predicting the occurrence of vertebral fractures (11). Numerous researchers have speculated
that DXA is an inaccurate measure of vertebral fracture risk potential because it is structurally
simplistic, i.e., it reflects only volume averaged material properties, and they have focused
their efforts on developing more sophisticated mechanical models of vertebral body fractures
(2,8,9,14,15,19,23,36). These patient-specific models are generated from quantitative
computed tomography (QCT) scans and can be classified as: 1) relatively simplistic
“mechanics of solids” (MOS) models (2,8,9,14,36), such as minimum axial rigidity and
stiffness, or 2) three dimensional finite element (FE) models (8,9,15,19,23). Clinical use of
such techniques is still under investigation as there is no clear evidence that these methods
have better outcomes than DXA-BMD in vivo.

There have been numerous experimental studies of the ability of BMD and MOS to predict
vertebral strength (2,5,12-14,17,18,25,27,28,33,35); however, there is no clear consensus as
to the relative performance of these measures. This may be due to inter-study differences in
sample sizes (N = 11 (27) to N = 378 (24)), testing protocols (isolated vertebral bodies versus
functional spinal units), and outcome measures (ultimate axial force versus ultimate axial
stress) (Table 1). In general, there is evidence that DXA-BMD is a moderately good predictor
of experimental vertebral strength, with R2 values in the range 0.46 – 0.83 (see Table 1). QCT
trabecular bone mineral density (tBMD) is a somewhat weaker predictor (R2 = 0.08 – 0.67,
see Table 1), but correlations with experimental strength improve if tBMD is normalized by
minimum transverse plane cross sectional area (Amin) (5,14,33).

Finite element (FE) models derived from QCT scans are a promising alternative to BMD and
MOS techniques since these models automatically incorporate bone geometry and material
heterogeneity (8,15,19) and may be used to simulate various loading conditions (7-9,32).
Studies have shown that QCT-based finite element predictions of vertebral strength better
discriminate between osteoporotic and non-osteoporotic individuals (15) and well predict the
experimental strength of lumbar vertebrae (8). Crawford et al., (8) found that QCT-based finite
element stiffness was a better predictor of vertebral compressive strength (R2 = 0.86) than
either trabecular bone mineral density (tBMD) (R2 = 0.53) or axial rigidity (R2 = 0.65).
Although this result is promising for the continued development of the finite element technique,
the data set used in this study was extremely small (N = 13), and only a subset of the possible
BMD and MOS metrics were used for comparison. Thus, the relative performance of the QCT-
based FE technique as compared to BMD and MOS is still unknown.

The purpose of this study was to directly compare the performance of three QCT-based
techniques, namely, BMD, MOS, and FE, in predicting experimental vertebral strength. Our
biomechanical test method was uniaxial compression testing on isolated vertebral bodies. This
method is the testing paradigm for new non-invasive strength assessment techniques (5,
12-14,25,28,33) because it ensures well-defined, repeatable loading conditions. Radiographic
information was taken exclusively from QCT scans, and our predictive measures were a subset
of those most frequently used in the literature (2,8,9,14,36). Lastly, we tested a large number
of samples (N = 81 with 4 excluded from analysis) from a high-risk fracture region (T6 to T10)
(6) of predominantly female, elderly donors in order to lend statistical credibility to our findings
regarding the relative abilities of these QCT-based techniques to predict osteoporotic fractures
in vivo.
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Materials and Methods
Specimen Preparation

Intact thoracolumbar spines (T1-L5) were extracted from 44 fresh-frozen cadavers (F = 32, M
= 12; 85 + 8 y.o., max = 97 y.o., min = 54 y.o.). All donors were screened by a trained clinician
to ensure that they had no history of spine trauma or pathologies that are known to affect bone
quality, e.g., metastatic cancer or hyper and hypo-thyroidism, or bone morphology, e.g., pre-
existing vertebral fractures or scoliosis. Eighty-one thoracic vertebrae (T6 – T10 with 35%
T10, 20% T7, 20% T8, 20% T9, and 5% T6) were extracted from the intact spinal sections by
cutting through the intervertebral discs with a dissection knife and disarticulating the posterior
elements with an autopsy saw. The remaining spinal levels from the thoracolumbar sections
were designated for donor-matched mechanical testing in alternate loading modes, e.g., anterior
bending of isolated vertebrae or in situ testing with intact discs (3).

The vertebrae were cleaned of the surrounding soft tissue, and the posterior elements were
transected at the pedicles using a hacksaw. The vertebral bodies were potted in
polymethylmethacrylate (PMMA) using a custom built jig that ensured that the loading
surfaces were plano-parallel. Specially designed potting cups were used to create uniformly
shaped, minimally thick layers of PMMA (1 mm to 3 mm thickness) on the vertebral endplates
(Figure 1a). The geometry and uniformity of the PMMA layers facilitated the application of
uniform loading conditions by minimizing inter-specimen differences in stiffness due to
compliance in the PMMA layer. After potting, all specimens were wrapped in saline-soaked
gauze and stored at –20 degrees Celsius for up to six months before testing. To minimize the
risk of bone damage, specimens were thawed only once in air to room temperature, and both
QCT scanning and mechanical testing were conducted within a 12-hour time period with no
re-freezing.

QCT Scanning
The potted vertebrae were scanned on a clinical resolution QCT machine (Phillips MX800 CT
Scanner, 140 kV, 400 mA/slice, 1 x 1 x 1 mm/pixel resolution). The vertebrae were scanned
after being potted in bone cement to allow for explicit incorporation of the bone cement layer
in the finite element models. During QCT scanning, approximately 30 specimens at a time
were submerged in a custom-built, saline-filled tank that held each vertebra in a prone position.
A solid calibration phantom (Mindways 2100, Mindways, San Francisco, CA) was placed
beneath the tank and used to map grayscale values to bone mineral density. The aggregate QCT
scans were separated into files for each vertebra, and a simple thresholding technique was used
to segment the bone from the background.

Mechanical Testing
Uniaxial compression tests were performed on each specimen at room temperature using a
servohydraulic load frame (858 mini-bionix, MTS, Eden Prairie, MN) and a high-capacity load
cell (AMTI MC6-5000, Advanced Mechanical Technology, Inc., Watertown, MA) (Figure
1b). In order to ensure precision and consistency in the applied loading conditions, specimens
were mounted into the testing frame as follows. First, the outer surfaces of the bone cement
layers were coated in cyanoacrylate, and the superior end of the specimen was pressed into the
loading platen rigidly attached to the servohydraulic actuator. While lowering the actuator, the
inferior specimen cup was repositioned on an x-y table to allow the specimen to engage in the
cup under a compressive preload of 50 N. The x-y position of the inferior cup was then locked
into place. This protocol ensured that: 1) the outer surfaces of the specimen (the bone cement
layers) were loaded in pure axial compression with no Poisson expansion, and 2) the initial
testing condition was 50 N axial compression with no transverse shear.
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In order to properly seat the bone cement layers in the test platens, preconditioning was
conducted using protocol previously established by Kopperdahl et al. (21). This consisted of
10 cycles of 100 N to 250 N compressive force at 0.1 Hz (21). Immediately following
preconditioning, specimens were destructively tested in displacement-control at 1 mm/minute
until ultimate force was achieved. Experimental vertebral strength (FEXP) was defined as the
axial force at the ultimate point in the whole bone force-displacement curve. Axial stiffness
(KEXP) was calculated for each specimen using the methods of Kopperdahl et al. (21). This
method involved taking the maximum of the tangent moduli at each point in the force-
deformation curve.

QCT-based BMD and MOS Measurements
For each specimen, various BMD and MOS measurements were obtained using custom-built
code (IDL v 6.1, ITT Industries, Boulder, CO). First, a thresholding algorithm was applied to
segment the bone cement from underlying cortical and trabecular bone. Then, the average
trabecular bone mineral density (tBMD) and its standard deviation (std. tBMD) were
determined over a maximally-sized elliptical region of interest within the centrum (Figure 2).
Integral bone mineral density (iBMD) was computed over the entire bone volume, including
the cortical shell and endplates, and minimum axial cross sectional area (Amin) was also
determined. Lastly, BMD values were mapped to principal elastic modulus values using the
following empirical relationship for trabecular bone (Table 2) (20):

E = − 34.7 + 3.23(BMD) Eq.1

where E = principal elastic modulus (MPa) and BMD = QCT-based bone mineral density in
mg/cm3 of hydroxyapatite.

Axial rigidity was computed in three different ways (see Table 2): 1) the product of the tBMD-
based modulus and the minimum cross sectional area, (EA)tBMD, 2) the product of the iBMD-
based modulus and the minimum cross sectional area, (EA)iBMD, and 3) the minimum of the
axial rigidities across all transverse planes in the vertebral body, (EA)min. The latter method
required mapping BMD to principal elastic modulus on a pixel-by-pixel basis, computing axial
rigidity for each QCT axial slice, and taking the minimum axial rigidity across all of the slices.

QCT-based Finite Element Models
The QCT scans were also used to develop finite element models for each vertebral body (8,
10). In order to facilitate comparisons with results in the literature, our FE models were
generated following the protocol established by Crawford et al. (8) and Homminga et al.
(19). Hexahedral meshes of 1 mm (isotropic) element size were generated directly from the
QCT scans using a custom-built algorithm (8,19) (Figure 3). Since the PMMA on the vertebral
endplates was QCT scanned along with the vertebra, this material was automatically identified
and explicitly modeled (E=2.5 GPa, ν=0.3)(22). The vertebral bone was assumed to be a
transversely isotropic, linearly elastic-perfectly plastic material. Material properties were
assigned on an element- specific basis using previously established density-modulus and
density-strength relationships for vertebral trabecular bone (20). Because the clinical resolution
QCT scans used in this study did not produce a discrete image of the cortical shell, elements
along the periphery of the bone were treated as trabecular bone in assigning material properties.

The boundary conditions for the finite element models were precisely prescribed in order to
match the experimental loading conditions. The external loading surfaces of each bone cement
layer were automatically identified. The superior loading surface was prescribed a uniform
inferior axial displacement corresponding to 3% apparent-level strain (based on the axial height
of the vertebral body portion of the FE mesh). All other rotational and translational degrees of
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freedom for the superior surface were constrained to be rigid. For the inferior surface, all six
degrees of freedom were constrained because the experimental loading conditions did not allow
for Poisson expansion of the bone cement layer. Large deformation finite element analyses
were conducted using commercial software (Abaqus v6.2, Abaqus, Inc., Pawtucket, RI). Net
axial force was calculated for each solution increment by integrating nodal reaction forces on
the inferior loading surface, and axial displacement for a single node on the superior loading
surface was also recorded. Using the whole bone force-deformation curve, vertebral strength
was defined as the axial force at 3% apparent strain as per Crawford et al. (7). FE-based whole
bone axial stiffness (KFE) was calculated as net axial force divided by displacement for the
first solution increment in the non-linear analysis. Preliminary FE analyses indicated that this
is a valid assumption because the first solution increment is primarily elastic (less than 1% by
volume of the model elements have yielded).

Statistical Analyses
Statistical analyses were performed using commercially available software (JMP v5.0, SAS
Institute, Inc., Cary, NC). A multiple linear regression was used to determine if age, sex, and
spinal level were related to experimental vertebral strength and stiffness. The predictive
abilities of BMD, MOS, and FE measures assessed using multiple, simple linear regressions.
The correlation coefficients of these regressions (R2) were calculated both in their raw and
sample size-adjusted forms (adj. R2). R2 values were statistically compared by using a Fisher
Z-transform. P = 0.05 was considered the cut-off for significance in all statistical analyses.

Results
Four vertebrae were excluded from the test set for the following reasons: operator errors during
mechanical testing (2 specimens), evidence of pre-existing fracture on QCT scan (1 specimen),
and artifacts on QCT scan (1 specimen). For the remaining specimens (N = 77), the majority
of the vertebrae sustained loads of approximately 2000 N before failure (1709 N and 3166 N,
25th and 75th quartiles, respectively). Age and spinal level were not significant predictors of
vertebral strength (p > 0.1 grouping by gender and p > 0.1 not grouping by gender). Strength
for vertebrae from female donors was 2084 + 788 N, while strength for male donors was
significantly higher at 3866 + 1861 N (p < 0.01).

Bone mineral density measures were poorly to moderately related to ex vivo vertebral body
strength and stiffness (Table 3). tBMD was much less strongly correlated with vertebral
strength than iBMD (adj. R2 = 0.16 vs. 0.62, p < 0.01 for both regressions). The inclusion of
the standard deviation in tBMD had no statistically significant effect in improving the
predictive capabilities of average tBMD measures for either stiffness or strength (p > 0.05 for
both correlations using restricted-vs-full F-test; JMP v5.0, SAS Institute, Inc., Cary, NC).

QCT-based axial rigidity was better correlated with experimental measures than BMD. The
method of measuring axial rigidity affected the predictive capabilities drastically (see Table
3). Axial rigidity based on tBMD was better correlated with vertebral strength and stiffness
than tBMD alone, and the same was true for iBMD-based axial rigidity. The strongest predictor
of vertebral strength was (EA)min (Figure 4a, adj. R2 = 0.81, p < 0.001), which was determined
from evaluating each transverse plane QCT slice independently. (EA)min was also the best
predictor of experimental stiffness (adj. R2 = 0.37, p < 0.001), although it was far less strongly
correlated with stiffness than with strength.

QCT-based finite element model calculations of vertebral strength were strongly correlated
with experimental vertebral strength (see Figure 4b, adj. R2 = 0.80, p < 0.001). However, the
strength of this correlation was statistically equivalent to that of (EA)min (p > 0.05 for difference
in adj. R 2); and (EA)min and FE strength were strongly related (adj. R2 = 0.94, p < 0.001).
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Axial stiffness from FE models (KFE) poorly predicted experimental stiffness (adj. R2 = 0.27,
p < 0.001); and the strength of the regression between KFE and experimental stiffness was
significantly less than (AE)min and experimental stiffness (p < 0.01 for difference in adj. R2).
Lastly, experimental strength and stiffness were only modestly correlated (Figure 5a; adj. R2

= 0.44, p < 0.001), but FE strength and stiffness were strongly correlated (Figure 5b; adj. R2

= 0.92, p < 0.001).

Discussion
The results of this study strongly suggest that non-invasive measures of vertebral strength
should incorporate both geometry and material property distribution information. For
compressive loading on isolated vertebral bodies, which is a simplistic, well defined loading
condition, trabecular bone mineral density measures alone accounted for only 16% of the
variability in experimental strength, while integral bone mineral density, which incorporated
some degree of material heterogeneity by including the cortical shell and endplates, accounted
for 62% of the variability in strength. Under more complex loading conditions, such as those
experienced by the vertebra in vivo, we would expect that both BMD measures would be even
worse predictors of experimental strength since this measure cannot be adapted for different
loading modes. By comparison, QCT-based slice-by-slice axial rigidity and finite element
strength measures accounted for 80% of the scatter in experimental strength. Furthermore,
these models are more robust, as both MOS and FE approaches can be adapted for different
loading conditions. For instance, beam theory can be applied to MOS models in order to
simulate bending loads, and a variety of boundary conditions can be applied to FE models.

Our findings are in agreement with the literature regarding the efficacy of the BMD and MOS
measures in predicting experimental vertebral strength. The strength of our tBMD regression
is low (R2 = 0.16) when compared with other studies (5,12,13,25,28), but it is still within the
range reported in the literature (R2 = 0.08 (33) to 0.67 (13)). This weak regression may be due
to the fact that our elderly test population (86 ± 5 y.o.) has low bone density. Since bone density
is preferentially lost in the centrum (29) and the load bearing effects of the cortical shell (15,
19,25) are not incorporated into these models, tBMD may not be able to distinguish between
individuals with high cortical bone mass – and thus high compressive strength – and individuals
with low cortical bone mass. This would also explain why iBMD is a much better predictor of
strength for this test set and why our iBMD R2 value is more in line with the literature (R2 =
0.38 (2) to 0.74 (33)). Lastly, the predictive strength of axial rigidity measurements in our study
(R2 = 0.41 to 0.81) was in agreement with a prior investigation (R2 = 0.65) (8).

Our data are also in agreement with the one study in the literature, specifically, that of Crawford
et al. (8), regarding the ability of the QCT-based FE technique to predict vertebral strength in
compression. However, unlike this previous study, our results do not indicate that the FE
technique is superior to the MOS approach. Crawford et al. (8) found that FE-calculated axial
strength predicts experimental strength with an R2 value of 0.86. This is comparable to our
study (R2 = 0.80), especially considering the drastic differences in sample size (N = 13 for
Crawford et al. (8) vs. N = 77 for our study) and the fact that increased sample size naturally
results in more scatter about the best-fit linear regression. Furthermore, in making their
comparison between FE and MOS techniques, Crawford et al. (8) used the most simplistic
axial stiffness measure, namely, the product of tBMD and minimum cross sectional area,
(EA)tBMD, which, we found to be the stiffness measure least strongly correlated with
experimental strength. Given that the vertebral body is heterogeneous and geometrically
irregular, our method of computing axial rigidity on a slice-by-slice basis is logically the better
predictor of strength. Lastly, Crawford et al. (8) asserted that the current QCT-based FE
technique is a mechanistic model of the vertebral body. However, our results indicate that FE
is not a good predictor of whole bone elastic behavior. Specifically, FE stiffness is weakly

Buckley et al. Page 6

Bone. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



correlated with experimental stiffness (adj. R2 = 0.27, p < 0.001). Also, experimental stiffness
and strength are only modestly correlated (adj. R2 = 0.44, p < 0.001), but FE models show a
strong correlation between stiffness and strength (adj. R2 = 092, p < 0.001). Although BMD
and MOS measures are similarly poor predictors of experimental stiffness (adj. R2 = 0.11 –
0.37, p < 0.01 for all measures), these techniques were never asserted to be “mechanistic” and
are only representative of the loading state at failure. For instance, QCT-based axial rigidity
measures were calculated using either minimum cross sectional area or minimum slice-by-
slice axial rigidity, which assumes that the vertebra will fail in a single cross-sectional plane.

There are several strengths to our approach to determining the relative efficacy of current non-
invasive vertebral strength assessment techniques. First, our study examined the efficacy of
numerous, currently used non-invasive structural measures that spanned the entire range of
structural complexity, from the relatively simplistic BMD measures to nonlinear, three-
dimensional FE models. Because each non-invasive measurement was applied to all specimens
in our test population, we were able to make direct comparisons between techniques without
the complicating effects of inter-specimen variability. Second, the MOS and FE methods used
in this study were based on physical principles and therefore have a better potential for
predicting strength under alternate loading conditions. Several studies (5,13,14,17) have
examined the ability of BMD and geometric measures to predict vertebral compressive
strength; however, they did not combine these measures to form a structural parameter, such
as axial rigidity, but rather used them as independent variables in a multiple linear regression.
While this may give higher R2 values, the resulting relationship for predicting strength is
empirical and may not apply to other test populations or loading modes. Similarly, several
studies have derived the input parameters for the finite element technique, namely, cortical
(23) and trabecular bone (7) material properties, by calibrating these parameters on a subset of
specimens. While this technique is scientifically valid, it may give an inflated view of the
performance of this technique since the calibrated models may not perform as well for other
test sets or loading modes.

Our study also has some limitations. First, our test population was exclusively thoracic
vertebrae (T6-T10) from predominantly female, elderly donors (85 + 8 y.o.). Although this is
a narrowly focused demographic, our study design is supported by epidemiological data.
Specifically, vertebral fractures typically develop between T6 and L3 (6,26), with most
frequently fractured sites at T8, T9, and L1 (6). Thus, the thoracic specimens tested in this
study - 75% of which are between the T8 and T10 levels – are appropriate for investigating
clinical fracture strength. With regard to donor age and sex, risk of vertebral fracture is higher
for women (31) and more than doubles between the 7th and 8th decades of life (6). Therefore,
our specimens are representative of a very at-risk population, unlike previous studies which
had upwards of 50% male donors (2,5,12-14,17,18,25,27,28,33,35) and donors as young as 18
years old (12). Lastly, since we are examining vertebral strength prediction from a structural
perspective, age, sex, and spinal level are not explicitly incorporated into our models and could
only affect our results if it resulted in narrow BMD ranges, which was not the case. A second
limitation of our study is the presence of non-trivial (> 2 mm) osteophytes in 30% of our
specimens, which is expected because our test population is elderly (30), and we are using
thoracic vertebrae (34). Although osteophytes change the vertebral geometry, our preliminary
analyses concluded that they were structurally insignificant because including the presence of
osteophytes as a predictor variable did not affect the results (p > 0.05). A final limitation of
our study is that the material model used in the FE analyses does not precisely simulate the
mechanical response of vertebral bone. First, the elastic behavior of the bone was based on
empirical density-modulus relationships from compression tests on relatively large sections of
vertebral trabecular bone (20). The validity of applying these relationships to smaller bone
volumes, e.g., 1 mm cubic “voxels” as in this study, has not yet been established. Second, post-
yield behavior, i.e., strain softening was not incorporated into our FE models and, unlike
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experimental behavior, these models did not reach an ultimate sustainable force. Lastly, our
FE models did not include an explicit cortical shell because the clinical-resolution QCT scans
blurred the shell into the surrounding trabecular bone and the automated hexahedral meshing
algorithm pixilated the curved periphery of the vertebra. All three of these limitations in our
FE modeling strategy may have affected the ability of this technique to accurately predict
experimental results. However, these assumptions are standard practice in patient-specific
finite element modeling (8,9,15,19); and the purpose of this study was to compare the predictive
capabilities of currently-used QCT-based measures.

The results of this study are important clinically because they address the issue of whether
research efforts in developing a more accurate method for predicting osteoporotic vertebral
fractures should be directed towards creating more sophisticated structural models of the
vertebrae. Our results show that some level of structural sophistication is needed in non-
invasive predictive measures, specifically, the inclusion of both gross geometric and material
property distribution information. However, simple “mechanics of solids” measures are
comparable to finite element models in predicting vertebral strength in uniaxial compression.
For this testing paradigm, both strength measurement techniques perform very well, accounting
for approximately 80% of the variability in bone strength. This suggests that the vertebra
behaves as a simple uniaxial spring in compression and that the use of a complex, three-
dimensional finite element model may not be justified for this loading condition. However,
because in vivo loading conditions are multiaxial and non-uniform (16,36), future work is
needed to examine the robustness of the MOS and FE techniques under more, physiologically-
representative loading modes, e.g., anterior bending and in situ loading with surrounding
intervertebral discs.
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Figure 1.
(a) A thoracic vertebral body that has been prepared for mechanical testing. (b) Experimental
set-up for destructive testing of isolated vertebral bodies in uniaxial compression.
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Figure 2.
The elliptical region of interest (shown in red) for determining QCT-based trabecular bone
mineral density (tBMD).
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Figure 3.
A QCT-based finite element model of a human thoracic vertebral body. The bone cement layer
is explicitly modeled and used for application of the boundary conditions.
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Figure 4.
(a) QCT-based axial rigidity (b) and finite element strength metrics are comparable predictors
of vertebral strength in axial compression (N = 77). Axial rigidity is computed on a per-slice
basis across all transverse planes in the vertebra, as described in Table 3.
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Figure 5.
(a) Experimental strength and stiffness are modestly correlated. (b) QCT-based FE strength
and stiffness are strongly correlated.
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Table 2
Equations used to calculate QCT-based “mechanics of solids” (MOS) measures of vertebral strength.

Measure Method of Calculation

(EA)tBMD EtBMD Aminwhere EtBMD = −34.7 + 3.23(tBMD)
(EA)iBMD EiBMD Aminwhere EiBMD = −34.7 + 3.23(iBMD)
(EA)min min[(EA)l]where (EA)l = Σ

k=1

n
Ek Ak and Ek = − 34.7 + 32.3(BMD)k

E = Young’s modulus, modulus-density relationship from Kopperdahl et al. [25]

Amin = Minimum transverse plane cross-sectional area

Ek, Ak = Young’s modulus and cross-sectional area, respectively, associated with a given pixel, k

l = axial slice number
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