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Abstract

Geometrical and structural properties of bovine vertebral bodies were measured from
laboratory specimens and used to develop finite element method (FEM) models. The
material properties (i.e. moduli) in the models were taken from recent published reports.
To validate the models, compression tests were performed on bone specimens using an

MTS testing machine, and stiffness was compared to that produced from the models.

For one out of_ the_. ;hrqe vertebral bodies tested, the FEM model predicted a stiffness
within the range measured. But by using parameters slightly lower than the mean, two of
the three models produced stiffness comparable to the experimental. Though accurate
measurement of geometry was shown to improve stiffness predictions, the cortical shell
thickness was the most sensitive input parameter affecting stiffness. The models indicated
that most of the vertebral body stiffness is due to the cortical shell. But the shell thickness
was troublesome to measure in the laboratory. With more efficient and accurate
measurement of geometry and bone density (as obtained with Quantitative Computed
Tomography, QCT), such FEM models may accurately predict strength and stiffness of

human bone in the future.
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1 Introduction

1.1 Problem

Progress in the fields of structural analysis and medical imaging has provided the
opportunity for the development of a new diagnostic tool. The Finite Element Method
(FEM) has been applied to orthopaedic biomechanics in an effort to better understand the
material structure of bone [1]. Quantitative Computed Tomography (QCT) has provided a
non-invasive measure of the amount of mineral in bones and has mapped the physical
dimensions of the bone itself. When QCT data is input into a FEM bone model,
predictions can be reached about the strength and stiffness of a bone.

The development of a QCT driven FEM diagnostic model is a massive undertaking.
This thesis provides an initial investigation into FEM modelling of vertebral bodies with
input data similar to that provided by QCT. Bovine (cattle) vertebral bodies will be used
for the experiments, but as the work is to be applied to human specimens in the future,
human models will be reviewed here and their material properties reviewed in Appendix

A and C.

1.2 Background

The muscloskeletal system provides movement and structural support for the body. It is
not surprising that the medical science concerned with such function, orthopaedics, has

used FEM for mechanical analyses of bone, cartilage, and ligaments. FEM has analyzed
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load transfer in bones and artificial-joint replacements, structural failure probabilities, and
of late analyzed time-dependent mechanical behavior and structural optimization [1],[2].

The method has also been used to analyze disease. Such a disease affecting the
mobility and health of elderly women is osteoporosis, which constitutes a decrease in
bone mass. (Recent predictions indicate that 54% of 50-year-old women will sustain
osteoporosis-related fractures during their remaining lifetimes [3].) Peak bone mass is
reached in the middle to late thirties, after which bone mass begins to decline. The bone
loss accelerates in women during the decade after menopause. Osteoporotic women have
an increased susceptibility to fractures to the hip and vertebrae by slight or even trivial
trauma [4]. Because treatment of osteoporosis is less effective after fracture, research is
being developed in bone mineral measurement with QCT [5] and stiffness predictions
with FEM models [6].

To provide background for the development of a FEM vertebral body model, this
section will review spinal FEM modelling, vertebral body compression tests, and some
relevant properties of bone. To provide the reader with an understanding of the complex
structure and terminology associated with the spine, a detailed anatomy of both bovine
and human spines is contained in Appendix A. (Some biological terms used to describe

the FEM models below are defined there and in references [7]-[18]).

1.2.1 Spinal FEM Modelling

FEM has been used extensively to model the spine. In the last few years, very large
complex models have been built which represent the vertebral column. The Dietrich et al.

FEM model [19],[20] represents the entire spine, including most muscles, ligaments, rib-
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cage, abdomen, and part of the pelvis. Shirazi-Adl’s model of the L1-S1 ligamentous
lumbar spine [21]-[24] has the specific geometry of a 65-year-old male obtained from CT
scans. Though these models provide a good analysis of the over-all motion of the spine,
they cannot provide an accurate description of the stress and displacement within the
vertebral body as the models assume the body to be rigid.

The vertebral body is actually a very complex structure (see Appendix A). Essentially,
the body is a mass of bone surrounded by a thin shell of dense bone, in a roughly
cylindrical shape. The dense outer bone will be referred to as cortical bone. The inner
bone is not solid, but forms bony beams, struts, and plates. The individual rods are
referred to as trabeculae whereas the entire structure of bony elements and subsequent
pores is called trabecular bone. Material testing has shown that both trabecular and
cortical bone are viscoelastic, strain rate dependent materials with anisotropic properties
[17]. Linde and Hvid [25] found that the stiffness of trabecular bone increased
asymptotically, and then reached a constant level after several nondestructive loading
cycles. Carter and Hayes [26] have also shown that trabecular bone properties are affected
by strain rate.

Though most models cannot incorporate the complex structure and material properties
of the vertebral body, there are some spine models capable of measuring its stiffness. They
have been built to represent a functional spinal unit, a portion of the human superior and
inferior vertebral body with the intervening disk [27]-[48]. In 1973, Belytschko et al.
[32]1,[33] were the first to apply FEM to a spinal unit, a structure assumed to be the
fundamental building block of the entire spine. By stacking their previous spinal unit

model, Goel et al. [34]-[39] have recently constructed a complex model which includes
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muscle forcing. These models assume linear isotropic material properties for the cortical
and trabecular bone. A spinal unit model was used to analyze stress distribution in
osteoporotic spines, and it was concluded that reduced thickness of the outer bone shell in
the vertebrae was a significant factor reducing ultimate compressive strength [40].

These earlier models put more emphasis on the intervertebral disk. However, the later
models are very sophisticated and used non-linear analysis: Shirazi-Adl et al. [41] have
developed a spinal unit model which includes the entire vertebrae including pedicles and
articulations, the ligamentous attachments, and collagen fibre layers in the disk; the spinal
unit model of Dietrich et al. [46] incorporates transversely isotropic materials; and that of
Ueno and Liu [47] incorporates both transversely isotropic materials and annulus fiber
layers. Yet, the results of the different models are highly variable and dependent on the
modelling assumptions. Suwito et al. [48] have investigated how geometric and material
properties affect the results in an axisymmetric model and have concluded that the
Young’s modulus of trabecular bone and the intervertebral disk annulus, the height of the

disk, and the ratio of the disk nucleus pressure and axial pressure most affect the results.

1.2.2 Review of Human Vertebral Body Models

Only a few FEM models which just represent a vertebral body have been reported. Short
[16] modelled human vertebral bodies in two dimensions by using beam elements to
represent individual trabeculae with a failure criterion based on inelastic buckling. The
geometry of the beams was based upon trabeculae measured from micrographs. Detailed
regional differences in the trabeculae were not modelled; instead, a mesh generator was

used to introduce randomization into the otherwise standard mesh. The results suggested
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that a single trabecular failure would affect the failure of nearby trabeculae, and the extent
of failure depended on the duration of loading at a critical level.

The simple vertebral body model designed by Mizrahi et al. [49] used isotropic linear
material properties. Values for trabecular bone modulus were varied and the cortical shell
was removed to investigate these effects on bending stress in the end-plate. Osteoporotic-
like conditions were found to increase the peak stress by 2.5 times.

Hakim and King’s [50] vertebral body model was compared to experimental test
results from a vertebral body specimen; the two where in close agreement. However, the
dimensions of the model and the actual vertebral body did not match, and subjective
observations were used to assign trabecular and cortical modulus values. Hence, the
model and the vertebral body cannot be directly compared.

For a FEM model to be used as a diagnostic tool, it must incorporate at least two
measurements made on the patient. The specific geometry of the patient’s vertebral body
must be used in the model, as must the density of the trabecular bone mass inside the
body. Neither of these properties where included in Hakim and King’s [50] model.

Specific patient geometry, such as measured by Alici et al. [51], has been incorporated
into vertebral body models. Lavaste et al. [52],[53] devised a method which builds a
simple but complete vertebra based on parameters measured from x-rays. However, the
material properties used in this model are not based on the patient’s bone density.

FEM models which did include trabecular density distribution have been designed
through a procedure described by Keyak et al. [54] where the geometry and density
measurements for the model were taken from clinical QCT. The technique has been

applied by Bozic et al. [55] to the cervical vertebra, and by Faulkner et al. [6] to the
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lumbar spine. The patient-specific, non-linear analysis from Faulkner et al. based cortical
and trabecular bone material properties on reports by Carter and Hayes [26]. Defining a
yield point using a 2% offset on the stress strain curve, vertebral strength was found to be
0.57 = 0.26 MPa for patients with osteoporosis and 1.46 £ 0.52 MPa for healthy patients.
Furthermore, it was found that the strength of vertebrae with the same total bone mineral
content could vary by a factor of two due to variation in bone distribution. Since no
compression testing comparisons were done in this study, the results may not correspond
with reality. As yet, no model has been found which has been sufficiently validated by

experimental material tests.

1.2.3 Material Testing of Vertebral Bodies

Compression tests on human vertebral bodies have been conducted for over 100 years
[56]. But tests have neither been conducted in great numbers nor with consistent
procedures so no standard test procedure has been formulated. As the material which
makes up vertebral bodies has complex structure and properties, a standard procedure
would be beneficial.

Figure 1-1 shows the ultimate load determined for the 24 human vertebrae from
various studies [56]-[61]. The labels on the horizontal axis are the names of the vertebral
bodies listed from head to toe (i.e. L1 refers to the first lumbar vertebrae). The plotted
points represent averaged measured ultimate load, except for Yamada’s [57] data which
was grouped into cervical, upper, middle, and lower thoracic, and lumbar regions. Though
there is large variation between different studies, much of this variation is due to the age

and bone quality of the specimens. Yamada’s and Perey’s [56] data are categorized by age
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Figure 1-1: Average Ultimate Load of Human Vertebral Bodies as a Function of
Spinal Position and Age

and show that strength is lost with age, as expected with lower bone density. Yoganandan
et al. [58] used specimens from elderly females, the population most susceptible to
osteoporosis, and these vertebrae had the lowest strength. The highest strengths were
measured from the two youngest populations (Kazarian and Graves [59]; and Gozulov et
al. [60]).

Yet there is unexplained variation between results from these several research groups.
Messerer’s data [61] includes young specimens which have about the same strength as
Yamada’s 60-79 age group. Though age can account for much of the variation in strength,
other factors such as health and physical fitness level are important. (Bone turnover can be

increased by physical activity. The compression forces on the lumbar spine of competitive
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powerlifters during lifts were predicted as high as 17 kN, far greater than the average
values above [62]). Age and health directly affect the density of bone in the vertebral
body. If bone density was measured in all these studies, the variation in ultimate load
could have been quantitatively explained by variation in density.

Procedural differences in the vertebral compression tests could also have affected
results. Viscoelastic properties ought to be considered when testing vertebral bodies (this
is especially true for stiffness measurement). The following should be taken into
consideration during compression tests:

. Strain rate

. Preload

. Duration of test and number of test cycles

. End boundary conditions

. Humidity, temperature, and salinity

. Specimen preparation, and time since death.

The properties of bone were not well known when earlier results were taken and the above
conditions were not considered.

Other interesting compression testing results have been obtained. It is well known that
the strength of vertebral bodies increase with position in the spine [14], which is partly
due to the increased cross-sectional area (laterally through the vertebral body) and is
logical since the lower spine supports more body weight. Also, Perey found little
difference between the stiffness of a vertebra and a functional spinal unit which implies
that the intervertebral disk may not supply as much compressional flexibility to the spine
as once thought [56].

No compression test was found which used bovine vertebral bodies. Though bovine

bone is the easiest and cheapest to acquire, the vertebral bodies are more difficult to test



9

than human. The highly curved end-plates are inappropriate for compression within flat

plates or disks, the typical method employed for human specimens.

1.2.4 Apparent Density of Trabecular Bone

Much of the variation in strength and stiffness of vertebral bodies can be explained by
considering the quality of bone inside the vertebral body. This can be achieved
quantitatively'by QCT (quantitative computed tomography), which provides a means of
measuring the mineral content of bone. The average attenuation of x-rays travelling
through a volume of bone is determined by CT scans. Scans are also made of potassium

dibasic phosphate (K,HPO,) samples of various concentration. The two attenuation

factors are correlated to obtain a measure of mineral density in the bone.

A simpler and less expensive means of determining bone quality is through the
measurement of apparent density, defined as the mass of the trabecular bone material
divided by the volume of its structure. The number and size of the trabeculae in a region is
related to apparent density. There are relationships between the stiffness and strength of
trabecular bone and apparent density.

In fact, the relationships between the material properties of trabecular bone and its
density has been actively researched for 28 years. Though various reviews of trabecular
bone have been compiled [17], [63]-[68], a more complete list of references regarding
correlations between apparent density and material properties is éontaincd in the
bibliography [25], [26], [69]-[117]. These references conclude that bone density is linked
to strength, Young’s modulus, and yield strain [113]. The correlations between Young’s

modulus and density are significant and power law relationships have been confirmed
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through theoretical work [17],[118]. But the correlation coefficients from each study are
substantially different. These differences provide evidence that factors other than density
contribute to trabecular bone’s elastic response, and some of these factors have been
discovered through current research.

As trabecular bone is anisotropic, the direction of loading is an important
consideration. Hence, any correlation which does not specify the orientation of the
trabecular bone cube is inexact. Strain rate is also an important factor, as proved by
Galante et al. [73] and Carter and Hayes [26]. Recently, Linde [115] has analyzed the
dependence on strain rate more rigorously. Carter and Hayes’ work also suggested that
bone marrow has no effect on the material properties of trabecular bone, but this point is
still under some controversy [66]. Their work compiled data from other studies on human
and bovine trabecular and cortical bone, and their relationship between density and
modulus was a nonlinear fit which included all the materials. Underlying this relationship
are the following assumptions:

1)  dense bone material has the same properties whether it is formed in small struts as in
trabeculae or in a dense cortical layer, and

ii) bone material is not substantially different between different species or different
locations in the body.

The first assumption was originally posed by Wolff [119] in 1892 and has been actively

debated since. The latest works by Rice et al. [107] and Rho et al. [116] indicate that the

assumption is incorrect. Rice et al. also disproved the second assumption, as they showed

that the coefficients of proportionality are different for human and bovine tissue.
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Future correlations may incorporate interspecies samples if the following factors are

considered:

* accurate representation of trabecular architecture [120]-[124];

» structural anisotropy, possibility through stereology to determine mean intercept
length or the fabric tensor [17],[113],[125]; and

* mineralization and collagen fiber orientations [65].

In addition, correlation coefficients may be improved with more sensitive experimental

techniques when determining the modulus of the bone samples [64]. Specimen geometry

(whether the specimen is a cube, a parallelepiped, or a cylinder of some length to diameter

ratio) can greatly affect the results [117], [126]-[127], as can confining the end surfaces or

lubricating them [115]. Temperature during testing has also been shown to have a small

effect [106].

Though an accurate, reproducible correlation between trabecular bone density and
Young’s modulus has not been developed, Rice et al. [107] have provided a correlation
that can be applied to the data of this study. Rice et al. pooled data from a number of
previous experiments. The data was grouped into categories of specimen orientation,
tension and compression testing, and species type (bovine and human), which resolves
some of the difficulties with previous correlations. Only trabecular bone specimens were
considered and the data was adjusted for strain rate using the relationship determined by
Carter and Hayes [26]. Though the trabecular bone was not taken from vertebrae, this
correlation is likely the most accurate to date for bovine material and will be used in this

study.
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1.3 Scope of the Present Investigation

This work provides an initial investigation of bovine vertebral bodies. Measurements of
structural properties and compression tests are done in the laboratory. The results are then

compared to FEM model predictions.

1.3.1 Objectives

The investigation uses the following experimental techniques designed to analyze
vertebral body structure and stiffness:
i) external measurement of the shape and dimensions of the vertebral body;

ii) internal measurement of the trabecular bone density, and the cortical bone shell
thickness; and

iii) compression tests for the vertebral body to evaluate stiffness.

Three bovine lumbar vertebral bodies are tested. Compression tests and apparent
density measurements have not been made on the bovine spine before. The results should
provide an interesting comparison to those obtained for humans, which are reviewed in
Appendix C. By making such a comparison, these experimental techniques can be
verified, providing a background for future work with human specimens.

To further analyze the vertebral bodies, simple FEM models are developed using the
geometrical and structural properties measured from the laboratory specimens. These
models are used to predict the vertebral body’s axial compressional stiffness (which was
measured in the compression tests). The material properties (i.e. moduli) used in the

model are taken from recent published reports, and the trabecular bone modulus is
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determined from its density measured in the laboratory. These models do not predict
vertebral body strength, as a failure criterion would be needed. Before such criterions can

be considered, the model must represent the elastic response of the bone.

1.3.2 Contributions

The experimental techniques and equipment designed in this work can be applied to
human tests in the future. The experimental results obtained from bovine vertebral bodies
provide valuable comparisons with human data, and may be used in veterinary medicine
as well.

Both the experimental tests and the FEM models demonstrate the important role that
cortical shell thickness and modulus play in the stiffness of vertebral bodies. These
parameters should be carefully considered in future human investigations.

It is hoped that this work will be applied to human FEM modelling using QCT, or
another type of medical imaging. Though the models are based on geometry and bone
apparent density (measured invasively in the laboratory), similar data is easily obtained
using QCT. The experimental techniques and the simple FEM models described in this
work, provide a foundation for future work with models linked to medical imaging. No
vertebral body FEM model has been properly validated by stiffness comparisons with
experimental compression tests. Such validations must occur before accurate predictions

can be made by QCT driven models.



2 Preliminary Experimental Set Up

The material tests investigate the mechanical properties of bovine lumbar vertebral bodies.
Stiffness, strength, bone density, and geometry will be assessed. For the mechanical
testing data to be meaningful, testing conditions must simulate physiological conditions in
the bovine. For the stiffness to be easily compared with the FEM models, a simple test
with known boundary conditions and loading should be used. Before commencing with
the tests, factors which affect the measurement of bone properties will be addressed, and
the availability of equipment determined so the methods can be designed around these

constraints.

2.1 Apparatus

Much of the material testing done on bone requires specialized equipment. Table 2-1 lists
the apparatus available to these studies. Their use will be described in the following

sections.

Table 2-1: Material Testing Apparatus

Equipment Type Manufacturer and Model

Coordinate Measuring Machine | Mitutoyo MTI Canada Ltd. DHN710
with Touch Probe

X-ray Imaging Device Phillips Radiotherapy Simulator

Computer Driven Data Acqui- | Video Technology Computers, Inc. LASER™
sition System 286X personal computer running Microsoft Corp.
GW-BASIC™ user made programs with Data
Translation, Inc. PCLAB™ DT2818 Simultaneous
measurement A/D 1/0 board (12 bit resolution)
attached to MTS System Corp. 459.10 Testlink
Connector Interface.




Table 2-1: Material Testing Apparatus

Equipment Type Manufacturer and Model
Servo-Hydraulic Press MTS System Corp. 810 Material Test System
Load Cell MTS Force Transducer 661.22C-01 (25000 N max-

imum load)

Extensometer MTS 632.12B-20

Band Saw General MFG. Co. Ltd. Model 590 with 6 teeth per
cm blade

9” Circular Sander Busy Bee Fine Machine Tools Model ST-BDS690

Ultrasonic Cleaner Struers, Metason 200

Centrifuge Sorall® Superspeed RC2-B

Compression Test Fixtures University of Victoria (See Figure 2-1)

Water Jet Spraying Device University of Victoria, 8 mm (5/16”) inner diameter
rubber tubing attached to standard water tap. Water
passage is reduced to a 2.4 mm (3/32”) diameter at
the nozzle with a metal reducer.

Mold Release T.R. Industries, High Temp Mold Release

Fast Setting Expansion Cement | Hartline Products Co., Inc., Rockite®

Top Loading Balance Mettler Instrument Corp.

As the ends of the vertebral body are not flat, they must be fixed by some means to the
loading plate during the compression tests. This can be accomplished by a moldable fixing
agent such as a resin or a cement. A compression test fixture was designed to attach to the
servo-hydraulic press and hold the ends of the vertebral body with a fixing agent. The
fixture shown in Figure 2-1 consists of an aluminum ring and plate which, when
combined, form a cup in which the ends of the bone can be affixed with cement. Two
fixtures were built to attach to the top and bottom surfaces of the vertebral body during

testing. The apparatus must not induce torsion in the vertebra or horizontal misalignment



16

140 mm (5172 )

102 mm (4 )
- Extensometer
[ =]
e —= ==\ attachment

(=] ) [=)

25 mm (17) Removable loading
ring
N \_/’,/
25 mm (17) Loading plate
\

35mm (13/87)

1 1/2 7 12UNC threaded stud on MTS
actuator arm. Slip rings fit around stud
during compression test

25mm (17)

Figure 2-1: Compression Test Fixture

during testing. Misalignment can be avoided by allowing the fixing agent to dry while the
vertebral body is in the correct position for loading. One end would be set first, and the

second end set while the alignment is adjusted.

2.2 Density Measurements

The density of trabecular bone is used to estimate Young’s modulus for the FEM models.
Techniques used to determine density must be consistent with those used in other work
which correlated apparent density to Young’s modulus. This section will examine various
techniques for determining density.

Bone mineral content or ash fraction measures the mineral component of the bone
only. Such a density is the ratio of the mineral mass to the total volume including the

pores. This can be determined in two ways: by baking the specimen in a furnace [128] or
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by using medical imaging devices (QCT, single or dual beam photon absorptiometry [65],
[98]). These measurements do not include the collagen and water content of bone, but the
imaging measurements are useful because they are non-invasive.

In contrast, apparent or structural density is the mass of the bone material (including
collagen) divided by the bulk volume of the specimen (including the pores).
Measurements have been made with specimens, wet and dry. Wet apparent density will be
used in this study for three reasons: Rice et al. [107] used wet apparent density (and their
results will be used here), the medical imaging devices are not readily available, and wet
apparent density most closely represents the entire structure of live bone in its natural
moist state. Though it would be an advantage to use a non-invasive technique, studies
have shown a close relationship between bone mineral content and apparent density,
indicating that any future model could use either mineral content or apparent density
[100].

One other technique used to measure density is ultrasound; this non-invasive
technique has been greatly improved over the past year and may be an effective
measurement technique in the future.

The determination of apparent density involves three steps: cutting a specimen,
removing the bone marrow, and measuring the density. In studies which correlated
Young’s modulus to density, the cut specimens required precisely flat surfaces for accurate
compression tests. As Young’s modulus will not be measured, this study need not be as
careful in the machining of the specimens (other studies have utilized precision band saws
[111] or low speéd diamond saws [129] for this purpose).

The removal of bone marrow and other soft tissue from the pores of trabecular bone is
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necessary, since marrow has a lower density than bone. Effective bone marrow removal
must be balanced against damage caused to the bone during processing. Soft tissue can be
removed by boiling the bone in water with an enzymatic detergent [64]. Though this
process completely removes the soft tissue, it also causes changes to the surface of the
bone, affecting its material properties. Hence, researchers correlating apparent density to
modulus do not typically use this technique. For specimens smaller than 10 mm, a water
jet can be used to dislodge the soft material. With low water pressure (e.g. that obtained
from standard water taps) this technique does not affect the integrity of the bone and keeps
the bone wet. It is uncertain whether water jetting completely removes all the bone
marrow, so after material testing, the specimens are typically treated with some solvents in
a water solution, with and without ultrasonic cleaning [121],[129],[130]. High pressure air
jets have also been used [83],[106],[115].

The density is calculated from the dimensions of the specimens (measured with a
caliper or micrometer) and the mass of the specimen (measured on a precision balance).
Water content of the trabecular bone poses a problem. Though measuring wet bone better
reflects its in-vivo properties, it causes the mass measurement to be dependent on time as
the water on the bone surface evaporates. This evaporation rate, in turn, is dependent on
the humidity and temperature. To obtain accurate results, water must be removed from the
pores, and mass quickly measured. Previous studies used time-specified evaporation
[115], and centrifuging ([73],[83],[113],[128]) to remove the water. Though all these
methods are partially effective in removing water, there is some uncertainty in the results

due to this mass measurement.
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2.3 A Preliminary Compression Test of a .6 Vertebral Body
As no previous work has tested bovine vertebral bodies in compression, estimates for their
compressional properties were needed to design a test with a fixed strain rate. Hence, an
L6 vertebral body was compressed in the servo-hydraulic press under manual control (or
dial control) of displacement. An epoxy resin was used to fix the vertebral body into an
aluminum test fixture. The load and ram displacement were measured when the apparatus
was compressed.
The purpose of this test was two fold: first, to determine how difficult the techniques were
to perform, and second, to determine “ball park™ values for the ultimate load, ultimate
contraction, and stiffness of lumbar vertebral bodies. As the stiffness of the epoxy is low,
the stiffness of the vertebral body could not be accurately measured and the contraction

was likely overestimated. The results are shown in Table 2-2.

Table 2-2: Measured Compressional Properties of the .6 Vertebral Body using

Epoxy as a Fixing Agent
Ultimate LLoad ) ) Stiffness
(kN) Ultimate Percent Contraction (kN/mm)
21 1.8% 24.5

The ultimate load and the percent contraction were used to set the displacement cycles
for the L5, L2 and L3 vertebral body tests which will provide the experimental data used
in comparison with the computer modelling. By performing this test, the need for a better

fixing agent was realized.
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2.4 Bone Fixation
Compression testing a structure without flat and parallel end surfaces is difficult.
Optimally, the vertebral body be should be rigidly fixed on all parts of its top and bottom
surfaces. In practice, a resin or cement is used as a fixing agent. This section will
investigate various methods of gripping the vertebral body during the compression test.
Many fixing agents are used for human spine testing. A partial list is given in
Table 2-3. Bovine vertebrae have very curved ends compared to human, making the
choice of fixing agent more critical. Other fixing agents have been used for long bones
with curved ends. For example, canine tibias were tested in compression, fixed with

polyester/styrene [136].

Table 2-3: Review of Fixing Agents for Human Spine Compression Testing

Specimen Type Fixing Agent Reference
Plaster of Paris [131]
Dental plaster and screws [132], [133]

Bone cement of PMMA (polymeth- | [134],[30]
Functional spinal units | ylmethacrylate) and side screws

Bone cement only (PMMA) [135], [136]

Two component cement (plastic [137]
padding) and screws

Silastic J-RTV silicone spacers [16]

Steel cylinders [58]
Single vertebra

Partial disk on steel cylinders [138]

Dental acrylic [139]

Many of the fixing agents listed above, such as silicone and plastic padding, have

Young’s moduli near or below that of trabecular bone. Because silicone deforms during
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testing, shearing will occur along the end-plate, increasing the loading complexity.
However, this loading more closely represents physiological loading by the disk.

Another approach is to use a very stiff material for fixation which undergoes little
deformation during the test. As the load and deformation data is to be compared to a FEM
model, this approach is preferred, even though a stiff fixing agent provides a loading
different than the physiological situation near the end surface. The cartilage end-plate, the
subcondral bone, and the underlying trabecular bone near the end-plate can all be affected;
most fractures, in-vivo, occur in this region and previous studies have shown it to be one

of the weakest parts of the spine [16], [56], [140], [141].

Four criteria were used to determine a fixing agent. The material must:

* be stiff, i.e. have a Young’s modulus near that of cortical bone (~20 GPa).

* be pourable, but set hard within a day so the bone is not exposed for a long time in the
laboratory environment.

* be easy to work with and provide reproducible results.

* be inexpensive and readily available.

Table 2-4 lists Young’s moduli and setting times for various fixing agents. The
measured Young’s moduli were determined using cylindrical specimens on a loading
platen with a technique similar to that described for the cement samples in Section 3.2
“Compression Testing”. These measurements are imprecise: exacting techniques were not
used as the purpose was to evaluate the comparative stiffness rather than an absolute

standard.



Table 2-4: Possible Fixing Agents

22

Expected Measured
i Young’s Young’s Setting time
Fixing Agent Modulus Modulus
(GPa) (GPa)
Bonf% Cement, CMW2, C.M.W. Labo- 2.8 [142] . T
ratories Ltd.
Epoxy Resin, Cold Cure, Industrial 1 hr 80%
Formulators of Canada Ltd. 0.88 (tension)? 09-1.0 cure. 7 days
100%
Epoxy (Cold Cure) reinforced with
70% by vol. Unimin 4060 #30 free sil- - 0.1-1.6 ~ 18 hr
ica powder.
Plaster of Paris, Polym Lepage’s Lim- 09-6.9 02-05 ~20 hr
ited [143]°
Fast-setting Concrete, Post-Haste, Tar-
get Products Ltd. o A =Bas =2
Fast-setting Expansion Cement, Rock- .
ite, Hartline Products Co., Inc. ~30 20 3 hr

a. Measured by manufacturer.

b. Value depends on water in mix, data not for product tested.
c. Approximated from manufacturers strength measurement (x 1000).

Bone cement, or poly(methacrylate) has most of the characteristics required, yet is

expensive and has a low Young’s modulus. An inexpensive epoxy was tested as an
alternative. Since it also had a low modulus, the epoxy was filled with silica powder to
provide stiffening. Unfortunately, either because too much powder was used, or because
the epoxy bonded poorly with the silica, the composite lost stiffness. Published reports
indicated that plaster of Paris has an acceptable stiffness, yet the product tested in the

laboratory had low stiffness and a long setting time, likely due to the amount of water
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required in this quality of plaster. A logical step after trying plaster was to try another
common building material, namely fast-setting concrete. Again, due to the quality of the
product tested, the results were discouraging.

Finally, a high quality fast-setting expansion cement was found with adequate
properties. This cement sets within 30 min and within an hour has a strength of 32 MPa
(quoted from manufacturer). Laboratory testing indicated a stiffness as required. Though
the fast setting time is an advantage, an organized laboratory procedure is required if the
vertebral body is to be set into the cement before it hardens. Also, the setting of the cement

produces a significant amount of heat which could harm the bone surface.

2.5 Environmental Conditions

Conditions during compression testing must not greatly affect vertebral material
properties. Temperature, humidity, and salinity effects are small compared with the
variations that will likely occur between different animals, and between different lumbar
vertebrae. Hence, this study will conduct the testing at room temperature in an open
environment. For a more precise study, the test would have to be carried out under

conditions near in-situ (38.6° C, in 0.9% NaCl saline solution).

2.6 Strain Rate and Loading Conditions

As vertebral bodies are composed of viscoelastic materials, consistent loading methods
were used throughout the tests. Though a constant strain rate cannot be imposed through
out the vertebral body, a constant displacement rate can be specified by the actuator arm

on the servo-hydraulic press though the use of a linear variable differential transformer
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(LVDT). By compressing the vertebral body many times in succession, an indication of
the time dependence on stiffness can be determined. The microprofiler on the servo-
hydraulic press was programmed to produce compression cycles of various amplitudes.
Thus, during the test the maximum displacement is low until the load-deformation curves
are repeatable. Then a ramp-and-hold program on the microprofiler is used to compress
the vertebral body to the yield point.

Recording the load and deformation can be done digitally using a computer-based
acquisition system. Though the hardware was set up on the MTS machine, custom
software needed to be programmed using GW-BASIC. During the test, three channels,
load (measured with the force transducer), displacement (measured with the LVDT), and
displacement (measured across the test fixtures with the extensometer), will be recorded at
20 or 40 Hz on the personnel computer while the load and deformation will be plotted on

the video screen. The program’s graphical scaling and error checking are rudimentary.
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3 Experimental Methods

As well as measuring load versus deformation for the vertebral bodies, the material tests
must provide data for structuring the FEM model. The outer dimensions and shape, along
with information on the internal structure of the vertebral body (i.e. apparent density of
trabecular bone and thickness of cortical bone shell) will be extracted from the specimens.

To simplify the descriptions of the vertebral body’s orientation, the following
conventions will be used. The surface of the vertebral body which is closest to the head of
the cow when in the animal’s body will be referred to as ‘top’, whereas a surface which is
closest to the rear will be ‘bottom’. Also, a surface which is closest to the abdomen will
be denoted ‘front’ and the one near the cow’s back will be ‘back’. ‘Lateral’ will define a
direction either to the left or the right side, relative to the body of the cow. These terms are

used to reduce medical jargon.
3.1 Bone Preparation

Though bovine material is widely available, butchers split the animal through the middle
of the spinal column, destroying the vertebral bodies. After some searching, an intact
bovine lumbar spine was purchased from an animal food processing facility in the Fraser
Valley. Unfortunately, no detailed information on the history or health of the animal was
available. The lumbar section of the spine, cleaved at both ends, was frozen in a plastic
(polyethylene) bag, since freezing reportedly has no effect on the properties of bone.

[131], [144].
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By cutting the pedicles and disk, the individual vertebral bodies were removed from
the spine. Three vertebral bodies were tested: L5 was tested first and L2 and L3 were later
tested together. As the vertebral bodies warmed to room temperature, soft tissue was
removed using a scalpel. To prevent dehydration, the vertebral bodies were covered with
saline-soaked gauze and placed in plastic bags. During the period between dissection and

testing, the vertebral bodies were refrigerated.

Before the compression tests, some non-destructive measurements where taken on
each vertebral body. Points on the surface of the L5 vertebral body were digitized for use
in the FEM models. The vertebral body was supported by screws pressed against its
surface (see Figure B-1). The touch probe on the coordinate measuring machine was
positioned to measure points on one area of the bone, then repositioned to measure
another area. To digitize the entire surface, data had to be referenced to two different
origins and the vertebral body had to be removed from the screws, rotated, and
repositioned once. To reference all the data sets to a common coordinate system required
data processing described in Appendix B. The L2 and L3 vertebral bodies were x-rayed to
visualize the internal structure of the trabecular bone. It was hoped that these x-rays
would aid in the alignment of the vertebral bodies for the compression test, but an
appropriate procedure was not formulated. Height measurements were also taken with a

caliper.
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3.2 Compression Testing
The compression tests consisted of three steps. The vertebral body was cemented in the
test fixtures and test samples of the cement made. Then the vertebral body underwent
compression loading cycles. Finally, the cement samples were tested to determine their
modulus.

Before the cement was poured into the test fixtures, the aluminum cups were coated
with a wax based mold release for easy cement removal. As the concave shape of the
bottom vertebral body surface was easier to align than the convex top surface, it was set
first with its long axis (top-bottom direction) perpendicular to the plane of the loading
plate. A portion of the cement mix was used to fill a cardboard cylinder to form the cement
sample. Once the cement was partially hardened, the ends of the cylindrical cement
sample were planed with a circular sander. The test fixture / vertebral body assembly was
attached to the upper arm of the hydraulic press. The other test fixture, attached to the
lower arm, was filled with cement and the vertebral body lowered into the wet cement.
Another cylindrical cement sample was made. The assembly was left to harden in the
arms of the press for at least one and a half hours before load was applied. The ends of the
second cement sample were planed with a sander, and the diameter and height of both
cement samples measured (with two opposed diameter measurements on each end, and
two or three height measurements). The extensometer was attached to the metal L-bracket
on the test fixtures just before compression testing. The procedure took between 3 and 5

hours to complete.
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Once the set.up was complete, compression testing began with a number of loading
cycles with varying peak displacements. During all the compression cycles, the actuator
was moved at 0.0847 mm/sec to its peak displacement and returned. This displacement
rate was used to avoid the more pronounced dependence on strain rate at higher rate
levels. The first four or five cycles were kept at a low peak displacement level and then the
peak displacement was increased. If needed, additional cycles at higher peak
displacements were used to fail the vertebral body. Load and displacement across the
aluminum cups were recorded using the computer-driven data acquisition system.

Directly after the vertebral body testing, the two cylindrical cement samples were
loaded under the same loading rate. The extensometer was attached on the surface at mid-
length. The loading plate of the test fixture was used to press against the flat end surface of

the cement cylinder.

3.3 Trabecular Density and Cortical Thickness Measurements

The FEM models required a modulus value for trabecular bone, and a thickness for the
cortical bone shell. Hence, the intact vertebral bodies were cut into four or five sections
across the long axis using a band saw. Calipers were used to measure cortical shell
thickness across these sections of .2 and L3. The perimeters of the sections were traced
on graph paper so the geometry could be used in the FEM models. Smaller sections were

cut across the long axis of LS to measure the thickness of cortical bone on the end-plates.

Apparent density of trabecular bone was measured to calculate trabecular Young’s

modulus. Cubes and triangular prisms of trabecular bone were cut from the bone sections
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and their edges aligned with wet and dry sand paper (silicon carbide 220 grit). Three to
five caliper measurements on each dimension determined volume with a measure of error.
Internal soft tissue inside the porous cube/prism was removed by repeating a 10 min water
jet and a two hour ultrasonic cleaning in 95% ethanol. The trabecular bone was left in
saline to equilibrate overnight. Water was removed by centrifugation at 8000g for 15 min
and the cubes/prisms weighed. Most cubes were weighed twice to observe the effect of
evaporation during the weighing process. The apparent density was determined by

dividing this measured mass by the previously measured volume.

3.4 Calculations for Derived Quantities

Young’s modulus for the trabecular cube/prisms was calculated using the empirical

correlation given by Rice et al. for longitudinal compression of bovine bone [107]:

E = 0.07 +2.46p° (3-1)

where Young’s modulus, E, is in GPa and apparent density, p, isin g cm™. This quadratic
prediction model came from a larger model including human and bovine data tested in
compression and tension in various bone orientations. The large model explained 78% of
the variance in E, with a standard error of the estimate for £ as 0.243. Using this equation
to predict Young’s modulus will produce some uncertainty in the modulus value (though
the standard error will be less, at least slightly, to the one for the large model incorporating
all the variables).

Young’s modulus is also dependent on strain rate: the above equation is normalized to

a strain rate of 0.01 s™'. To calculate Young’s modulus for the strain rate employed in this
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work, the 0.06 power law established by Carter and Hayes [26] was used. The law states
that Young’s modulus is proportional to the 0.06 power of strain rate. An approximate

height of bovine lumbar vertebral bodies is 70 mm. The actuator speed (0.0847 mm/sec)
divided by this height approximates a strain rate of 0.0012 s, Hence, to correct Equation

3-1 for strain rate, E is multiplied by (0.0012/ 0.01)0'065 0.881.

Vertebral body stiffness was determined from the slope of the load versus deformation
curve. A linear regression was fit to the data within a certain load range. Ultimate load
was taken at the first point following the elastic region where a tangent to the curve
became parallel to the deformation axis.

Cement sample modulus was calculated from the slope (k) of the load versus
deformation curve. Load range was determined from the vertebral body tests. Using the

gage length (/) and the diameter (d), Young’s modulus was calculated as:

E=212 (3-2)
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4 Experimental Results

4.1 Measured Geometry

The measured heights and cross-sectional areas of the vertebral bodies are listed in
Table 4-1. Each cross-sectional area was measured from a position along the vertebra
from the top end. The photographs in Figure 4-1 indicate where those cross-section cuts

were made for the L3 vertebral body.

Table 4-1: Measured Vertebral Body Geometry: Height and Cross-Sectional Area

L2 L3 LS
Position Area Position Area Position Area
(mm) (mm?) (mm) (mm?) (mm) (mm?)
10.4 1835 7.6 1975 6.8 1337
14.8 2254
24.4 1211 24.1 1192 24.8 2019
31.8 1710
40.6 1170 40.6 1271 39.8 1585
49.8 1621
56.7 1728 58.7 1988 59.8 1944
67.8 2396
Summed | Averaged | Summed | Averaged _ Averaged
) . ) Height )
height area height area area
2 2 (mm) 2
(mm) (mm~) (mm) (mm®~) (mm®)
68 1453 71 1574 76 1881
Height caliper measurement (mm)
7242 12%2




Figure 4-1: Photographs of the L3 Vertebral Body after Cutting into Cross-Sections
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The results for L5 were determined from the digitized surface measurements, which

were used in the ANSYS® FEM program. Area was determined using the routines in the
program. In contrast, the cross-sections of L2 and L3 were traced on graph paper during

the sectioning process. Two dimensional coordinate values from the tracings were then

used in ANSYS®. The longitudinal positions for L2 and L3 were based on the caliper
height measurements on each slice of the vertebrae.

Heights of the intact L2 and L3 vertebrae (also measured with calipers) are listed at
the bottom of the table; these correspond to the maximum height on the bodies. A series of
measurements were used to determine the error bound, which is high because of the
difficulty of measuring the dimensions of a wet, highly curved object. The “summed
height” in the table was determined by adding up the individual heights of the sliced
sections. This height, when compared to the more accurate intact height below, gives an
indication of the accuracy of the position measurement for the cross-sections.

Future calculations require a cross-sectional area representative of the entire vertebra.
This “averaged area” was determined by weighting the area to the portion of the length it

applies to by the following expression:

(X 1= %)

A.
i=1 '( ng”_xj)

j=1

(4-1)

where A; and x; are the cross-sectional areas and longitudinal positions in Table 4-1 (xny
being the summed height) and N is their number (4, 4, and 8 for L2, L3, and L5
respectively). To be consistent, the average L5 cross-section can also be calculated using 4

sections by averaging the first two and using the two others which are close in position to



34

the L2 and L3 position. The result is then 1819 mm?, a 3.4% percent difference from the
result using all the cross sections for LS.

As in human anatomy, the bovine vertebral bodies become larger as one moves down
the spine. Thus, L5 is slightly longer and much broader than L3, and L3 is broader than

L2.

Plots of the cross-sections formed in ANSYS® are shown in the next three figures. The
number beside each cross-section relates to the order they are found in Table 4-1. Plots for
L5 were made with the raw digitized surface data and the surface roughness reflects the
data’s accuracy. Assuming that the surface is smooth and observing that the surface data
points can deviate as much as 5% from an approximate radius, an upper bound on the
area’s error is 10%. As the surface is irregularly curved, this upper bound is high and the
actual error lower. Assuming that the traced data from L2 and L3 may err by about one

millimeter normal to the surface, an error approximation of 10% is obtained for L2 and
L.3. The difference between the area determined from counting the mm? boxes on the

graph paper, and the area determined in ANSYS® was 2%.

4.2 Cortical Shell Thickness

The thickness of the cortical shell was highly variable in all the vertebrae as indicated in
Table 4-2. Mean and standard deviation (in brackets) in the table were determined by a
series of approximate measurements. The thickness is categorized by region on the
vertebra. Since cortical thickness was measured on the smaller cube/prisms for L5, end-

plate thickness was also measured, but the difference between front and lateral position
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Table 4-2: Measured Cortical Shell Thickness"

37

Vertebral | End-plate Lateral Front Back Average | Sample
Body (mm) (mm) (mm) (mm) (mm) size
L5 3.31(2.1) front-lateral 1.5 (.7) 0.9 (4) 1.23.(T) 25
L2 1.6 (.3) 1.2 (.5) 0.8 (.2) 1.14 (.5) 17
L3 2.0(.5) 1.7 (.5) 1.0(.1) 1.67 (.6) 18

* Standard deviation in brackets.

was not taken into account. The average value calculated for the L5 vertebral body did not
include the end-plate measurement.

Statistical z tests were used to determine whether a vertebra or a region on a vertebra
was significantly thicker or thinner than another. A 99% confidence level or a significance
level of o = 0.01 was used. Two assumptions are made in this analysis: the sample’s
average represents the actual mean of the population, and the measurements are
distributed normally. As the size of all the above samples was below ten, these
assumptions may not hold perfectly.

Due to the high standard deviations, only one significant difference could be
determined between the vertebrae: the 1.3 back surface is thicker than the L2 back surface.
There are significant differences regionally on individual vertebra. The back thickness on
L2 is significantly less than the lateral thickness, and in .3 and L5 the back thickness is
less than the lateral and front thickness. As the back region of the vertebra is supported by

the neural arch, it is not surprising that this region has the lesser thickness.
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4.3 Trabecular Density and Modulus

The predictions for Young’s modulus through apparent density are given in Table 4-3.

Table 4-3: Sample Statistics for Density and Modulus of Trabecular Bone

Apparent Density (g cm-3) Young’s Modulus (GPa)

L5 L2 L3 L5 L2 L3
Mean 0.711 0.670 0.745 1.176 1.047 1.296
Median 0.708 0.672 0.734 1.150 1.045 1.240
Btandamd 0.072 0.061 0.108 0.222 0.187 0.359
Deviation
=ample 23 10 B 23 10 1
Size .

A group of specimens, used to measure apparent density from the L3 vertebral body, is
shown in the photograph in Figure 4-5. The results from the measurements are shown in
the next three figures for the three vertebral bodies. The error bars in these plots denote the
experimental error calculated from the combined standard deviations of the volume and
weight measurements. The data are plotted from lowest density to highest, making the
variation between datum clearer.

The apparent density did not differ substantially between the three vertebra
(significance level oo = 0.01), but there was large variability within each vertebra as
indicated by the standard deviation in Table 4-3 and the plots below.

Young’s modulus is calculated from the apparent density using Equation 3-1. As the
dependence is quadratic, the slight increase in density causes a greater increase in the
modulus prediction. Accordingly, the error estimations on the denser cube/prisms

correspond to greater error estimations on the modulus.
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,
Figure 4-5: Photograph of the .3 Trabecular Bone Specimens used for Apparent
Density Measurement
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Figure 4-6: LS Trabecular Apparent Density and Young’s Modulus Data
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4.4 Compression Testing Data

During the compression tests, stiffness was measured at various loads and cycles. An
approximate strength value was also taken for each vertebral body. One observation was
made during the tests: blood and marrow was expelled through the back vein canals (see
Figure 4-9). Based on this observation the marrow must aid, to some extent, to the
stiffness and strength of the vertebral body. The photographs in Figure 4-10 show the L2

and L3 vertebral bodies during the compression tests.

Figure 4-9: Photograph of the Marrow Ejection from the L3 Vertebral Body



Figure 4-10: Photographs of the (Top) L2 Vertebral Body / Test Fixture Assembly
and the (Bottom) .3 Assembly During the Compression Test.
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Though the displacement cycles were designed using the results of the test for the L6
vertebral body fixed with epoxy, the maximum displacement in the original cycle was not
large enough to fail the vertebral bodies fixed with cement. Hence, different loading
cycles were used for each vertebral body. The displacement cycles used are shown

graphically in the following sections.

4.4.1 LS Compression Data

The first nine displacement cycles are shown in Figure 4-11. The original intent was for
the first five cycles to determine the stiffness and the sixth to fail the body. After the sixth
cycle and no failure, the displacement was returned to zero; and three other higher

displacement ramps used.

The load deformation response for the first seven cycles is shown in Figure 4-12. Note
the strange flat plateau on the sixth and seventh cycles of the curve. This is not a
characteristics of the vertebral body but an error caused by the assumptions made with the
L6 vertebral body test. The MTS machine was set for a maximum load just above the
recorded ultimate load for L6 (about 22 kN). This was to improve the resolution of the
analog to digital conversion. But when a higher load was applied, the result could not be

recorded.

A greater load range was set, but the limit of the extensometer range was exceeded
without failing the vertebral body. The eighth and ninth cycles show a dramatic change in

the stiffness of the vertebral body (Figure 4-13).
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Figure 4-15: LS Load versus Displacement during Failure

To increase the displacement range, the extensometer was removed. The deformation
was recorded with the LVDT and shown in Figures 4-14 and 4-15. An ultimate
(maximum) load was achieved. Note the unusual vertical ending to the load deformation
curve. During this stage, the displacement is constant, yet the load is continually dropping.

Hence, the body is undergoing a relaxation.
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4.4.2 L2 Compression Data

During the loading of the L2 vertebral body, the extensometer exceeded its limit twice. As
it had to be reset both times, the data was recorded in three sets, with each set referenced
to a different zero displacement. Hence, the figures are in three sets of three. Plots of
displacement versus time, load versus displacement and load versus time are shown in the

following figures for the three data sets.

The first data set consists of cycles one though five, the second, six through seven,
and third, eight and nine. The final loading cycle is not shown, though the ultimate load
was recorded. The largest loading cycle in the first set shows a strange peak, indicating
that the load dropped off with little displacement change. This is in fact a relaxation, as
seen in the LS body. Displacement is not physically increasing, but the electronically

recorded zero is being adjusted to compensate for exceeding the limit of the extensometer.

The seventh cycle has a similar anomaly at the highest load which is due to adjusting
the load zero. In both the seventh and eighth cycle, the slope of the load deformation curve
is S shaped, with the middle displacements causing a higher stiffness than the lower and
higher displacements. This is typical of biological materials [57]. But in the eighth and
ninth cycle, this trend is less strong with the higher displacements causing a similar

stiffness compared to the middle region of the curve.
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4.4.3 L3 Compression Data

Extensometer displacement (mm)

Load (kN)

Load (kN)

20
15
10
05
0.0 1 1 1 A 1
50 100 150 200 250
Time (sec)

1
0.0 05 10 15 20

Displacement (mm)

Figure 4-26: 1.3 Load versus Displacement
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The five loading cycles used for the L3 vertebral body are shown in Figures 4-25 through
4-27. An error is seen at the peak load and displacement. The maximum set displacement
was not great enough to fail the vertebral body. The displacement exceeded both the
electronic limit and the physical limit of the extensometer. As a consequent, a straight
horizontal line can be seen in Figure 4-26 at which point the displacement held constant at

its physical limit.

Subsequently, a relaxation occurred where the load decreased during this fixed
displacement. Note that L3 was not displaced enough to enable an accurate measurement

of ultimate load before the relaxation had substantially altered the body.

4.5 Stiffness

The slope of the displacement versus load curves was determined at 5, 15, and 25 kN load
levels and plotted against displacement cycle in the following figures. The general trend
was a stiffening of the vertebral body with increased loading until a large load was applied
causing a drop in stiffness. L5 was the stiffest vertebral body, with a measured stiffness
between 37.5 to 60.9 kKN/mm. The stiffness measured at the 5 kN level was generally
highest followed by the 15 and 25 kN. The L2 and L3 vertebral bodies had lower stiffness
ranges (between 15.2 to 35.3, and 21.1 to 38.4 kN/mm respectively). For these two
vertebral bodies, the middle 15 kN load level had the highest stiffness, followed by the 5

kN and then the 25 kN levels.
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Figure 4-30: L3 Stiffness versus Cycle

4.5.1 Cement Fixation Modulus

In general, the testing of the cement cylindrical samples had a high error. During some of
the testing, the extensometer attached to the surface of the cement slipped in position.
Though the ends of the cylinders were sanded flat and were relatively parallel, some of the
test samples broke in two along the middle of the long loading axis, indicating that the
stress on the cylinder was not equal through a cross-section.

Another problem occurred because the cylindrical samples were set to harden in card
board molds whereas the cement used with the vertebrae was set in the aluminum test
fixture. The cardboard was a much better insulator, keeping more heat in the curing
process of the cement when compared to the aluminum container. This influenced the
Young’s modulus measurements which were made less than two hours after the cement

had hardened.
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Table 4-4: Young’s Modulus for the Cement Samples

Mean Standard Load
Cement Test , e _
Sample Compressive | Deviating Range Sample Size
Modulus (GPa) | for Modulus (kN)
7.1 04 4-14 13
L5 #1
8.3 0.3 4-30 2
10.1 0.6 4-16 5
L5 #2
11.4 0.3 4-37 2
L2 #1 12 0.7 4-16 3
L2 #2 20.1 0.8 4-25 1
L3 #1 10.6 0.5 4-25 1

Though these measurements are not precise, they do provide some information on the
loading condition at the surface of the vertebrae. Table 4-4 lists the measured moduli for
the two cement samples for each vertebrae. The sample size indicates the number of
displacement cycles used for a particular vertebrae. The standard deviation is calculated
from the error approximation made during the area measurement and from the standard
deviations for the displacement versus load slopes. If only one slope was measured, the
standard deviation was calculated from the least squares fit to the line.

The reproducibility of the cement’s stiffness was evidently poor, with a range of
values between 7.1 and 25 GPa. Assuming that these results are correct, the average
modulus (12 GPa) is below the 20 GPa set as a criteria for the cement (see page 21).

How this affects the measured stiffness of the vertebral bodies is not easily

determined.  Material at the bone/cement interface may undergo different stress
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depending on its lateral position. The curved surface of the end-plate further complicates
the loading. As an approximation, consider the loading system equated to three springs
compressed in series. Also assume that the modulus of the concrete can be related to its
stiffness by multiplying by the cross-sectional area of the vertebral body contacted to it,
and dividing by the cement’s height (~25.4 mm). Then the stiffness of the vertebral body

can be corrected by the following formula:

K - m (4-2)

e 25.41<m( E1]A1 + EzlAz)

where K. and K,,, are the corrected and measured stiffness, £; and E, are the cement
compressive moduli from Table 4-4, and A; and A, the bottom and top vertebral body
cross-sections in Table 4-1 (except A, for L5 which is the average of the two most upper
areas). A plot of these relationships for each vertebrae in the domain measured is shown in
Figure 4-31. The range of the corrected stiffness is 42-74 kN/mm for LS5, 16-39 kN/mm
for L2, and 22-41 kN/mm for L3. The correction affects the higher stiffness values to a
greater degree than the lower. A more accurate correction will be considered in Section 5

“Model Stiffness Predictions”.

4.6 Strength

Ultimate strengths have been included in this study for completeness, but these results are
questionable. There is no fixed cross-section on a vertebral body and dividing the ultimate
load by some particular cross-section does not give a good indication of the material level

stress at failure. Yet, researchers have used the area of the end-plate to calculate a stress
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Figure 4-31: Stiffness Correction Due to Cement Fixations

value. A more accurate method would be to use an average area as defined in Section 4.1
“Measured Geometry”. The bottom area, which represents the end-plate area, and the
average area will both be used in Table 4-5. The ultimate strength calculated from the
average area varies less between the vertebral bodies than the strength calculated using the
bottom area.

The displacement cycle used during compression testing made measuring ultimate
load difficult. The displacement rate was constant throughout a compression cycle, except
when the vertebra was to be failed. Then it would be compressed at a constant rate until a

certain displacement was reached and the ram would hold at that point. As was seen in the
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load and displacement data in Section 4.4 “Compression Testing Data”, this holding
position was typically below the level required to break the specimen. During the holding
position, the vertebral bodies went through a relaxation. Therefore, the values shown in
Table 4-5 do not accurately represent the ultimate load at 0.0847 mm/sec. This is
especially true in the case of the L3 vertebral body. As seen in Table 4-5, the vertebral
bodies had increased ultimate load with position along the spine (i.e. LS had the greatest

ultimate load, and L2 had the lowest).

Table 4-5: Measured Vertebral Body Ultimate Load and Ultimate Strength

Bottom Cross-Section Average Cross-Section
Vertebral Ultimate
EI:B:d It Load Ultimate Ultimate
y (kN) Area (mm2) Strength Area (mmz) Strength
(MPa) (MPa)

1.2 34 1728 19.7 1453 23.4

L3 37 1988 18.6 1574 23.5

L5 45 2396 18.8 1881 23.9

4.7 Vertebral Body Strength Predictions Based on Trabecular Bone Strength

In section 4.3, empirical relationships from Rice et al. [107] were used to predict the
modulus of trabecular bone from apparent density; Rice et al. also derived empirical
relationships for trabecular bone strength. Assuming that the failure of the vertebral
bodies is due to the failure Qf trabecular bone, there should be a close correlation between

vertebral strength and trabecular bone strength.
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Figure 4-32: Comparison between Predicted Trabecular Bone Strength and
Measured Vertebral Body Strength for the Bovine Specimens

To investigate this hypothesis, the predicted strength of trabecular bone is plotted with
the measured strength of the bovine vertebral bodies. The three predicted strengths are
based on compression tests using three methods: confined specimens, unconfined
specimens, or indentation tests. As with the modulus predictions, the predictive formulas

must be corrected for strain rate; the formulas for the strength (in MPa) of bovine
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longitudinal specimens, normalized to 0.01 571, are:

2
Confined: 2.45+63.05p

Unconfined: 245+ 27.35 p2 (4-3)

2
Indentation: 245+ 50.51p

Rice et al. [107] claimed that the quadratic strength model could explain 72.8% of the
variance in strength and had a standard error of estimate of 3.80. (The complete model
included both human and bovine data).

The measured vertebral body strengths lie between the different strength values
predicted from the three trabecular bone testing methods. The stiffer outer shell of a
vertebral body should act to partly confine the trabecular bone. Only the end surfaces are
confined during trabecular bone testing. During vertebral testing, the lateral surface of a
trabecular material element is constrained by the cortical and trabecular bone around it,
thereby increasing local stress. This loading condition partly accounts for the lower
strength of the vertebral bodies compared to the confined compression strength of bovine
trabecular bone.

This same comparison has been made for human vertebral bodies and trabecular bone
by Hansson et al. [100]. These authors plotted strengths of human lumbar trabecular bone
and intact human lumbar vertebral bodies against bone mineral content (BMC) and found
similar linear relationships for the two. The BMC of vertebrae measures the density of
both the trabeculae and the cortical shell, thus better representing the vertebral structure
than apparent density of trabecular bone as used in this study. Bell et al. [139] have also

related vertebral strength to vertebral ash density, finding a power law relationship.
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5 Model Stiffness Predictions

The shape and structure of the vertebral body made material testing difficult, and
complicates modelling even more so. FEM bone model results are sensitive to modelling
assumptions [48], [147]. Following a discussion of the simplifying assumptions for the
bovine models, the results of three stiffness predictions are presented and compared to the
material testing results. Finally the sensitivity of the model to various parameters is

analyzed.
5.1 Initial Modelling Assumptions

5.1.1 Geometry

The highly curved surface of the vertebral body is approximated by the models.
Assumptions must also be made about the inner structure of the body. The cortical shell
thickness could not be measured accurately and hence only a single approximate thickness
is used over the entire surface. The end-plate, made of an intermediate between trabecular
and cortical bone, is not modelled at all as its dimensions could not be accurately

measured and its material properties are not known.

5.1.2 Material Properties
Both cortical and trabecular bone are modelled as linear isotropic materials. Though this
approximation is far from the truth, accurate values for more complex properties are not

available for both bovine and human cortical bone [18]. Trabecular bone’s density is the
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key factor in the determination of strength and stiffness in osteoporosis, and the
correlations of trabecular bone to density have only been made for Young’s modulus.
Hence, the isotropic model must suffice for trabecular bone.

The difficulty in choosing technical moduli for the models is illustrated in Table 5-1
which compares constants used for cortical bone in two human vertebral body models.
Surprisingly, the same constants for the trabecular core and the end-plate were used in
both models. Ueno and Liu [47] justified the low values for the cortical shell by claiming
the shell is a mixture of both cortical and trabecular bone. Though their assumption is
reasonable, it is not quantifiable so the models of the bovine vertebrae will use an average

value for Young’s modulus for bovine cortical bone as listed by Cowin [18].

Table 5-1: Comparison Between Two Human Vertebral Models’ Choice of Cortical

Technical Moduli
Dietrich et al. [46] Ueno and Liu [47]
é‘) E,E, (GPa) 11.3 0.7
¢ |E. (GPa 22 1
w2
a Gy2.Gy, (GPa) 54 0.24
g
S | Vxo Vs 0.203 0315
é Vxy 0.45 0.484

Poisson’s ratio for the cortical shell was equally difficult to determine accurately. The
Poisson’s ratios listed by Cowin [18] for cortical bone varied by as much as 0.2 between

different experimental tests, but most were centered near 0.3.
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Table 5-2: Poisson’s Ratio for Trabecular Bone in the Human Lumbar Spine
(adapted from [67])

Study Sample size | Donor’s age Poisson’s ratio
+ *
Yahia et al. [146] 30 goigs || Ol
0.521 (£ 0.443)
McElhaney [74] 28 45-79 0.14 (£ 0.09)
0.110 (£ 0.087)"
Synder [148] 12 62-81 0.952 (£ 1.286)

-0.372 - 4.6027

*The maximum and minimum mean values (standard deviation in parentheses) is
listed when all six Poisson’s ratios were found.
tRange is reported when available.

Few experiments have been conducted on the Poisson’s ratio of trabecular bone, but
the results suggest the ratio is highly variable (Table 5-2). Based on the rod and beam
structure of trabecular bone, the ratio is likely dependent on density. Note that Poisson’s
ratio was measured negative and above four, while homogeneous materials have a range
between zero and one half. Similar values for Poisson’s ratio have been detected in other
cellular solids [118]. The material constants used in the FEM models are listed in Table 5-
3; the trabecular Poisson’s ratio is assumed to be 0.3.

For osteoporosis prediction, the regional variation of density and modulus in the
trabecular bone is an important consideration. As domestic animals do not reach old age,
the bovine vertebral bodies in this study are not osteoporotic. The trabecular structure was
dense in all regions compared to human specimens, so regional variation was not

considered.
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Table 5-3: Material Constants Used for Stiffness Predictions

Property L5 L2 1.3

Trabecular | Young’s modulus (GPa) 1.176 1.047 1.296
Bone Poisson’s ratio 0.3 0.3 0.3

Young’s modulus (GPa) 20.7 20.7 20.7
arlieal Poisson’s ratio 0.3 0.3 0.3
Bone

Shell thickness (mm) 1.23 1.14 1.67

Height (mm) 69.5 12 72
Dimensions

Average cross section-area (mmz) 1881 1453 1574
Cement Top Young’s modulus (GPa) 10.1 20.1 25
Fixing Bottom Young’s modulus (GPa) T 7.2 10.6
Agent Poisson’s ratio 0.18 0.18 0.18

Though trabecular bone is a two phase, porous structure composed of bone and
marrow fluid in the pores, the fluid phase was not considered by using the empirical
correlation of density to Young’s modulus. Previous work has shown the fluid phase to
affect only the higher strain rates [26], and the trabecular modulus value was corrected for

strain rate through the 0.06 power law.
5.1.3 FEM Modelling

The FEM models use a linear equation solver. Hence geometric non-linearities, as can
occur in a buckling failure, were not included. This study is preliminary and considers
only the elastic range of the vertebral body, so at this stage nonlinear modelling is not

necessary.
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A simple boundary condition, or method of applying load, is considered in these
models. The nodes on the end-plate surfaces of the body are constrained in all
displacements and rotations, except for a specified inward displacement at one end
causing the compression. This confined loading will induce a barreling effect, as the ends
cannot expand during the compression. During the compression tests, the cement held the
ends relatively fixed so this is a justified approximation. One model will include the
cement fixation cylinders and will be used to confirm this assumption. The direction- of

loading was assumed to be along the longitudinal axis of the vertebral body.

All FEM models were built using the ANSYS® 5.0 software package from Swanson
Analysis Inc., and run on Sparcstation ELC computer hardware from Sun Microsystems
Inc. The solution procedure is based on the displacement formulation using iso-parametric
elements. Three element types were used for all the FEM models: a shell element for the
cortical bone, and two types of volume elements for trabecular bone.

The SHELLG63 element [149] was used for the cortical bone because the outer éortical
shell is thin compared to the vertebral body thickness. This is a classical shell element
with well known behavior and is well tested. The element has both bending and
membrane capabilities and permits both in-plane and normal loads. The element is usually
defined by four nodes, but has the option to be triangular. Though the element should lie
in a flat plane, small out-of-plane tolerance is permitted and is corrected by a warping
factor.

For simple geometries, a SOLID45 3-D 8 node brick element was used for trabecular

bone which uses linear shape functions. For more complex geometries, a SOLID92 3-D
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10 node tetrahedral element was used. It has a quadratic displacement behavior with

midside nodes.

These elements were chosen over other available elements for the following reasons.

They can be used with the ANSYS® mesh generation algorithms. By allowing the
software to mesh the FEM grid, a source for human error was eliminated and the model

creation time was substantially decreased. These elements also proved to be efficient in

keeping the size of the model small, an advantage because the ANSYS® package

available for this work had a restriction on the size of the model it could run.
5.2 Modelling Progression

5.2.1 L5 FEM Model

After acquiring the digitized surface data using the techniques described in Appendix B,
the surface points were input as keypoints. The keypoints were linked to lines generated
between them; the lines were used to generate areas, and the areas generated a volume.
The volume was described by 322 keypoints, 525 areas, and 834 lines (all generated
manually). Due to the irregularity of the keypoint positions and their number, an efficient
FEM model could not be built directly from this data. (Figure 5-1 depicts the volume.)

To simplify the surface while maintaining most of its shape, four cross-sections along
the longitudinal axis were used to generate a “cross-section model”. A new volume was
generated with lines and areas between these cross-sections. Surfaces between these
sections were linearly approximated.

Figure 5-2 depicts the surface approximation used for the cross-section models. The

outer dotted line represents the maximum outer dimensions of the vertebral body viewed



laterally. To incorporate the entire height of the body into the model, the upper and lower
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- Cross section translation

Model’s Outline

______ Cross Section Cut
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Figure 5-2: Manipulation of Cross-Sectional Longitudinal Position for Modelling
changing the height or width.

The cross-section model for LS5 is shown in Figure 5-3. Information on the nodes and
elements used in the model are listed in Table 5-4 on page 75 with the other models. The
elements seen on the top and bottom surfaces are tetrahedral volume elements and the
elements seen on the front and back surfaces are shell elements. The nodes and elements
were generated automatically after an element size was specified. Two features are not
present on the model: the curvature in the end-plates on the top and bottom surfaces, and

the end of one cut, which was made to remove the pedicle.

5.2.2 FEM Cross-Section Models for .2 and L3

For L2 and L3, a similar technique to the one used for L5 was employed in order to form
the cross-section models, except the traced cross-sections described in section 3.3 and

section 4.1 were used. Because the vertebral bodies were cut during the measurement, the
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Figure 5-3: Cross-Section Model for L5

exact placement of the four cross-sections with respect to each other was not known. In
order to assemble the cross-sections into a volume for the FEM model, assumptions were
made about the placement based on the intact shape of the body.

It was assumed that the small projection in the middle of the back surface formed a

straight line along the longitudinal axis, and the sharp bend in the middle of the front
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Figure 5-4: Volume Generated for the L.3 Cross-Section Model

surface was situated directly forward to this line. To align the cross-sections with respect
to these assumed lines, the cross-sections were rotated. Figure 5-4 shows the lines and

cross-sections used to generate the L3 model. The line originating from the origin and
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moving up the z -axis was assumed to contain the sharp change on the perimeter of the
back surface for each cross-section. The light dotted line that connects the sharp change
on the front side of the cross-section is situated on the negative side of the y axis. This line
lies in the y-z plane. The model’s geometry is simplistic, yet it includes the main features
of the vertebral body. As with the L5 model, the curvature of the end-plate is not

modelled. Also a definitive end to the cuts which removed the pedicles is not modelled.

Figure 5-5: L.2 Cross-Section Model

The longitudinal position of each cross-section was determined by the height where
the cross-section was taken. The two end cross-sections were adjusted, as for LS, so»the
entire height of the vertebral body was modelled. The volumes of the L2 and L3 vertebral

bodies were not known.
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5.2.3 FEM Cylinder Models
The cross-section models are relatively large and complex which makes checking their
results difficult. A simpler model was built to compare and validate the cross-section
models. Instead of using the complex geometry of the vertebral body, a cylinder
surrounded with a stiff shell was used.

The cylinder used the height from the cross-section model and average cross-sectional
area in Table 4-1 to determine a radius. A quarter of the cylinder was modelled by using

symmetry as shown in Figure 5-7. Shell elements were used on the outer cylindrical wall

Figure 5-7: Cylinder Model for 1.3

to represent cortical bone, and 8-node brick elements are used to represent the interior
trabecular bone. The model is parameterized; it can be used for all three vertebral bodies

by changing the parameters for Young’s modulus, shell thickness, height, and radius.
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Before being used for the vertebral body models, the cylindrical FEM model was
tested with more complex 8-node shell elements, and with a higher element resolution.
The increased complexity of the model did not change its stiffness results significantly,

providing confidence in the element resolution.

5.2.4 Modulus Summation Stiffness Prediction
The cylindrical model stimulated the formulation of an even simpler prediction of
stiffness. It is included here as it can be compared to the cylindrical and cross-section
models, and gives an indication of the accuracy of the more complex predictions.

The prediction assumes the stiffness of the vertebral body is the sum of the cortical

and trabecular bone stiffness. A summation of cortical and trabecular moduli (E,., E,,)
adjusted for the portion of the cross-sectional area covered by trabecular (A,,) and outer

cortical (A,) bone was used as:

k=1E,A,+EA/h
[ th" " th C C:I (5-1)

where k and / are the stiffness and height of the vertebral body respectively. The cross-
sectional areas above can be related to the overall cross-sectional area (A) and cortical

thickness (z,) by assuming a cylindrical shell arrangement:

Ac =A —Atb Q
b - (St ) vc o

By substituting A, and A,;, from Equation 5-2 into Equation 5-1, an algebraic prediction
for stiffness is formed, dependent on three geometric variables (A, A, and f.) and two

material variables (E,;, and E,.).
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5.2.5 Modelling of the Cement and Vertebral Body

Figure 5-8: Cement Disk and L2 Vertebral Model

To better model the loading on the ends of the body, the stiffness of the cement fixation
must be considered. There are a variety of ways which this can be done. The measured
stiffness of the vertebral bodies could be corrected for the effect of the concrete using
Equation 4-2, based on springs in series. Alternatively, the Airy stress function for
cylindrical symmetry could be used for three contacted mediums (two concretes and the
vertebral body), but this would require iteratively matching the boundary conditions of the
stress functions in each medium until a solution is found. An easier way is to use FEM.

Two cement disks were added to the cross-section model for L2. Only one is shown in

Figure 5-8 to provide an unobstructed view. The nodes on the surface of the cement disks,
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Table 5-4: Size and Components of the FEM Models

Volume Elements
Model S(?ell El;rlrizr;t)s Nodes | DOF V;/ave;
ik type number R
§ Q L5 91 420 542 | 1611 308
2 9
§ 2 L2 100 so0lid92 598 788 | 2148 389
L3 110 609 809 | 2184 374
Cylinder for :
L5, L2, and L3 48 solid45 216 333 798 147
L2 s0lid92
cross-section bone 598
with cement 100 cement 1| 615 2795 | 7371 659
ends cement 2 642

which would contact with the aluminium cups, will be constrained. At one end, the nodes
are assigned zero values for all degrees of freedom; at the other end, only the z
displacement is given a non-negative value to apply a compression. As can be seen in

Table 5-4, adding the cement disks greatly increases the size of the model.
5.3 Results with Comparisons to Experimentally Measured Stiffness

In general, all models predicted a higher stiffness than the material tests indicated (see
Figure 5-14). The following section will analyze the model results, compare them to the

material tests, and indicate reasons for this discrepancy.

5.3.1 Cylinder Model and the Loading of the Cortical Shell
As the results from the cylindrical model are easier to visualize, plots of the stress and

displacement have been produced for them. Figure 5-9 depicts the deformed and



76

Dlsplacement scaled 50 x

Figure 5-9: Deformed Shape of the L5 Cylinder Model

Figure 5-10: Reaction Forces on the L5 Cylinder Model

undeformed shape of the cylinder model. Here the effect of constraining the
displacements at the ends can be seen as the shape becomes barreled after deformation.
More interesting is Figure 5-10 which indicates the boundary forces at these constrained
nodes as indicated by arrows. The forces on the shell elements are far greater than those
on the brick elements. The smaller force seen on the corner shell nodes is due the
symmetry condition. As the cortical shell has a much higher modulus and the

displacement is constant on the ends, the shell element takes a great percentage of the
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loading. Though the cement fixation constrain the ends somewhat, the large forces in the

shell may indicate the need for a more realistic boundary condition.

SMN = 104.4 MPa
SMNB = 99.8 MPa
SMX = 131.2 MPa
SMXB = 136.8 MPa
A = 110 MPa
B = 120 MPa
c: = 125 MPa
D = 130 MPa

Figure 5-11: Von Mises Stress Contour Plot for the Shell Elements of the .5 Cylinder
Model

A contour plot of the Von Mises stresses in the shell elements is shown in Figure 5-11.
The SMN and SMX correspond to the maximum and minimum stress calculated in the
elements and plotted on the contours as MN and MX. SMNB and SMXB are lower and
upper bounds on SMN and SMX, considering the effect of discretization error. Close
values between the bounds and the extrema indicate sufficient grid resolution. Due to the
end constraints, the maximum stress values occur near the ends. The stress in the center is

relatively constant.



78

SMN = 3.70 MPa
SMNB = 3.25 MPa
SMX = 8.22 MPa

SMXB = 9.01 MPa

= 4,60 MPa

1
1

ine IS
AV
i
Ul

5.50 MPa
C = 6.41 MPa
D = 7.31 MPa
E = 8.22 MPa

Section of elements

Figure 5-12: Von Mises Stress Contour Plot for a Section of Volume Elements in the
LS Cylinder Model

A similar plot for the trabecular elements indicates a drastic reduction in the stress
magnitude. Figure 5-12 confirms that the cortical shell is taking a greater share of the
applied load. The contours are taken through a section of the trabecular elements along the
x-z plane. Again, the maximum value is near the ends and closer to where the surface
begins to barrel out. In general, the center has higher stress than the ends and the surface,

where the shell elements share more of the load.
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5.3.2 The Loading of the L2 Cross-Section Model with Cement Disks

Figure 5-13: L2 Cross-Section Model with Cement Ends

In contrast to the simple cylindrical model, when the cement disks are included in the
cross-section model, the boundary loading becomes more complex as shown in Figure 5-
13. On the left hand side of the plot, the deformed and undeformed shape is shown with
the deformed shape scaled up by about 30 times. The small lateral displacement in the
center indicates that some ‘buckling like’ behavior has occurred. The top right figure
displays the calculated boundary forces on the cement surface nodes. The force is
centered in the middle of the vertebrae and trails off laterally. The lower right figure

displays the deformed cement node shapes, scaled to 100 times. The figure is a cut
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through the center of the disk and shows the various tetrahedral elements on one side as
they would look if transparent. The shell of the vertebral body did not indent as much as
the trabecular middle, causing less deformation in the middle of the top cement surface.
The difference in boundary loading proved to be of little consequence to the stiffness
of the models. The L2/cement model predicted a stiffness of 49.5 kN/mm. For
comparison, the L2 cross-section model’s stiffness was adjusted by adding the cement
stiffness through the relationships in Equation 4-2. A stiffness of 49.4 kN/mm was
obtained. If these models were to be used for strength predictions, the boundary loading
conditions would be of greater importance as different conditions can produce
substantially different localized stress, but in accordance with Saint Venant’s principle, the

boundary conditions did not affect the overall stiffness properties.

5.3.3 Increased Grid Resolution for the Cross-Section Models

Table 5-5: Increased Grid Resolution for the Cross-Section Models”

Cross-Section Model L5 L2 13
Shell Element Number 123 (91) 151 (100) 148 (110)
Volume Element Number 616 (420) 1458 (598) 1015 (609)
Nodes 786 (542) 1947 (788) 1355 (809)
DOF 2394 (1161) 5481 (2148) | 3696 (2184)
Wave-front 359  (308) 599 (389) | 548 (374)
Stiff“&jﬂ};ﬁ;"“o“ 652 (615 | 61.0 (57.0) | 943 (91.9)

* Original value for the model given in brackets

Increasing the resolution of the FEM grid is a standard technique to determine the

accuracy of the predicted displacements and stress. The cross-section model for each
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vertebral body was regenerated with a smaller specified element size. These larger models
are compared to the original cross-section models in Table 5-5. By increasing the
resolution of the model, an increase in stiffness was predicted. The percent difference

between the original and new stiffness prediction was between 2.6% and 6.4%.

5.3.4 Lower Constants for the Cross-Section Models

All stiffness predictions were higher than the measured values. This may have been a
result of overlooking the stiffness of the components in the load train, such as the
aluminium cups. Other consistent experimental error such as a slippage in the
extensometer attachments could also have caused error. But the discrepancy likely
occurred in the measurement of the material constants and geometry of the trabecular and
cortical bone.

To investigate this possibility, lower constants were used in the cross-section models.
These constants (in Table 5-6) correspond to a standard deviation less than the mean of
the Young’s modulus for trabecular bone and cortical shell thickness measured. The
cortical Young’s modulus is set to the lowest value measured for bovine cortical bone,

according to the review by Cowin [18]. These models produced much lower stiffness

predictions.
Table 5-6: Lower Constants Used for Stiffness Predictions
Property LS L2 L3
Trabecular | Young’s modulus (GPa) 0.954 0.860 0.937
Bone
Cortical Young’s modulus (GPa) 18.1 18.1 18.1
Bone Shell thickness (mm) 0.53 0.64 1.07




82

5.3.5 Stiffness Predictions Compared to Material Test Measurements

L.
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g i Stiffness Units: kKN/mm
A0, . Cross-section with
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[:| p E lower cotstants cement ends (L2‘only)
!: Cylinder - Cross-section adjusted
7 c : Measured stiffness for cement’s effect
(////4 Cross-section adjusted for cement’s .
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Figure 5-14: Stiffness Predictions from the Various Models Compared to
Experimental Measurement

The stiffness predictions from the various models are shown in the bar graphs in
Figure 5-14. The number inside each bar is the stiffness in kKN/mm. The two smaller off-
axis bars represent the ranges of stiffness determined from the material tests. The lighter

off-axis bar has been adjusted by Equation 4-2 to remove the stiffness of the cement
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fixation from the experimental results. For comparison, the cross-section models were
also adjusted to include the cement stiffness using the same relationship, and the results
are shown in the second darkest bars. The line segments above the cross-section bar show
the stiffness predictions when the grid resolution was increased for these models. The
models, which predicted the stiffness shown by the bars in the graph, are listed
underneath.

The summation stiffness prediction and the cylindrical model’s prediction were
similar for all the vertebral bodies. The LS5 cross-section model predicted a stiffness within
the range experimentally measured by using the mean values of the measured material
parameters. Using the lower valued parameters, the L2 cross-section model also compared

favorably to the material testing results.
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6 Discussion

6.1 Material Tests

The material results indicated that bovine vertebral bodies have denser trabecular bone
and a higher stiffness than human bodies, as would be expected in a larger heavier, animal
(see Appendix C for a detailed comparison to human vertebral bodies). But the
measurements were not precise enough for the FEM models to consistently predict

stiffness.

6.1.1 Shell Thickness

The end-plates were not only the thickest region, they were also the most variable. As
force is transferred through the semi-fluid disk below the end-plate, this thickness has
structural significance. Previous work has been done in humans to investigate the
deformation [140] and the regional stiffness [56] of the end-plate. But the greater
“cortical” thickness of the end-plate is misleading as will presently be discussed.

The dense outer shell covering vertebral bodies is not pure cortical bone. Some of the
soft outer cartilaginous layers are inseparably mixed with the dense bone material. These
layers provide attachment sites for external cartilage and ligaments. To further complicate
the boundary between the outer shell and the inner trabeculae, the dense bone near the
boundary can have the appearance of trabecular bone. During normal ‘bone turnover’,
less bone is replaced than is removed on the inner surface, resulting in a net loss

manifested as cortical-endosteal resorption. In doing so, this bone has the appearance of
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trabecular bone, but was in fact originally cortical bone. Hence, the dense outer layer of
the vertebrae is a composite of cortical bone, cartilage, and partly eroded cortical bone.
Nowhere is this more evident than at the end-plate where cartilage, which attaches to the
disk, contributes to a good percentage of the thickness. It has been suggested that a
modulus between 1150 to 9650 MPa is more correct than the 18000 MPa of human
cortical bone for areas such as the vertebral end-plates [67].

Hence, though this thickness has been denoted as cortical bone, it must be emphasized
that the thickness actually relates to a more complex material that varies its properties
depending on the region. Because a definitive boundary does not exist between the shell
and the inner trabecular bone, there are high standard deviations in the results.

Another source of error may have influenced the measurement. If the band saw is
angled with respect to the shell surface normal, the shell thickness will appear thicker.
Though not shown in the table, the cortical bone near the pedicles was very thick, ranging

from 2 to 6 mm. This has also been observed in human subjects [10].

6.1.2 Trabecular Bone Density and Modulus

The large variation in density measured within each vertebral body was due to regional
differences in that body. Bone in the central portion of the body will be subject to more
vertical forces whereas the outer trabecular bone will undergo forces dependent on the
boundary forces on the body. These differences in loading are reflected in bone growth;
with denser bone in regions of greater stress.

Error in the volume and weight measurements, used to determine density and

modulus, were large as indicated by the error bars in Figure 4-6 through Figure 4-8. Three
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factors contributed to these measurement errors. Due to the wet porous surface of the
cube/prisms, cutting and sanding flat smooth faces was not always possible. Secondly,
though the removal of the soft tissue through jet spraying and ultrasonic cleaning was
effective, it is impossible to know if all the material was removed. Third, as the cube/
prisms were weighed in a wet state in air, evaporation took place. Upon observing this,
repeated measurements were done on all the cubes in an attempt to find a consistent

weight.

Other reasons exist for the variability. As discussed in the previous section, the
boundary between cortical and trabecular bone is indistinct. Some of the cube/prisms
taken close to the surface may have a higher density due the presence of bone taken to be
very dense trabecular bone, but in fact is more cortical in nature. Also, the central bone
contains large pores or canals for the passage of blood vessels. Irregularly large pores
running through the middle of a cube/prism specimen cause that specimen to have a low

density.

The measured apparent density and calculated modulus were in the ranges previously
measured for bovine specimens. In general, trabecular bone has a modulus near zero to 2
GPa, with density ranges from near zero to slightly over 1 g cm™ [63],[67]. No reference
could be found for bovine vertebral trabecular bone. Instead, Table 6-1 shows values

obtained from other locations in the bovine.



Table 6-1: Bovine Trabecular Modulus from Previous Works
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Apparent Density Compressive Young’s Modulus
(gem?) (GPa) 2|
5l ¢
Location Mean B =]
Wien sl and Strain | @ B
Standard Range Range 1 N @
e Standard rate s @
Deviation .
Deviation
Distal 0.46+0.13 | 0.17-0.71 1.0£0.6 |0.22-19 | 0014 |61 |[113]
femoral 0.005
condyles
0.27-0.79" 0.15-2.3" | ~0.0027 | 62 | [106]
Humerus 0.54£0.18 [ 0.29-094 11.0+£0.8 |0.13-2.3 | 0.005 30 | [117]
0.56+0.11 | 0.34-0.74 | 1.5+£0.8 | 0.32-2.1 29
Many 0.35-0.93" 0.2-2.0" 22 | [17]
locations

* Values measured from a graph in the reference.
1 1 mm/min displacement rate for 9.9-10.6 mm long specimens.

6.2 Compression Testing

The compression tests were also subject to experimental error. The alignment of the

vertebral body to the direction of loading would be more reproducible using an alignment

jig. Such a jig could use x-rays of the vertebral bodies to align the internal orientation of

the trabecular bone with the loading direction. The displacement cycle used to measure

stiffness was incorrectly set for bovine tests due to the pretest of the L6 vertebral body.

6.2.1 The L6 Body Pretest and Strength Measurement

The vertebral bodies fixed with cement had a much higher ultimate load and contraction

than did the L6 body fixed with epoxy (see Table 2-2 and Table 4-5). It can be concluded

that the failure which occurred during the L6 epoxy tests was due to the epoxy and not the

vertebral body. The choice of a fixing agent with known properties, as discussed in




88

Chapter 2, is crucial to the accuracy of compression tests made on bones with curved
ends.

Had the tests made on human lumbar vertebral bodies been reviewed in detail at this
time, the error in choosing the fixing agent may have been detected. The percent
contraction measured for L6 is smaller than that measured from human specimens as seen

in Figure 6-1.

a. | Lumbar bodies |

b. [__81 Lumbar vertebral bodies |

c. ~ [Lumbar

d. [6314and L5 |

e.[ 61Tl to T12 vertebral bodies |
| | | I | I L
0 5 10 15 20 25 30

Ultimate percent contraction

References: a. Gocke [153] c. Yamada [57]  e. Kazarian and Graves [59]
b. Perey [56] d. Bell [139]

Figure 6-1: Range of Ultimate Contraction for Human Lumbar Vertebral Bodies

The bars represent the range measured by the researchers (referenced by the letter to the
left of the bar). As shown in Appendix C, the ultimate load and stiffness of human
specimens is much less than that of bovine.

During the compression cycles for the cement mounted vertebral bodies, difficulties
were encountered at the higher displacement and load values due to setting the
displacements based on the L6 test. If the maximum displacement did not fail the
vertebral body, a relaxation would occur at the fixed displacement, which compromised
the strength measurement meant to be taken at the given strain rate. Fortunately, the

measurement of stiffness was the primary goal of the material tests, as the FEM models
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were used to predict stiffness. The ultimate load was a secondary consideration. Hence,
the different loading cycles, with different unloading, were not a major setback.
Surprisingly, the strength measurements made for the cement-fixed vertebral bodies
did provide some interesting results. The measurements confirmed that the vertebral
bodies had increased ultimate load with lower position along the spine, as seen in human
specimens (see Appendix C). A more accurate means of measuring vertebral body cross-
sectional area was used in the strength measurements which can be used for human tests.
Finally, a relationship between vertebral body strength and trabecular bone strength was
shown to exist which provides evidence that the vertebral body fails in the trabecular bone

and not the outer shell.

6.2.2 Stiffness

The stiffness of the vertebral body was seen to increase with each displacement cycle until
a substantially large displacement was reached. Then the stiffness would decrease
indicating a weakening of the vertebral body, possibly due to the accumulation of damage
to individual trabeculae. It can be concluded that the stiffness of a vertebral body depends
on the level of load at that time, and the previous loading it has encountered.

L5 exhibited the greatest stiffness decrease, with the last recorded value (37 kN/mm)
being 61% of the maximum (61 kN/mm). In contrast, L3 did not exhibit a large stiffness
decrease before the relaxation at the maximum displacement damaged the vertebral body.
The large range of stiffness values recorded for each vertebra reflect the need for a

detailed report of loading history during material tests.
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An error estimate for stiffness cannot be easily formulated, as there was no check or
approximation for the results. Errors could have been introduced in the displacement
measurement either by uncorrected compliance in the load train, or by a gradual slippage
in the extensometer attachment. The concrete’s compliance was corrected by using the
spring approximation, though the interface between the concrete and the aluminum cup
was not considered. The correction adds the assumption that the concrete test samples had
the same modulus as the concrete used in the aluminum cups. Based on the large range of
values measured for the concrete moduli, this assumption is weak. Fortunately, the
correction only affected the higher stiffness values as seen in Figure 4-31. The greatest
change occurred for L5, where the maximum stiffness went from 61 to 74 kN/mm. The
lower values were unaffected (L3’s lowest value changed from 15.2 to 15.8 kN/mm).

The stiffness of the L5 vertebral body was substantially higher than the stiffness
measured for L2 and for L3. The exact reason for this is not known. Though L5 had a
higher measured trabecular modulus than L2, it had a lower one than L3. The cortical
shell thickness measurements were inexact so the differences in shell thickness are
unknown. A thick cortical shell may have been a factor, as could the thicker cross-

sectional area and different geometry.

6.3 FEM Models Stiffness Predictions

In general, the cross-section models predicted a lower stiffness than the other predictions.
The difference between the cylindrical model and the algebraic summation prediction
model is small, indicating that the accuracies for both models were similar. The

differences in stiffness prediction between the cross-section models and the other
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predictions for the same vertebral body are due to a more accurate representation of the
body’s geometry. The LS cross-section model predicted a far lower stiffness compared to
the other L5 models. This is due to the curvature of the body along the long axis, seen in
Figure 5-3. The L2 and L3 models did not include this curvature as their surface was not
digitized. Consequently, the L2 cross-section model had a low stiffness, and the L3 cross-
section had a higher stiffness compared to other models for the vertebral body.

The three vertebral bodies have different predicted stiffness due to differences in the
material properties and geometry. The large stiffness predicted by all the L3 models is due
to the higher values for trabecular modulus and cortical shell thickness. The accuracy of
the prediction depends on how well those quantities were measured and modelled. The
experimentally measured stiffness, though close to the actual value, will also have some
error.

Increasing the grid resolution of the cross-section models increased stiffness. Though
the FEM’s displacement formulation with iso-parametric elements always underestimates
displacement when forces are specified on the boundary, this statement does not
necessarily hold when displacements are specified on the boundary, and the reaction
forces are calculated from this displacement field. Therefore, it is not inconsistent with
theory that the better resolution grids predicted higher reaction forces and higher stiffness.

The increase in stiffness due to better grid resolution is small when compared to the
differences between experimentally measured stiffness and the model predictions (Figure
5-14). The discrepancy between model and experimental stiffness cannot be explained by
inaccuracies in the numerical computation, and must lie in the modelling assumptions

made. Hence, the computational accuracy of the FEM models is better than their validity.



92

The lower constants used in the cross-section models predicted a stiffness that was
55% to 60% of that determined with the mean constants. Not only does this indicate a
need for more accurate measurement (as the lower constants are only a standard deviation
less than the mean), it also indicates the sensitivity of the model to these parameters. Only
the L3 model consistently had a higher predicted stiffness than the experimentally
measured values with the lower constants.

Including the cement ends in the L2 cross-section model did not improve the
prediction, as the L2 cross-section model when corrected through Equation 4-2 produced
similar results. But applying the correction is not straight forward. The correction affects
larger stiffness values more than smaller ones. Therefore, when the correction is applied
to the high stiffness predictions from the FEM models, a large change is made, but when
applied to the lower valued experimental results, a small change is made. The correction
of the cement’s stiffness must be considered as an approximation dependent on the

vertebral body’s stiffness value.
6.3.1 Cortical and Trabecular Contribution to Stiffness

Of theoretical importance is the relative contribution of the cortical shell and the
trabecular bone to the stiffness and strength of the body. High stress values were seen in
the shell of the cylindrical model, reflecting that most of the support comes from the shell.
However, the fixed displacement constraint on the end nodes required the stiffer shell to
take more of the load, as explained in the results.

Although the end effects of the chosen loading induced high stress in the shell

elements, this does not greatly influence the stiffness prediction of the cross-section model
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when compared to the same model with cement disks. Also, some experimental evidence
suggests that the cortical shell provides most of the support in human vertebral bodies.
Rockoff et al. measured the relative contribution of trabecular and cortical bone to
compressive strength of vertebral bodies. In their study, whole bodies, and bodies with the
cortical shell removed, were compressed; 45-75% of the strength was attributed to the
cortical shell [150]. Yoganandan et al. [151] undertook similar experiments with similar
results, though both studies noted that the higher cortical shell contributions occurred in
osteoporotic vertebral bodies.

Using the summation stiffness prediction with the L5 data, the cortical shell
contributes 65.6% (54.9 kN/mm) and the trabecular bone 34.3% (28.7 kN/mm) to the total
stiffness. By removing the shell elements from the cylindrical model, the trabecular bone
alone had a stiffness of 29.6 kN/mm or 35.4% of the complete model’s stiffness. Hence,
the models have predicted that the shell contributes 60-70% to the stiffness of the

vertebral body, just as would be expected in humans specimens.
6.3.2 Sensitivity of the Summation Stiffness Prediction

The use of lower values for trabecular modulus, cortical modulus, and cortical shell
thickness in the cross-section models has demonstrated that stiffness predictions are
sensitive to these parameters within the range measured. To improve the FEM models,
these parameters must be more accurately measured. It would also be useful to know
which of these parameters most affected the stiffness values so that future work may
concentrate on a better measurements of these.

The algebraic summation prediction was solved with these parameters to investigate
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their effect on stiffness. To visualize these results, the three parameters were assigned
coordinates on a three-dimensional space. Appropriate intervals over which the equation
was solved were determined from the material measurements and published results [18].
The other parameters in the summation prediction (height and cross-sectional area) were
assigned constant values for L3. A constant value of stiffness will define a surface in the
3-D space.

Plots of these surfaces for 130, 75 and 20 kN/mm are shown in Figure 6-2. The box
surrounding the surface defines the space in which that stiffness can exist. The same limits
are used for the cortical modulus (x-axis) in the three plots and the above two plots have -
the same limits for the trabecular modulus (y-axis), but the cortical shell limits (z-axis)
become progressively larger for the higher valued stiffness. The 20 kN/mm stiffness
requires both a low cortical shell thickness and a low trabecular bone modulus.

Trabecular modulus is shown to have a strong affect on stiffness over the range in
which it was measured during the material tests. This parameter was measured more
accurately than the other two. Though improvements in its measurements can be made,
the other parameters are a greater concern.

Cortical modulus could be much lower than the 20.7 GPa used in this study,
considering that the shell is not pure cortical bone but a combination of cortical and
trabecular bone. Decreasing the modulus will reduce the predicted stiffness. But the
effect is small, unless the modulus is much lower than cortical bone. It is possible that the
modulus is lower than the lower limit of 15 GPa used in the Figure (see Table 5-1 where a
modulus of 1 GPa was used by Ueno and Liu [47]). Some form of measurement for the

cortical shell modulus on the vertebral body would improve the accuracy of the model.
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Considered over the range in Figure 6-2, the cortical shell thickness affects stiffness
the most: a stiffness of 20 kN/mm is impossible with a shell thicker than 0.4 mm, and a
stiffness of 130 kN/mm is equally impossible with a shell less than 2 mm thick. The
methods used in this study to measure shell thickness did not provide acceptable accuracy.
Accurate measurement of cortical shell thickness is of prime importance for better

stiffness predictions.
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7 Conclusions and Future Improvements

7.1 Conclusions

The FEM models did not accurately predict the stiffness of the vertebral bodies
determined from the material tests. One out of the three cross-section models predicted a
stiffness within the range measured experimentally. Despite the disagreement between the
predictions and the experimental results, this study has produced a much better

understanding of the nature of the material properties of bovine vertebral bodies.

In particular, three points can be made from these findings:

1. The thickness and modulus of the cortical bone shell are important parameters when
predicting the stiffness of vertebral bodies. The shell may contribute as much as 70%
to the total stiffness of the body.

2. The thickness of the shell was troublesome to measure which led to inaccurate predic-
tion of stiffness.

3. Stiffness prediction improved when accurate geometric data was incorporated into the

models.

7.2 Future Improvements

The accuracy of the material tests can be improved. The digitized surface of L5 provided
the best geometrical measurement and improved stiffness predictions, yet the
measurements were time-consuming. A more efficient digitization of the surface could be
“achieved using only the most relevant surface points. This would allow the modelling of

the curved end-plates.
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The measurement of apparent density was affected by evaporation of water from the
trabecular bone; timed cycles of centrifuging and weighing could improve the weight
measurement.

Compression cycles for testing the vertebral bodies should be of a more adaptable
nature in future work. Due to the viscoelastic behavior of vertebral bodies, stiffness
changes with the level of load and the previous loading history. A more sophisticated
theory of the failure such as fatigue life, low cycle fatigue, or cumulative fatigue damage
would better represent the compression of vertebral bodies.

Improvements can be made on the FEM models by adding curved end-plates and
accounting for the longitudinal curvature of the body (not done for L2 and L3).
Anisotropic material properties would more correctly model bone, but consistent
measurement of technical constants are required before they can be used in the FEM
models. The FEM models were limited by the inaccurate values given for cortical
modulus, and more importantly cortical shell thickness. Until these inaccuracies are
addressed, further model complications such as nonlinear material and geometrical
analysis should not be considered.

The FEM predictions would be improved if the cortical shell thickness could be
accurately measured. Observations of the cortical/trabecular interface through a travelling
microscope could provide far more significant data, but making such measurements over
the entire vertebral body would be laborious.

The measurement of average shell thickness, apparent density, and outer dimensions
can all be done with QCT where bone density (expressed as bone mineral content) is

determined from x-ray absorption. In addition, the bone mineral content would indicate
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the density of the cortical shell, enabling a better approximation for the shell’s modulus.
Measuring the above parameters using QCT will be more efficient and likely more

accurate.
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Appendix A: Anatomy of the Bovine and Human Spine

Complex structure occurs at all levels and dimensions in living systems [7],[8]. Models of
such systems are limited by definition: they can only reflect a small subset of its
complexity and hence can only predict a small subset of its function. It would be
impossible to include all the details of a vertebral body in a model but a detailed
awareness of physiology and anatomy is necessary if one is to evaluate the success of the
model. Thus, the structure of human and bovine spines will be reviewed from the gross

level to the microscopic.
A.1 Orientation Definitions

Anatomical directions are described by paired terms. ‘Anterior’ (top) refers to the
direction the head is facing, whereas ‘posterior’ (bottom) refers to a position towards the
rear. ‘“Ventral’ (front) is toward the belly or abdominal area and ‘dorsal’ (back) is toward
the back. Since humans stand upright, these terms are used differently for humans and
bovines: the head faces the same direction as the abdomen so ‘anterior’ and ‘ventral’ are
synonymous. Hence, extra terms are needed for humans: ‘superior’ (cranial) means
toward the head and ‘inferior’ means away from the head. In both animals and humans,

‘lateral’ is the direction through the plane of symmetry in the body.
A.2 The Spinal Column

The spine or vertebral column consists of a series of bones called vertebrae. In humans
there are 33 vertebrae: 7 cervical in the head and neck, 12 thoracic or dorsal attaching to

the ribs, 5 lumbar in the lower back, and 9 which are fused to form the sacrum and coccyx



(see Figure A-1). The average length of the
vertebral column for an adult man is 71 cm. The
adult bovine vertebral column is approximately
280 cm long consisting of 49-51 vertebrae, 35
vertebrae if the tail is excluded. The bovine has 7
cervical, 13 thoracic, and 6 lumbar [9]. Each
vertebrae is designated a letter referring to its
region and a number referring to its placement
within the region. (e.g., L1 refers to the Ist
lumbar vertebra).

Although osteoporosis usually affects the
cervical and thoracic spine, the lumbar spine is
easier to study because of its larger diameter and
accessibility for dissection. Conclusions based on
lumbar models can be applied to other areas of
the spine. For this reason, the following will
concentrate on the lumbar spine. A dorsal view
of a bovine lumbar spine is shown in Figure A-2

Running through the vertebrae is the spinal
canal which houses and protects the spinal cord.
Surrounding the vertebrae in the spine is a variety

of connective tissues.

[11

1% Lumba r~j

Figure A-1: Lateral View of the
Human Spine (adapted from [10])
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Figure A-3: Lateral View through the Center of the Lumbar Spine Showing
Ligaments in Humans (from [10])
Ligaments are cable-like supports which attach to bones (see Figure A-3). Muscles
provide active support and attach to the vertebrae through tendons. The vertebrae also
attach directly to each other through articular joints. These joints are flexible as smooth

lubricated synovial cartilage is used in between the bones.
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A.3 The Vertebrae

Each vertebra shown in Figure A-4 consists of two parts, the body (a ventral solid segment
forming the chief pillar of support) and the arch (a dorsal segment forming part of the
spinal canal). The arch is formed of two pedicles and two laminae. Attached to the arch
are seven processes. The spinous process and two transverse processes are used to attach
ligaments and muscles. The other four articular processes form the articular joints above

and below, joining with neighboring vertebrae in the spinal column.

pinous process
uperior
articular
process

LR Lamina

L ra
R Lansy. pp,,
-

Transverse
process

Spinal canal

Body

Oblique View Superior View

Figure A-4: Human Lumbar Vertebrae (adapted from [10] and [12])

The bovine lumbar vertebrae are larger than human, though both have a lateral width
through the body of 3 to 5 cm. The transverse processes are substantially longer and wider
in the bovine (approximate length is 16-17 cm), while the spinous and articular processes

is not much larger as shown in Figure A-5.

A.4 The Disk

The bodies of the vertebrae are held together by a fibrous intervertebral disk. Each disk is

composed of a firm outer portion, called the annulus fibrosus, and a softer central portion,
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Figure A-5: Bovine Lumbar Vertebrae (adapted from [13])

the nucleus pulposus. The disk adds flexibility as well as shock absorption to the spine.

The disk contains fluid. During the day, some of this fluid is lost which accounts for the

loss of height a person undergoes from morning to night. The fluid content of the disk also

decreases with age. Some weak or overused disks rupture and spill their gelatinous

contents which may contact spinal nerves. This is one of the major cases of low back pain

and much research has been done on the intervertebral disk for this reason [14].

The disk, however, is not the weak component in the compression of the spine. Disk

herniation or rupture does not typically occur when two vertebrae and the intervening disk

are compressed. The vertebrae typically fracture at the end-plate. Osteoporotic vertebrae
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show extensive collapse of the end-plate and the underlying bone at relatively low loads

[14]. Hence, the vertebral body is important to the compressional strength of the spine.

A.5 The Lumbar Vertebral Body

Supporting the upper torso, the lumbar vertebral body is roughly cylindrical. In humans,
the lumbar vertebral body is broad with flat or slightly concave inferior and superior
surfaces. The sides of the body are slightly bowed causing a smaller cross-section in the
middle of the body than at the ends. In comparison, bovine lumbar vertebral bodies have a
greater height, with end-plates curved convex anteriorly and concave posteriorly. The
sides are strongly bowed. If sliced laterally, the middle of the body has a triangularly

shaped perimeter, whereas the ends are circular.

.
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Figure A-6: (Top) Human Vertebral Bodies from a Young and (Bottom) from an
Elderly Individual (from [15])
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The body is composed almost entirely of spongy or trabecular bone, but has a thin
shell of cortical bone on its outer surface (Figure A-6). Permeating throughout its interior
are large canals for the reception of veins, which converge towards large apertures on the
dorsal part of the body. Separating the disk and vertebrae is hyaline cartilage, called the
end-plate. Above and below the centrally located nucleus pulposus, the end-plate acts as a
barrier, while at the outer ends of the end-plate, the annulus fibers of the disk attach to the

end-plate and directly into the bone tissue (called Sharpey’s fibers).
A.6 Trabecular Bone

Trabecular bone is a scaffolding type of structure composed of bony beams, struts, and
plates (see Figure A-7); it is also called cancellous, or spongy bone. Trabeculae refer to the
individual beams. The pore cavities are quite variable in both size and shape, and since
most of the cavities do communicate, the general arrangement may be approximated as an
open-cell two-phase composite. One phase is bone, while the other phase consists of
blood, red and yellow marrow, nerve tissue, interstitial fluid, and blood vessels.

The simplest trabecular bone consists of randomly oriented cylindrical struts, about
0.1 mm in diameter, each extending for about 1 mm before making a connection. The
arrangement in the center of the vertebral body is more complex. As the major force is
axial compression, the beams form an anisotropic structure with large diameter beams in
the human superior/ inferior direction and with small cross bracing laterally. The
trabeculae near the end-plates are tightly packed and form a more isotropic mesh.

Bone grows and recedes only at the surface. As an individual ages more trabecular

bone is absorbed than is deposited. Consequently, smaller trabeculae (with high surface to
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Figure A-7: Scanning Election Micrograph of Human Vertebral Trabecular Bone
(from [16])

volume ratio) are preferentially absorbed to larger trabeculae, and the tightly packed

trabeculae near the end-plates are removed [15].

A.7 Bone

Bone consists of a layered mineralized bone matrix surrounded by blood vessels. Bone
can exist in different arrangements: poorly organized (woven bone), or flat sheet layers
(lamellar), or layers around canals (haversian). During fracture repair, woven bone is
deposited quickly around the fracture site (forming a callus). Mature undamaged human
bones, contain haversian bone where vascular capillaries form canals for blood supply.
Bone in cattle is a lamellar type (flat layers) called plexiform bone. Laminar bone tends to
have greater strength and is slightly more stiff compared to haversian bone.

Haversian and lamellar bone are basically different configurations of the same

material. In both configurations, no point in the tissue is more than 100 pm away from
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blood supply. In lamellar bone, the sheets of deposited bone matrix (lamina) are layered
parallel ’to a sheet of blood canals, whereas in haversian systems the lamina lie
concentrically around the blood canals [7].

The bone material forming the individual trabeculae in trabecular bone is primarily
lamellar but, due to the trabeculae’s small size, pits and surface roughness may affect its
properties. Some haversian bone which has been eroded away into fragments can have the
appearance of trabecular bone, but will have a substantially lower strength.

The cortical shell of the vertebral body is not a definitive form of haversian or lamellar
bone. As the thickness of the shell is about 1 mm, less than 5 layers of lamina and blood
vessels can exit. The small number of layers may cause a more disorganized structure

especially at the transition zone between cortical and trabecular bone.
A.8 Bone Cells

The interfaces between the laminae of both haversian and laminar bone contain an array of
roughly ellipsoidal cavities containing bone cells (osteocytes) from which extend
numerous fine canals (canaliculi). Other cells, which are not trapped within the structure

(matrix), deposit new bone (osteoblasts) or absorb it (osteoclasts) on the exposed surfaces.

A.9 Bone Matrix

The calcified part of bone, or matrix, is roughly one-third mineral, one-third collagen, and
one-third water. The matrix is a composite material with a ground substance of long-
stranded protein collagen stiffened by a dense filling of calcium phosphate mineral
crystals. The function of water in the matrix remains obécure. The sheets in the laminae

are composed of wrapped collagen fibers impregnated at regularly spaced sites with
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hydroxyapatite (a version of calcium phosphate) and other minerals. The minerals are 20

to 40 nm long [18].
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Appendix B: Data Processing of LS Vertebral Body’s
Digitized Surface

The surface was digitized using four different coordinate systems to allow the touch probe
to measure all surfaces on the vertebral body. Figure B-1 shows the two origins used
during the digitizing. The supporting structure consists of an 11-cm-long vise with
wooden vertical supports. The wooden supports have bolts to hold the vertebral body.
Once all the points reachable with the touch probe in one alignment were digitized, the

touch probe was re-aligned, referenced to the other origin, and more data points taken. To

touch probe
first alignment

touch probe
second
alignment

first touch

probe alignment .Qel

origin for
second touch
probe alignment

Figure B-1: Surface Digitizing of the L5 Vertebral Body
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expose all the surfaces, the vertebral body was reoriented, and the two touch probe
alignments were used again to complete the digitizing.

The coordinate measuring machine produced a print-out of three dimensional data
points which were then inputted into a Sun Sparcworkstation. Data sets which had the
same vertebral body orientation were referenced to a common origin easily, as the two

origins only differed by an 11 cm translation along the e; base vector. After applying these

translations, the data was combined into two sets relating to the two orientations of the
vertebral body. Four points on the surface of the body were measured in both orientations
so that one data set could be transformed into the other’s orientation. The transformation is
shown graphically below in Figure B-2 with a triangle representing three points
referenced by the primed and un-primed coordinate systems (three points are the

minimum required to form a consistent system of equations).

Figure B-2: Point Transformation Between the Two Orientations of the Vertebral
Body
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kx" which specify the

Both a translation and a rotation must be applied to the vectors
location of the points in one orientation, or coordinate system, to find the vectors kx which

specify the location in the original orientation. Mathematically, using tensor notation with

the summation convention:
X, =a;; X +1, (B-1)

where a; is the cosine of the angle between ej’ and e; base vectors when the origins of the

n

coordinate systems are coincident (i,j € {1,2,3}); t; is the e; component of the translation

vector; and kxi' is the position coordinate along eil for one of the k points (k € {1,2,3,4}).

As the above transformation is orthogonal (each basis e; and ej' are composed of

mutually orthogonal unit vectors), it follows that a;; must also satisfy:

g8, =8, i,j,orp €(1,2,3) (B-2)

where 6pi is the Kronecker delta function [152]. Equation B-2 is composed of nine scalar
equations of which six are independent. These constraint equations reduce the degrees of
freedom in aj; to three. Furthermore, the problem could be formulated with only six
unknowns (three Euler angles for the rotations, and three scalars for the translation)

compared to the nine unknowns a;; and t;. Though this approach may be simpler, the goal

was not to find the optimum method of solution but just a solution.

At least three vector positions kx (or nine scalar equations) are required for a solution
as there is the added constraint that the relative position of the points with respect to each

other do not change. The extra fourth point was used to improve accuracy and give an
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indication of error. Equation B-1 and Equation B-2 make a system of nonlinear equations

that can be solved for the nine unknowns.

Matlab™ software from The MathWorks Inc. was used to solve the system. Matlab

finds the roots of a function of several variables ( F(aji,ti) = 0 ) using the Gauss-Newton

method. This method is based on the Newton (or Newton-Raphson) method for one
variable, but when used for several variables, it requires the inversion of the Jacobian
matrix. As implied by the name, Guass (or Guass-Jordan) matrix inversion is used. An
initial guess for the roots is used to find a better approximation for the next iteration.
These approximations will converge to the actual roots, provided that the initial guess was
near. The guess used here was based on plotting the four vector positions in both
coordinate systems and visualizing a possible rotation and translation to align the points.

The results, with all vectors in units of mm, are listed on the following page.

After applying the transformation of Equation B-1 to all the points measured in the
primed coordinate system, a total of a 327 surface points described the L5 vertebral body
in the un-primed system. The four points which were measured in both systems gave an
indication of the error in measurement of these points. As is shown below, there is a small
difference (less than 0.13 mm) between the vector points measured in the un-primed

system, and the points transformed into the un-primed system.
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-10 0
a;=1010
Initial guess: 0 0 -1

t; = [-61.524 0.243 —6.221]

Vector positions:

1 1,

x; = [66.126 51.000 87.468] % = [124.715 51.306 90.876]
2 % 4

%, = [130.209 30457 100.216] "% = [62.690 40.409 70.768]
3 3 .,

%= [64.167 30336 82.160] % = [125.691 30.093 88.381]

-+ 4 ,
%= [131.410 46.443 111.475] % = [62.153 59.440 67.323]

—-1.0437 0.0312 0.0694
a; = 10.0399 0.9222 0.3885

Solution: 0.0155 0.4258 —1.0594

t; = [193.1771 ~38.9367 155.2708]

Vector position measured in the primed coordinate system
evaluated in the un-primed system through Equation B-1:

1, 1

x/ = %= [66.095 50.965 87.578]
2. 5 2
%= ;= [130.168 30.417 100.344]
3 . 4

%/ =% = [64201 30371 82.048)]

4, 4
%/ =" = [131.448 46.483 111.349)]
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Appendix C: Comparison of Bovine Experimental
Results to Human Experiments

C.1 Geometry

Figure C-1 depicts the range of end-plate areas measured in humans. The bars represent
the range measured by the various researchers listed below, except the filled bar which

represents the bovine cross-sectional areas measured in this work. The bovine areas are

not substantially greater than the human areas.
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a: 60 T1 to T12 vertebrae, Kazarian and Graves [59] d: 22 persons lumbar vertebrae middles, Yamada [57]

b: 81 L1 to L5 vertebrae, Perey [56] e: 109 L1 to L4 vertebrae, Hansson et al. [138]

c: 12 L1 to LS5 vertebrae, Messerer [61] f: L1 to LS disk area from 65 yr male, Breau et al. [21]
g: BOVINE L2,L.3,L5 from this study

Figure C-1: Range of Cross-Sectional Area for Human Vertebral Bodies

As was illustrated in Appendix A, the bovine vertebral bodies have a more complex
shape with greater variation in cross-section throughout the body. Bovine vertebral bodies
are also longer than human: Alici et al. [S1] have shown L3 vertebrae to have a height
between 27-50 mm, and Yamada quoted an average vertebral body height of 26.2 mm

[57]. The maximum bovine heights are above 70 mm.
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C.2 Trabecular Density and Modulus
Regional variation in trabecular density has been seen in human specimens [121] and has
been thought to be distributed due to stress concentration in the vertebra [111], just as was

observed in the bovine specimens.

Table C-1: Human Vertebral Trabecular Apparent Density and Modulus from
Previous Works

Apparent Density Compressive Young’s Modulus
(g cm™) (MPa) £ i
g g5 Number o
eS| o
M P = of donors, a
€an an Mean and Strain ) and age =
Standard Range | Standard | Range 1 8§ 53
Deviation Deviation rate s
0.22 £0.02 0.1-0.4 17 [73]
0.19£0.01%
0.47 + 0.192 152117 ~0.0001° 288 32, 1 month - [74]
89 yrs
~0.272 0.07-0.762 | 55.6%+0.7 1.1-139 ~0.0001¢ 32 4 males, [85]
351206 | 52-104 32 4 females, 14 &
-89 yrs [86]
10-428 400 23 - 83 yrs [145]
0.15+0.06 | 0.07-0.242 23+£15 1-90 0.009 £ 231 3,71-84 yrs [100]
0.001
452+ 134 0.012 15,L3 | 3,20-36 yrs [146]
346 + 138 15,L4 | 3,20-36 yrs

a. Measured using dry bone specimens.
b. 0.01 inch per min displacement rate over the whole vertebral body compressed to 1/4 inch.
c. 0.05 mm/min displacement rate over a | cm long specimen.

Table C-1 lists density and modulus values for trabecular bone in human vertebral
bodies. When these values are compared to those determined in this work, it becomes
clear that bovine trabecular bone in vertebral bodies is denser and stiffer than that in

humans. Lindahl and Lindgren [86] found one human cube specimen with a similar
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density to the bovine, yet they make a qualification that the specimen came from a
“powerfully built 22-year old man”.

The higher apparent density of bovine specimens can be easily explained: bovine
vertebrae undergo larger forces. The vertebral bodies require a stiffer and stronger
structure considering the large bending moments induced on the spine of a quadruped. In
comparison, the human upright posture requires some flexibility in the vertebrae so that
the soft intervertebral disk is not overly stressed during dynamic movements. Also, the
fact that the animals have different relative weights and yet have similar vertebral body
cross-sectional areas is worth some consideration. Currey [7] has accounted for the
compression forces in the quadruped spine with the following model:

... when a mammal, or any other tetrapod, is standing still, the vertebral column

between the limb girdles will be loaded so as to sag, that is, it will tend to be convex

downward. It might be possible to counteract this tendency, without making use of
muscles attached to the column itself, by curving the vertebral column into an arch.

The column would then be loaded in compression, with the viscera slung from it, and

the tendency of the ends of the column to splay apart could be counteracted by the

body wall musculature...

In the trunk, between the fore and hind legs, muscles running from the rib cage to the

pelvis act as tension members and the curved spine as the compression member of the

system bearing the weight of the viscera.

This description is greatly idealized, because real animals run around, twisting their

spine to a greater or lesser amount, and most of the time do not bear much resem-

blance to the architectural model.
Yet for a cow, this model may be quite fitting. One final point: domestic cattle have, on
average, a far shorter relative lifetime than humans. The bone loss associated with aging

will not be seen in a typical domestic animal as it is too young. Bovine bones are then

denser and stiffer on average.
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C.3 Stiffness
As expected from the higher modulus of bovine trabecular bone, the stiffness of bovine
vertebral bodies is higher than for humans. Human vertebral bodies typically have a
stiffness below 8 kN/mm as shown in Figure C-2. The lines on the plot connect the

average measured values. The vertical error bars indicate the standard deviation for that
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Figure C-2: Stiffness of Human Vertebral Bodies

data set. Some of the error bars overlap. The ends of a particular bar can be determined
since they are spaced equally from the average value. The data for this plot were taken
from three papers. Yoganandan et al. [58] used cervical specimens from elderly females
and measured very low stiffness. Perey [56] used lumbar specimens (average age between
40-60 years). The standard deviations for a particular vertebral body type were high and

no increased stiffness was seen with spinal position. In contrast, Kazarian and Graves [59]
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did show a trend of increased stiffness with increased spinal position. Their study used
thoracic specimens from a young population (26-38 years range) and measured a very
high stiffness. Also, in their tests they used three displacement rates and found an
increased displacement rate increased the measured stiffness. But the range of the data
was large and standard deviations between the various groups overlapped. Though human
vertebral bodies have a wide range of stiffness, the bovine stiffness is significantly higher
as all values were above 20 kN/mm.

Kazarian and Graves [59] used techniques similar to this present study employing an
aluminum test fixture with dental acrylic resin as a fixing agent. Though the other two data
sets did not include explicit methods, it appears that the vertebrae were tested directly on
the surface of a metal force plate. Whether these differences in technique caused a higher
stiffness to be measured is not known.

The relaxation behavior observed during the compression tests also occurs in human
specimens. Yamada [57] measured the following creep properties:

The creep limit corresponds to 30% of the ultimate strength for cervical and upper

thoracic vertebrae, 35% for the lower thoracic vertebrae, and 50% for the lumbar ver-

tebrae. The maximum creeping time is 24 hours for cervical and thoracic vertebrae

and 48 hours for lumbar vertebrae. The contraction at creeping rupture is greater
than the ultimate contraction in a normal test.

C.4 Ultimate Load and Ultimate Strength

Numerous studies have considered the ultimate strength and load of human lumbar
vertebra. For ergonomic and prosthetic design considerations, these are clearly important
material properties. Though no review can be all encompassing, as much raw data as

possible was compiled from various sources in this section.
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What is evident in most of the following figures is large scatter in the data. But even
with this uncertainty, the bovine vertebral bodies in this study are markedly stronger than
human bodies. The strength of the bodies seen here may be attributed to the bones
exposure to larger forces (as discussed in Section C.2). Figure C-3 shows the ultimate load
determined for human vertebral bodies. As human and bovine cross-sections are about the

same, and ultimate strength results for humans are also much lower.
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Figure C-3: Histogram of Ultimate Load for Human Lumbar Vertebrae
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The data used in Figure C-3 can be compared to average values quoted in other
research using specimens from the entire spine (shown graphically in Figure 1-1). Yamada
[57] quoted a Japanese study involving 22 persons with an average lumbar vertebral
strength of 4.95 kN which is markedly close to the above result. Yet the results of Gozulov
et al. [60] for samples from 19-40 yr males (n= 6-16) were between 10.7 and 12.6 kN as
quoted by Kazarian and Graves [59].

Figure 1-1 indicated that vertebral ultimate load increases with the position of the
body in the spine as in the bovine results. The same trend is seen in this data compilation

yet there is substantial spread in the data (Figure C-4).
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Figure C-4: Human Lumbar Vertebral Body Ultimate Load as a Function of Spinal
Position (sources referenced in Figure C-3)
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Ultimate stress values were also compiled from various sources. The distribution is

shown in Figure C-5. By including the cross-sectional area, part of the variation due to

specimen size is taken into consideration. Unfortunately, the variation in the data is still

high. Results from Hansson et al. [138] are lower than Bell’s [139] and Messerer’s [61].

Other studies have quoted higher average values than this compilation; these are listed in

Table C-2: Published Ultimate Strength Values for Human Lumbar Vertebrae

Reference

Ultimate Stress (MPa)

Yamada [57] age group 20-39 6.3+ 0.1
years for lumbar spine

Yamada age group 40-59 44+ 0.2
years for lumbar spine

Yamada age group 60-79 3.0£0.1
years for lumbar spine '

Gocke [153] for lumbar spine

5.6 - 6.9 (range)
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Figure C-6: Ultimate Stress as a Function of Spinal Position for Human Lumbar
Vertebral Bodies (sources referenced in Figure C-5)

Table C-2. As trabecular and cortical bone are strain rate dependent, part of the variation

in the ultimate load is due to different strain rates used in the studies above.

Increase in ultimate load with spinal position can be partly explained by Figure C-6
which does not show a linear increase in ultimate stress with spinal position. Clearly, a
portion of the ultimate load increase is due to an increase of cross-section with spinal
position. But there is an increase in ultimate stress between the upper and lower lumbar
spine. A reasonable explanation of this increase is due to greater apparent density, though
other factors such as strain rate, specimen preparation, and specimen age may have

affected the results between different studies.
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