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Abstract
To provide mechanistic insight into the etiology of osteoporotic wedge fractures, we investigated
the spatial distribution of tissue at the highest risk of initial failure within the human vertebral
body for both forward flexion and uniform compression loading conditions. Micro-CT-based
linear elastic finite element analysis was used to virtually load 22 human T9 vertebral bodies in
either 5° of forward flexion or uniform compression; we also ran analyses replacing the simulated
compliant disc (E = 8 MPa) with stiff polymethylmethacrylate (PMMA, E = 2,500 MPa. As
expected, we found that, compared to uniform compression, forward flexion increased the overall
endplate axial load on the anterior half of the vertebra and shifted the spatial distribution of high-
risk tissue within the vertebra towards the anterior aspect of the vertebral body. However, despite
that shift, the high-risk tissue remained primarily within the central regions of the trabecular bone
and endplates, and forward flexion only slightly altered the ratio of cortical-to-trabecular load
sharing at the mid-vertebral level (mean ± SD for n = 22: 41.3% ± 7.4% compression; 44.1% ±
8.2% forward flexion). When the compliant disc was replaced with PMMA, the anterior shift of
high-risk tissue was much more severe. We conclude that, for a compliant disc, a moderate degree
of forward flexion does not appreciably alter the spatial distribution of stress within the vertebral
body.
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1. Introduction
Despite the frequent occurrence of vertebral wedge fractures in the aged (Eastell et al., 1991;
Ismail et al., 1999), the etiology of these fractures remains uncertain (Adams and Dolan,
2011; Christiansen and Bouxsein, 2010). The morphology of the (anterior) wedge fracture
provides an intuitive etiological link with forward flexion (Dall’Ara et al., 2010; Granhed et
al., 1989; Osvalder et al., 1990). Presumably, forward flexion of the bone-disc motion
segment increases stresses within the anterior portions of the cortical shell and trabecular
bone. Indeed, cadaver testing of motion segments has confirmed that forward bending
increases pressure in the anterior half of the intervertebral disc (Pollintine et al., 2004).
However, the effects of this eccentric pressure distribution on the stresses within the
underlying cortical and trabecular microstructure remain unclear due to the technical
difficulty of measuring such stresses. With its ability to describe the bone microstructure at
high spatial resolution and its inherently mechanistic nature, micro-CT-based finite element
analysis is well suited to address this difficulty. Applied so far to human whole vertebral
bodies to address cortical-trabecular load sharing (Eswaran et al., 2006; Homminga et al.,
2004), locations of high-risk tissue (Eswaran et al., 2007), and mechanisms of endplate
failure (Fields et al., 2010), this technique has not yet been applied using forward flexion
loading conditions. Thus, to provide mechanistic insight into the etiology of osteoporotic
wedge fractures, we used micro-CT-based finite element analysis on a cohort of elderly
human cadaver vertebrae to compare tissue-level stresses throughout the vertebral body
during both forward flexion and uniform compression loading conditions. We also used a
simple beam-on-elastic-foundation model (Bartel et al., 2006; Hetenyi, 1946) to provide a
more intuitive basis for understanding the effect of forward flexion loading conditions on the
fundamental mechanism of load transfer from the disc through the endplate into the
underlying bone.

2. Material and Methods
2.1 Specimen preparation and micro-CT scanning

Twenty-two fresh-frozen T9 human whole vertebral bodies were obtained from cadavers (n
= 11 male; n = 11 female; age range: 53–97 years, mean ± SD = 81.5 ± 9.6 years) with no
medical history of metabolic bone disorders. The posterior elements were removed and each
isolated vertebral body was micro-CT scanned using a 30-μm voxel size (Scanco 80; Scanco
Medical AG, Brüttisellen, Switzerland). To reduce computational cost, the scans were
coarsened to a 60-μm voxel size before the hard tissue and marrow were segmented using a
global threshold value, which was determined using the manufacturer’s software (Fields et
al., 2010). The bone tissue was compartmentalized into the cortical shell, trabecular bone,
endplates, and cortical rim (Eswaran et al., 2007).

2.2 Finite element modeling
High-resolution “voxel” type finite element models of each vertebral body were created as
described elsewhere (Eswaran et al., 2007; Van Rietbergen et al., 1995). All bone elements
were assigned the same homogeneous and isotropic hard tissue material properties (elastic
modulus of 18.5 GPa and Poisson’s ratio of 0.3 (Eswaran et al., 2007)), since the cortical
shell is often described as condensed trabeculae (Roy et al., 1999; Silva et al., 1994). The
disc was modeled using symmetry boundary conditions at its mid-transverse plane. Thus,
element layers of nominal height 2.5 mm were added to the top and bottom of the vertebral
body, which simulated a disc height of 5 mm (Middleditch and J., 2005) (Fig. 1). The disc
elements were assigned homogeneous elastic and isotropic material properties (elastic
modulus of 8 MPa (Duncan and Lotz, 1998) and Poisson’s ratio of 0.45 (Fagan et al.,
2002)). The choice of 8 MPa was based on the compressive stress-strain curve at
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physiological strain rate from testing of the bone-annulus-bone segments (see Figure 6 of
(Duncan and Lotz, 1998)). Those data show at strain of about 20%–25%, the stress is about
0.4–0.8 MPa, providing a secant modulus of about 8 MPa. This strain range was taken
because it is consistent with the disc deformation in our models. Each model was analyzed
with two different loading conditions (Fig. 1). For compression loading, an uniform apparent
compressive strain 5% was applied to the top surface of each model; for forward flexion, the
top surface of the superior disc layer was rotated by 5° in a mid-sagittal plane about the most
superior-posterior point to simulate forward flexion over a single motion segment (Adams et
al., 2006). The top surface of each model was displaced in the superior-inferior direction
using roller-type boundary condition, allowing disc bulging, while the bottom surface was
fixed using minimum frictionless constraints to prevent rigid body motion. We also
performed simulations in which we replaced the disc with polymethylmethacrylate (PMMA)
of elastic modulus 2.5 GPa and Poisson’s ratio 0.3, since this is a common configuration in
cadaver studies (Buckley et al., 2009; Crawford et al., 2003; Dall’Ara et al., 2010;
Mosekilde and Mosekilde, 1986).

Each FE model had up to about 80 million elements and was solved using a highly scalable,
implicit finite element framework (Olympus) (Adams et al., 2004). All computations were
performed on a Sun Constellation cluster supercomputer (Ranger; Texas Advanced
Computing Center, Austin, TX, USA). Typical hardware requirements for a single analysis
comprised up to 1024 processors in parallel and 4 TB of memory. The average CPU time
required for each analysis was 115 hours. Altogether, 88 linearly elastic analyses were
performed (22 vertebra, two load cases, disc and PMMA).

2.3 Beam-on-elastic-foundation analysis
To provide a more intuitive insight into how the compressive force acting on vertebra is
transferred to the underlying bone, we also performed a beam-on-elastic-foundation (BOEF)
analysis (Bartel et al., 2006; Hetenyi, 1946) of the vertebral body (Fig. 2). The composite of
the disc (or PMMA) and endplate is modeled as a straight uniform beam of length L, height
d, depth (into page) b, elastic modulus E, and areal moment of inertia I, resting on a uniform
elastic foundation of “foundation” modulus k of trabecular bone. The foundation modulus is
given by k = Etb/H, for which Et is the apparent elastic modulus of the trabecular bone,
taken as 200 MPa (Morgan et al., 2003). The stress in the trabecular bone was calculated as
σ = vk/b, for which v is the displacement of the beam. The model was subjected to a
compressive force of 1kN (Pollintine et al., 2010). Two different loading types were applied
uniformly across the depth b of the beam: a distributed load along the length of the beam;
and a resultant point-type load, applied at the center of pressure. Both load cases were based
on the stress distributions as observed in the finite element models, for the disc and PMMA
models.

2.4 Outcomes
The cortical load fraction was defined as the maximum value of the ratio of the axial
compressive force acting on the cortical shell to the entire vertebra, computed at each
transverse slice excluding the endplates (Eswaran et al., 2006). To identify locations of high-
risk tissue, at centroid of each element we calculated the ratio of maximum and minimum
principal stress to the respective tissue-level tensile (61 MPa) and compressive (150 MPa)
yield stress (Bevill et al., 2006), and defined the tissue-level risk factor as the higher value,
which also specified the tissue-level failure mode (tensile or compressive). The high-risk
tissue was then identified as the top 10% of tissue in the model, ranked by tissue-level risk
factor. To confirm that our forward flexion loading scheme indeed induced higher loads on
the anterior half of the vertebral endplate (Pollintine et al., 2004), we also computed the
reaction force acting on the anterior and posterior halves of the vertebral endplates. Mean
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responses for the different loading cases, and disc vs. PMMA, were compared using paired
t-tests (JMP 8.0, SAS Institute, Cary, NC).

3. Results
Analysis of the total compressive force acting on the endplates confirmed that forward
flexion increased loading locally on the endplates over the anterior half of the vertebra
(Table 1). The center of disc pressure shifted (mean ± SD for n = 22) 3.0 ± 0.9 mm
anteriorly when the loading was changed from compression to forward flexion. The net
compressive force acting on the anterior half of the vertebra for forward flexion was 1.74 ±
0.45 times the force acting on the posterior half. For uniform compression, this ratio of
anterior-to-posterior net compressive force was 0.71 ± 0.23, indicating that there was more
load acting on the posterior half of the vertebral endplates.

Regardless of the loading conditions, most of the high-risk tissue occurred in the central
regions of the trabecular bone and endplates with minimal involvement of the cortical shell
(Fig. 3 and Fig. 4). For both loading cases, the dominant tissue-level failure mechanism for
the trabecular bone was compression, and for the endplates was tension. Compared to
uniform compression, forward flexion — as expected — shifted the distribution of high-risk
tissue towards the anterior aspect of the vertebral body, but this effect was only modest (Fig.
3 and Fig. 4). Forward flexion caused a small but statistically significant decrease (from
4.0% ± 0.6% to 3.6% ± 0.7%) in the amount of high-risk bone in the trabecular
compartment and a small but statistically significant increase (from 1.8% ± 0.4% to 2.1% ±
0.5%) in the amount of high-risk bone in the cortical rim. Consistent with these trends,
forward flexion caused no appreciable change in cortical-to-trabecular compressive load
sharing at the mid-vertebral level (41.3% ± 7.4% for compression; 44.1% ± 8.2% for
forward flexion; Fig. 5).

In contrast to these trends, for loading via the stiff layer of PMMA, forward flexion caused a
severe shift of high-risk tissue towards the anterior aspect and a sharp concentration of stress
in the anterior region (Fig. 6 and Fig. 7); almost no high-risk tissue was observed in the
endplates for either flexion or compression (Fig. 6).

Consistent with these finite element results, in the BOEF analysis, when either a distributed
load or a net resultant point load acting on the disc was shifted anteriorly, the highest
compressive stresses in the underlying elastic foundation of trabecular bone remained
concentrated in the central region (Fig. 8A and C). In contrast, for loading through a PMMA
layer, there was an even distribution of stress in the underlying bone for compression but an
anteriorly-increasing distribution for forward flexion that peaked at the most anterior aspect
(Fig. 8B and D).

4. Discussion
The motivation of this study was to gain mechanistic insight into the etiology of
osteoporotic anterior wedge fractures. Here, we investigated how forward flexion changes
the spatial distribution of stress within the underlying trabecular and cortical bone of the
vertebral body. The increased anterior disc pressure that occurs as a result of forward flexion
(Pollintine et al., 2004) suggests that forward flexion might overload the bone anteriorly.
Consistent with observations from cadaver experiments, our models with the compliant disc
showed increased anterior loading of the endplates for forward flexion. However, we found
no appreciable anterior shift of high-risk tissue in the underlying cortical shell or trabecular
bone or in the overall cortical-trabecular load sharing. Thus, in elderly vertebrae with
compliant discs, it appears that a moderate degree of forward flexion does not appreciably
alter the spatial distribution of stress within the vertebral body.
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This insensitivity of the location of high-risk tissue within the vertebra to the nature of the
applied loads (compression vs. forward flexion) has two sources. First, our BOEF analysis
revealed that the endplate and disc together behave structurally as a “flexible” beam on an
elastic foundation. Thus, maximum stresses in the supporting elastic foundation (the
trabecular bone) occur beneath the center of pressure of the applied load, which for forward
flexion is just slightly anterior to the center of the vertebral body. Second, because load is
transferred through the elderly vertebral body primarily via a small number of the discrete
load paths comprising of relatively thick but few vertically oriented trabeculae (Fields et al.,
2011), this anterior shift in disc pressure is insufficiently large to shift those load paths from
the central region of trabecular bone to the anterior cortical shell. Thus, the few vertically-
oriented load paths in the central vertebral body that dominate load transfer under uniform
compression loading in the elderly vertebra appear to also dominate load transfer under
forward flexion.

These mechanisms apply to loading of the endplates via a compliant disc but do not apply
for loading via the much stiffer PMMA. For that situation, the PMMA and endplate deform
together as a single composite beam, and the resulting beam now behaves structurally as a
“rigid” plate on an elastic foundation. In this case, maximum stresses in the foundation
occur in the very most anterior bone for anterior loading. Whether or not any real disc —
either shortened, collapsed, locally mineralized, severely dehydrated, or otherwise
degenerated — ever approaches the structural behavior of the simulated PMMA is unclear
and remains a topic of future research. However, for the patients who undergo artificial disc
replacement (Auerbach et al., 2010) or spine fusion surgery (Steffen et al., 2000), or who
otherwise have their disc space filled with a stiff material, the adjacent vertebral bodies may
be at an elevated risk of wedge fracture due to over-loading of the anterior trabecular bone
and cortical shell when there is a moderate degree of forward flexion.

Although we did not perform any experiments to validate our model predictions, our results
are consistent with those from a number of experiments. Consistent with our simulations,
experiments on spine motion segments have shown that initial failure occurred at the center
of endplate and underlying trabecular bone for compression and 5° forward flexion loading
conditions, regardless of disc age (Granhed et al., 1989). Other experiments under various
amounts of forward flexion (~ 2–8°) have also shown that most fractures occurred in the
endplates (Farooq et al., 2005; Hutton and Adams, 1982; Jiang et al., 2010; Zhao et al.,
2009). By contrast, wedge fractures have been observed in some experiments that used a
larger amount of forward flexion (≥~ 10°) (Adams and Hutton, 1982; Granhed et al., 1989;
Luo et al., 2007). Together, these results suggest that wedge fractures may be related to the
amount of forward flexion. Our findings are therefore only applicable to a moderate amount
(~ 5°) of forward bending, and further work is required to understand failure mechanisms
when the amount of flexion is much greater. Presumably in such cases, and perhaps
depending on the state of disc degeneration and mineralization, the disc bottoms out and
there is effectively bone-to-bone contact anteriorly, thus increasing anterior load transfer
within the vertebral body — somewhat akin to our PMMA load case.

Despite the insight provided by this analysis, the precise etiology of anterior wedge fractures
remains unclear. Adams (Adams et al., 2006) proposed that anterior unloading from erect
standing can occur with disc narrowing as contact occurs at the facet joints and load is
transferred more through the neural arch; such anterior unloading may lead to anterior stress
shielding and adaptive bone loss, thus compromising the strength of the anterior bone for
subsequent loading. Our analyses were performed on a sample of elderly bones which might
have included some that had so adapted. Since we did not observe any evidence of
anteriorly-placed high-risk tissue, either for compression or forward flexion, we suspect
other factors are also at play, at least for initial failure.
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One possibility, as noted above, is that wedge fractures only occur after for a large degree of
forward flexion. Another possibility is that, even for the moderate flexion posture as
simulated in our study, the lifting of heavy objects substantially increases the bending
moment acting on the spine and thus the net compressive force acting on the vertebra (Dolan
et al., 1994; Mannion et al., 2000), as dictated by static equilibrium considerations. Based on
our results, such high axial loading, when superimposed with moderate flexion, would cause
the central trabecular bone and endplates to fail first. It may be that, perhaps depending on
vertebral morphology, damage then progresses anteriorly within the vertebra after such
initial failure, eventually resulting in a wedge fracture. Study of such damage progression
remains a topic for future research. It is also possible that some osteoporotic wedge fractures
develop slowly over time, influenced by fatigue (Zioupos et al., 2008), creep (Pollintine et
al., 2009; Yamamoto et al., 2006), or damage (Kopperdahl et al., 1999; Zysset and Curnier,
1996) behaviors, none of which were simulated in the present analysis. This too remains a
topic for future research.

One limitation of this study is that the intervertebral disc was modeled as a homogeneous
isotropic linearly elastic material when in fact its material behavior is much more complex
and is altered by degeneration (An et al., 2004; Iatridis et al., 1998; O’Connell et al., 2012;
Wagner and Lotz, 2004). The disc modulus of 8 MPa used in our simulation, consistent with
measurements data from compression experiments on vertebra-disc-vertebra segments (Li et
al., 1995; O’Connell et al., 2007; Pollintine et al., 2010), probably represents a lower bound
on in vivo behavior. It remains to be shown how sensitive our current results are to
variations in this modulus across a full physiological range, although a preliminary study in
our lab found that the distribution of high-risk tissue was largely insensitive to the modulus
values over the range of about 8–50 MPa (Yang et al., 2012). Despite the simplicity of our
disc model, our models showed an anterior-to-posterior loading ratio for flexion (mean 1.74)
that is comparable or even more than values observed in experiments (mean 1.45)
(Pollintine et al., 2004). Further, our finding that the regions of initial failure were in the
central endplate and trabecular bone agrees with the results from more sophisticated models
of disc (Shirazi-Adl et al., 1986) and also with observations from experiments (Farooq et al.,
2005; Granhed et al., 1989; Hutton and Adams, 1982; Jiang et al., 2010; Zhao et al., 2009).
Together, these collective results suggest that our simple disc model was sufficient for
exploring general trends regarding the role of loading conditions on the mechanisms of
vertebral failure. Even so, future work is required to confirm our findings by integrating
sophisticated modeling of both the bone and the disc, and by investigating the effects the
variations in disc behavior on vertebral failure mechanisms (Homminga et al., 2001; Polikeit
et al., 2004; Rohlmann et al., 2006).

There are some additional limitations. First, due to the computational cost, we used 60-μm
voxel sizes. Clearly, very local measures of stress will be affected by resolution, but it is
unlikely that the general stress distribution will be altered much since that is likely
dominated by the overall trabecular topology, which appears to be well captured at 30-μm
or 60-μm resolution (Eswaran et al., 2007). Second, although we only assessed T9
vertebrae, the consistency of our results with previous studies on lumbar vertebrae (Granhed
et al., 1989; Hansson and Roos, 1981) suggests that our results also likely apply to lumbar
vertebrae. As with many biomechanical analyses on scarce human tissue, use of a larger
sample size would always be advantageous and would further help establish external
validity. Finally, we did not include the posterior elements or account for any load transfer
through the neural arch. However, cadaver experiments have shown that the posterior
elements have little structural role for forward flexion loading regardless of disc quality, nor
do they have an appreciable role for uniform compression for a healthy disc (Pollintine et
al., 2004).

Yang et al. Page 6

J Biomech. Author manuscript; available in PMC 2013 August 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, we found that the bone tissue with the highest risk of initial failure within the
human vertebral body occurs in the central endplates and trabecular bone, for both
compression and forward flexion. Thus, unless the disc behaves very stiffly, a moderate
degree of forward flexion does not appreciably alter the spatial distribution of stress within
the vertebral body.
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Fig. 1.
Mid-sagittal slice (0.5 mm thick) of a vertebral body shows the imposed boundary
conditions and the resulting deformation of the disc-bone-disc segment under uniform
compression (5%) and forward flexion (θ = 5°).
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Fig. 2.
Theoretical model used as the basis for the beam-on-elastic-foundation analysis. A
composite of the disc/PMMA and endplate was considered as the beam, and the trabecular
bone was considered as the foundation. The properties of the beam and the foundation were
based on mean values of the measurements for the 22 vertebral bodies used in our finite
element analysis: d = 5.5 mm (endplate thickness 0.5 mm (Fields et al., 2010)); L = 26 mm;
depth (into page) b = 28 mm; and the effective height of the elastic foundation H = 28 mm.
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Fig. 3.
Mid-sagittal sections from four vertebrae with increasing bone volume fraction (BV/TV)
from top to bottom showing the distribution of high-risk tissue (compressive tissue-level
failure is blue and tensile tissue-level failure is red). Note that the trabeculae, cortical shell,
endplates and cortical rim appear thicker than they actually are because all of the bone tissue
in this 0.5 mm-thick section is projected onto a single plane. Scale bar: 5 mm.
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Fig. 4.
Mean variation in the amount of high-risk tissue across frontal sections for the total vertebral
bone and for each compartment. By definition, all values add up to 10% (see text). *
Comparisons between compression (C) and flexion (F) were significantly different (p <
0.001 by paired t-test). Bars show ± 1 SD for n = 22 specimens.
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Fig. 5.
Variation of the shell load fraction across transverse slices within a typical vertebral body
loaded through a disc. The maximum degree of cortical load sharing occurs around the mid-
transverse section.
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Fig. 6.
The distribution of high-risk tissue at a mid-sagittal section of a vertebra with relatively high
bone volume fraction (BV/TV), for disc vs. PMMA loading (compressive tissue-level failure
is blue and tensile tissue-level failure is red). Scale bar: 5 mm.
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Fig. 7.
Mean variation in the amount of total high-risk tissue (for all vertebral compartments) across
frontal sections of the vertebral body for forward flexion (disc vs. PMMA). Bars show ± 1
SD for n = 22 specimens.

Yang et al. Page 16

J Biomech. Author manuscript; available in PMC 2013 August 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
The distribution of the compressive stresses at the interface of the endplate and the
trabecular bone along anterior-posterior direction for the distributed forces from the FE
model (A and B) and the corresponding net resultant point forces (C and D). For loading via
a disc, the composite behaves like a “flexible” beam on the elastic foundation (trabecular
bone) with centrally distributed stresses (A and C). For loading via a PMMA layer, the
composite behaves like a “rigid” beam on an elastic foundation with more uniform stresses
(B and D).
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Table 1

Axial forces acting on the anterior and posterior halves of the superior endplate of the vertebral body loaded
via a disc and a PMMA layer.

Axial Force (N)

Anteriora Posteriora Anterior/Posterior

Disc loading

Compression 410 ± 77 590 ± 77 0.71 ± 0.23c

Flexion 625 ± 62 375 ± 62 1.74 ± 0.45b,d

Flexion/Compression 1.56 ± 0.17 0.63 ± 0.04

PMMA loading

Compression 494 ± 72 506 ± 72 1.02 ± 0.31

Flexion 775 ± 54 225 ± 54 3.73 ± 1.24b

Flexion/Compression 1.59 ± 0.14 0.44 ± 0.06

Data given as mean SD for n = 22 vertebral bodies.

a
For both loading cases, applied forces were scaled linearly so that the overall axial force was equal to 1000 N, to facilitate comparison with

reported experimental data (Pollintine et al., 2010);

b
p < 0.0001 vs. compression;

c
p < 0.005 vs. PMMA loading;

d
p < 0.0001 vs. PMMA loading.
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