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Effective Modulus of the Human Intervertebral Disc and its Effect
on Vertebral Bone Stress

Haisheng Yang!, Michael G. Jekirl, Maxwell W. Davis?l, and Tony M. Keaveny12

10rthopaedic Biomechanics Laboratory, Department of Mechanical Engineering, University of
California, Berkeley, CA, USA

2Department of Bioengineering, University of California, Berkeley, CA, USA

Abstract

The mechanism of vertebral wedge fractures remains unclear and may relate to typical variations
in the mechanical behavior of the intervertebral disc. To gain insight, we tested 16 individual
whole discs (between levels T8 and L5) from nine cadavers (mean + SD: 66 + 16 years), loaded in
compression at different rates (0.05-20.0% strain/sec), to measure a homogenized “effective”
linear elastic modulus of the entire disc. The measured effective modulus, and average disc height,
were then input and varied parametrically in micro-CT-based finite element models (60-um
element size, up to 80 million elements each) of six T9 human vertebrae that were virtually loaded
to 3° of moderate forward-flexion via a homogenized disc. Across all specimens and loading rates,
the measured effective modulus of the disc ranged from 5.8 to 42.7 MPa and was significantly
higher for higher rates of loading (p < 0.002); average disc height ranged from 2.9 to 9.3 mm. The
parametric finite element analysis indicated that, as disc modulus increased and disc height
decreased across these ranges, the vertebral bone stresses increased but their spatial distribution
was largely unchanged: most of the highest stresses occurred in the central trabecular bone and
endplates, and not anteriorly. Taken together with the literature, our findings suggest that the
effective modulus of the human intervertebral disc should rarely exceed 100 MPa and that typical
variations in disc effective modulus (and less so, height) minimally influence the spatial
distribution but can appreciably influence the magnitude of stress within the vertebral body.
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Introduction

While anterior wedge fractures are the most common type of osteoporaotic spine fracture,
their etiology remains unclear (Adams and Dolan, 2012; Adams and Dolan, 2011;
Christiansen and Bouxsein, 2010). Presumably, an anterior wedge fracture — as opposed to
a concavity fracture — occurs because the stress in the bone hard tissue is greatest in the
anterior portion of the vertebral body. While cadaver experiments that apply forward-flexion
loading to a vertebral body via a stiff layer of plastic do indeed produce anterior wedge-
shaped fractures (Buckley et al., 2009; Dall'Ara et al., 2010; Rotter et al., 2015), experiments
that load the vertebra through the disc typically produce bone failure in the trabecular bone
and endplates more centrally, that is, not anteriorly (Farooq et al., 2005; Granhed et al.,
1989; Hutton and Adams, 1982; Jiang et al., 2010; Landham et al., 2015). Consistent with
these findings, micro-CT-based finite element analyses (Fields et al., 2010; Yang et al.,
2012) have shown that, for both compression and forward-flexion loading applied via a
simulated compliant homogenized disc (Young's modulus of 8 MPa), the highest stresses in
the vertebral bone occur mostly centrally in the trabecular bone and endplates, whereas high
stress occurs anteriorly only when the flexion loading is applied via a stiff layer of plastic
(Young's modulus of 2,500 MPa).

As far as the etiology of the anterior wedge fracture is concerned, the question then arises as
to what is the influence of typical variations in the disc properties on the vertebral bone
stresses — can typical variations in disc properties increase the risk of an anterior wedge
fracture? While the material properties and morphometry of the disc can appreciably change
with aging and degeneration (Adams and Roughley, 2006; Alkalay, 2002; Inoue and
Espinoza Orias, 2011; Natarajan et al., 2004), and while disc degeneration and loss of height
are associated with an increased in vivo risk of vertebral fractures (Castano-Betancourt et al.,
2013; Sornay-Rendu et al., 2006; Sornay-Rendu et al., 2004), it is still unclear if and how
typical variations in the overall mechanical properties of a disc can influence either the
location of highly stressed bone tissue within the vertebra or the overall magnitude of stress.
Addressing this issue, we performed cadaver experiments to measure typical variations in a
homogenized “effective” elastic modulus of the entire disc, and then varied those properties
parametrically in a micro-CT-based finite element analysis of multiple vertebral bodies to
determine the role of the observed typical variation in the disc properties on tissue-level
bone stress in the vertebral body.

Materials and Methods

Mechanical testing of cadaveric intervertebral discs

Uniform compressive mechanical testing was performed on cadaver whole discs to measure
a homogenized “effective” linear elastic modulus of the entire disc (henceforth termed the
“effective modulus”). This type of measurement characterizes the average linearized
behavior of the entire disc, treating it as a homogeneous elastic material. While this
characterization clearly simplifies the more complex behavior of a real disc, it nonetheless
provides a single metric for quantifying the mechanical behavior of the entire disc and
facilitates numerical implementation of disc behavior into large-scale finite element models
of whole vertebrae.
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The whole-disc specimens, attached to their adjacent vertebral bodies, were prepared from
16 bone-disc-bone vertebral motion segments. These segments were disarticulated from nine
anonymous donor spines aged 66 + 16 years (mean £ SD), seven male and two female, with
seven spines yielding two motion segments each and the remaining two spines yielding one
motion segment each. All motion segments were between levels T8 and L5, and segments
from the same spine were either neighboring or one level apart.

For each whole-disc specimen, the vertebral body portions were reinforced so that the
recorded deformations of the loaded test specimens would reflect primarily the deformations
of only the disc. To reinforce the specimens, the posterior elements were removed and the
respective top/bottom parts (~ 5-10 mm in height) of each vertebral body were sectioned off
in a transverse plane, resulting in a sectioned-vertebra/disc/sectioned-vertebra test specimen
(Fig. 1A). A Dremel tool was then used to hollow out each vertebral body to within
approximately 5 mm from both the endplate and the cortical shell, a water jet was used to
remove any marrow, and a syringe was used to maximally fill each vertebral body with
polymethylmethacrylate (PMMA). Each reinforced specimen was stored overnight at 4°C
and then embedded at each end in parallel 2 mm-deep PMMA wells to provide parallel flat
PMMA-surfaces for loading (Fig. 1A). Before mechanical testing, an average disc height
was measured from anterior-posterior and medial-lateral radiographs. Disc degeneration was
evaluated according to a five-category grading system proposed by Thompson et al.
(Thompson et al., 1990).

Uniform compression testing was performed to measure the effective modulus for different
strain rates. To reduce disc hydration, we applied an initial compressive load of 300 N and
allowed the specimen to stress-relax for 15 minutes (McMillan et al., 1996), at which point
we set the deformation reading to zero. Each specimen then underwent five dynamic preload
cycles to 10% strain at a strain rate of 0.5%/s and was then compressed to failure (50%
strain) at either a “low” (0.05%/s) or “high” (20%/s) strain rate. In all tests, stress was
defined as the recorded force divided by the cross-sectional area of the disc and strain as the
recorded platen-to-platen deformation divided by the average disc height. From the resulting
stress-strain curve, we defined the effective modulus as the linearized secant modulus from
the point of zero deformation to the point of maximum stress (Fig. 1B).

Parametric finite element analysis

Finite element models for six T9 vertebral bodies were adapted from those used in prior
studies (Eswaran et al., 2006; Eswaran et al., 2007; Fields et al., 2010; Yang et al., 2012). In
brief, six fresh-frozen T9 human whole vertebral bodies were obtained from cadavers (n =5
male; n = 1 female; age range: 53-91 years, mean + SD = 75 + 15 years) with no medical
history of metabolic bone disorders and then scanned with micro-CT using a 30-pum voxel
size (Scanco 80; Scanco Medical AG, Bruttisellen, Switzerland). The micro-CT scans were
coarsened to isotropic 60-um voxels, segmented using a global threshold value, and the bone
tissue was compartmentalized into trabecular bone, endplate and cortical shell regions. By
directly converting each coarsened voxel into a finite element (Van Rietbergen et al., 1995),
finite element models of each vertebral body were created, each model having up to ~ 80
million elements and over 300 million degrees of freedom. In these models, each bone
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element was assigned the same linearly elastic material properties (elastic modulus of 18.5
GPa and Poisson’s ratio of 0.3) and the disc was modeled as a homogeneous, isotropic,
linearly elastic material that covered each endplate. Since the endplates have variable
geometry, the height of the simulated disc was defined as twice the distance from the most
superior or inferior end of the vertebra to an assumed line of mid-symmetry of the disc (Fig.
1C). Boundary conditions were applied to simulate 3° of moderate forward-flexion by
rotating the top surface of the superior half-disc in a mid-sagittal plane about the most
superior-posterior point (Fig. 1C) (Yang et al., 2012). Detailed justification of the boundary
condition was explained in the Appendix.

Using these models, we conducted two parametric analyses. First, the effective modulus of
the disc was varied from 8 MPa through the measured full range and a total disc height of 5
mm was assumed for these analyses. Second, using a disc effective modulus of 8 MPa, the
total height of the disc was varied through the measured typical range from the experiments.
In all analyses, we assumed a Poisson’s ratio of 0.45 for the disc to enable appreciable disc
bulging to occur upon loading (Fields et al., 2010; Yang et al., 2012).

Each (linearly elastic) finite element analysis was solved using a highly scalable, implicit
finite element framework (Olympus) (Adams et al., 2004) running 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 single-processor CPU time required for each
analysis was 256 hours. Altogether, 36 analyses were performed (6 vertebrae, 3 disc
modulus values, 3 disc height values), for a total single-processor CPU time of over 9,000
hours.

Finite element outcomes

To quantify the force and stress distributions within the simulated homogenized disc, we
virtually divided the disc into anterior and posterior halves by a mid-frontal line passing
through the geometric center and computed the ratio of the overall compressive force in the
anterior half to that in the posterior half. To identify locations of vertebral bone tissue at the
highest risk of failure, at the centroid of each bone element we calculated the ratio of each of
the maximum and minimum principal stresses to the respective assumed tissue-level tensile
(61 MPa) and compressive (150 MPa) yield strengths (Bevill et al., 2006), and defined a
tissue-level risk factor as the larger ratio, which also specified the tissue-level failure mode
(tensile or compressive). We then defined the high-risk tissue as the top 10% of bone tissue
in the model, ranked by the tissue-level risk factor (Yang et al., 2012). The spatial
distribution of the high-risk tissue within the vertebra was characterized for the entire
vertebral body, and separately for the trabecular bone, endplate, and cortical shell (Fig. 1D).

Statistical analyses

For the experimental measurements, correlation analysis was used to assess any dependence
on cadaver age, disc degeneration or spine level. A paired t-test was performed to assess the
effect of strain rate on the measured effective modulus of the disc. For the computational

outcomes, paired t-tests without Bonferroni corrections were used to determine the effect of
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disc modulus and height on high-risk tissue distribution, performed separately for the
trabecular bone, endplate and cortical shell regions. All statistical tests were performed using
the SPSS software package (IBM SPSS Statistics, Version 22.0, IBM Corp., Armonk, NY).
Statistical significance was set at p < 0.05. All data are presented as mean + SD.

Across all specimens and loading rates, the effective modulus of the disc varied from 5.8
42.3 MPa (Fig. 2). When tested at the low strain rate of 0.05%/s, the effective modulus was
(mean = SD) 17.0 £ 9.8 MPa and ranged from 5.8-30.9 MPa. For the higher strain rate of
20%/s, the effective modulus increased significantly to 25.5 + 8.6 MPa (p < 0.002), and
ranged from 17.4-42.3 MPa. As the age of the cadaver increased, the effective modulus
decreased significantly for the high loading rate (R = 0.89, p = 0.003), exhibiting an
approximately twofold decrease between ages 30 and 70, but did not significantly change for
the low loading rate (p = 0.059, Fig. 2). Across all specimens, degeneration grade varied
from 2-5. Effective modulus of the disc did not depend on degeneration grade in either the
high (R =0.52, p =0.18) or low (R = 0.57, p = 0.14) strain rate groups. The average height
of the disc varied from 2.9-9.3 mm and did not depend on cadaver age (p = 0.41, Fig. 2).
The disc height increased as the spine level varied from T8 to L5 (R = 0.77, p < 0.001).

The parametric finite element analysis confirmed the expected result that the anterior half of
the disc was more highly loaded than the posterior half, and this occurred regardless of
varying the disc modulus or height (Fig. 3). Specifically, the axial compressive force in the
disc was approximately two-fold larger in the anterior half than in the posterior half (Table
1). As the disc modulus, or height, increased from 8 to 50 MPa, or from 3 to 9 mm, the ratio
of anterior-to-posterior force increased only slightly, from 2.04 + 0.21 to 2.18 + 0.23, or
from 2.00 £ 0.22 to 2.10 £+ 0.21, respectively (Table 1). However, the magnitude of the
overall compressive force generated in the disc changed appreciably. As the disc modulus
increased over six-fold from 8 to 50 MPa, the total compressive force in the disc increased
five-fold from 2,230 + 1,000 N to 11,230 + 4,880 N (Table 1; p < 0.005 by paired t-test). A
similar but smaller effect occurred as disc height was decreased, effectively making the disc
behave stiffer. As the disc height was decreased three-fold from 9 to 3 mm, the total
compressive force of the disc increased over two-fold from 1330 + 520 N to 3410 + 1670 N
(p < 0.01 by paired t-test). When changing both the disc modulus and height, the magnitude
of the stresses within the vertebra increased in the same manner as the change in overall disc
compressive force.

Despite this anterior shift of disc compressive stress when disc modulus and height were
varied over the observed range, most of the high-risk tissue within the vertebral body
remained in the central trabecular bone and endplate (Figs. 3 and 4). Varying the disc
modulus between 8- 50 MPa neither appreciably changed the distribution of high-risk tissue
in the trabecular bone, endplate and cortical shell along anterior-posterior direction (Fig. 4),
nor affected the distribution of high-risk tissue across all compartments of the vertebra (Fig.
5). Decreasing the disc height from 9 to 3 mm led to ~15% of the total high-risk tissue
transferring from the endplate into the adjacent trabecular bone, without affecting the
cortical shell (Figs. 4 and 5).
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Discussion

We sought in this study to gain insight into the etiology of age-related vertebral fracture, and
anterior wedge fractures in particular. Our novel experiments were designed to minimize
effects of bone or endplate deformation in the measurement of what we defined as the
“effective modulus” of the entire disc. Based on experimental measures of whole-disc
modulus by ourselves (< 50 MPa) and others (< 25 MPa; Burns et al., 1984; Keller et al.,
1987; Li et al., 1995; O’Connell et al., 2007; Pollintine et al., 2010), it seems reasonable to
assume conservatively that the effective modulus of human discs, in general, does not
exceed about twice the observed highest value in this experiment, namely, about 100 MPa.
Our finite element analysis demonstrated that variations of this disc effective modulus across
our measured typical range, and variations of disc height, did not appreciably change the
spatial distribution of stress in the vertebral body — most of the high-risk bone tissue was
concentrated in the central trabecular bone and endplates of the vertebra, and not anteriorly
as one might expect for forward-flexion loading. However, the magnitude of the stress in the
bone tissue was highly sensitive to the disc effective modulus across the measured typical
range, the effect being slightly smaller for disc height. We conclude therefore, that for a
moderate degree of kinematically imposed forward-flexion loading, typical stiffening or
narrowing of the disc can increase stress everywhere in the vertebral body but should not
redirect failure of the vertebral bone anteriorly. In this way, typical stiffening or narrowing of
the disc might increase the risk of vertebral fracture generally, but not anterior fractures
specifically.

The insensitivity of the spatial distribution of high-risk tissue within the vertebral body to
typical variations in the effective modulus or height of the disc is somewhat surprising but
insight is provided from beam-on-elastic-foundation theory (see Appendix and Fig. Al).
Since high anterior stress does not develop in the vertebral bone for moderate forward
flexion across the range of typical disc properties, the etiology of the common anterior
wedge fracture must lie elsewhere. One possibility (Adams et al., 2006) is that anterior
wedge fractures occur indirectly as a result of weak anterior bone resulting from anteriorly
focused adaptive bone loss, which occurs in response to anterior stress shielding that is
thought to occur as the disc loses height with degeneration and vertebral load is shifted from
the vertebral body to the posterior elements during habitual activities. This theory would
imply that if one were to apply forward-flexion loads on cadaver vertebrae via degenerated
discs one would expect to see failure of the vertebral body in the anterior bone. However,
such anterior failure has not been observed in such experiments for modest degrees of
forward-flexion loading (Granhed et al., 1989; Farooq et al., 2005; Hutton and Adams, 1982;
Jiang et al., 2010; Zhao et al., 2009). Those findings are consistent with our numerical
results, which were derived from analysis of cadaver vertebrae that presumably underwent
some form of adaptive remodeling through life.

Alternatively, it is possible that moderate forward-flexion loading is not directly associated
with development of wedge fractures but that more severe forward-flexion loading is. Some
experiments that used a more severe degree of forward-flexion (> ~10°) did demonstrate
anterior wedge fractures, and those fractures occurred regardless of the state of disc
degeneration (Adams and Hutton, 1982; Granhed et al., 1989; Luo et al., 2007). It may be
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that for severe loading there is consolidation (or bottoming out) of the disc, regardless of its
quality, and in that case the disc may behave much stiffer than for more normal loading.
Another possible explanation, as suggested by others (Landham et al., 2015), is that modest
forward-flexion loading produces initial vertebral fractures primarily in the endplates and
underlying central trabecular bone — consistent with our results — and it is subsequent
cyclic flexion loading, and perhaps creep (Pollintine et al., 2009), that causes progressive
collapse into the anterior cortex. In that case, the observed morphology of the wedge-shaped
fracture reflects merely the end result of the entire fracture process and not the initiating
mechanism. In that scenario, degeneration-related disc height loss or loading at a high rate
would effectively make the disc behave stiffer, leading to increased stress everywhere in the
vertebral body, thus increasing the risk of fracture initiation centrally, which could
eventually propagate into an anterior fracture. This result could also explain why disc space
narrowing is often associated with an increased risk of vertebral fractures regardless of
fracture types (Castano-Betancourt et al., 2013; Sornay-Rendu et al., 2006; Sornay-Rendu et
al., 2004). Further research is required to further explore all these possible explanations.

The high sensitivity of the overall magnitude of stress within the vertebral body to the
effective modulus of the disc, and less so to disc height, may have clinical implications for
fracture risk assessment. Others have shown that finite element analysis derived from
clinical-resolution CT scans of the spine can predict new vertebral fractures both for women
and men (Wang et al., 2012; Kopperdahl et al., 2014), and can do so significantly better than
can bone mineral density (BMD) as measured by dual-energy absorptiometry (DXA) (Wang
et al., 2012). In those types of finite element analyses, a fixed compressive loading condition
is used for all vertebrae, and a stiff layer of PMMA is placed over the endplates. If fracture
risk is indeed associated with the magnitude of vertebral stress under a defined set of loading
conditions, our current results suggest that further improvements to this type of clinical finite
element analysis might derive from using actual patient-specific values of disc effective
modulus. To date, obtaining accurate patient-specific values of disc modulus has been
elusive, although our current results suggest that this may be an area of important research as
far as fracture prediction is concerned.

Beyond fracture risk assessment, our results also have potential direct relevance to other
applications. For example, our additional parametric studies (see Appendix and Fig. A2)
indicated that high bone stresses concentrated anteriorly when the assumed effective
modulus of the disc exceeded about 500 MPa. These results explain why cadaver
experiments with moderate forward-flexion loading have produced anterior wedge-shaped
fractures when loads are applied via a stiff layer of PMMA (Buckley et al., 2009; Dall'Ara et
al., 2010; Rotter et al., 2015) but not when loads are applied via a real disc. Clinically, for
patients who undergo total disc replacement or interbody spine fusion surgery, the diseased
disc is often replaced by some type of stiff material or implant (Adam et al., 2003; Auerbach
et al., 2010; Steffen et al., 2000). Our results suggest that those types of procedures might
increase stress in the anterior bone upon moderate forward-flexion loading and in that way
might increase risk of a subsequent wedge fracture in the adjacent vertebra.

The main caveat of the present study is that the entire intervertebral disc was modeled as a
homogeneous isotropic elastic material when in fact it consists of the gel-like, pressurized
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nucleus pulposis contained by the anisotropic multi-layered non-linearly elastic annulus
fibrosus and its material properties are altered by degeneration (An et al., 2004; latridis et
al., 1998; O'Connell et al., 2012; Wagner and Lotz, 2004; Jacobs et al., 2014).
Experimentally, it is difficult to measure stress within the vertebral body, but one can
measure stress in the disc, which gives some indication of the compressive axial stress acting
along the endplate. For compression loading of the spine motion segment, age-related
degeneration leads to a transfer of load from the nucleus to the posterior annulus (Adams et
al., 2002; Adams et al., 1996). However, Forward-flexion experiments for vertebrae with
both healthy and degenerated discs have shown that the disc stress does not vary
substantially across the whole disc (Adams et al., 1994; Adams et al., 2000; McNally and
Adams, 1992; Dolan and Adams, 2001), and that the load distribution between the anterior
and posterior halves of the disc is unaffected by the degree of disc degeneration (Pollintine
et al., 2004). The distinction between healthy versus degenerated disc therefore does not
appear to be important for moderate forward-flexion loading, suggesting that some of the
fine details of real disc behavior might not appreciably influence overall stresses acting on
the vertebral endplates or within the vertebra. Indeed, our predicted distributions of disc
stress and sites of initial bone failure are consistent with those from various cadaver
experiments that applied such moderate forward-flexion loading via both healthy and
degenerated discs (Farooq et al., 2005; Granhed et al., 1989; Hutton and Adams, 1982; Jiang
et al., 2010; Landham et al., 2015). These collective findings suggest that it is reasonable to
apply our results to understanding vertebral fracture for both healthy and degenerated discs
despite the simplicity of how we modeled the disc. Other limitations include the small
sample size for our disc specimens and our finite element models, the use of a single
forward-flexion loading condition, and our use of a linearly elastic analysis to infer vertebral
failure regions. Results should clearly be interpreted with these limitations in mind and are
best considered in a relative sense.

In summary, our findings suggest that the effective modulus of the human intervertebral disc
should rarely exceed 100 MPa and that typical variations in disc effective modulus (and less
s0, height) minimally influence the spatial distribution but can appreciably influence the
magnitude of stress within the vertebral body.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Overall study design: (A) The center of the vertebra of the bone-disc-bone motion segment

was hollowed out and infilled with polymethylmethacrylate (PMMA) in order to limit any
deformation of the vertebral endplates; (B) mechanical testing was performed on the bone-
disc-bone preparations to measure an effective modulus of the entire disc; (C) these
measurements, and those of average disc height, were used as input to a parametric finite
element analysis simulating a moderate degree of forward-flexion loading (6 = 3°) applied to
a different cohort of vertebral specimens; (D) the main outcomes were the stress in the disc
(red indicates the region being the highest loaded, gray the least) and the distribution of
high-risk tissue within the vertebral body (red and blue indicate the presence of high-risk
tissue in tension and compression, respectively).
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Fig. 2.
Left: Experimentally measured values of the effective modulus of the disc, versus age, for

loading at a low strain rate of 0.05%/s (R = 0.67, p = 0.059) and at a higher strain rate of
20%/s (R = 0.89, p = 0.003). Right: Measured average height of the disc, versus age (R =
0.22, p=0.41).
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Fig. 3.
Variations in the spatial distribution of axial compressive stress at a mid-transverse section

of the superior disc (colors denote quartiles, red being the highest loaded, gray the least) and
the distribution of high-risk tissue at a mid-sagittal section of the vertebra (red and blue
indicate the presence of high-risk tissue in tension and compression, respectively), for a
typical range of values of the effective modulus and height of the disc.
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Fig. 4.

Mgean variation in the amount of high-risk tissue across frontal sections of the vertebra for
the trabecular bone, endplate, and cortical shell regions as the effective modulus of the disc
was varied in a range of 8-200 MPa or as the height of the disc was varied from 3-9 mm
(Mean response for six vertebrae; bars indicated + 1 SD for the 8 MPa or 3 mm case). Note:
one half of a transverse section of the vertebral body is only shown for illustrative purposes.
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Fig. 5.
Vagriation in the spatial distribution of high-risk tissue in the trabecular bone, endplate, and
cortical shell regions, as the effective modulus of the disc was varied in the range of 8-200
MPa (Left) or as the height of the disc was varied from 3-9 mm (Right). * The relative
amount of high-risk tissue (i.e. amount of high-risk tissue in each region relative to the total
amount of high-risk tissue in the entire vertebra) was significantly different from the case of
the disc modulus = 8 MPa or the disc height =3 mm (p < 0.05). # The relative amount of
high-risk tissue was significantly different from the case of the disc modulus = 50 MPa or
the disc height =5 mm (p < 0.01). Bars indicate = 1 SD.
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Table 1

Net axial compressive forces acting on the anterior and posterior halves of the disc, from finite element
analysis, and their ratio, as a function of the assumed effective elastic modulus and average height of the disc.
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Anterior Axial Posterior Axial

Anterior/Posterior

Force (N) Force (N) Ratio
Disc Modulus (MPa) 2

8 1490 + 660 740 + 350 2.04+021
50 7680 + 3280 ¢ 3550 + 1630 ¢ 2.18+0.23°¢
200 19010+ 7840 64 7790+3620 64 248 +0.27 6

Disc Height (mm) b

3 2270 + 1110 1140 + 560 2.00+0.22

5 1490 + 660 € 740 +350 € 204021

9 900+350 &7 430x180867 210+0.2167

Data given as mean + SD for n = 6 T9 vertebral body specimens
a. .
Disc height =5 mm;
b_.
Disc modulus = 8 MPa
Cp < 0.005 compared to 8 MPa group;
dp < 0.005 compared to 50 MPa group
ep < 0.05 compared to 3 mm group;

f
p < 0.01 compared to 5 mm group
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