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Mechanical properties, internal condition and fracture risk of structural components
can be assessed by noninvasive techniques being preferred mainly because of their
efficiency and speed. This study presents noninvasive evaluations of slender graphite
rods and human thoracolumbar spine. An experimental approach for graphite rods and
numerical approaches for both graphite rods and human thoracolumbar spine were
developed.

Internal cracks may occur in the graphite rods during the manufacturing process. In an
effort to develop a nondestructive testing approach to evaluation of the graphite rods,
transient elastic impact was used. Wave theory was used for solid rods. Subsequently,
numerical models were developed to determine the response of rods containing cracks.
Experiments on graphite rods with and without cracks were conducted and the internal
condition was determined from the recorded signals. The rods were then cut
lengthwise to reveal the internal condition and verify the predicted results. The
knowledge gained from simulations allowed for the presence of cracks to be detected.

For fracture risk assessment of vertebra, finite element (FE) models with simplified
geometry, material properties or loading conditions were developed in the past. To
investigate the role of these parameters, two FE models were created from CT images:

an isolated L1 vertebra and a T12-L2 spinal segment with ligaments, discs and facets.
Each model was examined with both homogeneous and spatially varying bone tissue
properties. Stresses and strains were compared for uniform compression and flexion.
Inclusion of heterogeneous bone properties and physiological loading in FE models
was critical to assess vertebral fracture risk.

The fracture risk of an osteoporotic thoracolumbar junction was assessed using the FE
model of L2-T12 spinal segment. Osteoporosis was simulated in four stages, which
included disc stiffening and stiffness losses in cancellous core and cortical cortex.
Overall stiffness of the segment, and stresses and strains in two sections of L1 were
computed for uniform compression and flexion at each stage. This study clearly
delineated that osteoporotic bone was at high risk for fracture through not only
increased bone stresses and strains with loading, but also changes in the volume and
location of bone experiencing these high strains.
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CHAPTER 1

TRANSIENT ELASTIC IMPACT RESPONSE OF SLENDER GRAPHITE RODS*

Introduction
Graphite has been used for many applications, including fibers, sheets, plates,
structural components, anodes or cathodes. Graphite - with appropriate chemical
composition - can also be used as thermal insulator. It is used in nuclear industry to
slow down the neutron emitted from the fission or for nuclear transport. Finally,
graphite is used in semiconductor and automotive industries. For these different
applications, the manufacturing process to produce graphite foils, molded graphite,
high purity graphite, and extruded graphite varies. Extruded graphite, which is the
focus of this study, is typically circular or rectangular. It is homogenous, having fine
grains with low ash content (Table 1.1). To produce extruded graphite calcined
petroleum coke is mixed with coal tar pitch. The mixture of green color is then
batched into an extrudent to be shaped into rectangular or circular cross sections and
with various dimensions. After the extrusion, the graphite specimen is allowed to cool.
Subsequently, the graphite rods are baked at about 800°C. Depending on the state of
the rod, the baking process may be repeated after adding more pitch. As another
alternative, the rod can be treated with an electric current to obtain the desired graphite
properties.

During the manufacturing process, three different kinds of internal cracks may occur.
In the extrusion phase, cracks with a slightly concaved shape pointing in the direction

*

Erdem I (2007) Transient elastic impact response of slender graphite rods. Journal of Nondestructive
Evaluations. Under review.
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of the extrusion can occur due to the temperature difference between the mixtures.
During the subsequent baking process, flat cracks can occur in a cross-section due to
the temperature difference between the interior and exterior part of the graphite rod.
The third type of crack being smaller than the other two types is slightly inclined, but
flat in shape. This type of crack also occurs during baking process and caused by the
contraction of the graphite. It is beneficial to be able to detect the presence of such
cracks in the rods prior to their being machined and put into use.

Table 1.1. Properties of graphite
Density

Elasticity
Modulus

Poisson
Ratio

Compressive
Strength

Tensile
Strength

Thermal
Expansion

1.70
g/cm3

7-12
GPa

0.2

35-45
MPa

10-13
MPa

2.1-2.6(×10-6)
K-1

Impact-echo method and background
The impact-echo method uses transient waves to detect flaws within structures.1-13 As
this method is now well known for its use on other types of geometries, only a very
brief explanation is given here and the reader is referred to Sansalone & Streett.1,2
Short duration, elastic impact is used to generate stress waves in a frequency range
appropriate to the dimensions of the structure being tested and the flaws to be
detected. A broadband displacement transducer is used to monitor the reflections of
these stress waves from the boundaries of the structures and internal cracks. Signals
are analyzed in the time and frequency domains (Figure 1.1). The patterns vary with
the geometry of the structure and with the presence of discontinuities or flaws within a
given geometry.1-13 In addition, geometrical properties of the member can be obtained
such as the dimensions and the locations of the different layers.1, 3, 4

2

Impact
Receiver
Data
Acquisition
System

Wave
form
Spectrum

Figure 1.1. Impact-echo testing concept (not scaled)

Using a similar approach (impulse response method) with different sensors
(accelerometers) and signal processing techniques, integrity testing of piles has been
done for four decades.14-22 Piles were impacted with a hammer at top and the velocity
(or acceleration) was measured to determine the length of the pile and/or approximate
location of the flaws. However, because of the length of the piles, duration of the
impact, and used sensors, the frequency range obtained and the accuracy of the
predictions were low. One dimensional or axisymmetric finite element models were
frequently used in those studies.18-20 However, they did not investigate crack size or
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location in detail. Moreover, number of cracks, location of a crack in the transverse
section, presence of a longitudinal crack, shape of the crack, the interaction between
surface waves and sensing time were not reported. Therefore the results reported in
this study would also be helpful for the community interested in non destructive
evaluation of piles.

The purpose of this study was three fold: a) to determine the presence of cracks in the
graphite rods using numerical and experimental studies since there is no theoretical
solution for the rods containing cracks, b) to determine the minimum size of the crack
that can be determined, c) to investigate the effects of the shape, number and location
of the cracks. To achieve these tasks, wave theory in long bars, eigenvalue and explicit
dynamic analyses, and impact-echo testing technique was exploited using the graphite
rods with a length to diameter ratio of 13.

Methods
Theory for slender rods
To determine if wave theory for long rods is applicable to the graphite rod case, the
frequency content of the solid graphite rods was calculated.23 For the case of large
wave length to bar diameter ratio, the nth frequency can be calculated from
f n = n ⋅ co 2 L ,

(1)

where L is the length of the rod, and co is the phase velocity of a bar wave and is
calculated from the elasticity modulus ( E ) and the density ( ρ ) of the material:

co = E ρ .

(2)

Equation (1) was modified to capture the lateral inertia effect.23 However, for the
slender graphite rod, the change in the frequency due to this correction was small and
thus neglected.
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Numerical studies

A circular graphite rod with a diameter of 63.5 mm (2.5 inch) and a length of 813 mm
(32 inch) was modeled using a commercially-available, finite element (FE) program
(ABAQUS, Hibbitt, Karlsson & Sorensen, Inc, RI). The FE model was composed of
12,200 eight-node hexagonal elements (Figure 1.2). Element size (6.6 mm) was
selected in such a way that the model could capture the modal frequencies up to
30,000 Hz (15th frequency of the rod).24 Linearly elastic material properties given in
Table 1.1 were used in all analyses since the impact force (1×10-6 N) did not cause
nonlinear deformation.

Figure 1.2. Finite element model of the graphite rod

Eigenvalue (modal) analysis was performed using the FE model of the solid rod,
without having any restraints, to determine the longitudinal frequencies so that these
values could be compared to the theoretical values in Equation (1), and the FE model
could be verified. Using the verified FE model, explicit dynamic analysis, which is
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suitable for high speed dynamic events such as blast loading and wave propagation,
was performed. To do this, an impact force of a half sine curve shaped with contact
duration of 30 µs and amplitude of 1×10-6 N was applied at the center of one end (top
of the rod). No restraints (free-free) were defined at the ends since all the waves reflect
from the ends of the rod. The longitudinal displacement history of a point on the top,
which is at 25 mm distance form the impact load, was obtained at every 2 µs for a
total analysis time of 4096 µs. Analysis time was set to 4096 µs since a total analysis
time of 8192 µs did not change the results significantly (<5%). The data was taken at
every 2 µs to capture sufficient longitudinal frequencies. The amplitude spectrum (or
longitudinal frequencies) of the rod was obtained by taking Fast Fourier
Transformation (FFT) of the displacement data (MATLAB, MathWorks, Inc, MA).
Because of the defined boundary condition (free-free) there existed a frequency
corresponding to the rigid body motion of the rod, which was discarded from the
results.

Explicit dynamic analysis of the rods with cracks was performed in the same way.
Both transverse (circular in shape) and longitudinal (rectangular in shape) cracks were
investigated. Cracks were created by removing a thin (1 mm) slice within the rod,
which would allow the reflections of the bar waves assuming that the cracks
completely reflect the bar waves. Cracks with different sizes and shapes, and at
different locations were created. Crack size of the transverse cracks was set to either
5,10,14,16,18,20,40,70 and 90% of the cross sectional area of the rod to determine the
size effect. These cracks were located at a distance of 80 mm, 340 mm, 406 mm (mid
length) or 732 mm from the top of the rod. Transverse cracks were placed either
centrally or eccentrically (eccentricity of the crack having an area of 50% of the cross
section was 5 mm). Since manufacturing process may cause cracks with different
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shapes, flat-, concave- and convex-shaped cracks were investigated (Figure 1.3).
Degree of concavity was defined by the ratio of the height (hc) to depth (dc) of the
crack and was either 0 (flat cracks) or 0.5 or 1.0. Although most of the rod models
included just one transverse crack, up to 10 cracks were evenly placed in some models
to see the effects of the crack number. A longitudinal crack with different sizes was
placed in the center of the rod to determine if impact of the rods at one end could
distinguish them. The length of the crack varied from 24.4 mm to 406.5 mm (0.50 L ).
The width of the crack was between 6.3 mm and 57 mm (90% of the diameter).

hc

hc

Impact
dc
Receiver
(A)

(B)

(C)

Figure 1.3. Crack shapes analyzed A) flat, B) convex, C) concave

Experimental studies

Eight extruded graphite rods with a length of 852 ± 7 mm and a diameter of 68 ± 1
mm (Table 1.2) was used for the experimental study. One of the rods did not have any
cracks in it and was used as reference specimen. Similar to the numerical studies, each
specimen was tested in the vertical position by applying a contact force on the top
center (Impact-echo technique, Figure 1.1). Data was recorded for 2048 µs, during
which normal displacement history of a point on the top surface was monitored using
a broadband displacement transducer. The displacement data was then transformed to
the frequency domain. Using the frequency content of the rod, the presence and the
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location of the crack was predicted. After the tests were completed, the specimens
were cut in half lengthwise to observe the internal pattern of the cracks and to check
the accuracy of the predictions.

Table 1.2. Tested graphite rods

a

Specimen

Length /
Diameter
(mm / mm)

Number
of cracks

Maximum
crack length
(mm)

Depth of the
first crack (mm)

ROD 1

849 / 68

9

15

70

ROD 2

850 / 67

6

40

65

ROD 3

847 / 68

10

40

80

ROD 4

851 / 67

8

42

28

ROD 5

851 / 68

12

43

160

ROD 6

845 / 67

4

38

10

ROD 7a

859 / 69

-

-

-

ROD 8

849 / 67

9

50

25

Reference specimen

Results and Discussion
Numerical studies

Solid rod
The response of the solid rod in frequency domain obtained from explicit dynamic
analysis (Figure 1.4A) and eigenvalue analysis and theory were in good agreement
(Table 1.3), implying that the theory for long rods is applicable to the graphite rod
problem, and FE model and the numerical and experimental approach for the analysis
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Figure 1.4. Frequency content (spectrum) of the FE model of the graphite rod, which
was obtained by transforming the wave form data in time domain (from explicit
dynamic analysis) into frequency domain. Wave form data was calculated at every 2
µs for total 4096 µs. A) solid rod without crack, B) rod with a crack located at a
distance of 80 mm from top
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of the rods with internal cracks are suitable. The slight deviation of the results from
dynamic explicit analysis was due to the accuracy of the amplitude spectrum which is
a function of total analysis time. When the total analysis time was increased by 4
folds, the difference between the analytical results and theory became less than 1%
(not presented) while the computation time increased by 16 folds. For this reason, the
analysis time was set to 4096 µs for other analyses to get accurate results within a
reasonable computation time. Finally, the amplitude spectrum of the solid rod (Figure
1.4A) did not change when the impact or measurement locations was changed.

Table 1.3. Longitudinal frequencies of the solid graphite rod
Method

Mode 1 (Hz)

Mode 2 (Hz)

Mode 3 (Hz)

Mode 4 (Hz)

Theory

1765

3530

5296

7061

Eigenvalue

1765

3528

5287

7040

Dynamic Explicit

1709

3540

5249

7080

Crack size
From the crack size analyses it was determined the transverse crack whose size was
smaller than 570 mm2 (18% of the cross section), could not be detected by the stress
waves since it did not cause substantial change in the displacement data (wave form)
or frequency content of the rod, which is in agreement with previously published
studies.1 As the crack size increases, changes in the wave form and amplitude
spectrum becomes more obvious: a) the maximum displacement substantially
increased, b) the wave form was more distorted, c) the amplitude of first frequency
increased by up to 60%.
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Crack location
A crack located at a certain location of the rod caused reflections of the bar waves,
causing a resonance frequency, which can be approximately calculated from the
following equation:
f crack = co 2d ,

(3)

where d stands for the depth of the crack. The amplitude of the frequency
corresponding to the crack ( f crack ) had amplitude larger than that of neighboring
frequencies (Figure 1.4B), making it possible to determine the presence and location
of a crack by looking at the amplitude spectrum of the rod. In addition, the presence of
a crack also caused slight shifts in the normal frequencies of the solid rod and the
amplitudes of those frequencies, implying that with known response of the solid rod,
one can determine the presence of a crack after obtaining the rod’s frequency content
and the amplitude of the frequencies. Unlike the response of the solid rod, the change
in the location of the impact or measurement changed the frequencies and
corresponding amplitudes (not shown), meaning that two different analyses or
measurements from a rod including an internal crack can reveal the presence of the
crack. The change in the frequencies or amplitudes of the modes of solid rod differed
depending on the location of the crack (Figure 1.5). For example, the crack located at
the mid-length of the rod amplified the even numbered modes of the solid rod without
changing the even frequencies since these frequencies are common for the rod length
L and 0.5 L . However, the crack located at the mid-length expectedly altered the odd-

numbered frequencies of the solid rods. Cracks located other than mid-length caused
more changes by affecting almost all frequencies. As obvious from Equation (3), a
shallow crack creates a high frequency in the spectrum. Since the element size of the
FE model was suitable for frequencies less than 30,000 Hz, a crack located at a depth
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of 50 mm or less can not be captured. For this kind of analysis a finer mesh should be
used.

1
no crack
Normalized amplitude

0.8

crack at 80 mm from top
crack at 340 mm from top
crack at mid-length

0.6

0.4

0.2

0
1000

2000

3000

4000
5000
6000
Frequency (Hz)

7000

8000

9000

Figure 1.5. Effects of crack location on the frequencies and amplitudes of first five
longitudinal modes of the graphite rod. Amplitudes were normalized to the maximum
amplitude. Frequencies are marked.
The location of the crack at a certain level also affected the response of the rod.
Centered or slightly shifted cracks with the same area produced slightly different
spectrums because the shifted crack disturbed the symmetry of the cross section. The
difference between the waves forms obtained from centered and shifted cracks were
even less, practically none. As the shift of the crack increased, crack got closer to the
edge of the rod and caused a flexural mode with low-frequency, high-amplitude (not
shown). Because of the high-amplitude flexural frequency, longitudinal frequencies
after second mode disappeared (not shown), implying that the invisible cracks
extending to the surface of the rods would be easily detected from the frequency
content.
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Crack number
An increase in the crack number increased the changes in the displacement and
frequency patterns of the rod because of the additional wave reflections between the
cracks. However, the effects of the crack number were related to the crack size such
that when the crack size was much smaller (5% of the cross section) than the
minimum detectable size, there was no change in the displacement or frequency
pattern, implying that small cracks do not reflect the waves no matter how many of
them exist. When the crack size was increased to 16% of the cross section of the rod,
the change in the spectrum became obvious with the introduction of three cracks
which were evenly spaced along the length of the rod. However, these three cracks
only changed the higher (>5th) frequencies. In the case of larger cracks, just one crack
was sufficient to easily detect the changes in the response of the rod. Increasing the
number of large cracks caused substantial shifts (up to 20%) in the frequencies of the
rod. When multiple cracks were present, the crack closest to the impact surface was
more readily apparent. Therefore, it may be hard to identify the locations of the cracks
below the first crack, unless the first crack is smaller than the second crack. In any
case, nicely distributed frequencies of the solid rod are disturbed due to the presence
of one or multiple cracks.

Crack shape
It was observed from the amplitude spectrum of the rods that the reflection of the bar
waves from a flat crack was more efficient than the reflection from the concave or
convex cracks. Therefore as the degree of the concavity increased, the strength of
reflections diminished and reduced the effects in the wave form and frequency
content. In addition, a concave crack caused slightly more noticeable change than a
convex crack with the same size. Therefore, it is more probable to detect a concave
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crack than a convex crack and a crack with smaller degree of concavity than a crack
with larger degree of concavity.

Longitudinal crack
The longitudinal crack with different sizes did not cause appreciable change in the
wave form or spectrum of the solid rod. The maximum change was seen in the
amplitude of the first frequency (an increase of 6.7%). Frequency values did not
change at all. Therefore, the method involving the impact of the rod at one end can not
capture the longitudinal (or split) cracks. Although this type of crack is not observed in
extruded graphite rods, it may exist in concrete beams, which should be tested or
analyzed under transversely applied impact load.6,7,11,12

Wave reflections across the surface
The impact force also produced waves reflected across the surface of the rod. Because
the diameter of the rod was small compared to its length, these wave forms were only
seen in the initial part of the displacement graphs and the frequency corresponding to
these waves was much higher than the longitudinal frequencies. Therefore, for slender
rods the waves reflected across the surface is not a problem. However, when the total
analysis time was shorter (512 µs), the amplitude of the frequency corresponding to
the reflections across the surface becomes apparent as if it corresponded to a crack.
For this reason, a sufficient time (>1024 µs) should be allowed for the analysis (or
impact-echo test) to eliminate the possible confusion which might be caused by the
waves reflected across the surface of the slender rods.
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Experimental studies

The spectrum of the graphite rod without any cracks (ROD 7, reference specimen)
showed the exact characteristics of a solid rod obtained analytically, that is frequencies
were evenly spaced and the amplitudes were inversely proportional to the frequencies.
The other rods which had numerous cracks (Table 1.2) gave unevenly spaced
frequencies and irregular amplitudes (Figure 1.6), indicating that there were cracks
with appreciable sizes in the rods. The wave form of the rods including cracks was
also irregular in terms of the occurrence of maximum displacements in time.
Investigation of the rods after being cut verified the test results. The depths of the first
crack (the one closest to the impacted end) in the rods estimated by using Equation (3)
and the frequency emerged was very close to the measured values. Depth of the other
cracks was not satisfactorily predicted because of numerous possible reflections
between the cracks. Each rod had 4 to 12 cracks in it (Table 1.2) and most of the
cracks with lengths ranging from 5 mm to 50 mm were large enough to be detected.
ROD 3 and ROD 6 had only flat cracks, and only ROD 8 had one longitudinal crack
as a continuation of a transverse crack. All the rods except than the reference rod had
different sized and shaped cracks at different locations. Some cracks were located
centrally, some eccentrically and some reached to the surface of the rod. Therefore, it
was not possible to observe the individual effects of crack size, number and shape.
However, ROD 3 and ROD 8 having unfavorable cracks pattern, (many cracks, large
cracks and shallow first crack) showed more irregularly distributed frequencies and
amplitudes. Thus, impact-echo method can determine the presence of the cracks, the
location of the first crack and the severity of the cracks.
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Figure 1.6. Frequency content (spectrum) of the two test specimens, which was
obtained by transforming the wave form data in time domain (from impact-echo test)
into frequency domain. Amplitudes were normalized to the maximum amplitude.
A) ROD 3, B) ROD 4
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Conclusions
This study investigated the effectiveness and capabilities of impact-echo technique on
determination of the quality and quantity of internal cracks in slender graphite rods by
numerical and experimental studies. Numerical studies provided a complete
parametric investigation for crack size, shape, number and location, and the
experimental study allowed comparison and verification of the predicted values. As
both numerical and experimental studies showed, increasing the number and size of
cracks increases the changes in the frequency content of the rod. Crack location
determines the frequency content of the rod and the location of the crack closest to the
impact can satisfactorily predicted from the amplitude spectrum obtained with impactecho testing. Although cracks cause changes in the wave forms, the changes in the
spectrum (frequency content) are more meaningful and easier to interpret.
Longitudinal cracks and cracks whose size is smaller than certain size do not cause
remarkable changes on the spectrum. Therefore, transverse impact of the rods for
longitudinal rods and other techniques for small cracks can be used. Since all the
tested rods, except than the reference specimen, had a large number of internal
transverse cracks with remarkable sizes, use of impact-echo technique can achieve
nondestructive evaluation of graphite rods and can be a very effective quality control
method during the manufacturing process. Although the number of cracks and
locations of deeper cracks can not be determined, any specimen that does not show the
easily identifiable solid response can be removed from the manufacturing process and
use.
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CHAPTER 2

BEHAVIOR OF THE L1 VERTEBRA UNDER DIFFERENT LOADING
CONDITIONS*
Introduction
Osteoporosis is characterized by low bone mass and altered tissue properties that
reduce bone strength and make the skeleton, especially the spine, hip, and wrist,
susceptible to fracture under physiological loads. Osteoporosis is responsible for 1.5
million fractures1 and associated with $18 billion costs annually in the U.S.1,2 A better
understanding of fracture risk is critical to reducing the considerable morbidity and
mortality with which osteoporotic fractures are associated. Currently, fracture risk
assessment is based on bone mineral density (BMD) measured by dual energy x-ray
absorptiometry (DXA).3 However, substantial overlap exists in the BMD values of
individuals who do and do not sustain skeletal fractures4-9, suggesting a need for
alternate approaches of fracture prediction.

Failure of the load-bearing ability of a bone results if the applied load is greater than
the strength of the whole bone. In the vertebrae of the spine, for example, loading is
applied through the intervertebral disc (IVD), facet joints and ligaments. The structural
strength of the vertebrae is determined by the external geometry, cancellous
microstructure and tissue material properties. Therefore, the contribution of these
factors to loading and bone strength should be taken into account when predicting
fracture risk. For engineering structures, finite element (FE) models are routinely used
to analyze load-bearing capacity as loading conditions, geometry and material

*

Erdem I, Truumees E and van der Meulen MCH (2007) Behavior of the L1 vertebra under different
loading conditions. Spine. Under review.
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properties can be incorporated. Thus FE models have the potential to improve clinical
predictions of bone fracture by taking the aforementioned factors into account.6,7,10-31
Moreover, FE models facilitate obtaining the distribution of tissue stresses and strains
that cannot be measured experimentally. Hence, FE methods have been used to
identify vertebrae at high risk for fracture as well as effects of fracture treatment
techniques such as vertebroplasty and kyphoplasty.28,32-37

The accuracy and reliability of FE models depend on the specific geometry, material
and boundary conditions selected. Simplified geometry, loading or material properties
are often implemented to expedite model solution. In many studies cancellous bone is
assumed to be a homogenous tissue confined by a stiff cortical shell of constant
thickness.16-20,22-27,33-35,37 Vertebral bodies are often modeled as symmetric around
their mid-sagittal section.18,19,21,26,27,32,34 These simplified models give valuable
information on the biomechanics of the spinal motion segments, IVDs and connective
tissues, but cannot accurately predict the stress or strain distributions in the vertebral
body. FE models that include the heterogeneity of cancellous tissue often simplify the
geometry to exclude the posterior processes and IVDs. These simplified loading
conditions are appropriate for compressive loading, but limit the ability to simulate
flexion-extension, bending and torsional moments.6,7,10-13,28,32 Since many daily
activities impose combined compression and bending on the vertebrae, a single
loading condition may not be sufficient for assessing fracture risk.

The objective of this study was to examine the effect of increasing anatomic fidelity in
both loading conditions and material properties on FE-based predictions of L1
vertebral stresses and strains under different applied loads. An isolated L1 vertebra
loaded through the vertebral body was compared with a motion segment containing
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T12-L2 vertebrae with associated IVDs, facet joints and spinal ligaments. To
understand the role of material properties on the FE results, each model was examined
with homogeneous tissue properties and with spatially varying material properties
scaled directly from the bone apparent density. The solutions for the four models were
compared under uniform compression and flexion.

Methods
Computed tomography (CT) images from a 55-year-old female cadaver, who had
normal bone density and no evident degeneration due to osteoporosis, were used to
generate the exact geometry of the T12, L1 and L2 vertebrae. The scans were taken on
a clinical scanner (Philips Mx8000 IDT 16) with 1 mm axial slices and 0.453 mm inplane voxel dimension. The height of all three vertebrae at the center of the body was
26 mm. The height of the IVDs varied through the sagittal section. The cranial IVD
(T12-L1) and caudal IVD (L1-L2) had heights of 5.9 mm and 8.5 mm at the center,
respectively.

To develop the FE models of the vertebrae, first, the surface geometry of each vertebra
was extracted from the CT scan (Mimics, Materialise, Belgium). The resulting
geometry consisted of a triangular surface mesh in STL format. Next these surfaces
were converted to surface splines in NURBS format (Studio, Raindrop Geomagic,
NC). Finally, the surface models were converted to hexagonal FE meshes (Truegrid,
XYZ Scientific Applications, CA). A single mesh size was used for all models, based
on a mesh refinement analysis. The mesh fineness was determined when the average
stresses and strains within the regions of interest differed less than 5% between the
coarse mesh and fine mesh. Although the coarse mesh was satisfactory, the fine mesh
was used to better capture the geometry of the vertebrae.
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Two FE models were created to represent simplified and anatomic boundary
conditions (Figure 2.1). The first model, referred to as isolated L1, included only the
L1 vertebra with loads applied to the body through polymethylmethacrylate (PMMA)
plates on the superior and inferior endplates of L1. The isolated L1 model consisted of
26,452 eight-node hexagonal elements. The second FE model, referred to as T12-L2
spinal motion segment, included three vertebrae (T12, L1 and L2) and two IVDs. The
vertebrae and IVDs were modeled with 67,156 eight-noded hexagonal elements. The
L1 vertebra was identical to the isolated L1 model. The motion segment included
seven structurally relevant ligaments modeled by linear elastic cable elements: anterior
longitudinal ligament (ALL), posterior longitudinal ligament (PLL), intertransverse
ligament (ITL), supraspinous ligament (SL), interspinous ligament (IL), ligamentum
flavum (LF) and capsular ligament (CL) (Table 2.1). The ligament cross-sectional
areas and stiffnesses were selected in the range obtained experimentally38,39 and used
previously in the literature.18,20,25,26 Facet joints between the vertebrae were modeled
as frictionless contact surfaces braced with capsular ligaments. In total, 2,752 twonode axial elements were used to model the ligaments and disc fibers in the spinal
motion segment.

To model the IVDs, the nucleus pulposus and anulus fibrosis were included. The
anulus fibrosis was represented by four layers of stiff fibers embedded in a soft ground
material (E=4.2 MPa).16,18,20,22,24,25 The disc fibers, comprising 19% of the volume of
the annulus,16,22,40 were oriented in a crisscross pattern making an angle, on average,
of 30 degrees with the endplates of the vertebrae16,18,22,24,40 and were also modeled
with cable elements. Moving from the inner to the outer anulus layer the spacing
between the concentrically placed fibers was reduced by 81% at each layer whereas
the cross-sectional area and elastic modulus were increased by 11% to 25%18,26 to
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represent the anisotropy and heterogeneity of the anulus fibrosis (Table 2.1). The
nucleus, comprising about 40% of total IVD volume,20,22,40 was modeled as a nearly
incompressible solid with stiffness of 0.2 MPa25,41 to represent its gelatinous behavior.

Figure 2.1. Finite element models

For each model two bone material distributions were simulated: an isotropic
homogeneous elastic modulus of 1000 MPa, or an isotropic heterogeneous modulus
assigned based on an exponential density-elasticity relationship.42 A linear relationship
between the Hounsfield Units (HU), obtained from CT scans, and bone apparent
density (ρ, g/cm3) was utilized:
ρ = 0.18 + 0.001244 (HU-100).
The elastic modulus (E, MPa) of the bone tissue was then assigned using the densityelasticity relationship of Morgan et al.:42
E = 4730 ρ1.56

24

The moduli ranged from 52 to 7970 MPa and the average elastic modulus in the
centrum of the vertebrae varied from 200 to 300 MPa, consistent with the range given
for the cancellous bone in the literature (Figure 2.2).29,30,43-45

Table 2.1. Ligament and disc fiber properties

ALL

Area
(A, mm2)
64

Modulus
(E, MPa)
20

PLL

20

20

ITL

10

50

SL

30

15

IL

40

10

LF

40

20

CL

40

20

Fiber1

0.35

550

Fiber2

0.30

475

Fiber3

0.25

400

Fiber4

0.20

360

ALL: Anterior longitudinal ligament, PLL: Posterior longitudinal ligament, ITL: Intertransverse ligament, SL: Supraspinous ligament, IL: Interspinous ligament, LF:
Ligamentum flavum, CL: Capsular ligament, Fiber1: Outer most anular fiber layer,
Fiber4: Innermost anular fiber layer

Two loading cases were investigated for both models: a uniformly distributed
compressive force of 400 N or a pure flexion moment with a magnitude of 7.5 Nm
applied to the superior endplate. The moment was created by applying concentric
forces on the superior end plate of PMMA (isolated L1 model) or T12 (segment
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model) while creating zero axial force. Both models were restrained in all directions at
the inferior-most endplate. PMMA was modeled as homogenous and isotropic with an
elastic modulus of 2,500 MPa and Poisson’s ratio of 0.3.

Superior

Posterior

(A)

(B)

Figure 2.2. Elastic modulus variation in A) mid-sagittal, B) mid-transverse section of
L1

Solutions were obtained using a commercial finite element package (ABAQUS,
Hibbitt, Karlsson & Sorensen, Inc, RI). For the isolated vertebra models, we calculated
axial and flexion stiffness to characterize the global behavior of the vertebra and to
validate our results with previous experimental31,46,47 and analytical studies.6,31 For the
segment model, we calculated axial displacement in compression, and rotations in
flexion and bending to obtain the global behavior and to validate our results with
previous experimental48-53 and analytical18 studies. The principal stresses and strains,
and von Mises stresses in the mid-transverse and mid-sagittal sections of the L1
vertebra were compared across boundary conditions and material properties.

Results
To validate the isolated L1 model with heterogeneous bone properties, we calculated
an axial stiffness of 14 kN/mm, similar to several previous studies6,46 but larger than
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other studies (2 to 9.7 KN/mm).31,47 The measured variation in the axial stiffness of
the isolated vertebra may result from differences in test protocols, the presence or
absence of posterior elements, and the specimen age, condition and vertebra level.

For validation of the segment model, an axial displacement of 0.52 mm was calculated
in compression, comparable with the values in the literature.48 The average bulging
was 0.21 mm and 0.31 mm for the cranial and caudal IVDs, respectively, in the range
reported previously.53 In flexion and bending, 3.2 and 4.3 degree rotation was
obtained, respectively, in the range obtained from previous studies.18,48,50-52

When the heterogeneity of the bone tissue was not included, the distributions of the
stresses and strains of the isolated vertebra were affected only by the loading and
external geometry. The asymmetric shape of the vertebral body and the irregular
curvature of the superior and inferior endplates contributed to variations in the stress
and strain distributions in the cross sections under applied compression (Figures 2.3
and 2.4). Although the compressive load was uniformly distributed, the anterior side
of L1 was subjected to higher stresses and strains than the posterior aspect. The largest
minimum principal strain and the maximum von Mises stress in the mid-transverse
section occurred at the left lateral cortex of the vertebral body (Table 2.2). When the
isolated homogeneous vertebra was loaded in flexion, stress and strain distributions
were similar to those of a homogenous beam under flexure (Figure 2.5), i.e., the
stresses and strains were highest at the anterior and posterior sides of the vertebral
body and lowest at the center (Table 2.3).

Accounting for material heterogeneity changed the mechanical behavior of the L1
vertebra. The axial and flexion stiffness of the L1 vertebra were reduced by 55% and
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Figure 2.3. von Mises stresses (in MPa) in the mid-transverse section due to
compression

Figure 2.4. Minimum principal strains (in microstrains) in the mid-transverse section
due to compression
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Table 2.2. von Mises stresses and minimum principal strains at the center, posterior,
anterior, left and right cortex of the mid-transverse section of L1 under compression.
L1 = isolated vertebral body model; T12-L2 = motion segment model; homo =
homogeneous bone properties; hetero = heterogeneous bone properties.
% difference
L1 T12-L2 T12-L2
L1
between L1 homo
homo hetero homo
hetero
and T12-L2 hetero
Von Mises stresses (MPa)
center
0.385 0.330 0.307

0.335

-13

posterior 0.263 0.189

0.612

0.383

46

anterior

0.423 0.477

0.236

0.258

-39

left

0.555 0.805

0.492

0.665

20

right

0.407 0.538

0.347

0.467

15

Minimum principal strains (microstrain)
center

-390

-837

-288

-767

97

posterior -266

-634

-585

-1187

346

anterior

-421

-1002

-237

-518

23

left

-577

-1296

-513

-1021

77

right

-392

-906

-358

-743

90
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Figure 2.5. von Mises stresses (in MPa) in the mid-transverse section due to flexion

Figure 2.6. Minimum principal strains (in microstrains) in the mid-transverse section
due to flexion
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Figure 2.7. Minimum principal strains (in microstrains) in the mid-sagittal section due
to flexion
Table 2.3. von Mises stresses and minimum principal strains at the center, posterior,
anterior, left and right cortex of the mid-transverse section of L1 in flexion. L1 =
isolated vertebral body model; T12-L2 = motion segment model; homo =
homogeneous bone properties; hetero = heterogeneous bone properties.
% difference
L1
L1 T12-L2 T12-L2
between L1 homo
homo hetero homo
hetero
and T12-L2 hetero
Von Mises stresses (MPa)
center
0.124 0.100 0.174
0.181
posterior 1.43 0.758 0.250
0.092
anterior 1.24 1.18
0.484
0.472
left
0.203 0.316 0.309
0.338
right
0.284 0.358 0.213
0.178
Minimum principal strains (microstrain)
center
posterior
anterior
left
right

46
-94
-62
67
-37

-115 -269
-446 -623
-1227 -2428

-166
-78
-479

-429
-58
-953

273
-87
-22

-202
-273

-327
-214

-566
-313

180
15

-503
-597
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39%, respectively. Heterogeneity of the bone tissue also altered the distributions of
stresses and strains in the mid-transverse and mid-sagittal sections of L1 for
compression. The minimum principal strain in the mid-transverse section exceeded the
homogeneous maximum value at the left and right lateral and anterior cortex by at
least 125%. Moreover, the largest von Mises stress in the mid-transverse section
increased by 45% at the left cortex (Table 2.2). Although the heterogeneous and
homogeneous L1 models had similar stress profiles on the superior endplates, the
regions of high stresses and strains were altered. Heterogeneity of the bone tissue
caused both stress relief and increased stresses and resulted in a slight shift of the
stresses towards the pedicles (Figure 2.3). The inclusion of heterogeneity caused
relatively more dramatic changes in the distributions of the stresses and strains for
flexion (Figures 2.5-2.7). Although the highest stresses and strains occurred at the
anterior and posterior sides of the vertebral body, the change in the minimum principal
strain was greatest at the center of the vertebral body (134%) (Table 2.3). The changes
in the minimum principal strains were almost always higher than the changes in the
von Mises stresses (Table 2.3). In the mid-sagittal section, the highest minimum
principal strains shifted from the anterior superior endplate to just above and below the
mid-anterior cortex of the vertebra (Figure 2.7).

The stress and strain distributions changed further when physiological loading was
applied to L1 through T12 and L2, the intervertebral discs, ligaments and facets. In
compression, although the facets and capsular ligaments contributed to the load
transfer, the disc mainly transferred the load to the neighboring vertebra. Including the
capsular ligaments and facet joints shifted the stresses towards the posterior side of the
vertebra (Figure 2.3). The minimum principal strain at the anterior lamina at the midtransverse section of the homogenous model increased 11.8–fold with the more
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physiological loading (Figure 2.4). The maximum change in both von Mises stresses
and minimum principal strains occurred in the posterior cortex of the mid-transverse
section with more severe changes in the strains (Table 2.2). The stresses and strains at
the left cortex in the mid-transverse section were at least 29% larger than those at the
right cortex (Table 2.2). Although the inclusion of heterogeneous bone properties did
not change the overall displacements or rotations of the vertebrae (less than 5%), the
strains were affected more than the stresses (Figures 2.3 and 2.4). The von Mises
stresses at the center and anterior of the mid-transverse section increased by only 9%
(Table 2.2). However, the minimum principal strains increased by 99% to 166% in all
five regions with heterogeneous bone properties (Table 2.2).

The physiological loading had remarkable effects on the response of L1 when the
segment was loaded in flexion. Facets and all ligaments, except the anterior
longitudinal ligament, played a significant role in the load transfer mechanism. In the
mid-transverse section, stresses and strains shifted from the posterior vertebra towards
the laminas (Figures 2.5 and 2.6). Both von Mises stress and minimum principal strain
in the anterior cortex in the mid-transverse section reduced by 61% (Table 2.3). In the
mid-sagittal section of the segment, the high stresses and strains observed in the
anterior cortex of the isolated vertebra body reduced and the minimum principal
strains at the superior posterior wedge diminished (Figure 2.7). Unlike the isolated
vertebra in flexion, the stresses and strains in the mid-transverse section were at least
31% higher in the left cortex than right cortex (Table 2.3). As in compression, the
heterogeneity of the bone tissue did not significantly change the overall displacements
or rotations of the vertebra (less than 5%) but did change the stresses and strains. The
change in the minimum principal strains was more severe than that of the von Mises
stresses in the mid-transverse section (Table 2.3). In the segment models, including
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heterogeneous bone properties increased the minimum principal strain by 61% and
50% in at the center and anterior of mid-transverse section compared to the
homogenous case (Table 2.3, Figure 2.6). In addition, the inclusion of heterogeneity in
the segment model increased the minimum principal strains in the inferior endplate in
the mid-sagittal section under flexion (Figure 2.7).

Discussion
In this study, we investigated the effects of heterogeneity of bone tissue and
physiological loading on stress and strain predictions in the L1 vertebra using FE
models. Not surprisingly, different material properties and loading conditions resulted
in changes in the stresses and strains up to 346% in the transverse and sagittal sections
examined. In compression, the changes in both stresses and strains were most
pronounced in the posterior of the vertebral body, whereas in flexion the mostaffected-region varied depending on the outcome parameter, and material or loading
conditions. In general stresses were affected more by the loading conditions, whereas
changing the material properties substantially altered the strains. The overall changes
across the models were most pronounced in flexion. In the laboratory, bone tissue
failure is dependent on the applied strain levels,12,13,46 underscoring the need for
accurate local strains to predict failure.

For our investigation, we chose the thoracolumbar junction (T12 to L2) as
osteoporotic fractures occur most frequently here and in the mid-thoracic spine.4,54,55
To the best of our knowledge, no detailed model of the thoracolumbar motion segment
has been developed. The model developed by Villarraga et al. included the T12-L2
segment but did not include posterior elements or ligaments, affecting the accuracy
under flexural loading.34 Qiu et al. modeled T12-L1 with posterior elements while
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fixing the L1 vertebra at its inferior endplate, which resulted in the loss of the
physiological boundary condition (IVD) at the bottom of L1.24 Many studies have
analyzed isolated vertebral bodies in the thoracolumbar junction without simulating
physiological loading.6,7,10-13,28 Our results show that both the values and distribution
of stresses and strains are very different when physiological loading is applied,
affecting both failure location and timing. Therefore, we expect our heterogeneous
segmental model to better predict the apparent stresses and strains produced in the
vertebra with compressive and flexural loading.

Previous models of spinal segments16-27,33-35,37 focused mainly on the behavior of the
IVD, ligaments and facets, and model these structures in detail, or the overall
mechanics of the motion segment. As our results show, overall behavior of the spinal
segment with and without heterogeneous bone properties did not change. Among the
spinal segment models, stress or strain values in the vertebrae, can be directly
compared to our results.17,18,22,24,25,33,34 These models were created using different
levels in the lumbar spine and reported stresses or strains under different load
magnitudes. When scaled appropriately, our results are in agreement with several
models17,18,34 but our values are substantially lower than others.22,25,33 We attribute the
differences across models to different material models for the cortical shell,
homogeneous cancellous bone properties, and differences in the geometry and level of
the vertebra.

In light of the above discussion the most significant strengths of our study are the
incorporation of heterogeneous bone properties and physical boundary conditions for
the stress analysis of the L1 vertebra. While homogeneous bone properties isolate the
effects of geometry, loading and boundary conditions on vertebral stresses and strains,
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the material properties determine the load sharing (or stress distribution) within the
vertebral tissue. Our strain distributions changed substantially due to the spatial
variation of the elastic modulus of the bone which will affect fracture risk prediction.
The stress distribution in L1 when loaded through a PMMA plate was remarkably
different than loaded through IVDs, ligaments and facets due to several factors. In the
segment model the vertebra was constrained by flexible IVDs, unlike the loading
through less flexible plates in the isolated vertebra model. The material property
differences between the homogeneous, isotropic PMMA and the heterogeneous,
anisotropic IVD also contribute to the differences we observed. Finally, the posterior
processes play an important role in load sharing during flexion of the segment.

The incorporation of patient specific, vertebral geometry and material properties is
another strength of our approach. Modeling the vertebra with symmetry, average
geometry or flat endplates will underestimate stresses and strains and change the load
paths. Therefore, for better fracture risk assessment, true geometry of the vertebra
should be used. In addition, our model better captures the true geometry than isolated
vertebral models developed from CT scans6,7,10 that use voxel-based elements causing
a loss in the accuracy of the true geometry and the cortical shell. However, our model
development is not as automated as in the voxel-based approach.

Our models have some limitations. We did not include viscosity, porosity and
nonlinearity of the materials. Therefore, impact or time dependent loading can not be
simulated. Due to these simplifications, we also can not capture the full mechanical
behavior of the motion segment. Bone tissue is not isotropic56-59 and we excluded the
orthotropic (or transversely isotropic) behavior of the bone tissue in our model, which
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may underestimate the transverse stresses and strains. Finally, our conclusions are
based on a data from a single individual.
A more detailed understanding of areas of vulnerability under loading will provide
insights into failure locations and improve efforts towards reconstruction after fracture
and fixation of osteoporotic vertebral bodies. Since current clinical methods cannot
predict individuals who will fracture or respond to treatment, patient specific FE
models provide an opportunity to mechanistically understand and predict vertebral
failure. As our results show, including heterogeneity of the vertebra, and physiological
boundary conditions and loading are critical to determining the locations and
distribution of highly loaded tissue that is at risk for failure. We have demonstrated
these effects in a normal spine; the distributions and magnitudes of the stresses and
strains will change further when material changes are present because of osteoporosis.
In addition, treatments such as vertebroplasty, kyphoplasty, spinal fusion and disc
replacement will change vertebral load transfer and therefore fracture risk. To truly
understand the effects such treatments have on the vertebra and select appropriate
treatments, FE models need to incorporate patient specific material properties in
conjunction with realistic loading conditions.
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CHAPTER 3

FRACTURE RISK OF THE OSTEOPOROTIC THORACOLUMBAR SPINE*
Introduction
Spinal and other fractures and their attendant morbidity and mortality occur frequently
in elderly population. Although a sharp increase in load may cause traumatic fracture,
spinal fractures generally occur during activities of daily living such as lifting and
bending,1,2 implying that the main cause of the fracture is reduction of the vertebral
strength. The strength reduction is caused by altered bone mass and geometry which
can be associated with osteoporosis.3-6 Among these changes, the thinning and
disintegration of trabeculae, reduced cortical thickness and increased porosity caused
by the reduced mineral content and altered collagen quantity and quality are frequently
mentioned. Hence, stiffness and strength loss of both cancellous bone7-17 and the
cortical shell18,19 have been investigated. Patients with osteoporosis also have disc
degeneration,20 characterized by loss of fluidity and incompressibility of nucleus
pulposus, stiffening of anulus fibrosis and loss of clear boundary between nucleus and
anulus.12,21-30 Degenerated and stiffened intervertebral disc (IVD) will cause a change
in physical loading of vertebra by altering the stress distribution at the vertebral
endplates.

Osteoporotic fractures, which reduce the overall quality of life,31-33 are responsible for
$18 billion annual costs in the U.S.33,34 Therefore diagnosis of osteoporosis and
prediction of fracture risk are essential to allow preventive measures to be taken or to
decide if the patient needs surgery. Clinically, bone mineral density (BMD) measured

*

Erdem I, Truumees E and van der Meulen MCH (2007) Fracture risk of the osteoporotic
thoracolumbar spine. In preparation.
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by dual energy x-ray absorptiometry (DXA) is used to diagnose osteoporosis and
related fracture risk.35 However, BMD by itself does not satisfactorily predict
fracture,10,36-42 suggesting a need for alternate approaches for fracture risk assessment.
Since finite element (FE) modeling can incorporate physical loading conditions and
geometry beyond the spatial variation of BMD, this approach has the potential to
improve clinical predictions of bone fracture. In addition, FE models facilitate
isolating the effect of individual parameters on the distribution of tissue stresses and
strains that cannot be measured experimentally. For these reasons, FE methods have
been used to determine vertebral strength10,38,43,44, identify the locations of the
vertebrae at high risk for fracture1,10,43,45-49 and determine the effects of age related
changes such as disc degeneration11,12,21,25-27,50 and osteoporosis.1,9,11,13,45,51 The FE
models developed previously have generally been limited to simulating either physical
loading of vertebrae,10,11,38,43-46,48 or spatial variation of BMD in cancellous bone1113,21,25,26,52

and not both. Hence, these models can not accurately assess the fracture risk

or locations vulnerable to fracture for physiological loading. In addition, tissue
changes in the thoracolumbar junction (T12 to L2) where osteoporotic fractures
frequently occur16,36,53 have not been investigated with a detailed FE model.

The objective of this study was to examine the effect of osteoporotic changes on the
mechanics of the L1 vertebra to better understand the factors contributing to fracture.
We used a finite element model of the T12-L2 spinal segment with spatially varying
bone properties. The FE model was modified to simulate osteoporosis in four stages,
which included stiffening of the IVDs and the reduction of the elastic modulus of both
cancellous and cortical bone tissue. The solutions for each case were obtained under
uniform compression and flexion.
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Methods
A detailed FE model of the thoracolumbar junction previously developed and verified
(Figure 3.1) was used in this study. The details of the model are explained in Chapter
2. Briefly, computed tomography (CT) images from a 55-year-old female cadaver who
had normal bone density and no evident degeneration due to osteoporosis were used to
obtain the exact surface geometry of the T12, L1 and L2 vertebrae. The surface
models of the vertebrae were converted to 8-noded hexagonal FE meshes (Truegrid,
XYZ Scientific Applications, CA). Two IVDs (T12-L1 and L1-L2) composed of an
anulus fibrosis and nucleus were modeled between the endplates of the vertebrae. The
anulus fibrosis was represented by four layers of stiff fibers embedded in a soft ground
material (E=4.2 MPa). 13,54-58 The disc fibers, comprising 19% of the volume of the
anulus 54,57,59,60, were oriented in a crisscross pattern making an angle of 30 degrees,
on average, with the endplates of the vertebrae 21,22,54,55,57-59 and were modeled with
cable elements. The nucleus, comprising about 40% of total IVD volume,56,57,59 was
modeled as a nearly incompressible solid with stiffness of 0.2 MPa 13,61 to represent its
gelatinous behavior. Finally, seven structurally relevant ligaments13,21,22,55,62,63 and
facet joints were modeled.
Spatially variable tissue properties were incorporated based on the CT attenuation. An
isotropic heterogeneous modulus was assigned to the bone tissue based on an
exponential density-elasticity relationship:64
E = 4730 ρ1.56
where the density (ρ) was obtained from Hounsfield Units (HU). The moduli (E)
ranged from 52 to 7970 MPa and the average elastic modulus in the centrum of the
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vertebrae varied from 200 to 300 MPa, consistent with the range given for the
cancellous bone in the literature.65-69 Poisson’s ratio for the bone tissue was set to 0.3.

Figure 3.1. Finite element model

Tissue changes due to osteoporosis were simulated in four stages, progressing from
disc degeneration to cancellous and cortical bone changes. In stage 1, the elastic
modulus of the nucleus was increased to that of the normal anulus ground substance.
In stage 2, the elastic modulus of both the nucleus and anulus was doubled to 8.4
MPa.12 In stage 3, disc degeneration and the stiffness loss of cancellous bone were
simulated. For this stage, the elastic modulus of the elements dominating the centrum
of the vertebrae (E=52-359 MPa) was reduced by 67%.10,11,13 In stage 4, in addition to
the changes in stage 3, we reduced the elasticity modulus of the elements comprising
the vertebral cortex (E=360-680 MPa) by 30%.13
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Two loading cases were investigated for each case: a uniformly distributed
compression (400 N) or a pure flexion moment (7.5 Nm) applied to the superior
endplate of T12. The moment was created by applying concentric forces while
creating zero axial force. The FE models were restrained in all directions at the
inferior endplate of L2. Solutions were obtained using a commercial finite element
package (ABAQUS, Hibbitt, Karlsson & Sorensen, Inc, RI).

For each loading case and osteoporotic stage, we calculated axial displacement in
compression, and rotation in flexion to obtain the stiffness (or global behavior) of the
segment. The largest compressive strain in the vertebral body of L1, the maximum and
average principal strains and stresses in the mid-transverse and mid-sagittal cancellous
bone sections were determined. The compressive (minimum principal) strains and von
Mises stresses were determined at four cortex regions of the mid-transverse section
and for the cancellous tissue. The distributions of principal stresses and strains, and
von Mises stresses in the mid-transverse and mid-sagittal sections of the L1 vertebra
were compared for the normal spine and each successive stage of osteoporosis.

Results
Osteoporotic degeneration of the tissues markedly changed the overall behavior of the
segment and the distribution of the high stress and strain regions in the L1 vertebra.
Disc degeneration increased the stiffness of the segment but did not bring the strains
(or stresses) to the yield point. However, the softening of the bone tissue (especially
the cancellous bone) increased the strains closer to the average yield strain (7000
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microstrain). We set the upper bound of the compressive strain to 3000 microstrain to
measure the volume of tissue at risk for fracture. We determined that 6% and 10% of
the vertebral body exceeded the limit after stages 3 and 4, respectively, for
compression. About 90% of the high strain regions occurred in the cancellous bone. In
flexion, regions at risk for fracture increased further. As in compression, the first two
stages (disc degeneration) did not increase the strains to the upper bound. However,
high strain regions occupied 16% and 20% of the vertebral body due to the material
changes in stages 3 and 4, respectively.

The stiffness of the thoracolumbar spine increased with osteoporotic degeneration of
the tissues (Tables 3.1, 3.2). While the stiffness increase in stage 1 was negligible
(<8%), the IVD stiffening of stage 2 increased the axial and flexural stiffness by 53%
and 32%, respectively. The elastic modulus reductions in the cancellous and cortical
bone tissue (stages 3 and 4) slightly reduced (<12%) the stiffness of the segment after
stage 2, but still represented ~40% increases over the normal, healthy segment.

The principal stresses and strains changed minimally with the first two stages of
osteoporosis. Stiffening of the nucleus (stage 1) had little effect on the stresses and
strains in L1. In compression, the largest compressive stress and strain occurred in the
posterior cortical wall and slightly decreased with stiffening of the nucleus (Table
3.1). However, in flexion, the stresses and strains in the anterior and posterior cortex
increased with nucleus stiffening (Table 3.2). Stiffening of the entire IVD (stage 2)
slightly increased the strains compared to the healthy spine (Table 3.1). In
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compression, the largest compressive strain in the cortical wall (-2740 µε) exceeded
that in the healthy segment by only 8%. Although nucleus stiffening reduced stresses
and strains in the cancellous bone, stiffening of the entire IVD restored the values to
normal or slightly greater (Table 3.3). In flexion, the stress and strain changes in the
cortex and cancellous bone were higher than those in compression (Figures 3.6, 3.8
and Tables 3.2, 3.4). The greatest compressive strain change in the mid-transverse
cortex was in the posterior cortex (4.1 fold).

The reduction in the elastic modulus of cancellous bone (stage 3) substantially
increased the principal strains. In compression, stresses and strains in the cortex of the
mid-transverse section increased up to 93% with respect to the normal segment, except
in the anterior cortex (Figures 3.2, 3.3 and Table 3.1). The largest compressive stress
occurred in the posterior wall and increased by 42% (Table 3.1). Principal strains and
stresses in the cancellous bone increased considerably more in the mid-sagittal section
(up to 206%) than in the mid-transverse section (up to 160%) (Figures 3.3, 3.7 and
Table 3.3). The effects of material changes in stage 3 were more pronounced in
flexion than in compression (Figures 3.5, 3.6, 3.8 and Tables 3.2, 3.4). Although the
compressive (minimum principal) strain in the mid-transverse posterior cortex was
low, its value changed most (6.4 fold). The largest compressive strain occurred in the
anterior wall above and below the mid-transverse section. The change in the von
Mises stresses in the cancellous bone was either negative or small. However, the
principal stresses and strains increased tremendously (up to 3.6 fold) (Figure 3.8 and
Table 3.4).
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Including cortical changes (stage 4) further increased the principal strains and altered
the stresses in the L1. In compression, the compressive strains in the left, right and
anterior cortex of mid-transverse section was considerably increased with respect to
those in stage 3 (by 27% to 36%) (Table 3.1). The largest compressive strain increased
only by 10%. In the cancellous bone, maximum compressive and tensile strains did
not change considerably in the mid-transverse section (<3%) or in mid-transverse
section (<10%) (Table 3.3). In flexion, von Mises stresses in the left and right midtransverse cortex slightly (<12%) reduced but strains in all 5 regions increased by at
least 23% when compared to those in stage 3 (Table 3.2). The additional changes
made in stage 4 did not increase the maximum compressive strain or stress in the
vertebral body (<3%). Although the maximum von Mises stress in the cancellous bone
reduced (11%), the maximum compressive and tensile strains increased by 6% and
7%, respectively, and occurred in the mid-sagittal section (Table 3.4).
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Table 3.1. Axial stiffness of the segment, maximum compressive stress and strain in
the cortical bone, von Mises stresses and minimum principal strains at the center,
posterior, anterior, left and right cortex of the mid-transverse section of L1 under
compression. Stages of osteoporosis: S1 = stiffening of nucleus; S2 = stiffening of
nucleus and anulus; S3 = S2 + degradation of cancellous bone; S4 = S3 + degradation
of cortical bone
Normal

S1

S2

S3

S4

Stiffness (kN/mm)

0.77

0.71

1.18

1.11

1.08

Max. stress (MPa)

-1.870

-1.715

-1.810

-2.660

-2.930

Max. Strain (µε)

-2540

-2296

-2744

-6249

-6010

Von Mises stresses (MPa)
center

0.335

0.343

0.336

0.364

0.393

posterior

0.383

0.431

0.503

0.446

0.441

anterior

0.258

0.296

0.271

0.301

0.295

left

0.665

0.668

0.740

0.968

0.915

right

0.467

0.472

0.530

0.752

0.677

Minimum principal strains (µε)
center

-767

-717

-870

-992

-1210

posterior

-1187

-1064

-990

-2288

-2350

anterior

-518

-545

-430

-514

-700

left

-1021

-1037

-1131

-1409

-1745

right

-743

-764

-836

-1120

-1422
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Table 3.2. Flexion stiffness of the segment, maximum compressive stress and strain in
the cortical bone, von Mises stresses and minimum principal strains at the center,
posterior, anterior, left and right cortex of the mid-transverse section of L1 under
flexion. Stages of osteoporosis: S1 = stiffening of nucleus; S2 = stiffening of nucleus
and anulus; S3 = S2 + degradation of cancellous bone; S4 = S3 + degradation of
cortical bone
Normal

S1

S2

S3

S4

2.34

2.53

3.10

2.87

2.73

Max. stress (MPa)

-2.400

-2.100

-2.230

-2.150

-2.210

Max. Strain (µε)

-2940

-2131

-2723

-7710

-7778

Stiffness (Nm/°)

Von Mises stresses (MPa)
center

0.181

0.142

0.146

0.142

0.133

posterior

0.092

0.19

0.327

0.265

0.208

anterior

0.472

0.547

0.749

0.803

0.829

left

0.338

0.327

0.314

0.360

0.340

0.178
0.181
0.191
0.223
Minimum principal strains (µε)

0.195

right
center

-429

-312

-320

-338

-580

posterior

-58

-125

-240

-373

-430

anterior

-953

-1006

-1280

-1456

-1880

left

-566

-552

-533

-607

-746

right

-313

-321

-333

-389

-490
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Normal

S2

S3

S4

Figure 3.2. von Mises stresses (in MPa) in the mid-transverse section due to
compression

Normal

S2

S3

S4

Figure 3.3. Minimum principal strains (in microstrains) in the mid-transverse section
due to compression

Normal

S2

S3

S4

Figure 3.4. Minimum principal strains (in microstrains) in the mid-transverse section
due to flexion
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Normal

S2

S3

S4

Figure 3.5. Minimum principal strains (in microstrains) in the mid-sagittal section due
to flexion

Minimum principal (compressive) strain (µε )

Normal

Stage1

Stage2

Stage3

Stage4

0
-200
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-800
-1000
-1200
-1400
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Strain_Anterior
Strain_Left
Strain_Right

-1800
-2000

Propagation of osteoporosis

Figure 3.6. Compressive (minimum principal) strains in 5 regions of the midtransverse section with the progression of osteoporosis under flexion
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0.40

0.20

Prinicpal stress (MPa)

0.00
Normal

S1

S2

S3

S4

-0.20

-0.40

-0.60

Maximum of maximum principal stresses
Average of maximum principal stresses

-0.80

Minimum of minimum principal stresses
Average of minimum principal stresses

-1.00
Propagation of osteoporosis

Figure 3.7. Principal stresses in the mid-transverse cancellous bone with the
progression of osteoporosis under compression

2000
1500
1000

Prinicpal strain (microstrain)

500
0
-500

Normal

S1

S2

S3

S4

-1000
-1500
-2000
-2500
-3000
-3500
-4000

Maximum of maximum principal strains
Average of maximum principal strains
Minimum of minimum principal strains
Average of minimum principal strains

-4500
Propagation of osteoporosis

Figure 3.8. Principal strains in the mid-sagittal cancellous bone with the progression
of osteoporosis under flexion
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Table 3.3. Minimum, maximum and average principal stresses and strains in the cancellous bone in the mid-transverse (MT) and
mid-sagittal (MS) sections of L1 under compression. Stages of osteoporosis: S1 = stiffening of nucleus; S2 = stiffening of nucleus
and anulus; S3 = S2 + degradation of cancellous bone; S4 = S3 + degradation of cortical bone

Stages of Osteoporosis
Normal
MT

Max principal strain
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Min principal strain

Max principal stress

Min principal stress

von Mises stress

MS

maximum
(µe)
mean
(µe)
maximum
(µe)
mean
(µe)
maximum
(MPa)
mean
(MPa)
maximum
(MPa)
mean
(MPa)
maximum
(MPa)
mean
(MPa)

MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS

468
531
298
320
-952
-1344
-735
-930
0.10
0.15
0.06
0.05
-0.39
-0.43
-0.24
-0.30
0.47
0.49
0.28
0.34

56

S1

S2

S3

S4

434
405
272
271
-910
-1223
-724
-865
0.09
0.09
0.05
0.04
-0.38
-0.40
-0.24
-0.28
0.44
0.45
0.27
0.31

540
436
311
287
-994
-1344
-762
-896
0.12
0.10
0.06
0.04
-0.43
-0.47
-0.25
-0.29
0.50
0.52
0.29
0.32

1044
1074
628
617
-2476
-4116
-1441
-2098
0.25
0.19
0.06
0.03
-0.65
-0.97
-0.21
-0.27
0.71
0.94
0.25
0.29

1145
1068
694
663
-2598
-4004
-1641
-2243
0.20
0.14
0.06
0.03
-0.54
-0.75
-0.22
-0.27
0.60
0.74
0.25
0.29

Table 3.4. Minimum, maximum and average principal stresses and strains in the cancellous bone in the mid-transverse (MT) and
mid-sagittal (MS) sections of L1 under flexion. Stages of osteoporosis: S1 = stiffening of nucleus; S2 = stiffening of nucleus and
anulus; S3 = S2 + degradation of cancellous bone; S4 = S3 + degradation of cortical bone

Stage of Osteoporosis
Normal
MT

Max principal strain

57

Min principal strain

Max principal stress

Min principal stress

von Mises stress

MS

maximum
(µe)
mean
(µe)
maximum
(µe)
mean
(µe)
maximum
(MPa)
mean
(MPa)
maximum
(MPa)
mean
(MPa)
maximum
(MPa)
mean
(MPa)

MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS
MT
MS

249
392
135
185
-910
-1321
-417
-540
0.04
0.12
0.02
0.03
-0.41
-0.47
-0.14
-0.17
0.43
0.49
0.15
0.19

57

S1

S2

S3

S4

255
425
121
168
-957
-1380
-413
-518
0.05
0.13
0.01
0.02
-0.43
-0.49
-0.14
-0.17
0.45
0.51
0.15
0.18

357
755
144
215
-1182
-1695
-448
-560
0.13
0.23
0.02
0.04
-0.53
-0.60
-0.15
-0.18
0.55
0.62
0.16
0.21

754
1392
310
458
-2007
-3833
-791
-1312
0.17
0.18
0.02
0.03
-0.50
-0.57
-0.12
-0.16
0.61
0.64
0.13
0.18

748
1486
343
480
-2200
-4057
-922
-1411
0.12
0.16
0.02
0.03
-0.52
-0.55
-0.13
-0.17
0.59
0.57
0.14
0.18

Discussion
In this study, we investigated the progressive effects of tissue changes due to
osteoporosis on the overall behavior of the thoracolumbar spinal segment where
vertebral fractures often occur.16,36,53 We report the stress and strain predictions for the
L1 vertebra since the physical boundaries of L1 were completely modeled. While the
stiffened discs mainly reduced the flexibility of the overall segment and not tissue
strains, the material changes in the bone tissue substantially increased the fracture risk
of the segment by increasing not only the principal strains but also volume of bone
tissue subjected to high strains. High strains occurred mainly in the cancellous bone
(just below the superior endplate), suggesting that fracture initiates in the cancellous
bone with the knowledge that the yield strain of both cancellous and cortical tissues
are almost the same.70 Use of heterogeneous bone properties enable us to accurately
map the distribution of strain throughout the vertebra.

Increased stiffness of the spine with restrained motions may cause pain and
degeneration of vertebrae, which is an important health issue. As we observed, disc
degeneration defined in our study significantly increased both axial and flexion
stiffness of the segment verifying previously reported results.21,28,30 In addition, disc
degeneration altered the loading of the superior endplate of L1 thereby changing the
distributions of stresses and strains in L1 (Figures 3.2-3.5), in agreement with previous
studies.11,21,25,28,30,50 Our results do not support the general statement that disc
degeneration increases the stresses in the cortical bone.25,28 Although we observed the
same results throughout the vertebra, at some locations stresses reduced depending on
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the loading mode, which is in agreement with prior experimental data.50 We believe
the heterogeneous material properties of the vertebrae used in our study contributed to
this difference. In the same context, in compression, the anterior strains decreased,
implying that disc degeneration relieves the anterior side, and in flexion, the rate of
strain increase in the anterior was greater than that in other locations (Figure 3.6),
meaning that the risk of anterior wedge fracture increases, and that disc degeneration
altered load sharing, which are in agreement with previous findings.50 Our results do
not demonstrate that disc degeneration reduced the stresses in the cancellous bone.45
Although we obtained the same result for the mid-transverse section subjected to
compression, the cancellous bone stresses in flexion increased with disc degeneration.
The reason for the difference in the predictions may be the use of isolated vertebral
bodies by Homminga et al.45

Like disc degeneration, the reduction in the elastic modulus of bone tissue changed the
global behavior of the segment i.e., reduced stiffness of bone tissue reduced the axial
and flexion stiffness of the segment, verifying the previously published results.13
However, the changes in the stresses and strains due to the reduction in the elastic
modulus of the bone tissues were more pronounced than the stiffness decrease of the
segment. From stage 2 to stage 3 compressive strains in the cortex of the midtransverse section increased, in agreement with other studies.1,9,11,45 However, the
effect in the cancellous bone was more significant since the area of the high strain
elements (shown in gray in Figures 3.3, 3.5) increased markedly in the centrum of the
vertebral body after stage 3 as reported previously.45 Although, osteoporosis
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significantly increased the cancellous tissue subjected to higher strains, the volume of
bone tissue subjected to high von Mises stresses changed minimally (Figure 3.2),
reflecting the finding that bone tissue failure is dependent on the applied strain
level.46,48,49 We also observed that in the cancellous bone, maximum compressive
strain was always higher than the maximum tensile strain (2.3-3.8 fold), and maximum
compressive stress was higher that maximum tensile stress (2.6-5.3 fold) which
suggest that the fracture of the vertebrae will initiate in compression for both loading
modes investigated. The reduction in the elastic modulus of the cortical bone (stage 4)
changed the stresses and strains but to a lesser extent than the reduction of the elastic
modulus of cancellous bone did.

Softening of cortical tissue, increased the stresses and strains in both the cortical and
cancellous bone, demonstrating that deterioration of a single tissue envelope causes
redistribution of stresses throughout the vertebra.

The loading mode of the spine substantially contributed to the mechanism of vertebral
fracture. When the segment is loaded in flexion, the high compressive strain regions
(shown in gray in Figure 3.5) occurred just below the superior and above the inferior
endplates of the anterior vertebra, producing an increased risk for anterior wedge
fractures. This result is in agreement with clinical findings that that the anterior wedge
fracture is the most frequently observed fracture type.36,71-73
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Our study contains several strengths compared to prior work. We incorporated
heterogeneous bone properties and physical boundary conditions for the analysis of
the progression of osteoporosis in the L1 vertebra, which facilitates the determination
of an accurate stress distribution on the endplates and in the L1 vertebra to better
assess fracture risk. In terms of capturing the complete physical boundary conditions
of L1, our model is an improvement over two vertebra spinal segments.12,13,22,54,55,58
We incorporated patient specific, vertebral geometry and material properties, without
any assumptions of symmetry, average geometry and flat endplates, which would
underestimate stresses and strains and change the load paths. In addition, our model
better captured the true geometry than isolated vertebral models developed from CT
scans that use voxel-based elements causing a loss in the accuracy of the true
geometry and the cortical shell.10,38,45,74 However, our model development is not as
automated as in the voxel-based approach. Finally, we evaluated not only the effects
of disc degeneration but also those of bone loss, which allowed us to simulate the
effects of progressive tissue degeneration.

Our models have several limitations. We did not include viscosity, porosity and
nonlinearity of the materials. Therefore, impact or time dependent loading can not be
simulated. Due to these simplifications, we also can not capture the full mechanical
behavior of the motion segment. Bone tissue is not isotropic17,75-77 and we excluded
the orthotropic (or transversely isotropic) behavior of the bone tissue in our model,
which may underestimate the transverse stresses and strains. We neglected the
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presence of musculature in our model. Finally, our conclusions are based on a data
from a single individual.

A better understanding of areas of vulnerability under physiological loading will
provide insights into failure locations and improve efforts towards reconstruction after
fracture and fixation of osteoporotic vertebral bodies. This model clearly delineates
that osteoporotic bone is at high risk for fracture through not only increased bone
stresses and strains, but also changes in the volume and location of bone experiencing
these high strains. In addition, this study clearly shows that disc degeneration relieves
stresses at some locations and increases stresses at other locations depending on the
loading mode. In this study, we focused on the L1 vertebra but the stresses and strains
in neighboring vertebrae (as well as L1) will also change with treatment methods such
as vertebroplasty, kyphoplasty, spinal fusion or disc replacement. To truly understand
the effects of such treatments on the treated vertebra and neighboring vertebrae, FE
models need to incorporate at least four vertebrae with patient specific material
properties and physical loading conditions.
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APPENDICES

DATA FOR EVALUATION OF SLENDER GRAPHITE RODS

Finite element model of the graphite rod (finer mesh)

Frequency content of the rod obtained from coarse and fine meshes
8.E-16
7.E-16
6.E-16

finer mesh
coarse mesh

Amplitude

5.E-16
4.E-16
3.E-16
2.E-16
1.E-16
0.E+00
0

5000

10000
Frequency (Hz)
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15000

20000

Frequency content of the rod obtained for different analysis time
8.E-16
1709

1770

T=4096
T=16,384

Amplitude

6.E-16

4.E-16

2.E-16

0.E+00
0

2000

4000

6000

8000

10000

Frequency (Hz)

Frequency content of ROD 7 (un-cracked, reference specimen) obtained by
impact-echo test
1
0.9
0.8

Amplitude

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

2

4

6

8
10
12
Frequency (kHz)
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14

16

18

20

MESH SIZE ANALYSIS OF VERTEBRAL BODY

Finite element model of the L1 vertebral body (coarse and fine meshes)
Two different mesh sizes were used in the L1 vertebral body. For the coarse mesh, 8node or 20-node hexagonal elements were used. For the fine mesh, only 20-node
hexagonal elements were used. Both meshes performed well. Fine mesh was used
throughout this study. Results are summarized below.

Flexion

Compression

LOAD

Coarse Coarse Fine
8 node 20 node 8 node
Superior posterior displacement (mm)
2.12
2.13
2.14
Superior central displacement (mm)
2.30
2.32
2.29
Anterior mid-transverse von Mises stress (MPa)
92.56
92.2
92.21
Superior left minimum principal strain
-0.09170 -0.08310 -0.09357
Superior left von Mises sress (MPa)
79.60
69.83
82.52
Superior posterior-left minimum principal strain -0.11046 -0.09970 -0.10830
Superior central von Mises stress (MPa)
59.94
60.27
56.66
Superior posterior displacement (mm)
0.135
0.137
0.135
Superior central displacement (mm)
0.076
0.076
0.079
Anterior mid-transverse von Mises stress (MPa)
4.32
4.22
4.28
Superior anterior minimum principal strain
-0.00487 -0.00452 -0.00467
Superior anterior von Mises (MPa)
4.23
3.79
4.30
Superior posterior-left maximum principal strain 0.00505 0.00481 0.00498
Output
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COMPARISON BETWEEN 3 VERTEBRAE AND 4 VERTEBRAE SPINAL
SEGMENTS

Finite element model of T11-L2 spinal segment
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3 VERTEBRAE (T12-L2)

4 VERTEBRAE (T11-L2)

Von Mises Stresses for Compression

Von Mises Stresses for Flexion

Minimum Principal Strains for Compression

Minimum Principal Strains for Flexion

73

T12-L2 T11-L2 ∆ (%)
Von Mises, posterior (MPa)
Von Mises, center (MPa)
Von Mises, anterior (MPa)
Von Mises, left (MPa)
Von Mises, right (MPa)
Compression
Min principal strain, posterior (-micro)
Min principal strain, center (-micro)
Min principal strain, anterior (-micro)
Min principal strain, left (-micro)
Min principal strain, right (-micro)
Von Mises, posterior (MPa)
Von Mises, center (MPa)
Von Mises, anterior (MPa)
Von Mises, left (MPa)
Von Mises, right (MPa)
Flexion
Min principal strain, posterior (-micro)
Min principal strain, center (-micro)
Min principal strain, anterior (-micro)
Min principal strain, left (-micro)
Min principal strain, right (-micro)
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0.383
0.335
0.258
0.665
0.467
1187
767
518
1021
743
0.092
0.181
0.472
0.338
0.178
58
429
953
566
313

0.414
0.33
0.035
0.645
0.42
1305
924
71
813
614
0.08
0.158
0.423
0.131
0.291
49
452
910
200
548

-8
1
86
3
10
-10
-20
86
20
17
13
13
10
61
-63
16
-5
5
65
-75

EFFECT OF NONLINEAR PROPERTIES OF LIGAMENTS

Nonlinear ligament properties

25
ALL
PLL
SL
IL
LF
ITL
CL

Stress(MPa)

20
15
10
5
0
0

0.1

0.2

0.3
Strain
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0.4

0.5

LINEAR
Von Mises Stresses for Compression

NONLINEAR

Von Mises Stresses for Flexion

Minimum Principal Strains for Compression

Minimum Principal Strains for Flexion
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