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Abstract
Knowledge of the location of initial regions of failure within the vertebra — cortical shell, cortical
endplates vs. trabecular bone, as well as anatomic location — may lead to improved understanding
of the mechanisms of aging, disease and treatment. The overall objective of this study was to identify
the location of the bone tissue at highest risk of initial failure within the vertebral body when subjected
to compressive loading. Toward this end, micro-CT based 60-micron voxel-sized, linearly elastic,
finite element models of a cohort of thirteen elderly (age range: 54–87 years, 75 ± 9 years) female
whole vertebrae without posterior elements were virtually loaded in compression through a simulated
disc. All bone tissue within each vertebra having either the maximum or minimum principal strain
beyond its 90th percentile was defined as the tissue at highest risk of initial failure within that
particular vertebral body. Our results showed that such high-risk tissue first occurred in the trabecular
bone and that the largest proportion of the high-risk tissue also occurred in the trabecular bone. The
amount of high-risk tissue was significantly greater in and adjacent to the cortical endplates than in
the mid-transverse region. The amount of high-risk tissue in the cortical endplates was comparable
to or greater than that in the cortical shell regardless of the assumed Poisson’s ratio of the simulated
disc. Our results provide new insight into the micromechanics of failure of trabecular and cortical
bone within the human vertebra, and taken together, suggest that during strenuous compressive
loading of the vertebra, the tissue near and including the endplates is at the highest risk of initial
failure.
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Introduction
A fundamental issue in understanding the biomechanical failure mechanisms in osteoporotic
vertebral fractures is the spatial distribution and location of tissue failure within the vertebral
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body. Knowledge of the regions within the vertebra at highest risk of biomechanical failure —
cortical shell, cortical endplates vs. trabecular bone as well as the anatomic locations — may
lead to improved understanding of the mechanisms of aging, disease, and treatment. Identifying
these high-risk regions may also provide insight into diagnosis of osteoporotic vertebral
fractures, which remains a controversial topic [1]. Furthermore, possible differences in
therapeutic effects of treatments on the cortical vs. trabecular bone [2] have led to renewed
focus on the load-bearing role of the cortical shell and the relative importance of failure of
cortical and trabecular bone.

Cadaver studies investigating the location of tissue failure within the vertebral body have so
far been restricted to analysis of sagittal sections [3,4] because the three-dimensional nature
of whole bone experiments obscures visualization of failure distributions. Bay et al. [4] used
an image correlation technique to measure the strain distribution in sagittal sections of spinal
segments under compressive loading and showed that strain concentrations developed in the
trabecular bone adjacent to the superior cortical endplate and adjacent to the anterior cortex.
Finite element computer modeling of whole vertebral bodies has been used to describe the
tissue-level stress/strain spatial distributions within the whole vertebral body [5–7]. Several
studies have demonstrated the ability of stress/strain distributions from finite element models
to predict observed regions of failure [3,8]. While experiments [9] have shown that disc
degeneration alters the loading conditions on the cortical endplates of the vertebral body, results
from computational studies [10] suggest that the average effect of the altered loading conditions
on vertebral strength may not be appreciable. High-resolution micro-CT based finite element
modeling of whole vertebrae (40–60 micron voxel size) has enabled accurate characterization
of the thin, porous shell and trabecular microarchitecture, and has helped resolve long-standing
issues such as the substantial load-bearing role of the cortical shell [11,12]. Homminga et al.
[6] compared a single normal vertebra to an osteoporotic vertebra and found that the
osteoporotic vertebra was less resistant to “error” loads developed due to forward flexion or
lifting. Despite the significant insight gained from these previous studies, the spatial
distribution of failure and regions of failure initiation within the vertebral body remain poorly
understood.

The overall goal of this study was to identify the location of bone tissue that is at highest risk
of initial failure within the vertebral body when the vertebra is loaded in compression. Toward
this end, high-resolution micro-CT-based finite element models were analyzed for a cohort of
elderly cadaver vertebrae to quantify the strain distribution throughout the vertebral body. Our
specific objectives were to: 1) determine whether the bone tissue at high risk of failure first
occurs in the trabecular bone, cortical shell, or cortical endplates by quantifying the relative
amount of high-risk tissue in each unit; 2) identify the anatomical location (inferior/superior)
of such high-risk tissue; and 3) determine the sensitivity of these results to how the endplate
is loaded, i.e. via a disc or a layer of PMMA, the latter often used in biomechanical testing of
isolated vertebrae [13–15]. This study is the first to use such detailed analysis techniques to
describe the micromechanics of initial failure at the tissue level in a cohort of elderly human
vertebrae.

Materials and Methods
Thirteen T10 whole vertebral bodies were obtained from female human cadavers (age range:
54–87 years, 74.6 ± 9.4 years) with no medical history of metabolic bone disorders. These
specimens were analyzed previously to understand the load sharing between cortical and
trabecular bone [11]. Briefly, the posterior elements were removed, the vertebrae were micro-
CT scanned at 30 μm voxel size (Scanco 80, Scanco Medical AG, Basserdorf, Switzerland),
rotated to a vertical orientation, region-averaged to 60 μm voxel size and then thresholded
using a global threshold value. A voxel size of 60 μm was chosen based on a detailed
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convergence study (Appendix A) which showed that the error associated with the 60-μm model
was minimal for the outcome variable of interest in this study. An averaging technique [11,
12] was used within an image processing software (IDL, Research Systems Inc., Boulder, CO)
to identify the cortical shell and cortical endplates. Since it was difficult to clearly identify the
transition from the endplate to the cortical shell, the bone tissue at the corner regions were also
tagged with a unique identifier (Figure 1). Each 60 μm cubic voxel was then converted into an
8-noded finite element to create a finite element model of the entire vertebral body (without
posterior elements). The trabecular microarchitectural parameters — trabecular bone volume
fraction (BV/TV), trabecular thickness (Tb. Th.), trabecular spacing (Tb. Sp.) and structural
model index (SMI) were calculated (Skyscan: CTAn software) using the 60-micron models
(Table 1). The average thickness of the cortical shell was determined in the region excluding
the cortical endplates [11].

All bone tissue was assigned the same hard tissue properties (elastic modulus of 18.5 GPa and
Poisson’s ratio of 0.3) since the cortical shell is often described as condensed trabeculae [16–
18]. The disc was assumed to be degenerated since the mean age of the cadaver specimens was
75 years. The disc (of height 5 mm [19]) was modeled using symmetry boundary conditions
at its mid-transverse plane. Thus, a disc of height 2.5 mm was added to the superior and inferior
endplates of the vertebral body. Based on evidence from the literature that the degenerated
nucleus pulposus loses its fluid-like behavior [20,21], the disc (on both superior and inferior
sides) was modeled as a homogeneous elastic isotropic material having properties typical of
the annulus (compressive elastic modulus of 8 MPa [22] and Poisson’s ratio of 0.45 [23,24]).
In order to test the sensitivity of our results to the assumed material properties of the disc, a
second set of analyses were run using a Poisson’s ratio of 0.3 for the disc. A previous parametric
study had indicated that the load sharing between the cortical shell and trabecular bone was
insensitive to the assumed modulus of the disc [11], and therefore, the focus here was
specifically on the sensitivity of our results to the assumed Poisson’s ratio of the disc. Further,
to simulate a common biomechanical test on isolated vertebra [13–15], a third set of analyses
were run in which the vertebral body was loaded through a PMMA layer (Young’s modulus
of 2500 MPa and Poisson’s ratio of 0.3 [25]) instead of a disc.

Depending on the vertebra size, the resulting finite element models had up to 60 million
elements and 220 million degrees of freedom and required specialized software and hardware
for analysis. All analyses were run on an IBM Power4 supercomputer (IBM corporation,
Armonk, NY) using a maximum of 440 processors in parallel and 900 GB memory, and a
custom code with a parallel mesh partitioner and algebraic multigrid solver [26], requiring a
total of approximately 4300 CPU hours. To simulate compressive loading of each vertebra, an
apparent level compressive strain of 1.0% was applied to each model by using different
displacement magnitudes based on the height of each model. The top surface of each model
was displaced in the superior-inferior direction using roller-type boundary conditions applied
at the mid-plane of the disc/PMMA layer, while the bottom surface was fixed using minimal
frictionless constraints to prevent rigid body motion.

A number of outcome parameters were used to identify the bone tissue at highest risk of initial
failure. The 90th percentiles of the tissue-level maximum and minimum principal strains were
calculated at an apparent level strain of 1.0% for each vertebral body (Table 2). Any bone
element having either its maximum or minimum principal strain beyond the corresponding
90th percentile was identified as “high-risk tissue”. For example, for specimen #1, a bone
element having its maximum principal strain (400 μstrain) beyond the 90th percentile of the
maximum principal strain for that vertebra (347 μstrain), or a bone element having its minimum
principal strain (−450 μstrain) beyond the 90th percentile of the minimum principal strain for
that vertebra (−430 μstrain) would be identified as high-risk tissue. Since tissue-level stress/
strain distributions from linear finite element models have correlated well with observed
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microdamage [8] and since regions experiencing high strain are likely to fail first, the high-
risk tissue identified in this study represents the bone tissue at highest risk of initial failure
within that particular vertebral body. This approach facilitates comparison across multiple
vertebrae exhibiting considerable heterogeneity in their strain distributions (Table 2) since the
amount of high-risk tissue in each vertebra was similar by design. Moreover, using the
percentiles approach ensured that the results reported here are independent of the choice of the
applied apparent level strain. The relative amount of high-risk tissue at an apparent strain of
1.0% was calculated as the amount of high-risk tissue in a particular unit (trabecular bone,
cortical shell, cortical endplates, or corner) with respect to the total amount of high-risk tissue
in the vertebral body at an apparent strain of 1.0%. The variation of the amount of high-risk
tissue across transverse or coronal slices of each vertebral body was also determined at an
applied apparent strain of 1.0%.

A linear scaling of the tissue-level principal strains was used to predict the dependence of the
amount of high-risk tissue on the magnitude of the applied apparent strain. The purpose of this
analysis was to determine whether high-risk tissue first occurred in the trabecular bone, cortical
shell or endplates. As with previous outcome measures, this result is independent of the
absolute value of the applied apparent level strain. In particular, for each element identified to
be at high-risk at 1.0% apparent strain, the applied apparent strain on the whole vertebral body
at which that element would first exceed the 90th percentile was determined by linear scaling.
For example, at an applied apparent strain of 1.0%, if the 90th percentile of the maximum
principal strain was 300 μstrain and the maximum principal strain of a particular element was
400 μstrain, then this high-risk element would first exceed the 90th percentile at an apparent
strain of 0.75%. The relative amount of high-risk tissue in the different units — trabecular
bone, cortical shell, cortical endplates and corner regions — at apparent level strain increments
of 0.05% was calculated as the amount of high-risk tissue belonging to a particular unit at that
apparent strain divided by the total amount of high-risk tissue identified at 1.0% apparent level
strain. The relative amounts of high-risk tissue in the trabecular and cortical bone were then
compared at each apparent level strain increment using a paired Student’s t-test with Bonferroni
adjustment for multiple comparisons.

Results
Across all vertebrae, high-risk tissue, i.e. tissue loaded beyond the 90th percentile within each
vertebral body, first occurred in the trabecular bone (Figure 2). Trabecular bone had
significantly more high-risk tissue as compared to cortical bone when the applied apparent
strain was greater than 0.3% (p<0.05). At an applied apparent level strain of 1.0%, an average
(mean ± S.D.) of 53.7% ± 5.5% of the high-risk tissue was in the trabecular bone, which was
significantly greater (p<0.0001) than the relative amount of high-risk tissue in the cortical
endplates (19.5 ± 2.3%), corner regions (16.3 ± 5.0%), and the cortical shell (10.4 ± 2.7%).

Regarding the anatomic location of initial failure, the amount of high-risk tissue in and adjacent
to the cortical endplates was significantly greater than in the mid-transverse region (Figure 3A,
3B). The amount of high-risk trabecular tissue was also significantly greater near the cortical
endplates than in the mid-transverse region (Figure 3C) and there was a concentration of high-
risk tissue in the cortical endplates (Figure 3A, 4).

The amount of high-risk tissue in the cortical endplates was comparable to or greater than that
in the cortical shell regardless of the assumed Poisson’s ratio of the simulated disc (Figure 5).
By contrast, for loading the vertebral body through a PMMA layer, there was a complete
absence of high-risk tissue in the cortical endplates (Figures 4, 5). The amount of high-risk
tissue within the cortical endplates decreased from 19.5% (± 2.3%) to 12.6% (± 3.3%) when
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the Poisson’s ratio of the disc was reduced from 0.45 to 0.30 (Figure 5); the respective measures
for the amount of high-risk tissue in the cortical shell were 10.4% (± 2.7%) and 13.2% (± 2.6%).

Discussion
The overall goal of this study was to identify the location of the bone tissue at highest risk of
initial failure within the vertebral body for uniform compressive loading of the vertebra. Our
results showed for these loading conditions that high-risk tissue first occurred in the trabecular
bone and that the largest proportion of high-risk bone tissue was in the trabecular bone. The
amount of high-risk tissue in the trabecular bone was least at the mid-transverse section (Figure
3C). This finding is consistent with previous studies which have shown that the trabecular bone
takes minimum load around the mid-transverse section of the vertebral body as a result of the
load sharing between trabecular bone and cortical shell [5, 11]. Although the inferior-superior
location of the high-risk tissue in the cortical shell followed an opposing trend to that of the
trabecular bone, the total amount of high-risk tissue was greater in and adjacent to the cortical
endplates compared to the mid-transverse region. The amount of high-risk bone tissue in the
cortical endplates was comparable to or greater than that in the cortical shell regardless of the
disc properties assumed. Taken together, these results suggest that, during strenuous
compressive loading of the vertebra, the tissue in and adjacent to the endplates is at highest
risk of initial failure.

One notable feature of this study was our analysis of multiple vertebral bodies. This enabled
us to provide statistical estimates of variances for each outcome variable and also afforded the
study a reasonable degree of external validity. In addition, each vertebral body was
compartmentalized into trabecular bone, cortical shell and cortical endplates using a previously
verified algorithm [11], thereby providing unique insight into the relative failure behavior
between these units. Parametric studies were performed to assess the sensitivity of our results
to how the disc was modeled. Using the 90th percentile approach ensured that our results were
independent of the choice of the applied apparent level strain, provided a normalized setting
for comparing initial failure variations across multiple vertebrae and circumvented the need to
model actual failure, which is a computationally prohibitive problem for multiple whole
vertebrae at this juncture. While this approach is not ideal for absolute tissue-level failure
predictions, it should provide valid comparative results for integrated outcomes such as
locations of initial failure, variations in initial failure across transverse slices, and the relative
amount of initial failure in cortical vs. trabecular bone.

The main caveat of this study was that the loading mode used in all analyses was uniform
compression. Since most osteoporotic vertebral fractures are wedge fractures [27], the response
to forward flexion loading is of clinical interest. The in vivo loads that are imparted to the
vertebral body during forward flexion are not well understood, particularly the magnitude of
any bending moment applied to the vertebral body. Recent work by Adams and co-workers
[28,29] showed that when motion segments were compressed in a flexed posture, the posterior
elements had little structural role (<10% of the overall load), presumably because the facet
joints are open for such loading. In this study, we simulated such loading conditions in part by
removing the posterior elements. The other aspect of simulating forward flexion, i.e., the
amount of any added bending moment experienced by the vertebra compared to what develops
for uniform compression, remains unclear and was not included in the model. The cortical shell
may play a more important role if the vertebral body is subjected to large additional bending
moments during forward flexion since peripheral bone is thought to have a greater structural
role when the vertebra is forced to bend [30]. Further work is required to address this issue.

A second caveat was that our results describe regions of initial failure, which are not necessarily
the regions of final failure. The consistency of our results with those from a single fully

Eswaran et al. Page 5

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nonlinear analysis (Appendix B, Figure 6) supports the validity of our approach to identifying
the regions in which the tissue is most likely to fail initially. However, these analyses did not
capture the nonlinearities that may influence the subsequent failure behavior of the vertebral
body such as localized large deformation effects [31–33]. In theory, individual trabeculae may
fail by buckling although they may not be the most highly-strained trabeculae, especially if
they are long and slender [32, 34]. Thus, regions of initial failure, as described here, may not
correspond with all regions of subsequent failure and fully nonlinear analyses are required to
resolve this issue.

Another potential limitation was that the intervertebral disc was modeled as a homogeneous
elastic isotropic material when in fact its material behavior is more complex [22,35]. Based on
existing literature that the degenerated nucleus pulposus has a solid-like behavior [20,21], we
assigned annulus-type material properties to the entire disc. This simulated a state of
degeneration associated with the aged nature of the vertebrae used in this study and perhaps
has more direct clinical relevance to osteoporosis than if a more fluid-like healthy disc were
simulated. Our sensitivity analysis to the assumed value of the Poisson’s ratio of the disc
indicated that the amount of high-risk tissue in the cortical endplates was reduced as Poisson’s
ratio was decreased. This suggests that modeling the intervertebral disc as a heterogeneous
structure may potentially affect the location and amount of high-risk tissue at the cortical
endplates. However, regardless of the assumed value of the Poisson’s ratio, there was tensile
stretching and bending of the cortical endplates associated with the lateral expansion of the
simulated disc. This resulted in the cortical endplates being highly strained, predominantly in
transverse tension despite the overall axial compressive loading. By contrast, this tension in
the endplates completely disappeared when the disc was replaced with PMMA. Given the
similarity of the results for the different disc models and the large difference versus the PMMA
model, it is unlikely that the general trends reported here would be altered appreciably if we
had modeled the degenerated disc using a more complex constitutive model.

Consistent with previous experiments [4,9], our results show that high-risk tissue first occurred
in the trabecular bone and that there was more high-risk tissue near and including the cortical
endplates compared to the mid-transverse region. Specifically, a previous experimental
cadaver study [4] which analyzed sagittal sections of the vertebral body using texture analysis
found that the superior endplate region adjacent to the nucleus pulposus remained the most
highly strained region throughout the loading cycle, consistent with our results. That study also
found a second region of high strain magnitude adjacent to the mid-anterior cortex — not
observed in this study — at loads greater than 60% of the failure load of the vertebral section.
The discrepancy could be because our results (based on linear analyses) pertain only to initial
failure and hence, are not necessarily those associated with the final collapse of the vertebral
body. Our finding of a large amount of high-risk tissue in the trabecular bone is consistent with
previous laboratory observations that the damage behavior of the whole vertebral body is
dominated by that of the trabecular bone [14]. The high-risk regions observed at the cortical
endplates is also consistent with recent clinical observations [1] that radiological evidence of
changes in the endplate may be an essential part of the definition of a vertebral fracture. Though
the current study was limited to the T10 vertebral level — which has lower fracture incidence
compared to other levels such as T8 or L1 [36] — the consistency of our results with previous
studies on thoracolumbar vertebrae [4,9] suggests that the tissue in and adjacent to the cortical
endplates is involved in the initial failure of thoracolumbar vertebra in general. Finally, our
finding that initial failure occurs throughout the vertebra further strengthens the gathering
evidence in the literature [11,37,38] that an integrative approach to analyzing the entire
vertebral body — by incorporating trabecular bone, cortical endplates and cortical shell —
may improve the clinical assessment of aging, disease, and treatment on vertebral strength.
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Appendix A
A numerical convergence analysis was done to choose the appropriate voxel size based on a
compromise between the computational expense involved and resulting error. For four
specimens (BV/TV = 0.083 ± 0.008), mid-coronal 3-mm-thick vertebral slices (created using
30-micron and 60-micron voxel sizes) were subjected to compressive loading via a PMMA
layer with plane-strain boundary conditions. The amount of high-risk tissue was identified in
each model using the 90th percentile principal strain criterion. The variation in the amount of
high-risk tissue across transverse slices predicted by the 60-μm models compared favorably
with that predicted by the 30-micron models. The mean difference in the amount of high-risk
tissue at a transverse slice predicted by the 60-μm and 30-μm models (averaged across
transverse slices of four specimens) was only −0.0004 % (± 0.003 %) and was substantially
lower than the mean amount of high-risk tissue at a transverse slice (0.035 ± 0.018 %).

Appendix B
In order to help validate the use of linear finite element analyses for our outcomes, the results
from the analysis of one vertebral body when loaded via a PMMA layer was compared with
the results from a fully nonlinear analysis — including geometric and material nonlinearities
[31]. Previously calibrated tissue-level yield strains — tensile and compressive yield strains
of 0.33% and 0.81%, respectively [31] — were used in the nonlinear analysis which required
approximately 15,000 CPU hours on a supercomputer. Results indicated that the relative
distribution of the high-risk/failed bone tissue among the different units compared well between
the linear and nonlinear analyses (Figure 6).
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Figure 1.
Sagittal slice (60-micron thick) of a vertebral body showing the different regions identified –
trabecular bone (red), cortical shell (green), cortical endplates (dark blue), corner regions
(cyan), and disc (gray).
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Figure 2.
Dependence of the relative amount of high-risk tissue on the magnitude of the apparent strain
showing that the high-risk tissue first occurred in the trabecular bone. The relative amount of
high-risk tissue at each apparent strain represents the amount of high-risk tissue belonging to
a particular compartment at that strain divided by the total amount of high-risk tissue identified
at 1.0% apparent level strain. Corner regions data were omitted from the plot for clarity. The
disc was modeled using a Poisson’s ratio of 0.45. Data presented in increments of 0.1%
apparent level strain. Bars show SD for n=13 specimens.
* Trabecular bone significantly different from cortical bone at all apparent strains above 0.3%
(p<0.05)
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Figure 3.
A: Typical variation of the amount of high-risk tissue across transverse slices for one vertebra.
B: Mean variation in the total amount of high-risk tissue across transverse slices in the region
excluding the cortical endplates (between points 1–2, Figure 3A), showing that there was more
high-risk tissue adjacent to the cortical endplates than in the middle region. Bars show SD for
n=13 specimens. C: Mean variation of the amount of high-risk tissue in the trabecular bone
and cortical shell in the region excluding the endplates. Transverse slice relative position
indicates the relative distance between positions 1 and 2 identified in Figure 3A. All results
presented at an apparent level strain of 1.0%.
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* Amount of high-risk tissue at these transverse slice positions was significantly different from
that at the mid-transverse section (p<0.05)
† Amount of high-risk tissue in the cortical shell tissue at these transverse slices was
significantly different from that at the mid-transverse section (p<0.05).
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Figure 4.
Distribution of high-risk tissue (red) at the mid-coronal slice of a vertebral body when loaded
via a simulated disc (Left, Poisson’s ratio of 0.45) illustrating that there was more high-risk
tissue in and adjacent to the cortical endplates than near the middle region. Loading via a
PMMA layer (Right) led to a protection of the cortical endplates which were no longer highly
strained.
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Figure 5.
Comparison of the relative amount of high-risk tissue when the vertebral body was loaded to
1.0% apparent strain via a simulated disc or PMMA layer showing that loading through the
PMMA layer resulted in minimal regions of high strain in the cortical endplates. A paired t-
test was performed to compare the results for the disc with Poisson’s ratio of 0.30 and loading
via PMMA to the baseline case (disc with Poisson’s ratio of 0.45). All comparisons were
significantly different (p<0.05) except for the comparison of the relative amount of high-risk
tissue in the corner regions when loading via the two simulated discs.
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Figure 6.
Comparison of the results from a linear and a fully nonlinear analysis for a single vertebra. The
relative amount of high-risk tissue (linear) in the different units — trabecular bone, cortical
shell, cortical endplates, and corner — compared well with the relative amount of failed tissue
(nonlinear) determined at the apparent yield point of the whole vertebral body.
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Table 1
Densitometric and morphologic parameters describing the vertebral bodies. The trabecular parameters were
determined from a maximum size cuboid of trabecular bone that could be fit within the vertebral body, not
including the shell or endplates. The average cortical shell thickness was determined in the region excluding the
endplates [11].

Parameter Mean ± S.D. (n=13)

BV/TV 0.096 ± 0.031
Tb. Th. (microns) 241 ± 23
Tb. Sp. (mm) 1.09 ± 0.14
SMI 1.59 ± 0.25
Avg. Shell Thickness (mm) 0.38 ± 0.06
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Table 2
Maximum and minimum principal strain values for the thirteen specimens loaded to 1.0% apparent strain. Since
the strains were not normally distributed, the median values and percentiles (25th, 75th, 90th) are shown.

Specimen No. Principal Strains (μstrain)

Minimum Maximum

1 −140 (−80, −250, −430) 127 (67, 217, 347)
2 −193 (−103, −353, −533) 162 (102, 242, 362)
3 −212 (−122, −392, −692) 191 (101, 331, 511)
4 −143 (−83, −253, −413) 127 (67, 207, 317)
5 −141 (−81, −231, −331) 102 (72, 162, 242)
6 −192 (−102, −342, −582) 167 (97, 277, 437)
7 −128 (−58, −248, −428) 103 (53, 193, 323)
8 −103 (−63, −163, −223) 71 (51, 111, 151)
9 −184 (−104, −324, −494) 156 (96, 236, 346)
10 −169 (−99, −299, −479) 136 (76, 226, 336)
11 −159 (−89, −269, −429) 131 (81, 201, 291)
12 −173 (−93, −313, −533) 152 (82, 262, 432)
13 −182 (−102, −312, −472) 147 (87, 207, 287)
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