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ABSTRACT
Finite Element Analysis of Complete Model of Cervical Spine
Master of Applied Science, Mechanical Engineering, 2006, Muhammad Ardalani-Farsa
School of Graduate Studies, Ryerson University

The finite element method has been applied in the area of the cervical spine since the 1970’s.
In the present research work, the finite element method was employed to model, validate and
analyze a complete model of the human cervical spine from Cl1 to TI, including
interconnecting intervertebral discs, ligaments and joints.

The developed model of the cervical spine was validated by the experimental results presented
in the literature. As the values obtained from the finite element analysis were mainly in the
range of motion observed in the experiment; it was concluded that the finite element results
were consistent with the reported data in the literature. Next, the validated model of the
cervical spine was examined under physiological loading modes to locate the areas bearing
maximum stress in the cervical spine. Finally, to study the effect of variations in the material
properties on the output of the finite element analysis, a material property sensitivity study was
conducted to the C3-T1 model of cervical spine. Changes in the material properties of the soft
tissues affected the external and internal responses of both the hard and soft tissue components,

while changes in those of the hard tissues only affected the internal response of hard tissues.
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CHAPTER1

INTRODUCTION

The cervical spine is one of the most complicated structures in the human body. Its
exclusive anatomy makes this structure extremely flexible. The cervical spine is also
responsible for providing appropriate support for the skull and protecting the spinal
cord from injury. Although the cervical spine is very flexible, it is highly at risk of
injury from strong, sudden movements, such as whiplash-type and high gravitational
(G) force impact injuries.

Researchers have chosen different approaches to investigate the area of cervical spine
injuries. Statistical survey is the basic approach to determining populations at risk of
cervical spine injury and the external causes of injury. Clinical studies of cervical spine
injuries can assist researchers to define the mechanism and severity of a neck injury.
Investigating cervical spine injuries experimentally is the ideal method of simulating the
mechanism of injury and its initialization, as controlled loads can be applied to the neck
while performing the experiments. Numerical analysis is another method of simulating

real life accidents and is more efficient than the experimental approach. This method



enables researchers to develop highly detailed models in which the distribution of stresses
and strains can be studied for all of the different components of the cervical spine. All of
these approaches are extremely important and considering them together will offer a gréat
opportunity to increase the knowledge of neck injury mechanisms.

The numerous advantages of the finite element method have motivated researchers to
investigate the causes of injury in the cervical spine using this épproach. The ability to
analyze complicated structures, material properties and boundary conditions, whether
linear or nonlinear, makes this method a more attractive tool in the investigation of
cervical injuries in real life. Taking advantage of fast processor computers, the finite
element approach is faster and cheaper than experimental techniques.

The first step ih investigating the causes of neck injury using the finite element method is
to develop a CAD model of the cervical spine and validate the model via finite element
analysis. Stress analyses éan be performed on the validated model to obtain the
distribution of stress and strain throughout the model. Experts in the area of neck injury
can study the finite element results and locate the regions at risk of injury. Also, the
output from finite element analyses can be used by engineers to design appropriate neck
instrumentations.

It is essential to review available biomechanical models of the cervical spine in order to
be familiar with the advantages and disadvantages of each model. This review will also
contribute to determining which published paper is most reliable and appropriate to
follow when selecting the required geometric parameters and material properties of
various components of the cervical spine. The following sections discuss in detail the

four major categories of biomechanical models.



1.1  Biomechanical Models of the Cervical Spine

Biomechanical models can assist researchers to define the fundamental mechanisms of

injury in the cervical spine, leading to reduced risk of injuries, distinguished causes of

neck pains and treatment of clinical problems. There are four main categories of

biomechanical models as elaborated in Table 1 [1].

Table 1: Categories of Biomechanical Models [ 1].

Human

dysfunction studies, and
implant testing

physical properties, and
population variability

Advantages Disadvantages
] Implant and component Slmple3 less variable, less Non-an?tom}c,
Physical model testin expensive, evaluates unphysiologic
g implant alone implant loading
‘ Different anatomy
Animal Implant testing Les.s expensive, less and biomechanics,
- variable does not represent
in vitro model o 1
human variability
Spinal function and Actual human anatomy, Difficult to obtain,

expensive, more
variable than animal

In vivo model

Animal

Studying phenomena
that occur in vivo e.g.
fusion and adaptation

Essential for studying
fusion, adaptation, and
effect of drugs

Different anatomy,
biomechanics, and
biology, has greater
variability than in
vitro animal model.

Human

Studying living '
phenomena in humans,
e.g. muscle recruitment

Actual human responses
to external stimulus, e.g.
head kinematics and
muscles recruitment in
whiplash simulations

Subjects can not be
loaded to cause any

injury

Mathematical model

Simulating situations
not modeled by other
biomechanical models

Capable of simulating real
phenomena- effect of
muscles, bone healing,
tissue adaptation,
determining internal
loads, strains and stresses

Difficult to validate,
tendency to use the
model beyond its
validation boundaries

1.1.1 Physiological Models

Physical models are those made of man-made materials. These models are mainly used

when the bony structure and material properties of the soft tissue are less important than

spinal instruments. The popular physical model of the cervical spine that has been widely

used by researchers at academic institutes and engineering companies in the industry is




the missing-vertebra model to test the spinal instrumentations. The missing-vertebra model
consists of two blocks of high-density polyethylene to which spinal devices are attached.
The adjacent models of vertebrae are distanced appropriately to provide a one-level
corpectomy (missing-vertebra model). The main purpose of using this model is to test the
strength and fatigue of various spinal instruments, such as plating devices and screws.

1.1.2 In Vitro Biomechanical Models

In vitro biomechanical models of the cervical spine are the cadaveric specimens of
humans or animals. These models are used whenever anatomy is important to investigate
the causes of injury in the neck. These models are mainly used to test the strength,
fatigue, and stability of the cervical spine specimen or specimen plus the instrumentation.
The in vitro biomechanical models are generally divided into three categories based on
the purpose of the research study. The basic purpose of using in vitro biomechanical
models of the cervical spine is to assist researchers to record its basic movements in
response to applied loads or displacements. The cervical spine’s behavior can be
investigated in single or multiple directions, under simple or complex loading conditions,
and in neutral or other postures. The second purpose is to simulate spinal injuries,
diseases, or surgical decompression procedures.

The last objective of using the in vitro model of the cervical spine is to evaluate spinal
instrumentations or devices. For this purpose, the biomechanical model is first studied
intact, then as a clinically injured model simulating the relevant injury, and at last as an
instrumented model of the cervical spine. Comparing the model of the cervical spine after
injury and installing instrumentation with the intact model assists researchers to evaluate

the stability of the installed instrumentation.



Lysell [2] was probably the first researcher to perform an extensive in vitro study of the
cervical spine motions. He has since presented a thorough review of the literature and
research works. Lysell [2] tested complete fresh cadaveric cervical spine specimens (C2-
T1). He used four 0.8 mm-steel-balls inserted into each vertebra and quantitative stereo
radiography. He measured the three dimensional relative motions between vertebrae and
then investigated a total of 28 specimens (age: 11 - 67 years) and found no effect of
degeneration on the motions.

Panjabi et al. [3] studied the load-displacement behavior of 4 cervical spine specimens
(age: 42 - 70 years). The 6 forces of anterior-posterior shear, medial-lateral shear, and
compression-tension were applied to the specimens. The maximum force used was 50 N.
Then, they measured three-dimensional motions of each motion segment of the cervical
spine specimens were measured. This data could be used for the development and
validation of numerical models of the cervical spine.

In another in vitro study, Panjabi et al. [4] measured motions of the upper cervical spine in
three dimensions. They used 10 cadaveric spine specimens (age: 29 - 59 years) subjected to
a maximum moment of 1.5 Nm at the occiput. Next, the three-dimensional motions of
occiput-C1 and C1-C2 were measured. In addition to the ranges of motion, the authors also
measured the elastic and neutral zones, which are helpful to validate the numerical models
of the cervical spine, especially in the presence of its nonlinear behavior.

Moroney et al. [5] tested 35 fresh adult cervical spine motion segments. The load-
displacement curves were obtained by applying forces of compression and shear and
moments of flexion, extension, lateral bending and axial torsion. The maximum shear

forces applied were approximately 20 N, the compression force was about 75 N and all



moments applied were 1.8 Nm. Additionally, they measured the kinematic behavior of
the disc alone, after cutting the posterior elements. In this study, the stiffness values of
the spinal segments as well as the failure loads were also presented. As mentioned
above, this data could be used to develop and validate the mathematical models of the
cervical spine.

Goel et al. [6] studied the C0-C1-C2 complex under the application of axial moment until
failure. The authors investigat'ed 12 fresh cadaveric specimens (age: 50 -91 years) and
measured the moment-rotation relationship of the cervical spine. The average motion
measured at 2.0 Nm, was 29.9 degrees with a standard deviation of 11.3 degrees. The
failure load was 13.6 Nm with a standard deviation of 4.5 Nm.

1.1.3 In Vivo Biomechanical Models

The majority of In vivo .biomechanical models are animal. rﬁodels, although some
experiments in human volunteers may also be conducted. These models are necessary if the
biomechanics of a living structure are to be investigated. There are many phenomena that
cannot be studied using in vitro models. Animal models are used to study phenomena such
as fusion or osteopenia (a condition of the bone in which decreased calcification,
decreased density, or reduced mass occurs), in response to spinal instrumentation,
degenerative processes adjacent to the fusion area, scar tissue formation, and response to an
injury to disc and facets. Exercising in vitro biomechanical models can lead us to obtain the
flexibility-stiffness and strength of the specimen.

Penning [7] tested 20 sound young adults by taking lateral x-rays of their cervical spines in

flexion and extension postures. He proposed a technique of super-imposing the two films



and calculating the ranges of motion from occiput-C1 to C6-C7. Although he also graphed
the centers of rotations, he reported no numerical values.

Dvorak et al. [8] examined 9 healthy adults (age: 17 - 49 years) and 43 patients with
cervical spine injury using CT scans. In this study, the ranges of axial rotation at the
levels of occiput-C1, C1-C2, and C2-T1 were measured.

Penning et al. [9] measured axial rotation at each vertebral level in a group of 26 healthy
young volunteers (age: 20 -26 years). CT scans were takén throughout the length of the
cervical spine with the head turned maximally to the right, and then to the left (simulating
axial rotations). This is probably the first and only in vivo study in which axial rotations
of the cervical spine have been measured.

Dvorak et al. [10] suggested the idea of in vivo passive motion measurements in contrast
to the in vivo active motion measurements. The cervical .spines of 59 adults were
investigated by means of radiographs. They examined 28 healthy adults and 31 patients
who had experienced soft tissue injury to the cervical spine. By laying the flexion x-ray
on top of the extension x-ray and using simple graphical construction, they measured the
rotational ranges of motion in flexion-extension.

Dvorak et al. [11], in another study, measured motions of the cervical spine in 44 adults
(22 women and 22 men) in a younger age group (23 - 49 years). These were normal
subjects who underwent passive flexion-extension motion and were examined by lateral
x-rays at the ends of the range of motion. The authors implemented a computer program

to determine ranges of rotatory and translatory motions as well as centers of rotations.



1.1.4 Numerical Models

A numerical model is a set of mathematical equations that incorporate the geometry and
material properties of a specific structure. These models are ideally suitable to investigate
the phenomena that cannot be thoroughly studied in other models.

The most common mathematical model of the cervical spine is a finite elment model. The
finite element models incorporate realistic geometry of the vertebrae and material
properties of the soft tissue connecting the vertebrae. Studies of kinematics (intervertebral
motions), kinetics (motions in response to applied loads), and internal strains and stresses
are possible outputs for using this model. Although kinematics and kinetics can be
studied by in vivo and in vitro experiments, determining the internal stresses and strains
cannot be measured experimentally. Knowing the stresses and strains in the vertebrae or
interconnecting soft tissues in response to the loads applied to the specimen, it is possible
to locate the regions at risk of misplacement, fracture or rupture.

Like all other biomechanical models, mathematical or computer models are not universal;
they are reliable only for the specific purpose for which they are developed. For instance,
if a numerical model is developed to study the dynamics of a spine, in a whiplash
simulation in which the goal is to measure the intervertebral motions in response to a
horizontal acceleration, then a model may consist of a series of vertebral bodies (modeled
as rigid bodies) connected by ligaments and discs (modeled as springs). On the contrary,
if the model is designed to study internal stresses and strains in the disc, the vertebrae and
discs may be modeled more realistically as consisting of thousands of solid elements

connected by flexible spring-like links.



The first numerical spinal models were developed in the late 1950°s to understand the
biomechanics behind spinal injury due to pilot ejection [12]. Since then, research with
numerical techniques, such as the finite element method, has progressed toward a better
understanding of spinal behavior and injury mechanisms. Lumped parameter models can
also be used to study kinematics, but do not give the possibility to evaluate tissue stresses
and strains, since they are built up of rigid bodies. Knowing the stresses and strains in
response to a given load, it is possible to predict the result important for injury
prevention. The anatomical details give a more reliable kinematical response than
spherical representations of vertebrae and joints used in the lumped parameter models.
Also, the lumped parameter models of the cervical spine have been developed by many
researchers such as Merill et al. [13], Li et al. [14], De Jager et al. [15,16].

The following sections outline the history of finite element models presented in literature
to characterize the motion of the cervical spine and demonstrate the mechanisms of neck
injuries.

1.1.4.1 Model of Single Vertebra of Cervical Spine

The finite element model of a single vertebra of the cervical spine has been developed
mainly from CT-images and used to analyze stress patterns in the vertebral bone during
loading to predict fracture mechanisms. Teo et al. [17] modeled C2 with anatomical
detail but assumed the vertebra to be entirely made of cortical bone, while Graham et al.
[18] included both cortical and cancellous material properties in the analysis of odontoid
fractures. Teo et al. [19] investigated fracture mechanisms in two separate anatomically
detailed models of C1, but considered only cortical material property for the vertebra. In

a model of C4 developed by Bozic et al. [20], separate material property was set for each



region, although the accuracy of the anatomy was compromised as it was meshed with
brick elements.

1.1.4.2 Model of Cervical Motion Segment

Finite element models of cervical motion segments have been developed mainly to study
the force-displacement of single- or multi-motion segments of the cervical spine. Maurel
et al. [21], Yoganandan et al. [22], Ng et al. [23], Teo et al. [24], and Wilcox et al. [320]
considered linear elastic material properties for their models to measure load-
displacement and stress and strain distributions within the models.

Maurel et al. [21] developed a three-dimensional geometrical and mechanical FE model
of the complete lower cervical spine. The geometry of the vertebrae was a
parameterized, which allowed the model to fit different morphologies of vertebrae. The
results obtained with a single motion segment model and with the complete model were
validated with those from experimental studies. Since the authors used parameterizéd
model, they could study the influence of geometric parameters on the mechanical
behavior of the cervical spine.

The research work conducted by Yoganandan [25] investigated a detailed three-
dimensional finite element model of a three-vertebra segment, C4-C6, of human cervical
spine using computed tomography scans and validated against experimental data. As they
included three levels in the spinal structure, they could determine the mechanical
behavior of the various components at each level. Their results indicated that the stresses
in the anterior column were higher compared to the posterior column at the inferior level,
while the opposite true at the superior level. The superior and inferior endplate stresses

were higher compared to posterior column at the inferior level, while the opposite was
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found to be true at the superior level. The superior and inferior endplate stresses were
higher in the middle vertebral body compare to the adjacent vertebrae. In addition, the
stresses in the cancellous core of the middle, unconstrained vertebral body were higher.
Kumaresan et al. [26] developed an anatomically detailed model of C4-C6 motion
segment of the human cervical spine. The vertebrae were represented with shell elements
for the cortical bone and solid elements for the cancellous bone. The intervertebral discs
were modeled with annulus fibers including a ground substance resembling annulus
fibrosus in combination with linear elastic solid elements for the nucleus pulposus. This
model of the intervertebral disc is the first model considering anisotropic behavior. Also,
non-linear spring elements were used to model the ligaments. The authors validatéd their
model for compression, flexion, and torsion.

Wheeldon et al. [27] added C2, C3, C’; and T1 to the C4-C6 model of Kumaresan [28], to
have a model of the complete C2-T1 segment. Validation of this model has not yet been
published.

Goel et al. [29] considered non-linear material properties for the ligaments in a finite
element model of the C5-C6 motion segment. The model was validated for compression,
flexion, extension, axial rotation, and lateral bending.

1.1.4.3 Model of Upper Cervical Spine

To consider the coupling between the head and the neck, it is essential to include a model
of the skull in the finite element model of the cervical spine. Except for the models by
Yang et al. [30] and Jost et al. [31], other researchers have simplified the joints and the

anatomy of the upper cervical spine.
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The model by Jost et al. [31] developed an anatomically accurate upper cervical spine. In
his model, the occipitoatlantal and atlantoaxial joints were modeled with facet surfaces,
where the gap between the surfaces was filled with linear elastic solid elements and a
system of springs and dampers.

Lee et al. [32] developed a three-dimensional finite element model of the upper cervical
spine including nonlinear ligaments and sliding-contact for contact surfaces. The authors
quantified the biomechanical behavior of the model under various load conditions. For
the first time, in this model alar and transverse ligaments of the neck were modeled by 8
node brick elements.

A recent finite element model of the upper cervical spine was developed by Brolin [33].
The detailed anatomy of occiput to C3 was obtained by computed tomographic images.
In her model, ligaments were modeled as nonlinear spring elements. The model was
validated for axial rotation, flexion, extension, and lateral bending. The model
realistically simulated the complex kinematics of the craniocervical region. It was
highlighted that the injuries changing the material characteristics of any spinal ligament
will influence the structural behavior of the upper cervical spine [33].

1.1.4.4 Complete Model of the Cervical Spine

The first complete model of the cervical spine was developed by Kleinberger [34]. He
included a rigid head in a model of the cervical spine and used it for dynamic
simulations. The vertebrae were modeled as rigid bodies. Homogenous material property
was selected for intervertebral discs and the ligaments were modeled with brick elements.
Material property for all soft tissues was set as linear, homogenous and isotropic. The

occipitoatlantal joint was simplified as a pin joint, allowing for a rotation of about one
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axis to simulate flexion and extension motion and maintain skull-atlas contact in tension.
The model was validated for axial compression and frontal impacts.

Later, Stemper et al. [35] changed the material properties in Kleinberger’s model and
used the same model to investigate the mechanical behavior of the cervical spine. They
concluded that the rotation of the center of gravity for the head increased when the elastic
moduli of the vertebrae and discs were increased, while the Poisson’s ratio did not affect
the head motion.

Another head and neck model was developed by Yang et al. [30]. The material property
for the cortical and cancellous bone was simplified and assumed to have the same
stiffness. They divided intervertebral discs into a linear viscoelastic model of the nucleus
pulposus and linear elastic elements for the annulus fibrosus. The ligaments were
modeled -with nonlinear tension-only membrane and bar elements. The difference in
material properties of ligaments at different spinal levels was neglected. Data for the
lumbar spine ligaments was used and scaled to represent the ligaments in the cervical
spine region. The model by Yang et al. [30] was validated by experimental head-neck
drop tests and rear impact sled tests.

Jost et al. [31] developed another complete model of the cervical spine with a rigid head,
as a part of a finite element model of the whole body. The lower and upper cervical spine
was modeled with anatomical detail. The vertebrae were modeled with shell elements to
represent the cortical bone. The cancellous bone in the vertebrae was ignored. Ligaments
were modeled with tension-only membrane elements with linear elastic material

properties, in combination with spring-damper elements to simulate the viscoelastic
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material behavior. The model was validated at low and high G-level lateral accelerations
and only the head motion was measured.

Although research works are published in the modeling of the cervical spine, there is
still much work to be done before a compiete validated finite element model of the
cervical spine can be used for all purposes. More accurate material models need to be
developed to resemble biological materials, and there is also a need for more accurate
geometrical models.

1.1.4.5 Models of Cervical Injury

Several researchers developed finite element models of the cervical spine to simulate
fracture mechanisms in the bony structure of the vertebrae [36,37,38,39,40,41]

Teo et al. [24] conducted a parametric study on the roles of ligaments, facets, and disc
nucleus of the lower human cervical spine (C4-C6) using the finite element method. In
this research, a three-dimensional finite element model of the lower human cervical spine
was developed and validated against the published data under three load conditions: axial
compression, flexion and extension. The finite element model was further modified
accordingly to investigate the role of discs, facets and ligaments in preserving cervical
spine motion segment stability in these load configurations. The model predicted the
nonlinear force-displacement response of the human cervical spine, with increasing
stiffness at higher loads. It also predicted that the role of ligaments, facets or disc nucleus
is substantial to maintain the cervical spine stability, in terms of sagittal rotational
movement or distribution of load.

In another study, Tan et al. [42] generated the three-dimensional, nonlinear finite element

model of the C2-C3 motion segment from human cadaveric data and examined it under
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varying load conditions to investigate stress patterns on the odontoid process. The
model consists of C2 and C3 vertebrae, the single intervertebral disc and all
biomechanically important ligaments. To evaluate the stress distributions in the
odontoid process, pressure loads were applied on the dens at the point where it is about
to come into contact with the surrounding neck construct. Such contacts may take place
when the dens comes in contact with the anferior arch of the atlas, transverse ligament
or the lateral masses of the atlas. Therefore, pressure loads on the surface of the dens
were changed from the posterior to anterior directions at 45° substeps in five load cases
to define stress patterns. They concluded that the direction of the load vector is an
important factor for the dens fracture.

A simplified model of the cervical spine was developed by Sadegh et al. [43] to examine
stress distributions in the bony structure of vertebrae. The loads and the moments applied
to the model were collected from the biodynamic responses of human volunteers during
high gravitational acceleration. Beam elements with various material properties were
used to simulate the ligaments, articular facets and muscles. The complete model of the
cervical spine was subjected to 11 cases of loading, ranging from 8 G to 20 G. They
concluded that the maximum stress in all loading cases increased as the magnitude of the
acceleration increased. The stresses in the 10 G to 12 G were comfortably below the
injury level and the majority of the maximum stresses occurred in C6 and C4 regions.
1.1.4.6 Material Property Sensitivity Model

The result of finite element analysis is highly dependant on the selection of material
properties for various components of the model. The effect of material property

variations of spinal components on the human lumbar spine biomechanics is fully

15



investigated. With regards to the cervical spine, Ng et al. [44] and Kumaresan et al. [28]
have presented some research.

Kumaresan et al. [28] developed a three-dimensional anatomically accurate finite element
model of the C4-C6 unit including the three vertebrae, two interconnecting intervertebral
discs, and the anterior and posterior ligament complex to determine the effect of
variations in the material properties of the cervical spinal compohents on the results of
the finite element analysis under physiological loads. The authors conducted a parametric
study on the variations in the material properties of all of the cervical spine components
including the cortical shell, cancellous core, endplates, intervertebral disc, posterior
elements and ligaments under flexion, extension, lateral bending and axial torsion loading
conditions. Low, basic and high material property cases for each of the six components
under all four physiologic loading conditions were considered in the finite element
analysis. The results were evaluated to analyze the external angular rotation and the
internal stresses in the middle vertebral body, the superior and inferior endplates and the
two intervertebral discs. It was concluded that variations in the material properties of the
different cervical spinal components produced dissimilar changes in the external and
internal responses. Variations in the material properties of the cancellous core, cortical
shell, endplates and posterior element structures representing the bony structure of
vertebrae did not affect the external angular motion and the internal stresses of the
inferior and superior intervertebral discs. In contrast, variations in the material properties
of the intervertebral disc and ligament structures significantly affected the angular motion

and the stresses in the inferior and superior intervertebral discs of the cervical spine.
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A systematic approach using factorial analysis was conducted by Ng et al. [44] on the
finite element model of C4—C6 unit to analyze the influence of variations in the material
properties of the cortical shell, cancellous core, posterior elements, endplate, disc annulus
and disc nucleus, on the internal stresses and external biomechanical responses under
compression, anterior and posterior shear. Results demonstrated that material property
variation of the disc annulus has a significant influence on both the external
biomechanical response and internal stress of the disc annulus and its adjacent hard
bones. They found that variation in the cortical shell modulus has significant influence on
the cancellous bone under compression and anterior-posterior shear.

1.2 Objective and Method of Approach

The main objective of the present study is to develop a finite element model of the
cervical spine from C1 to T1 and validate it against experimental results reported in
literature. The validated model will then be used to conduct stress analyses and
investigate the material sensitivity in the cervical spine.

In the previous sections, the four main categories of biomechanical models were outlined:
the physiological models, in vitro biomechanical models, in vivo biomechanical models,
and numerical models. These models have assisted researchers to understand the
mechanisms of cervical injury and, therefore, to improve the prevention, diagnosis, and
treatment of clinical problems. The background and history of each biomechanical model
was also discussed.

In the next chapter, the anatomy of the cervical spine is outlined. The various components
forming the structure of the cervical spine, such as vertebrae, intervertebral discs,

ligaments, muscles and joints are presented in detail. It is essential to have knowledge of
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the anatomy of the cervical spine in order to develop an anatomically accurate model of
the human cervical spine.

Chapter 3 presents the main injuries of the cervical spine. Numerous studies have been
conducted in this area. In this chapter, the injuries causing instability in the cervical spine
are fully explained.

One of the challenging subjects in the finite element modeling of the cervical spine is
defining the material properties of soft tissues. This important issue is discussed in
chapter 4. As soft tissues, especially ligaments, play a prominent role in the finite element
model of the cervical spine, the structure, function, mechanical testing, and material
models of ligaments and muscles are carefully reviewed in this chapter.

In chapter 5, a three-dimensional CAD model of the cervical spine is constructed using
average parameters reported in the literature for various components of the human neck.
Based on the developed CAD model and the most common material properties presented
in literature for the bony and soft tissues of the cervical spine, the finite element model of
cervical spine is developed. The developed finite element model consists of vertebrae,
interconnecting intervertebral discs, ligaments and joints.

Finally, in chapter 6, the three-dimensional finite element model of the cervical spine
developed in chapter 5 is validated using the experimental results published by other
researchers. This validation is performed in three steps; the single motion segment of C5-
C6, the model of C3-T1 unit, and finally, the complete model of the cervical spine. To
locate the maximum stress areas in cervical spine under various physiologic loading
modes, stress analysis is performed for comple;te model of cervical spine. Finally, to

study the effect of variations in the material properties of the cervical spinal components
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on the output of the finite element analysis, a material property sensitivity study is

conducted to the model of the C3-T1 unit.
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CHAPTER 2

ANATOMY OF CERVICAL SPINE

The cervical spine is made up of the first seven vertebrae in the spine. It begins just
below the skull and finishes just above the thoracic spine. The cervical spine has a
lordotic curve (a backward "C"-shape), just like the lumbar spine. The cervical spine is
much more flexible than both the thoracic spine and lumbar spine. It is therefore possible
to rotate the cervical spine in different directions and angles. There are special holes in
each vertebra of the cervical spine for the arteries (blood vessels that carry blood away
from the heart). These openings can only be observed in the cervical area. The skull and
vertebrae are joined by the ligaments and intervertebral discs to make the neck a stable

yet flexible structure [45].
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2.1  Vertebra

The first two vertebrae in the cervical spine, the atlas and the axis, are different from the
other vertebrae because they are developed specifically for axial rotation (Figure 1).
These two vertebrae allow the neck to rotate in different directions [46].

Atlas is the first cervical vertebra. It is located between the skull (occiput) and the rest of
spine. It does not have a vertebral body, but has a thick arch anteriorly and a thin arch
posteriorly, with two facet masses.

Atlas sits on top of the second cervical vertebra, Axis. Axis has a bony projection called
the odontoid process that runs through the hole in the atlas. This special arrangement

enables the head to turn from side to side as far as it can.

Superior Facet Anterior Arch
' / Transverse Superior Articular

/ Process Facets
/

H “\*
/ .
erior Arch —/ Inferior Facet™ Lamina
Posterior Arch erior Facel : Transverse
1 Spinous Process Process

Figure 1: Left, the first vertebra of cervical spine, Atlas. Right, the second vertebra of cervical spine,
Axis [47].

Cervical vertebrae C3 through C7 are considered to be typical (Figure 2). They each have
a vertebral body, pedicles, a transverse process, facets, lamina, a posterior process, a

spinous process and are linked through intervertebral discs that distribute and absorb
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loading forces. The superior surface of the vertebral body is convex anteriorly and
concave from side to side. The inferior surface of the vertebral body is concave anteriorly
and convex from side to side. The anterior region of the vertebral disc is thicker than the

posterior region [48].
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Figure 2: The typical vertebra of cervical spine, C3 to C7 [47].

2.2  Intervertebral Disc

The intervertebral disc fills the gap between the vertebral bodies (Figure 3). It is the
largest avascular structure in the human body. It can be considered as a joint since
movements of vertebrae against one another are only possible through the discs and the
zygapophyseal joints (two paired processes of the neural arch of a vertebra that
articulates with correspondin;g parts of adjacent vertebrae). Moreover, it contributes to the
elasticity of the spine and acts as a shock absorber [46].

Each intervertebral disc has four components: nucleus pulposus at the interior of the disc,
two cartilaginous end-plates on the facing vertebral surface, and annulus fibrosus [45].
The annulus fibrosus surrounds the area of the nucleus pulposus and consists of

irregularly arranged lamellae encircling the area of the nucleus. The thickness of the
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individual layers changes from 200 pm in the inner zones to 400 pm in the outer zones.
The fibers of the individual layers make an angle of +30° and -30° with the horizon. The
fibers contain 16% of the annulus volume [48]. The cartilaginous plates of the vertebral

bodies form the anatomical border of the intervertebral disc [46].

anulus fibrosus

Figure 3: Anatomy of intervertebral disc [49].

2.3 Ligaments

Ligaments make the joints stable in the spine and restrict their motion. Figure 4 and
Figure 5 demonstrate ligaments in the upper and lower regions of cervical spine. The
lower cervical spinal ligaments are the anterior longitudinal ligament (ALL), the
posterior longitudinal ligament (PLL), the capsular ligaments (CL), the ligamentum
flavum (LF), the inter spinous ligaments (ISL), and the super spinous ligaments (SSL).
The upper portions of these ligaments also belong to the upper cervical spine.
Ligaments that belong specifically to the upper cervical spine (occiput, atlas and axis)
are the apical ligament, the alar ligament, the transverse ligament (TL), the tectorial
membrane (TM), the anterior atlanto-occipital membrane (AAOM), and the posterior

atlanto-occipital membrane (PAOM). The PLL changes to TM from C2 to the occiput
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and the ALL to the AAOM from C1 to the occiput [50]. Table 2 shows the list of the

lower and upper cervical spinal ligaments.

Table 2: List of the lower and upper cervical spinal ligaments.

Ligament Mnemonic
The Lower Cervical Posterior Longitudinal Ligament PLL
Spinal Ligaments Anterior Longitudinal Ligament ALL
Capsular Ligaments CL
Ligamentum Flavum . LF
Interspinous Ligaments ISL
Superspinous Ligaments SSL
The Upper Cervical Alar Ligament AL
Spinal Ligaments Transverse Ligament TL
Tectorial Membrane T™
Anterior Atlanto-Occipital Membrane AAOM
Posterior Atlanto-Occipital Membrane PAOM

Figure 4: The lower cervical spine ligaments: Inter spinous ligaments (ISL), Ligamentum flavum (LF),
Capsular ligaments (JC or CL), Anterior longitudinal ligament (ALL), Posterior longitudinal ligament
(PLL), Superspinous Ligaments (SSL) [51].
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Figure 5: The upper cervical spine ligaments: Apical Ligament, Alar Ligament, Transverse
Ligament (TL), Vertical Cruciate Ligament [51].

2.3.1 The Apical Ligament

The apical ligament locates posteriorly at the superior surface of the dens and on the
occipital foramen. It is thin and V-shaped, with the fibers concentrated mainly in the
middle. The purpose of apical ligament is to restrain motion of the cervical spine in flexion.
2.3.2 The Alar Ligament

The alar ligament constrains the axial rotation of the occipito-atlantal joint. Its origin is
on the upper portion of the dens and the insertion is on the occiput [52]. The main fiber
forming the alar ligament is collagen, thus it is an inelastic ligament with a large stiffness.
2.3.3 The Transverse Ligament

The transverse ligament’s origin is on one side of the lateral masses of the atlas and the
insertion is on the other, passing on the posterior side of the dens. It works as a constraining
band on the dens, holding it against the anterior ring of the atlas, therefore preventing
movement of the dens toward the spinal cord. The transverse ligament has two vertical
extensions: an upward projection to the occiput and a downward prolongation to the

vertebral body of the axis. These vertical fibers are named the vertical cruciate and control
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the flexion of the head (Figure 5). The transverse ligament fibers are mainly made of
collagen, as the alar ligaments [53].

2.3.4 The Anterior Longitudinal Ligament and the Anterior Atlanto-occipital
Membrane

The ALL tightly attaches to the anterior surface of the vertebral bodies and the discs
between them. It is a broad ligament whose thickness reduces at the C1-C2 level. The
ALL changes its name to the anterior atlanto-occipital membrane at the C0-C1 level [50].

2.3.5 The Posterior Longitudinal Ligament and the Tectorial Membrane

The PLL extends on the posterior surface of the vertebral bodies. The PLL runs along the
spine up to the C2 vertebra. The TM prolongs between C2 and the occiput, as a
continuation of the PLL.

2.3.6 The Ligamentum Flavum

The ligamentum flavum links adjacent lamina and is placed within the spinal canal, on
the posterior surface. Unlike most ligaments, it contains a high concentration of elastin
fibers, thus, it is a tough ligament.

2.3.7 The Supraspinous and Interspinous Ligament

The SSL and ISL join the spinous processes of adjacent vertebrae. They constrain
extension of the spine. The SSL does not appear in the upper cervical spine, while the
ISL exists at the top level (C1-C2).

2.3.8 The Capsular Ligament

The CL links two adjacent facet joint surfaces. One of ‘their main functions is to keep the
synovial fluid inside the joint. The CL is a thin and loose ligament, especially in the

occipito-atlantal (C0-C1) and atlantoaxial (C1-C2) joints.
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2.4  Muscles

Muscles perform three tasks in the human neck. Firstly, muscles provide stability to the
neck and head in a certain posture. Secondly, they enable movement of the head during
physiological activity. The third task is to assist in the protection of the cervical spine
[54,55,56].

Despite the importance of including muscles in the cervical spine area to develop the finite
element model of the head and neck, not many researchers have considered them in their
finite element models. Therefore, finding the geometrical properties of the muscles in this
area is not clearly reported in the literature, and the material properties of the muscles are
rarely mentioned. The functions as well as origins and targets of the main muscles in the area
are briefly discussed below.

2.4.1 Rectus Capitis, Obliquus Capitis, Sternocleidomastoid

Examples of muscles that can be represented by straight lines connecting points of origin to
points of insertion are the suboccipital muscles, rectus capitis posterior major and minor and
obliquus capitis superior, which arise on the first or the second cervical vertebra and insert
into the skull, and the obliquus capitis inferior, which arises on the second cervical vertebra
and inserts into the first (Figure 6). Likewise, the anterior vertebral muscles rectus capitis
anterior and rectus capitis lateralis, which originate on the atlas and insert into the skull, can
be represented by straight lines. The sternocleidomastoid, which passes oBliquely across the
side of the neck, arises by two heads-the medial or sternal head from the ventral surface of
the manubrum sterni and the lateral,' or clavicular head from the superior border and anterior

surface of the medial third of the clavicle to the mastoid process of the skull (Figure 7). This
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muscle is modeled by two lines — one from the thorax and one from the clavicle, both

inserting into the skull.

RECTUS cAPy
POST. MINOR OBLIQUE CAPITIS
v SUARIOR

RECTus cAPITIS
POST: MAJOR osLIQUE CAPIMS

INFEROR

Figure 6: The suboccipital muscles, rectus capitis posterior major and minor and obliquus capitis
superior and inferior [56].

Figure 7: Muscle model for Sternocleidomastoid[S6].
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2.4.2 Sternothyoidus, Sternothyroideus

The infrahyoid muscles, sternothyoidus and sternothyroideus, spanning the hyoid bone
and the thorax may assist the anterior vertebra neck muscles by keeping the hyoid bone
fixed. It was decided, therefore, to include these muscles in the model even though they
are primarily responsible for the actions of the larynx and hyoid. The sternohyoideus
arises from the posterior aspect of the sternal end of the clavicle and from the back of the
manubrium sterni and inserts in\to the lower border of the body of the hoyid bone. It is
modeled by two lines-one from the thorax and one from the clavicle both inserting into
the hyoid bone, which is assumed to be intergral with the skull. Similarly, the
sternothyroideus, which arises from the dorsal surface of the manubrium sterni and the
cartilage of the first rib and inserts into the lamina of the thyroid cartilage, is modeled by
a line connecting the thorax to the thyroid cartilage, which is also assumed to be integral
with the skull.

2.4.3 Longus Colli

The longus colli lies on the anterior surface of the vertebral column between the first
cervical vertebra and the third thoracic vertebra and consists of three portions. The
superior oblique portion arises from the anterior tubercles of the transverse processes of
vertebrae C3 to CS5 and inserts on the anterior tubertcle of the atlas (C1) and the body of
the axis (C2). Consequently, this part of the muscle is modeled by six lines, a set of three
from C3, C4 and CS, respectively, connected to C1, and another set of three from the
same three vertebrae connected to C2.

The inferior oblique portion arises from the bodies of vertebrae T1 to T3 and inserts into

the anterior tubercles of the transverse processes of the fifth and sixth cervical vertebrae.
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This part is modeled by two lines: one line from the thorax between T1 and T3 going to
C5 and another line from the same location going to C6.

The vertical portion of the longus colli arises from the anterior surface of the bodies of the
upper three thoracic and the last three cervical vertebrae and insets into the anterior surface of
the bodies of the first four cervical vertebrae. Consequently, the muscle is represented by
sixteen lines: four sets of four each from C5, C6, C7 and the thorax (between T1 and T3),
respectively, connected to C1, C2, C3 and C4, respectively. The muscle model for the longus

colli is illustrated in Figure 8.

LoNGus 4/‘!'!\\} LONGUS

CAPITID ‘!‘,‘: \\“ CAPITIS
-

Figure 8: Muscle models for Longus colli and Longus capitis [S6].
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2.4.4 Longus capitis

The longus capitis arises from the anterior tubercles of the transverse process of the
vertebrae C3 to C6 inclusive and inserts into the inferior surface of the basilar part of the
occipital bone in the skull (Figure 8). The muscle can be modeled by four lines from C3,
C4, C5 and C6 vertebrae respectively, and are connected to the skull.

2.4.S Scalenus

The scaleni are three lateral vertebral muscles; anterior, medius and posterior. The
scalenus anterior originates from the anterior tubercles of the transverse processes of the
vertebrae C3 to C6 and insets into the scalene tubercle on the inner border of the first rib.
It is represented by four lines from the four cervical vertebrae (C3-C6) joining the thorax.
The scalenus medius, which arises from the posterior tubercles of the transverse
processes of all the cervical vertebrae and inserts into the first rib, is modeled by seven
lines, one each from the seven cervical vertebrae joining the thorax. Finally, the scalenus
posterior, which takes its origin from the posterior tubercles of the transverse processes of
the last three cervical vertebrae and inserts into the outer surface of the second rib, is
conveniently modeled by three lines connecting the three éervical vertebrae (C5-C7) to

the thorax (Figure 9).
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Figure 9: Muscle models for scalenus anterior, medial and posterior [S6].

2.4.6 Semispinalis Capitis, Splenius Capitis, Longissimus Capitis

These muscles in general originate on the cervical and thoracic vertebrae and insert into the
skull. For example, the semispinalis capitis takes origin from the transverse processes of
the upper six thoracic vertebrae and the articular processes of the lower four cervical
vertebrae and inserts into the occipital bone of the skull. The part of the muscle with wide
thoracic origin is represented by one line connecting the thorax to the skull, best
representative of the expansive origin from the upper six thoracic vertebrae. In this manner,
inclusion of excessive lines of action (from each of the thoracic vertebrae) is not necessary
and the number of lines in the muscle model may be kept to a minimum without mitigating
the function of the entire group. This technique will be adopted from the modeling of all

the muscles with extensive origin from the thoracic vertebra. The remainder of the
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semispinalis capitis arising from the lower four cervical vertebrae is modeled by four lines

connecting these bodies to the skull (Figure 10 and Figure 11).

SEMISPINALIS
CERVICIS

Figure 10: Muscle models for semispinalis capitis and cervicis [S6].

The splenius capitis and the longissimus capitis, which arise on the cervical and thoracic
vértebrae and insert into different regions of the skull, are also modeled in the same fashion.

2;4.7 Iliocostalis Cervicis, Splenius Cervicis, Semispinalis Cervicis and
Longissimus Cervicis

With the exception of the iliocostalis cervicis which arises from the angles of the ribs, all
of these muscles arise from different parts of the cervical and thoracic vertebral regibns
of the spinal column and inset either into the spinous processes or into the posterior
tubercles of the transverse processes of the cervical vertebrae. They are all modeled by
several lines connecting their origins on the thorax (or on the cervical vertebrae) to their

insertions on the cervical vertebrae (Figﬁre 10 and Figure 11).
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Figure 11: Muscle models for splenius and longissimus capitis and for splenius, longissimus,
Iliocostalis and multifidus cervicis [56].

2.4.8 Multifidus and Rotatores
The multifidus cervicis and lumborum, and rotatores cervicis and lumborum are actually
prolongations of the multifidus and rotatores muscles. They belong to the

transversospinal muscle group with origins in transverse processes and insertions In
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spinous processes of the vertebrae. The multifidus extends throughout the length of the
vertebral column, its transverse attachments being to transverse processes in the thoracic
region to articular processes at cervical levels, and to mammillary processes at lumbar
levels. Its lowest fibers originate froin the posterior surface of the sacrum and its highest
origin is on the fourth cervical vertebra. The fibers of multifidus ascend obliquely to
insert two to four segments above their origin into the spinous processes of all vertebrae
from the last lumbar to the axis. Accordingly, the cervicis portion of this muscle is
modeled by twelve lines, each with two inserting into the spines of each of the six
cervical vertebrae C2 through C7 inclusive. Their corresponding origins lie two and three
segments below these insertions (Figure 12).

The rotatores muscles are the shortest representative of the transversospinal group. Their
general plan of attachment is similar to the multifidus described above their origin (rotatores
breves) or the second vertebral spine above their origin (rotatores longis). Consequently, the
cervicis portion of the rotatores muscles is modeled by eleven lines. There is a pair of lines
from each of the four cervical vertebrae C4 to C7 inclusive, and from the first thoracic
vertebrae T1, inserting into the spines of the first and second segment above their origins.
The inferior portion of the muscle is represented by a line connecting the second thoracic

vertebra T2 to the last cervical vertebrae, C7.

35



’

X+ FOTATORES

\ AOTATORES

N

»p)
44

)

\»
3
3
R\

YA LW\
S
{
NONBRERY 2

ot
°> g\
“
2
3
ol

=222
:{,'/'3(

T
s

)L
1 A

1)

i

,_/

48-

Figure 12: Muscle model for Rotatores cervicis and lumborum [56].

249 Trapezius '

The trapezius is a flat, triangular muscle placed superficially on the upper back and the
back of the neck. It takes origin of the skull from the external occipital protuberance and
the medial part of the superior nuchal line from the ligamentum nuchae (ligament joining
the spines of the cervical vertebrae), from the spine of the seventh cervical vertebra and
the spinous processes of all thoracic vertebrae. The fibers converge laterally towards the
point of the shoulder for insertion. The occipital and upper cervical fibers are inserted in
the posterior margin of the outer third of the clavicle; the lower cervical and the crest of
the spine of the scapula, and the lower thoracic fibers converge to insert into the tubercle

of the crest of the spine of the scapula, and the lower thoracic fibers converge to insert
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into tubercle of the crest of the spine of the scapula. The model for trapezius muscle is

shown in Figure 13.
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Figure 13: Muscle models for trapezius muscles [56].
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The clavicular part of the muscle is shown by lines from the skull and the upper four

cervical vertebrae going to the clavicle. The scapular part of the muscle is modeled as:

a) Two lines from the vertebrae C5 and C6 respectively, connected to the acromion of the scapula.
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b) A line from C7 representing fibers originating from T1 through T3, both joining the
middle of the spine of the scapula.

2.4.10 Rhomboideus

The rhomboideus major and minor arise from the lower part of ligamentum nubhae, the
spines of the last cervical and the upper five thoracic vertebra. The fibers pass downward
and laterally and insert into the medial border of the scapula below the root of the spine.
The muscles are modeled by five lines, two from the spines of the cervical vertebrae C6
and C7 and three from the thoracic spines.

2.4.11 Levator scapulae

The levator scapulae arises from the transverse processes of the atlas and axis and from the
posterior tubercles of the transverse processes of the third and fourth cervical vertebrae and
inserts into the vertebral border of the scapula from the superior angle to the spine. The muscle
is modeled by four lines; a line each from the four cervical vertebrae C1 through C4, joining

the scapula (Figure 14).

Figure 14: Muscle models for levator scapulae[55].

38



2.5  Joints

In the upper cervical spine there are two kinds of joints, the occipito-atlantal joint and the
atlantoaxial joint. These joints are different from those in the lower cervical spine, since in
this level there is no disc between vertebrae. The occipito-atlantal joint is more flexible in
flexion-extension motion of the head. The main function of the atlantoaxial joint is to allow
axial rotation of the head. Lateral bending is distributed between the spinal joints [57].
2.5.1 The Occipito-atlantal Joint

The occipito-atlantal joint is where the occipital condyles on the skull base sits on the
superior facet surfaces of Atlas. The absence of a vertebral body on C1 and the structure
of the joint surfaces form considerable mobility in flexion-extension of this joint [57].
2.5.2 The Atlantoaxial Joint

The atlantoaxial joint is made of three synovial joints between Atlas and Axis. The
superior facet surfaces of Axis and the inferior facet surfaces of Atlas form two facet
joints; the third joint is between the anterior arch of Atlas and the dens. This joint enables
the axial rotation of the head, as Atlas rotates around the dens on Axis [57].

2.5.3 The Lower Cervical Spine Joints

The joint betwéen C2 and C3 is the same as the joints in the lower cervical spine (C3-
C7). In this area, there are two joints: two posterior facet joints which are called

zygapophyseal joints and an intervertebral disc. The intervertebral disc is called a fibro-

cartilaginous joint [57].
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CHAPTER 3

CERVICAL SPINE INJURY

Many experimental analyses have been conducted on the cervical spine using
physiological loading modes such as flexion, extension, axial rotation and lateral bending
to find out the causes of cervical spine injury. Roberge et al. [58], Lowery et al. [59] and
Holly et al. [60] reported cervical spine injuries from patients attending emergency
hospitals. There are a few analyses .of neck injuries in traffic accidents, such as research
works by Thorson [61], Huelke et al. [62], Krantz [63], Yoganandan et al. [64]. The
causes of cervical injuries reported by these researchers will assist in both designing
preventive devices and treatment methods. Having knowledge of cervical injury helps
physicians to avoid aggravating the injury by applying forces that increase the instability
of cervical spine.

The type and degree of cervical spine injury may be influenced by clinical factors that are
deduced from a variety of historic and radiologic evidence. The methodology of the clinical
studies are different from laboratory investigations, which are controlled and carefully

observed, whereas, the clinical situation is uncontrolled and frequently unobserved.
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3.1  Background

Cervical spine injuries are more often connected with spinal cord injuries than the lower
spinal regions [64]. There is also a strong connection between head and face trauma and
neck injuries [60]. Based on the research work published by Yoganandan et al. [64] in the
cervical spine, the craniocervical junction (Occiput—C2) and the C5-C6 motion segment are
the primary locations of cervical injury. The craniocervical junction is at risk of injury
because of the flexibility of the upper cervical spine. The most inferior motion segments
are vulnerable because the stiffness changes between the cervical spine and the thoracic
spine. Brolin et al. [65] showed that older people are more at risk of upper cervical injuries
rather than lower cervical injuries.

Cervical spine injuries can be classified into two major categories: vertebral fractures and soft
tissue injuries [66]. Neck injuries are usually addressed by the physiological loading modes,
which are the motions of the head relative to the cervical spine. This statement is not always
true, as the local loading modes between the two consecutive vertebrae may differ from the
global motion. For instance, a compression loading of the head may cause local compression,
flexion, and extension loading in different motion segments. Figure 15 illustrates the four
global motions of cervical spine and Figure 16 shows the corresponding local loading modes.
Another way of classifying cervical injuries is through the Abbreviated Injury Scaling (AIS),

where AIS 0 means there is non-injury and AIS 6 means a serious injury.
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Figure 15: Global motions of the head compared to the torso [51].
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Figure 16: Local motions of lower cervical spine segments, due to different loading modes [51].

Clinically, spinal injury is defined in terms of spinal stability. An unstable cervical spine
threatens the spinal cord and medical treatment is required to decrease the risk of spinal
cord injury. A stable spine can protect the spinal cord under normal physiological load
modes and less medical care is needed. It is important to differentiate between the
medical meaning of spinal stability and the mechanical meaning. There are two major
types of spinal instability, acute and chronic instability. For injuries with acute instability
even small spinal movements can cause spinal cord damage. An injury with chronic
instability is considered stable from the beginning but it may lose stability over time;
therefore the spinal cord injury may happen many years after the first accident.

The main reason for acute injuries is the drastic change in column stiffness (fracture,

dislocation, ligamental compromise, etc.). Instability has been defined in anatomical,
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biomechanical, and clinical terms, but because of the variability of clinical presentations
instability should be Aeﬁned in anatomical terms [67,68]. The various components of the
cervical spine may result in deformation, either acute or chronic, under physiological loads.
Larson [67,68] has demonstrated that a stable spinal column is symmetric in movement
and configuration, whether normal or abnormal, and stays the same forever. To consider
spinal instability, it is important to review the column theory of vertebral stability
[67,68]. The two- or three-column models of Denis [69], Holdsworth [70], Louis [71] and
White [72] are commonly used to evaluate the mechanical integrity of the spinal column.
Figure 17 presents the two-column model of the cervical region, where the anterior
column consists of vertebral bodies, intervertebral discs, and anterior and posterior
longitudinal ligaments, whereas the posterior column consists of zygapophysial joints,
capsular ligaments, spinous processes, and lamina and interspinous ligaments. The degree
of injury in soft tissues (ligaments, discs, etc.) and bony components of a column will
assist résearchers to determine the risk to the neural structure of the cervical spine from
changes in curvature or alignment. Although considering a middle column theoretically is
important in thoracic and lumbar injuries, it is not as important in the cervical area and it
is reasonable to use the two-column model in the cervical area.

The degree of instability has an important influence on the risk of neurologic injury and,
therefore, determination of the degree of component injury and a more accurate

measurement of displacement will assist in the evaluation of the threat to neurologic

integrity [73].
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Figure 17: The two-column model of the cervical region [74].

Since it is not possible to cover all neck injury research, this chapter gives a brief
overview of some of the most common neck injuries and their injury mechanisms.

3.2  Atlas Fractures

The multi-fracture of the first cervical vertebra is often called Jefferson’s fracture,
although Jefferson’s fracture is known as a four-part fracture [75]. This injury can be
serious as the nerve roots leaving the spinal canal at this level are mainly in control of the
autonomous systems such as heart functions and breathing. Atlas fractures are generally
classified into. three categories; Type I fracture is classified as a single arch fractures,
where either the posterior or the anterior arch is intact. As it is shown in Figure 18, Type
11 fracture has both posterior and anterior arch fractures. In Type III fracture, besides
posterior and anterior arch fractures, fracture of the lateral masses is included [76]. The
Type III fracture is generally classified by the displacement of the lateral masses of Atlas,

rather than the number of fractures [76,77].
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Figure 18: Atlas fracture, type II [51].

The overall situation of the transverse ligament is crucial for the stability of these types of
fractures. If thé transverse ligament is not damaged the fracture is considered stable,
while a combination of fracture and rupture of the transverse ligament is determined as an
unstable injury. Lateral mass displacement largér than 5-7 mm can cause a transverse
ligament rupture and consequently spinal instability [78,79].

3.3 Axis Fractures

Axis fractures can cause death immediately after occurrence of the accident; and therefore
not be considered in statistical studies [80]. Axis fractures can be divided into three major
types: dens fracture, hangman’s fracture, and vertebral body fractures.

3.3.1 Dens Fracture

The dens fracture or odontoid fracture is a fracture happening to the odontoid process.
This type of fracture is divided into three major groups: Type I, I, and III (Figure 19).
The local shear loading between C1 and C2 is the main reason of dens fracture. The
source of local shear at this level can be global shear or extreme flexion, ex}ension, or
axial rotation. According to Graham et al. [18], lateral loading of the dens or the Cl,

applied either from global lateral bending or axial rotation will cause Type II fractures.
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They also demonstrated that global extension is the source of Type III fractures. The
Type II odontoid fracture is the most common fracture of Axis and at the same time the
most difficult one to treat [80]. According to Green et al. [80], the Type III odontoid

fracture is more stable than the Type II fractures.

ﬁvg

Figure 19: Dens fractures, type I, II and III [51].

3.3.2 Hangman’s Fracture
Hangman’s fracture is the fracture of the pedicles in the posterior arch of Atlas (Figure
20). This injury mainly occurs as the result of either tension or tension-extension loading.

However, it can also be caused by a flexion-compression loading [18,75].

Figure 20: Hangman’s fracture, superior and posterior view-of C2 with fractured pedicles [51].
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3.4  Lower Cervical Spine Fractures

3.4.1 Burst Fracture

The burst fracture is distinguished as fracture of the vertebral body into several smaller
pieces (Figure 21A). This injury is usually associated with fractures of the endplates and
rupture of the intervertebral disc. Burst fracture often causes neurological injuries, as the
broken pieces of bone can penetrate into the spinal cord [75,79,81]. Strong axial
compressive forces applied to the vertebral body are assumed to be the source of burst
fracture [20].

3.4.2 Teardrop Fracture

The teardrop fracture is recognized by a triangular shaped bone fragment that separates
anteriorly from the inferior area of the vertebral body (Figure 21B). The injury is
extremely unstable in extension, since the anterior longitudinal ligament is ruptured. It is
considered stable in flexion because the posterior ligaments are intact [79,82].

3.4.3 Wedge Fracture

The wedge fracture is characterized as a fracture of the anterior segment of vertebral body
(Figure 21C). Strong flexion moment and compression forces on the vertebral motion
segment produce this type of injury. According tq Carter et al. [83] slow compressive loading
can cause wedge fractures, while a sudden quick loading develops burst fractures. If the

ligaments are not injured, the wedge fracture is considered stable injury.
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Figure 21: Lower vertebral fractures: A) Burst fracture, B) Teardrop fracture, C) Wedge fracture [S1].

3.4.4 Posterior Element Fracture

Fracture of the posterior elements of the cervical spine occur throughout the upper and
lower cervical spine. This injury can cause single or multiple fractures (

Figure 22). These fractures can be observed in the laminae, the pedicles, the spinous
processes, and the facet joints. If this injury is associated with vertebral body
displacement it is highly unstable and requires internal fixation of several motion
segments [79]. According to McElhaney et al. [75] posterior element fracture is the
result of bony contact between adjacent posterior elements, caused by extreme local
extension. The local extension may appear in global extension, flexion, or compression

of the neck.
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Figure 22: Posterior element fracture. Fracture of spinous process: (A) superior view and (B)
posterior view. Fracture of the lamina: (C) superior view and (D) posterior view [51].
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3.5  Soft Tissue Injuries

3.5.1 Facet Dislocation

Facet dislocation occurs in the cervical spine when the superior vertebra is dislocated
anteriorly compared to the inferior vertebra (Figure 23). In this injury, one or both of the
facet joints can be dislocated. If both of the facet joints dislocate, the spinal canal diameter
reduces significantly, thus it can be associated with spinal cord injuries. The facet
dislocations are frequently combined with facet fractures; therefore, the treatment methods
will be complicated. It is suggested by An [6] that local tension-flexion can produce this
injury, while McElhaney et al. [75] believe that compression-flexion with tensile strains in

the posterior ligaments is the source of facet dislocation.

Figure 23: Facet dislocation between two vertebrae in the lower cervical spine [51].

3.5.2 Rupture of Ligaments

Large tensile strains are the main reason for ligament ruptures. The injury begins with
failure of some of the collagen fibers and if the tensile loading increases the elastin fibers
will start to break, until complete rupture of the ligament occurs. As can be predicated,
global extension motions can damage the anterior ligaments, while posterior ligament

ruptures occur in global flexion [84]. The load required to cause rupture varies for different
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ligaments and factors such as size, proportion of collagen and elastin fibers, fiber
organization and ligament position are significantly affected [85].

Alar ligament failure allows more axial rotation in the cervical spine combined with
relative motion between the atlas and axis; thus resulting in spinal cord compression.
Transverse ligament rupture causes spinal instability, as there would be no restraining
ligament keeping the odontoid process in contact with the anterior segment of Atlas.
Rupture of other ligaments in the cervical region can cause spinal instability if associated
with other injuries.

3.5.3 Subfailure of Ligaments

Subfailure of ligaments occurs when the cervical ligaments undergo extensive stretch.
Consequently, some of the collagen fibers may break with no noticeable influence on
spinal stiffness. This is associated with injury of some of the neural cells on the
ligaments. The damaged cells will send inappropriate signals to the spinal muscles,
causing them to react abnormally.

3.5.4 Rupture of the Disc

Rupture of the intervertebral disc or herniation of the disc occurs when the disc contents
protrude through an opening in the wall of the disc. If the outer surface of disc cracks or
breaks, the nucleus may leak out. Intervertebral disc trauma is frequently followed by
vertebral body fractures [84]. Compression in combination with flexion or extension may
cause this type of injury.

Figure 24 illustrates four variations of disc disorder. The first case indicates a crack in the
annular wall. In the second case a bulging disc is shown. It is essential to notice that the

annular wall has been deformed but not broken yet. A bulging disc may be followed by a
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herniation. When a disc herniates, the nucleus leaks into the spinal canal, leading to the
compression of sensitive nerve roots. In addition, the nucleus releases a chemical
substance that temporarily irritates surrounding nerve structures causing inflammation

and pain.

Figure 24: Four variations of disc disorder [86].
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CHAPTER 4

SOFT TISSUE MODELING

Soft tissues are different from other body tissues like bones because of their flexibility and
soft mechanical properties. Generally speaking, soft tissues are described as quasi-
incompressible, non-homogeneous, anisotropic, non-linear viscoelastic materials in large
deformation [87]. The general method to describe the model of soft tissues is a combination
of continuum associated with stress-strain constitutive relationships. Applying finite element
methods is essential in this area of study due to the geometric and physical nonlinearities
involved in the mathem-atical modeling of soft tissues. Therefore, analytical solutions are
often impossible to obtain. To formulate the governing constitutive equations of soft tissues,
it is necessary to observe their mechanical properties carefully to choose the most realistic

model appropriate for the type of analysis to be conducted.
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41  Mechanical Properties of Soft Tissues

Fung et al. [88] suggested that in general, all soft tissues in the body are composed of
collagen, elastin, reticulin and ground substance (a hydrophilic gel). However, soft tissues
are different in their mechanical properties. This difference is mainly due to their structure
rather than to the relative amount of constituents. Ligament and tendon fascicles are
composed of parallel hierarchical bundles of fibers arranged in the direction, they are
supposed to be more active.

Non-linear elasticity is an important property of all soft tissues. Paraspinal muscles,
ligaments and annulus fibrosus which are considered as parallel-fibered collagenous
tissues exhibit a non-linear stress-strain relationship when they are stressed uniaxially.
This stress relationship is described by Woo et al. [89] as an initial low modulus region,
caused by the unfolding of the fibrils followed by an intermediate region of gradually
increasing modulus because of the stress directly causing strain on the fibrils. As the
stress increases gradually, fibrils become taught. Next, the modulus reaches a peak and
the tensile stress starts to increasé linearly with increasing strain. Finally, the fibrils reach
their ultimate tensile stress and as a result of rupture in the tissues the modulus decreases
(Figure 25). The first part of the curve is more useful since it represents the physiological
range in which the soft tissues normally function.

Although this procedure might be observed in the slow, unidirectional loading, Fung et al.
[88] suggest that this may noi be true for the dynamic situation, therefore they introduced a
quasi-linear viscoelastic model. When the equilibrium is not obtained, a time-dependent
component appears in the mechanical behavior of soft tissues [88]. Therefore, for the same

value of strain, the stress values appear higher than those at equilibrium (Figure 26).
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Figure 26: Influence of the dynamic loading [89].
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When soft tissues are suddenly sfretched and kept at new length, the stress slowly
decreases against time. This phenomenon is called stress relaxation (Figure 27A). When a
constant load is applied to a soft tissue, its lengthening velocity decreases in time until it
reaches the equilibrium. This phenomenon is called creep (Figure 27B). Under cyclic
loading, the stress-strain curve exhibits two distinct paths responding to the loading and
unloading. This phenomenon is called hysteresis (Figure 27). These mechanical
properties, observed for all soft tissues, describe a common physical phenomenon called
viscoelasticity [88].

STRETCH

“ TIME TIME Load
(A) Relaxation (B) Creep (C) Hystersis

Figure 27: Viscoelastic behaviors [88].

Soft tissues are frequently assumed to be incompressible materials. Besides, during
loading-unloading, the stress-strain curve is gradually shifted to the right. After several
loading-unloading cycles, the mechanical response of the soft tissue becomes steady.
This phenomenon occurs because the internal structure of the soft tissue changes, until a
steady state of cycling is reached. This is a common behavior of soft tissues which is
usually used as preconditioning of the tissues prior to experimentation.

Another important property of soft tissues is the ability to undergo large deformations. Small

strain is valid only for strains smaller than 2% of the initial length. However, soft tissues
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usually exceed this limit in their physiological range of functioning. For instance, a normal
strain for tendons is around 4% but they may extend up to 10% of their original length.
The objective of the following sections is to provide a summary of the structure, function

and historical review of the efforts made to model ligament and muscle mechanics.
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4.2  Ligaments

The ligaments are short connective fibrous tissues that keep bones together across the
joints. The main responsibility of ligaments is to support joint motion and restrain the
movement of joints. Under abnormal joint motion, ligaments can be overloaded and
therefore, be damaged or completely disrupted.

Experimental studies of ligament mechanics are difficult, expensive, and prone to error.
However, achievements in the area of constitutive modeling, computational methods and
computer science have resulted in the extensive application of numerical methods to
analyze mechanical systems.

To apply finite element method to study the properties of ligaments, a detailed
mathematical description of the material behavior of the ligaments are required. It is
necessary to conduct detailed experimental measurements of the material structure and
mechanical behavior to develop a constitutive model for ligaments.

In the last 20 years, numerous research works have reported the material behavior of soft
and hard musculoskeletal tissues, as well as changes associated with injury, repair,
immobilization, exercise, and so on. Therefore, it is possible to consider these effects in
the constitutive models of the ligaments to model changes in their material properties due
to changes in the mechanical or biological environment.

This section reviews the structure, function, mechanical testing, and material models of
ligaments. An understanding of each of these topics is necessary | for the critical

evaluation of constitutive models for ligaments and tendons.
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4.2.1 Structure of Ligaments

Joint stability is mainly provided by a combination of bony geometry and ligament and
other existing soft tissue in the area. As was mentioned before, ligaments support the
motion of joints and at the same time restrain their abnormal movement.

Ligaments are well equipped to perform their physiological functions perfectly. Ligaments
are a biological composite consiéting of a ground substance matrix reinforced by collagen
and elastin. The ground substance matrix is composed of proteoglycans, glycolipids, and
fibroblasts, and holds large amounts of water [90] (Figure 28). Almost two-thirds of the
weight of a ligament is made up by water. Fibrillar protein collagen makes up about 70 to
80% of the remaining weight [91]. Collagen is the primary component in ligaments that

resists tensile stress.
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Figure 28: The structural hierarchy of ligament and tendon [92].
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4.2.2 Material Testing of Ligaments

To properly study the material properties of ligaments, it is essential to understand the
experimental testing methods and tools that have been used to measure these properties. In
experimental studies of ligaments, it is important to distinguish between structural
properties and material properties. Structural properties are obtained from tests of entire
bone-ligament-bone structures, while material properties are derived from tests of isolated
ligament tissue [93].

Material properties must be derived from experiments that test an area in the center of the
ligamentous tissue under a state of homogenous uniaxial strain. Structural properties are
often exhibited by a load-elongation curve (Figure 29A). This curve represents properties
such as ultimate load, ultimate elongation, stiffness, and energy absorbed at failure. The
ultimate load and elongation are determined at the point of failure of the bone-ligament-
bone complex and the stiffness is the slope of the linear portion of the curve. The energy
absorbed to failure is equal to the area under the load-elongation curve up to failure.
Structural properties directly depend on both the material properties of the ligaments and
the geometry of the bone-ligament-bone structure. The stress-strain relationship for
ligamentous tissue can be obtained by combining the load-elongation data with the initial
cross-sectional area of the ligament and strain measurements. Material properties such as
tensile strength, ultimate strain, and tangent modulus can be obtained from the stress-

strain curve (Figure 29B).

60



g
g

Ultimate elongation

............... -:;:'-—--------“,
Uhtismate lixad o

»
&
o

-

o Stilfoess o~
%200 T~
wl

Tensile nmlzih/

Tangent modalus \

1S
B B &
4
g L (v
=S
[]
[]
)
)
]
)
]
[]
]
[}
i
1]
]
]
H
, ¥
¥
¥
3
| 4
3
3
E 3
1
3
]
]
1 3
| ]
[ ]
]
1

Encrpy shsorbed -

P

150 4

Stress (MPa)
k=

Uliiieate st

=3

- 1 - -

s &
<

¢ 1 2 3 4 5 6 1 8 9 10 0 2 4 6 - & 10
Elongation (mm) Straln (%)
A. B.

Figure 29: Load-elongation and stress-strain curves for a bone-ligament-bone complex under
uniaxial tension. (A) Structural properties represented in a load-elongation curve, (B) Material
properties represented in a stress-strain curve [94].

Testing considerations can extremely influence the material properties of ligaments.
Depending on the required information, it is important to figure out what test would yield
that information. A variety bf tests such as unijaxial tension [93], strip biaxial tension [95],
and shear [96,97] may be performed according to the goal of the experiment. These tests
can be used to conduct experiments at a fixed strain rate, to obtain the effects of cyclic
loadiﬁg [98] or to study viscoelastic behavior under creep or stress relaxation conditions
[99,100]. Uniaxial tensile tests are often used to investigate the ligament behavior and are
conducted on samples with high length-to-width ratios. Uniaxial tensile tests provide
information on the one-dimensional, tensile behavior of ligaments. Strip biaxial tests are
conducted on specimens with low length-to;width ratios to reduce the tissue’s lateral
stretch. As is expected, this test provides two-dimensional data on the material behavior of
ligaments. The strip biaxial test is similar to a biaxial test configuration, but the goal of the
former is to maintain the stretch ratio in the lateral direction at a value of 1.0. Also, shear

tests are often useful to study the multiaxial behavior of ligaments [97].
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Compressibility is another important feature in the formulation of a constitutive model
[101]. Creep, stress relaxation and cyclic tests are often performed to determine the
viscoelastic behavior of ligaments. By noting the changes in peak stress (creep testing) or
peak strain (stress relaxation) with each cycle, viscoelastic material coefficients may be
estimated.

Tensile testing of ligaments is associated with several experimental difficulties. Most of
these difficulties are due to the poor interface between the ligament and the rigid clamps of
a material testing machine. Slipping from these clamps during testing or failure at the stress
concentration area induced as soft tissue is compressed between the rigid clamps are the
most common problems in the tensile testing of ligaments. Some researchers have resolved
these problems by using liquid nitrogen or dry ice to freeze the tissue grasped by the
clamps [102,103,104]. This local hardenihg of the tissue at the clamped area of the
spécimen prevent the ligament from slipping or failing. Also, the specimens often have
poor aspect ratios and irregular geometries, which induce nonuniformities in the stresses
and strains during the experiments. To maintain uniform loading conditions, specimens
with appropriate length-to-width ratios are often cut from intact ligaments [93,105].

It is highly important to select an appropriate measurement technique to test a
ligamentous tissue. To calculate stress in ligaments under uniaxial tension, the tissue
cross-sectional area and the applied load must be fneasured accurately. The measurement
of load can be made easily by using a load cell positioned in series with the clamping
system. On the contrary, measurement of the cross-sectional area is often a tedious task
since the ligament cross-section is rarely uniform and varies remarkably along the length of

the ligament [106]. Calipers are usually used but yet requires the assumption of a regular
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cross-sectional shape. Additionally, calipers may increase error by deforming the tissue
[106]. Despite the disadvantages, calipers are used extensively, since they are easy to work
with and provide a sufficient level of accuracy for many applications.

The cross-sectional area of ligaments can also be measured by area micrometers. They
compress the sample into a defined cross-sectional geometry through a prescribed
transverse pressure. The actual cross-sectional area of a specimen will be underestimated
since the ligament deforms as pressure is applied by the micrometer [107]. However, it is
a reliable method to approximately measure the cross-sectional area of specimens.
Non-contact methods, such as laser micrometers, have been introduced in recent years to
measure the cross-sectional area of ligaments [106,108]. One of the disadvantages of
these techniques is the time required to perform such measurements.

Numerous techniques have been used to measure strain in soft tissues, such as spinal
ligaments. Computed tomography (CT) and magnetic resonance imaging (MRI) are other
tools to measure length and cross-sectional areas of ligaments.

Some- researchers have attempted to measure the geometry of anterior and posterior
longitudinal ligaments of the mid-lower cervical spine by the use of electromagnetic
digitizer, laser micrometers [109], and micro dissection approach [110].

Cryomicrotomy techniques have also been used to define the geometry of ligaments
[111,112,113]. Although this technique is destructive, its ability to obtain sequential
images in a predetermined plane at very close intervals (of the order of a few microns),
enables researchers to describe the three-dimensional geometry of ligaments. Since no
dissection is performed and the tissues can be frozen in their natural state, the anatomic

integrity of the hard and soft tissue structures and their relative position will be saved [1 14].
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A common method to derive ligament strain is measuring the crosshead displacement of
the material testing machine and the initial length of the specimen. This method is prone
to large errors because of the slack in the system, specimen slippage in the clamps, or
inhomogeneities in the ligament strain field. Although it is simple to estimate the strain of
ligament by this method, this has been exhibited to be a highly inaccurate method [115].
Some researchers have connected pins to the ligament insertion sites (the junction between
the soft tissue of ligaments and the hard tissue of bones) and measured the distance
between the pins at different joint orientations [116]. Hollis et al. [117] has used a similar
technique to measure elongation in various specimens of the anterior cruciate ligament.
Another technique to measure the length of ligaments in vivo is Roentgenographic
techniques. Also, researchers have used liquid metal strain gages [118,119] or Hall Effect
Strain Transducers (HEST) [120,121,122] to measure strain in ligaments. These devices
are attached to the tissue and measure displacement between attachment points. Liquid
metal strain gages and HEST are shown to be more accurate than the earlier techniques of
strain measurement [123,124], but they still have some problems. Despite their small size,
they are still large enough to impinge on surrounding tissues during joint motion, changing
normal ligament deformation.

Many researchers have used optical techniques such as Video Dimension Analyzer
(VDA) [125] for the measurement of ligament strain [126,127].

Advances in video-based techniques with motion analysis software resulted in three-
dimensional strain measurements [128,129]. Most motion analysis systems use a Direct
Linear Transformation (DLT) to determine three-dimensional coordinate data from

multiple two-dimensional views [130].
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Video techniques are associated with many advantages compared with other strain
measurement methods. Video-based techniques are less destructive than other techniques
and can measure a three-dimensional strain at multiple locations on a single ligament.
Despite their advantages, these techniques cause large errors in strain measurements of
ligaments. For instance, in two-dimensional measurements, rotations will cause the
markers to move out of the measurement plane and therefore, a large error occurs in
measurement of strains [131,132].

Recently a new technique called photoelastic technique was developed to measure ligament
strain [133,134,135]. In this method, the surface of a ligament is covered with a thin layer
of polyurethane which is optically sensitive. When performing the test, fringe patterns are
generated on the surface of ligament. The patterns can be recorded with a video system and
analyzed to measure ligament strain. A remarkable advantage of this technique is the
potential to measure strain inhomogeneities. Despite its benefits, researchers have found it
highly difficult to find a photoelastic coating material that attaches well enough to the
ligament without changing the material property of the tissues.

Forces in ligaments can be directly obtained by attaching devices such as buckle
transducers [136,137] or implantable force transducers [138,139] to ligaments and also
by strain gage attachment to bone near ligament insertion sites [140].

Fujie et al. [141] designed a six degree of freedom force-moment sensing robot to
measure the magnitude and direction of ligament forces. The robot was used to measure
both the six degree of freedom motion and applied forces and moments during kinematic
testing. Ligaments were cut and the robot was used to recreate the kinematics determined

before ligament transection. Using the principle of superposition and the alteration in the
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measured forces and moments, the magnitude and direction of force present in the
ligaments were determined.

4.2.3 Material Models for Ligaments

Numerous material models have been developed to represent biological soft tissues such
as ligaments. These models assist researchers to understand how different tissue
components affect the material behavior of the overall tissue. Also, material models can
be used to anticipate the results of experimental tests. Additionally, the developed
material models can represent the properties of tissue in a finite element analysis. The
construction of accurate constitutive models is difficult because ligaments are nonlinear,
anisotropic, inhomogeneous, viscoelastic, and undergo large deformations.

Material models of ligaments can be divided as either microstructural or
phenomenological. Microstructural models are based on representation of the various
components of the tissue. The characteristics of each component of the tissue are
combined to define material behavior of the tissue. Phenomenological models present the
material behavior of a tissue as a unit regardless of the responses of individual
components of the tissue. The material coefficients obtained from phenomenological
models generally do not have a direct physical interpretation.

In this section, a summary of the developed models presenting ligamentous tissues is
presented.

4.2.3.1 Elastic Models

The material behavior of ligaments is not dependent on strain rate over several decades of
variation. Also, ligaments reach a “preconditioned” state after cyclic loadings and a

minimal amount of hysteresis introduced to the specimens. These features in ligaments
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have motivated many researchers to neglect the viscoelastic property of ligaments and
model them as nonlinear elastic materials.

There are two general approaches to develop microstructural models of ligaments. One of
these approaches has employed sufficient elastic elements simulating the nonlinear elastic
behavior of ligaments. The second approach describes the ligament behavior by
developing the model of collagen fiber geometry [142].

Frisen et al. [142] represented the elastic model of ligaments using numerous individual
linearly elastic components, each of which represented a collagen fibril of different initial
length in its unloaded form. More fibrils were used to characterize the nonlinear behavior
of ligaments.

Kastelic et al. [143] proposed a similar model as Frisen et al. [142]. They developed a
model representing a tendon referred to as the sequential straightening and loading
model. It was assumed that unfolded fibrils had not resisted in tension and only the
elasticity of previously straightened fibrils showed tensile resistance.

Decraemer et al. [144] developed a similar model consisting of a large number of purely
elastic fibers embedded in a gelatin-like liquid. Values for the modulus and cross-
sectional area of each fiber were considered identical. Fibers with different lengths were
used in the model.

Woo et al. [89] developed a model using a bilinear stress-strain curve for each
individual fibril with various slopes for the low modulus and linear regions.
Constitutive equation of each fiber was superposed those of the others to develop a

single equation for the ligament.
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Liao et al. [145] followed the earlier models of sequential recruitment [144,146,147] to
include failure. In theses models, individual fibers exhibited linear elasticity until
exceeding an ultimate strain where failure was introduced.

The uniaxial behavior of ligaments has also been investigated by modeling collagen fibril
geometry. Diamant et al. [148] developed a microstructural model for ligaments and
tendons considering the collagen crimp structure with straight elastic segments connected
by rigid hinges.

Comninou et al. [149] employed a sinusoidal waveform to represent the collagen crimp
structure. Constitutive equations for uniaxial extension were formulated for a single fiber
as well as for a bundle of fibers embedded in a matrix. A constant crimp configuration
was assumed that restricted this model to small strains.

In the model developed by Lanir [146,150] the collagen fibril crimp was represented by
elastic fibers attached to each collagen fiber at numerous points along its length. In this
model, initial tension was limited by the elastic fibers and with increasing the tension, the
stiffer collagen fibrils began to straighten and bear more of the load.

All of the developed one-dimensional models are able to describe the uniaxial behavior
of ligaments. However, since they are confined to only one dimension there is no
independent measure to test their predictive value. These models cannot describe the
three-dimensional, anisotropic behavior of ligaments, the contribution of the ground
substance matrix to ligament material behavior, and shear or transverse loading.

Many researchers have developed three-dimensional models to represent the material

behavior of ligaments. Beskos et al. [151] created a model representing a tendon as a
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fiber-reinforced composite. Series of inextensible fibers were set in a helical pattern and
were embedded in an incomi)ressible, hollow circular cylinder.

Fung [88] developed a phenomenological model utilizing an exponential stress-strain
relationship based on uniaxial experimental results obtained from rabbit mesentery. This
formulation considered the nonlinearity and finite deformation associated with uniaxial
tensile tests. Hildebrandt et al. [152] extended the model to two- and three-dimensional
isotropic forms.

Ault et al. [153] proposed a three-dimensional model for soft connective tissues using a
previously developed linearly elastic composite materials approach [154,155]. The
cylindrical fibrils were assumed to be surrounded by a concentric cylinder of matrix material.
Using an energy approach, Lanir [147] proposed a continuum model for fibrous
connective tissue. The energy of deformation was considered to increase from the tensile
strain in the collagen fibers. In this model the matrix was performing only as a simple
hydrostatic pressure. The model was represented as an incompressible composite of
collagen fibers embedded in a fluid matrix. It was assumed that the collagen fibers
buckled under a compressive load and the unfolding of the fibers during deformation
compressed the matrix, resulting in an internal hydrostatic pressure.

Hurschler et al. [156] employed a similar approach as the one used by Lanir [147] to
develop a three-dimensional model for tendon and ligament. It was assumed that the
fibrils increased the strain energy when they were only in tension and the only
contribution of the matrix was a hydrostatic pressure. Deformation of fibrils was
considered to be incompressible and axisymmetric. Fibrils were modeled to deform

only linearly.
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Weiss et al. [95,157] proposed a model representing ligaments and tendons as
incompressible, transversely isotropic, hyperelastic materials. Using a strain energy
approach, they could apply the formulation to finite element applications. Additionally,
the coefficients from material testing could be determined easily using the proposed
formulation.

4.2.3.2 Viscoelastic Models

Although ligaments are almost independent of strain rate [158], tissue viscoelasticity is
an important factor in the response of joints to high-rate loading or impact incidents
[159]. Viscoelastic characteristics of ligaments are also importanf when considering
cyclic loading [160] creep, or stress relaxation [99,100]. Viscoelastic models of ligaments
may be (iivided into two categories of microstructural and phenomenological models.
Microstructural viscoelastic models of ligaments have a similar basis to some of the
microstructural elastic models discussed before.

Frisen et al. [142] developed a microstructural viscoelastic model for parallel fibered
tissues using a combination of spring and damper. Later, they modified the model to
incorporate the nonlinearity of the elastic response [161].

Lanir [150] extended his previous microstructural elastic model by considering linearly
viscoelastic fibers. This model was further modified to include three-dimenéional
viscoelasticity theory [147].

Decraemer et al. [162] included viscoelasticity in their model by considering internal
friction between fibers and between fibers and the surrounding matrix. The damping was

added by introducing linear viscoelastic properties to the fibers with a relaxation function.
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Barbenel et al. [163] developed a phenomenological viscoelastic model of ligaments by
including a logarithmic relaxation function in the spring and damper models. In another
attempt to develop a phenomenological viscoelastic model, Sanjeevi et al. [164,165]
formulated the viscoelastic behavior of biological soft tissues with an equation similar to
that of a Voigt-type spring and damper model.

4.2.3.3 Poroelastic Models

Poroelastic models consider both solid and fluid phases of soft tissues to describe their
material behavior. Poroelastic material models were originally introduced in the field of
soil mechanics [166,167] and later used to describe the material behavior of ligaments
[168] and intefveterbral discs [169].

Experimental studies have demonstrated that the material behavior of ligaments and
tendons is a function of tissue hydration [170,171], however, not so many researchers
have incorporated fluid effects into their formulation.

Atkinson et al. [172] proposed a microstructurally based finite element model of 'a
collagen fascicle including fluid effects. The model was formed by a water-based matrix
surrounded by a fibrous outer ring with helically oriented fibrils.

4.2.3.4 Homogenization Models

Homoéenization technique was developed specifically for the analysis of microstructured
materials [173,174] and it has been extensively used in the study of composite materials
[175,176]. Homogenization technique makes it is possible to conduct microstructural and
continuum analyses independently and then combine the obtained results to define the

stress-strain distribution on microstructural levels throughout a large region of material.
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The analysis of large-scale systems is possible when implementing this method, as it is

relatively inexpensive computationally [177].
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4.3. Muscles

The primary function of skeletal muscles is to move and stabilize various parts of the body.
The structure and function of each muscle varies, while the basic properties of the muscle
cells are the same. Cyclic loading of the muscles will result in local alteration of tissue
properties in the muscle, such as fiber diameter, maximum contraction force,
etc.[178,179,180,181,182]. In the following sections the structure and the proposed models
representing the material behavior of muscles are discussed.

4.3.1 Structure of Skeletal Muscles

The structure of a single connection muscle is illustrated in Figure 30. Muscle fibers and
a connective tissue network are the main components of the muscle tissue. The blood and
lymph vessels are considered as the mechanical structure of muscles. A network of
connective tissue keeps the muscle components together. At different levels in the tissue,
sheets of connective tissue are observed (Figure 31). The outer surface of the muscle is
surrounded by the epimysium. The muscle is divided into bundles of muscle fibers. Each
bundle contains a few to over a hundred muscle fibers, and is encapsulated by the

perimysium. Within the bundle the individual fibers are held together by the endomysium.
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Figure 30: The muscle is attached to the bone by the tendons. The muscle consists of muscle fibers
that are cells. In the muscle, cells are strands of myofibrils that are composed of sarcomeres
repeating units of actin and myosin. Adapted from Encyclopaedia Brittanica, 1994.
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Figure 31: Location of the connective tissues, epimysium, permysium and endomysium. Adapted
from Encyclopaedia Brittanica, 1994.
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4.3.2. Material Models of Muscles

Similar to material models of ligaments, the models of material behavior for muscle fibers are
divided into two major categories of phenomenological and microstructural models. In the
following sections some of the models developed to represent the material behavior of muscles
are discussed.

4.3.2.1 Hill Type Models

One of the first mathematical models of muscles was proposed by Hill [183]. This
phenomenological model was developed from force-velocity measurements on a entire
muscle. The obtained measurements resulted in an equation correlating the force of the
muscle (F), the velocity of the contraction (v) and other muscle dependent parameters
(Figure 32). The main advantage of the model is its simplicity and direct connection to
macroscopic muscle experiments. The disadvantage of this model is the difficulty of
incorporating the viscoelastic behavior of muscles to the underlying physiological

mechanisms of muscle contraction.
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Figure 32: Graphical representation of the Hill model and Hill equation [183].
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In Hill type muscle model, passive muscle (a muscle without neural input) behavior can
be modeled similarly to the model‘of Deng [54] by the nonlinear stress-strain relation
with strain defined as the elongation relative to the rest length of the muscle, the passive
muscle stiffness and the strain asymptote. In this model the free length is defined as the
length of a muscle at rest when it is removed from the body. A passive muscle
experiences an initial stress at rest; therefore, the muscle at rest will shorten whén it is
removed from the body. This feature results in a smaller free length than the muscle

length in its initial position. Assuming a linear relationship between sarcomere length and

s
muscle length, the free length can be calculated as/g,, =lm,—&. Table 3 has
s

rest

summarized the required parameters to model the passive behavior of muscles.

Table 3: Model parameters for passive muscle behavior [55].

MUSCLE PARAMETER SYMBOL VALUE
Average sarcomere length of “free muscle | Sgee 2.1 pm
length of sarcomere at rest Srest Table 21-25
sarcomere length at muscle optimal length | Sper 2.8 um
S ree
length of “free” muscle Ifree Loy ;—f-—
rest
length of muscle at rest lrest Based on initial position of model
Sre
optimum length of muscle Liet .. . A
rest
passive force-length stiffness k 3.34 N/em®
passive force-length asymptote a 0.7

4.3.2.2 Huxley Type Models
The primary Huxley type model was based on early ideas of how cross bridges behave
[184]. This model assumes that a cross bridge has only two possible states: attached or

detached. When it is attached it generates force that results in a shortening of the
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sarcomere (the portion of a myofibril between two Z lines). This model was extended by
adding more states and other features, such as length dependence of the attachment-
detachment process, activation and metabolics [185,186].

It is shown that this is an exclusive model to describe the way muscles function
mathematically [187,188,189]. Additionally, compared to Hill-type models, Huxley-type
models describe more accurately the stiffness of the fibers [190,191]. A disadvantage of
these models is their complexity leading to a high computational performance.

4.3.2.3 Myers Muscle Model

Myers et al. [192] modeled the muscles of the cervical spine as nonlinear spring elements
with lines of action from muscle origin to insertion. For a particular muscle, an average
origin and insertion was calculated and transferred to the local coordinate system of the
vertebral bodies of origin and insertion, respectively. In this model, muscle force-length
properties were measured by pulling stimulated rabbit tibialis anterior muscles [193].
Then, muscle force-displacement response was normalized. The data were fit with a
bilinear response with an initial higher stiffness region followed. by a lower stiffness region.
The average stress-strain eccentric contraction response was used to formulate a force-
displacement response for a typical neck muscle. The length of a neck muscle was assumed
to be 70% of the origin to insertion length, and length of tendon was not considered. |
Based on Myers et al. [193], the 0% strain length of Figure 33 corresponds to the human
sarcomere length of approximately 2.9 um. Since the pennation angles of neck muscles
are small, fiber length and sarcomere length were assumed to change linearly with muscle

length. Appendix 1 lists the origins and insertions of various muscles in cervical spine
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region. Also the value of PCSA (physiological cross-sectional area (volume/Length)) for

each muscle is noted.

Sarcomere Length (um)
0.00 1.00 2.00 3.00 4.00 6.00

140 : : :

.
.
i

120

100

Stress (Nem*2)

n
o

0

Figure 33: By setting the 0% strain position equal to a sarcomere length of 2.9 pm, a stress versus
sarcomere length relation was defined. Neck muscle stress could then be defined based on resting
sarcomere length [193].

4.3.2.4 Other Models of Contracting Muscles
Both the Huxley and Hill type models propose the contraction of an entire muscle. In these

models, tendons can be included by adding an extra spring to represent the tendons.

[194,195] (Figure 34A).
—/\/\/\—— e tendon
tendon  CF CF aponeurosis
A B

Figure 34: Models of muscle with tendons: (A) model with a spring to represent the tendon and
contractile fibers (CF), (B) parallelogram model, with straight contractile fibers (CF) and a rigid
aponeurosis [194].
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To include some of the geometrical characteristics of muscles, planimetric or
parallelogram models (Figure 34B) and 3D geometric muscle models were proposed
[196]. These models assist researchers to understand the difference in the force length
and force-velocity relationships of various unipennate muscles [197,198].

Kaufman et al. [199] included the most important geometric characteristics of the muscle
by modifying the force-velocity and force-length relationships with geometric parameters
proposed by Woittiez [196]. A disadvantage of the models developed by Woittiez and
Kaufiman is that the mechanical response is described by macroscopic geometric properties.
Also, in their models, they considered homogeneous distributions of stress and strain, while
it is essential to be able to describe inhomogeneous stress and strain distributions.

Otten [200] proposed a finite element model of skeletal muscle. He applied discrete
elements; some elements represented connective tissue and the others contractile fibers.

A model developed by van der Linden [201,202] followed a similar approach. In this
model, the contractile properties of the muscle were included as contractile fibers and

closed fluid compartments (Figure 35).

aponeurosi contractile fibres
don
A~ ~ -~ - - - - 7

- -
e -
- - - -

fluid compartment

Figure 35: Finite element model of van der Linden in the reference (left) and contracted situation (right)
[202].
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Anton [203] proposed a two-dimensional continuum based finite element model of the
skeletal muscle. In this model, an anisotropic Mooney-Rivlin elastic model was used to
represent the behavior of the connective tissue network. The fibers are assumed to be
embedded in a fluid matrix. The velocity dependency was assumed to be negligible.

44  Conclusion

Ligament and muscle injuries are common and in most cases lead to serious joint
degeneration. Experimental studies of soft tissues have clarified the functions and
mechanisms of injury; however, many aspects of their behavior are still unknown.
Numerical models of soft tissues provide relatively accurate information regarding
ligament and muscle mechanics that would be difficult or impossible to obtain
experimentally. The complicated material properties of ligaments and muscles make the
accurate modeling of their material behavior a challenge.

In this chapter, structure and function of the two main soft tissues in the cervical spine
region, muscles and ligaments, were discussed and a brief review of the constitutive models
was provided. These models were developed originally to describe one-dimensional
behavior of soft tissues and later extended to models representing the three-dimensional
anisotropic behavior of muscles and ligaments. In this review, the assumptions of each

modeling approach as well as their benefits and drawbacks were discussed.
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CHAPTER 5

FINITE ELEMENT MODELING OF THE
CERVICAL SPINE

Development and analysis of the finite element model of the cervical spine can assist
researchers to thoroughly study neck movements in real life. The results from the studies
can provide important information to investigate the causes of cervical spine injuries and
the methods of preventing such injuries. However, one of the major factors that can affect
the accuracy of the results is the accuracy of the geometrical parameters defining the
vertebrae. The anatomy of the cervical spine has been qualitatively documented in various
textbooks and research [11, 45,46,48,59,204]. Because of the existing complication in the
geometry of the cervical spine vertebrae, it is not possible to find all of the necessary
parameters defining geometry of vertebrae in a single research. Therefore, to model the
vertebrae it is essential to obtain the missing parameters from other reports [205,206].
Although the cervical spine contains seven vertebrae, no research has reported the
quantitative parameters for all seven vertebrae in a single work. This is because the first two
vertebrae of the cervical spine, Atlas and Axis, are completely different from the rest of
vertebrae. Some quantitative studies have reported the required parameters to model Atlas
and Axis [207,208,209,210,211].

The last parameter that has a significant contribution in the modeling of cervical spine is the
height or relative location of the intervertebral discs to the adjacent vertebrae. In the
simplified moc.lel of the intervertebral discs presented by Nissan et al. [212], the required

parameters to locate adjacent vertebrae of the cervical spine can be found.
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5.1  Parameters Defining Vertebrae in Cervical Spine

5.1.1 Parameters Defining Atlas

It is not possible to obtain all of the necessary parameters that describe the geometry of a
vertebra in a single research study; therefore, the results of several published studies
should be investigated to determine the essential parameters. To model the first vertebra
in the cervical spine, except for parameters that describe facet joints, another six
parameters (ARH, PRH, ART, PRT, FDL and ODS) must be determined. The research
study by Doherty et al. [207] fully presents these parameters.

A quantitative study conducted by Dong et al. [209] has concentrated more on
geometric parameters of lateral mass of Atlas. Therefore, the study by Dong et al. [209]
and Panjabi et al. [205] are selected to determine the required parameters to model the
facet joints of Atlas.

Inferior articular facet of Atlas and other vertebrae are mainly modeled as an elliptical
area in the literature. The parameters presented by Panjabi et al. [205] fully define the
facet joints of the cervical spine. Figure 36 illustrates the required parameters to describe
the geometry of Atlas. All reported valueé for the geometrical parameters of Atlas are

listed in Table 4.
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Table 4: The reported values for geometrical parameters of Atlas.

Parameter Mnemonic Value (mm)
Anterior Ring Height (mm) ARH 16.74
Posterior Ring Height (mm) PRH 11.09
Anterior Ring Thickness (mm) ART 11.84
Posterior Ring Thickness (mm) PRT 12,77
Foramen Diameter Lateral (mm) FDL 30.99
Overall Diameter Sagittal (mm) ODS 47.98
Superior Facet Width (mm) FCWS 14.30
Superior Facet Height (mm) FCHS 25.25
Superior Facet Depth (mm) FCDS 6.78
Superior Facet CAX' (°) CAXS 32.65
Superior Facet CAY" (°) CAYS 5941
Lateral Mass Height (mm) LMH 18.82
Inferior Facet CAX' (°) CAXI 371
Inferior Facet CAY' (°) CAYI 49.4
Inferior Facet Width (mm) FCWI 16.4
Inferior Facet Height (mm) FCHI 17.85

"Note: The parameters will be defined in section 3.

ARH

ODS

ODL

Figure 36: The parameters describing the geometry of Atlas [209].
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5.1.2 Parameters Defining Axis

The second vertebra of the cervical spine (Axis) has 3 different regions. Although
posteriorly Axis can be considered as one of the general vertebrae of cervical spine (C3
to C7), anteriorly it has a distinctive feature. Anteriorly, Axis can be divided into two
sections: vertebral body and dens. The inferior endplate of Axis can be defined with the
same parameters as the general vertebrae of the cervical spine, but seven parameters are
required to describe the geometry of the dens and vertebral body of Axis. The parameters
reported in a quantitative study conducted by Schaffler et al. [211] are used to model the
anterior part of Axis. Figure 37 and Table 5 present the parameters and the values
considered to model the anterior part of the second vertebra of the cervical spine. The
posterior and geometry of the inferior endplate of Axis will be discussed with the

remainder of the cervical vertebrae.

Table 5: The reported values for anterior region of Axis.

Parameter Mnemonic Value (mm)
Dens Height (mm) DH 17.31
Angles of Dens in Sagittal Plane (°) DASA 77.08
Lower Anterioroposterior Dens Diameter (mm) APDL 13.24
Lower Transverse Dens Diameter (mm) TDL 13.42
Upper Anterioroposterior Dens Diameter (mm) APDU 13.44
Upper Transverse Dens Diameter (mm) TDU 12.26
Vertebral Body Height (mm) VBH 20.00
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Figure 37: The parameters describing the geometry of Axis [211].
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5.1.3 Parameters Defining Vertebrae of the Middle and Lower Regions (C3-C7)
Cervical vertebrae C3 through C7 are considered to be typical. They each have a
vertebral body and are interconnected through intervertebral discs that help to distribute
and absorb loading forces. The superior surface of the vertebral body is convex anteriorly
and concave from side to side. The inferior surface of the vertebral body is concave
anteriorly and convex from side to side. The anterior region of the vertebral disc is
thicker than the posterior region. Some studies have reported the quantitative three-
dimensional anatomy of C3 through C7 [213,214,204,215]. The most recent and
comprehensive is the research done by Panjabi et al. [204]. Although many dimensions of
vertebrae are measured in this study, they cannot fully describe the geometry of posterior
elements and facet joints (Figure 38 and Table 6 and Table 7). Panjabi et al. [205] in a
similar work have reported the quantitative three-dimensional anatomy of articular facets
of the cervical spine. A summary of all measured dimensions for the articular facets is
listed in Table 8 and Table 9. The linear and area measurements of facet joints and the
facet orientations, in terms of planar and card angles, are shown in Figure 39. Another
quantitative study by Xu [206] defines the required parameters to model the laminas of
the cervical spine (Figure 40), which completes the list of required parameters to fully
describe the geometry of vertebrae in the middle and lower regions of the cervical spine
(Table 9 and Table 10). As previously mentioned, the posterior region of Axis can be
described on the same fashion as the vertebrae in this area.

The goal of the present study is to model the cervical spine and the first vertebrae of the
thoracic spine (T1); it is therefor essential to determine the required parameters to model

T1. The study by Panjabi et al. [216] was used to define the parameters.
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Table 6: Parameters describing the vertebral body of C2-T1.

Parameter Mnemonic
End Plate Depth Upper EPDU
End Plate Width Upper EPWU
Uncovertebral Joint Inclination Frontal Plane Upper UJIFU
Uncovertebral Joint Inclination Sagittal Plane Upper UJISU
Uncovertebral Joint Area Upper UJAU
End Plate Anterior Radius Upper EPARU
End Plate Depth Lower EPDL
End Plate Width Lower EPWL
Uncovertebral Joint Inclination Frontal Plane Lower UJIFL
Uncovertebral Joint Inclination Sagittal Plane Lower UJISL
Uncovertebral Joint Area Lower UJAL
End Plate Anterior Radius Lower EPARL
Vertebral Body Height VBHP

Table 7: Values for the parameters describing the vertebral body of C2-T1 [204,216].

Mnemonic C2 C3 C4 C5 Cé6 C7 T1
EPDU (mm) - 15 15.45 15.55 17.15 18.3 18.5
EPWU (mm) - 15.8 17.2 17.25 18.95 |21.9 24.5
UJAU (mm?) - 43.6 38.95 |42.85 |[53.45 |42.15 |28.34
UJIFU (°) - 76.6 78.9 83.1 94.45 110.9 113.40
UJISU (°) - 38.7 40 34.5 40.8 47.3 0
EPARU (mm) - 17 17 17 17 17 17
EPDL (mm) 15.3 15.45 15.55 17.15 18.3 17.65 19.7
EPWL (mm) 16.65 17.2 17.25 18.95 |21.9 23.4 27.8
UJAL (mm?) 18.75 2245 |24.5 28.85 | 24.7 21.2 32.55
UJIFL (°) 77.5 78.9 83.1 94.45 110.9 113.4 113.40
UJISL () 63.7 47.8 47.8 45 49.2 59.8 0
EPARL (mm) 17.16 17 17 17 17 17 17
VBHP (mm) - 11.6 11.4 11.4 10.9 12.8 14.1
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Figure 38: Four views, front, side, top and isometric, of a cervical vertebra [204].

Table 8: Parameters describing the articular facets of C2-T1.

Parameter Mnemonic
Facet Width Superior FCWS
Facet Height Superior FCHS
Card Angle about X-axis Superior CAXS
Card Angle about Y-axis Superior CAYS
Interfacet Width Superior IFWS
Interfacet Height Superior IFHS
Facet Width Inferior FCWI
Facet Height Inferior FCHI
Card Angle about X-axis Inferior CAXI
Card Angle about Y-axis Inferior CAYI
Interfacet Width Inferior IFWI
Interfacet Height Inferior IFHI
Facet Line Distance to Vertebral Wall FB
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Table 9: Values for the parameters describing the articular facets of C2-T1 [205].

Mnemonic C2 C3 C4 C5 Cé6 C7 T1
FCWS (mm) 16.4 11 11.425 | 11.85 12.075 | 12.725 | 13.45
FCHS (mm) 17.85 11.975 | 12.275 111.925 | 11.05 11.825 | 12.625
CAXS (©) -37.1 -52 -48.60 | -50.227 | -53.453 | -59.880 | -53.465
CAYS (®) 49.4 -20.1 -13.17 | 14.7385 | 16.6788 | 9.09921 | 10.8672
IFWS (mm) 30.3 359 37.3 38.15 39.45 39.3 37.1
IFHS (mm) * 6.3 8.25787 | 6.54713 | 7.44434 | 8.65 8.1258
FCWI (mm) 11 11425 | 11.85 12.075 | 12.725 | 13.45 12.55
FCHI (mm) 11.975 | 12.275 | 11.925 | 11.05 11.825 | 12.625 | 12.9
CAXI (°) -47.09 | -41.40 | -41.354 | -45.807 | -54.009 | -49.45 | -64.25
CAYI (°) -21.69 | -14.98 |17.2129 | 18.7586 | 9.7334 | 11.5 16.2
IFWI (mm) 35.9 37.3 38.15 39.45 39.3 37.1 28.2
IFHI (mm) * 6.3 7.59212 | 6.45286 | 6.25565 | 8.65 10.1742
FB (mm) 0.9637 | 0.8666 | 0.99895 | 0.91548 | 1.00830 | 1.09146 | 1.0459

*Note: IFHI+IFHS for C2 is 20.15 mm.

89




IFWs

IFHr

Initial position
of the Card

Figure 39: The linear and area measurements of facet joints and facet orientations, in terms of
planar and card angles [205].
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Table 10: Parameters describing the posterior region of vertebra C2-T1.

Parameter Mnemonic
Spinal Process Length SPL
Spinal Process Inclination SPI
Spinal Canal Depth SCD
Spinal Process Back Length SPBL
Spinal Process Back Cut Length SPBCL
Spinal Process Back Width SPBW
Spinal Process Back Height SPBH
Spinal Process Width SPwW
Spinal Process Height SPH
Spinal Lamina Width SLwW
Spinal Lamina Angle SLA
Pedicle Width PDW
Pedicle Height PDH
Pedicle Inclination Sagittal Plane PDIS
Pedicle Inclination Transverse Plane PDIT

Table 11: Values for the parameters describing the posterior region of vertebra C2-T1[204,206].

Mnemonic C2 C3 C4 Cs Cé6 Cc7 T1
SPL (mm) 33.7 344 33.6 354 41.5 49.6 50.1
SPI (mm) 16.88 | 27.39863 | 25.27285 | 21.23229 | 17.02374 21.138 | 25.55
SCD (mm) 21 16.2 17.7 17.4 18.1 15.2 16.4
SPBL (mm) 1 1 1 1 1 1 1
SPBCL (mm) 4 4 4 4 4 4 4
SPBW (mm) 5 5 5 5 5 5 5
SPBH (mm) 5 5 5 5 5 5 5
SPW (mm) 9 9 9 9 9 9 9
SPH (mm) 7 7 7 7 7 7 7
SLW (mm) 4 3.31 3.44 3.08 2.92 3.10 3.44
SLA (°) 66.90 | 97.32 95.98 101.13 101.39 109.13 | 104.03
PDW (mm) - 5.6 5.4 5.6 5.95 6.55 8.45
PDH (mm) - 7.4 7.35 7 7.3 7.5 9.6
PDIS (°) - 42.1 4425 40.25 31.85 29.9 27.05
PDIT ) - -8.15 -7.55 -6 6.5 113 [755
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SLW

Figure 40: The various parameters defining the spinal lamina of vertebra [206].
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The last parameters that should be determined to locate adjacent vertebrae of the

cervical spine and to form the curvature of the cervical spine are the anterior and

posterior heights of intervertebral discs. With these parameters, the relative angles of

adjacent vertebrae can be calculated (Appendix 2). Nissan et al. [212] have presented

these parameters for the cervical spine and the lumber spine. Figure 41 and Table 12

show discussed parameters and their values.

Table 12: Parameters determining the relative angles of adjacent vertebrae [212].

Parameter C2-C3 [ C3-C4 | C4-C5 | C5-C6 | C6-C7 | C7-T1
Anterior Height of Disc, AHD (mm) | 4.8 53 5.5 5.4 5.2 4.7
Posterior Height of Disc, PHD (mm) | 3.4 3.3 3 3 33 35
Calculated Angle, Alpha (°) 5.24473 [ 7.42233 | 9.22176 | 8.02486 | 5.95159 | 4.09354
Radius of Rotation, K (mm) 37.1560 | 25.4917 | 18.6594 | 21.4368 | 31.7832 | 48.9985
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52  Modeling Vertebrae in Cervical Spine

5.2.1 Modeling Atlas

As shown in Table 4, sixteen parameters define the geometry of Atlas. Having the
posterior and anterior thicknesses and heights of Atlas, midsagittal areas of posterior and
anterior arches of Atlas can be constructed. Rectangular areas were chosen to model the
aforementioned areas. Foramen Diameter Lateral and Overall Diameter Sagittal of Atlas
define the overall width and length of Atlas and consequently the location of the
mentioned areas (Figure 42).

Parameters defining the superior and anterior surfaces of articular facets and the height of
ﬁe lateral mass of Atlas will assist to model facet joints. As the inferior facets of Atlas sit
on superior facets, values presented in Table 9 determine the location of the lateral mass.

Figure 43 compares the CAD model with the schematic model of Atlas.

Figure 42: Anterior and posterior areas of Atlas.
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5.2.2 Modeling Axis

The modeling of Axis consists of two sections, the anterior section, which demands
parameters listed in Table 5, and posterior region, which can be modeled with the same
parameters and methods implemented to model the posterior region of the general
vertebrae of the cervical spine.

The inferior endplate of Axis was constructed according to the method elaborated in
section 5.2.3. Later, the lower and upper elliptical cross-sections of dens were modeled
and located according to the vertebral body height, dens height and angles of dens in the
sagittal plane (Figure 44). The thickness of the cortical shell for the anterior fegion of
Axis varies from inferior endplate to the top from 1.275 to 0.225 mm respectively.

The Posterior section of Axis consisting of the inferior and superior facet joints, spinal
lamina and spinal process, was modeled the same as the posterior portion of vertebrae
from C3 to T1, which will be explained in the next section. Figure 45 compares the CAD

model with the schematic model of Axis.

Figure 44: Lateral and posterior views of CAD model of den and vertebral body of Axis.
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Figure 45: The comparison of the CAD model of Axis with schematic model of Axis.
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5.2.3 Modeling the General Vertebrae of Cervical Spine (C3-C7) and T1

In the first step, the inferior and superior endplates of vertebrae were constructed. The
necessary parameters to model endplates are EPDU, EPWU, EPDL and EPWL, which
are the inferior and superior widths and depths of endplates. Also, UJAU, UJIF U, UJISU,
UJAL, UJIFL and UJISL, which are the uncovertebral joint inclination with respect to
frontal plane, uncovertebral joint inclination with respect to sagittal plane, and
uncovertebral joint area, are needed to model the uncovertebral joint of endplates. Values
listed in Table 7 are used to model the endplates. The posterior .and anterior curvature of
the vertebral body is not reported in literature. The value of the latter was set at 17 mm
for all inferior and posterior endplates of the vertebrae to comply with the endplate area
presented in the literature. The posterior curvature was determined in a way that the outer
curve of the uncovertebral joint be tangent to the anterior curve of the endplate. The
thickness of the cortical shell is reported as 1 mm by Panjabi et al. [217]; therefore, the
outer border of the endplate was offset by 1 mm interiorly. |

When the planar area of the endplate was modeled as the uncovertebral joint inclination
with respect to sagittal plane, UJIS, should be applied to the right and left uncovertebral
joints to form the proper three dimensional endplate. The distance between the inferior
and superior endplates were determined by vertebral body height, VBH. Via this method,
the vertebral body for C3 to T1 could be developed. Figure 46 demonstrates the step by

step development of a vertebral body for a general cervical vertebra.

99



C D

Figure 46: Various steps to model the vertebral body. A) Modeling the inferior and superior
endplates. B) Applying uncovertebral joint inclination with respect to sagittal plane. C) Locating
superior and inferior endplates of vertebra according to vertebral body height. D) CAD model of
vertebral body.

100



The posterior part of vertebra consists of facet joints, spinous process and spinal lamina.
To construct the facet joints, the centers of the facet joints should be located by IFWS,
IFWIL, IFHS, IFHI and FB. As suggested in the literature [205] the facet joints were
defined as ellipse. According to the card angle about X-axis and card angle about Y-axis,
the rotation of the facets will be applied in space (Figure 47). The width and height of

each facet joint and values for other necessary parameters are listed in Table 9.

Figure 47: The various parameters defining facet joint of vertebra [218].

Table 11 and Figure 48 clearly illustrate the modeling of the spinal process. Using the
two values of thickness and angle listed in Table 11, the spinal lamina can be modeled
(Figure 49).

The posterior portion of the vertebra should be connected to the vertebral body by the
pedicle. A connecting axis was defined from an interfacet point and using the angular
parameters PDIS. PDIT and linear dimensions of pedicle were define by PDW and PDH
(Table 11). The connection between the vertebral body and the posterior elements was

particularly complex due to the requirements of the meshing.
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Modeling the vertebral body, facet joints, spinous process, spinal lamina and pedicles
will completed the modeling of a vertebra in the middle and lower region of the cervical
spine. Figure 50 illustrates the CAD model of a general vertebra of the cervical spine

from various views and compares it with a schematic model of the vertebra.
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Figure 49: Modeling the spinal lamina based on the lamina thickness and angle.
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Figure 50: The comparison of the CAD model of a general vertebra of cervical spine with schematic
model.

53  Assembly of Cervical Spine

The assembly of the cervical spine requires a fixed coordinate system. The inferior
posterior midsagittal endplate of Axis was set as the location of the coordinate system.
The direction of the Z-axis was selected parallel to the posterior wall of Axis, the Y-axis
pointing to the right, and the X-axis was determined accordingly.

As previously mentioned, the calculated center and angle of rotation based on posterior

and anterior heights of the intervertebral disc for each motion segment can accurately
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place each vertebra in the appropriate location (Table 12). Afterward, Atlas was placed
vertically above Axis in a way that the superior facet joints of Axis were parallel to the
inferior facet joints of Atlas, maintaining the distance of 0.1 mm.

54  Modeling the Intervertebral Disc

Filling the spaces between adjacent vertebrae, the intervertebral discs were modeled.
According to the anatomy of the intervertebral disc explained above, nucleus pulposus
and annulus fibrosus are the two major components of intervertebral discs; the area of
nucleus is half of the area of annulus [219]. Therefore, two volumés were constructed
between each two vertebrae resembling the intervertebral disc (Figure 51). After meshing
the intervertebral discs, the fibers of annulus were added to the model by Link10 element.
The model of the middle and lower region of the cervical spine including intervertebral

discs is presented in Figure 52.

Figure 51: Intervertebral disc from various views.
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Figure 52: The model of middle and lower region of cervical spine including intervertebral discs.

5.5  Material Property Selection for Finite Element Model of Cervical Spine

In literature, various sets of material properties for the bony elements and soft tissues of
the cervical spine are offered. Most of these studies show the same values for the material
properties of bony parts. In contrast, there is no unique set of material properties for soft
tissues. In some studies, linear values are presented for soft tissues and in the others non-
linear values are offered. Although theses values vary from one study to another, one can
select the common values repeated in various research.

To construct the finite element model of the cervical spine, the geometric characteristics

and material properties of vertebrae, intervertebral discs and the main ligaments of the
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lower and upper cervical spine are critical. Table 13 presents the essential components of

the cervical spine to develop the finite element model.

Table 13: The various components of cervical spine.

Description Components
Cortical Bone

Bony Elements Cancellous Bone
Posterior Elements
Disc- Nucleus Pulposus

Intervertebal Disc Disc- Annulus Fibrosus

Annulus Fibers

Anterior Longitudinal Ligament
Posterior Longitudinal Ligament
Lower Cervical Spine Ligaments Interspinous Ligament
Ligamentum Flavum

Capsular Ligament

Alar Ligament

Transverse Ligament

Upper Cervical Spine Ligaments

The two main sets of material properties for bony elements are presented by Maurel et al.
[21] and Yoganandan et al. [25]. These values are listed in Table 14. In the available
finite element models of the cervical spine developed by various researchers, one of these
sets of material properties are predominently used.

Table 14: Material properties of bony elements of cervical spine.

Author Components E (Mpa) Poisson’s ratio
Cortical Bone 12000 0.3
Maurel et al. [21] Cancellous Bone 100 0.2
Posterior Elements 6000 0.3
Cortical Bone 10000 0.29
Yoganandan et al. [25] | Cancellous Bone 100 0.29
Posterior Elements 3500 0.29

At each vertebral level, the intervertebral discs bind the adjacent vertebral bodies. The
intervertebral disc has a special structure, therefore numerous models have been proposed
for its material behavior. In the most common model of the intervertebral disc, fiber

involvement in the annulus fibrosus was included by superimposing a homogeneous
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isotropic material, representing the ground substance and tension only cable members,
representing the fibers. In Table 15 some of the proposed material properties of

intervertebral discs are compared.

Table 15: Material properties of intervertebral disc in cervical spine.

Author Components E (Mpa) Poisson’s ratio
Disc- Nucleus Pulposus 1.0 0.499
Goel et al.[29] Disc- Annulus Fibrosus 4.2 0.45
Annulus Fibers 450 0.30
Disc- Nucleus Pulposus K - 1666.7 fluid
Yoganandan et al.[220] Disc- Annulus Fibrosus 4.7 0.45
Annulus Fibers 500
Disc- Nucleus Pulposus
Maurel et al. [21] Disc- Annulus Fibrosus 2.5 0.45
Annulus Fibers (lateral) 10.0
Annulus Fibers (anterior and posterior) | 110.0
Disc- Nucleus Pulposus 1 0.499
Ng et al. [221] Disc- Annulus Fibrosus 4.2 0.45
Annulus Fibers 450
Disc- Nucleus Pulposus 1 0.499
Lee et al. [32] Disc- Annulus Fibrosus 3.4 0.4
Annulus Fibers

The final step is determining the material properties of ligaments. The bony elements of
the cervical spine are connected by a variety of structures that are known as the soft
tissues of the cervical spine. Different types of ligaments connect the vertebral bodies and
the posterior elements of the cervical vertebrae, and cover one or more segments,
depending on the type of ligament and vertebral level.

Capsular ligaments connect the articular facets of the neck. The other remaining
ligaments connect various parts of the adjacent vertebrae. These soft tissues enable the
movement of the cervical spine in general and between the cervical vertebrae. They are
also responsible for limiting the range of many movements under normal conditions. In

the case of external loading, they are essential to keep the integrity of the cervical spine.
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Although the general functions of soft tissues are to enable and limit movement of the
cervical spine, they differ in structure and contribution to these functions. Ligaments
contain different amounts of collagen and elastin, and their main contribution is to resist
tension [220]. The significant differences in the mechanical properties of the soft tissues
compared to the bony parts, makes the roles of each type of soft tissues exclusive. Thus,
it is crucial to consider the most appropriate set of material properties for ligaments in a
finite element model of the cervical spine.

Various values for material properties of lower cervical spine ligaments are proposed in
the literature. On the contrary, for the upper cervical spine ligaments, only a few
references can be mentioned. In Table 16 and

Table 17, the linear and non-linear material properties of the main ligaments of the

cervical spine are listed.
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Table 16;: Material properties of the lower ligaments of cervical spine.

Cross Section

Author Components E (Mpa) (mm?)
Anterior longitudinal Ligament | 15 (<12%) 30 >12
Posterior longitudinal Ligament | 10 (<12%) 20 >12
Goel et al.[29] Interspinous Ligament 4 (<20-40%) 8 >40
Ligamentum Flavum 5 (<25%) 10 >25
Capsular Ligament 7 (<12%) 30 >12
C2-C5
Anterior longitudinal Ligament | 43.8 (<12.9)26.3 (>12.9) | 11.1
Posterior longitudinal Ligament | 40.9 (<) 22.2 (>11.1) 113
Interspinous Ligament 4.9 (<26.1) 3.1 (>26.1) 13.0
Ligamentum Flavum 3.1 (<40.7) 2.1(>40.7) 46.0
Yoganandan et al. Capsular Ligament 5(<56) 3.3(>56) 422
[220] C5-T1
Anterior longitudinal Ligament | 28.2 (<14.8) 28.4 (>14.8) 12.1
Posterior longitudinal Ligament | 23.0 (<11.2) 24.6 (>11.2) | 14.7
Interspinous Ligament 5.0(<27.0) 3.3(>27.0) | 13.4
Ligamentum Flavum 3.5 (<35.3) 3.4 (>35.3) 48.9
Capsular ligament 4.8(<576) 3.4(>57) 49.5
Anterior longitudinal Ligament | 10 0.5
Posterior longitudinal Ligament | 20 .
Maurel et al. [21] Interspinous Ligament 3 g ?
Ligamentum Flavum 50 0.4
Capsular Ligament 20 0.5
Anterior longitudinal Ligament | 11.9
Kumaresan et al. Posterior longitudinal Ligament | 12.5
28] Interspinous Ligament 24
Ligamentum Flavum 7.7
Capsular Ligament 7.7

Lee et al. [32]

Anterior longitudinal Ligament

12.0 (<17), 20.0 (>17)

Posterior longitudinal Ligament

10.0 (<12), 20.0 (>12)

Interspinous Ligament

4.0 (<40), 8.0 (>40)

Ligamentum Flavum

5.0 (<25), 10.0 (>25)

Capsular Ligament

7.0 (<30), 30.0 (>30)

Table 17: Material properties of the upper ligaments of cervical spine.
Author Components E (Mpa) Poisson’s ratio
Alar Ligament 114 0.4
Yang et al. [30] Transverse Ligament 17.1 0.4
Alar Ligament 10 0.3
Lee et al. [32] Transverse Ligament 20 0.3

109




Studying the material properties of various parts of the cervical spine, the most common
material properties used by other researchers were selected. The linear material properties
of the cervical spine used to model the present finite element model of the cervical spine

are listed in Table 18.

Table 18: The linear material properties of the cervical spine used to model the present finite element
model of cervical spine.

Component Material Property Element
Cortical Bone EiI0,000 Mpa Solid45
v=0.29
E=1000 Mpa .
Cancellous Bone v=029 Solid45
Posterior Elements Ei3500 Mpa Solid45
v=0.29
E=1 Mpa .
Nucleus Pulposus 0= 04999 Solid45
Annulus Fibrosus Ei4’5 Mpa Solid45
v =045
. E=450 Mpa Link10
Annulus Fibers Area 0.08 mm’® Tension Only
Alar Ligament o e Solid185
Transverse Ligament 11;3:2(()) ;VI pa Solid185
Facet Joints Im_tlal Gap=0.25 mm Contal78
p=0.01
Anterior Arch of Atlas and Dens of Axis Ln;tlgl()(liap=0.l mm Contal78
Transverse Ligament and Dens Initial Gap=0.01 mm Contal78

There were several options to select material properties for the ligaments. The common
approach was to model the ligaments using cable elements with some slacking [21].
Another approach was to introduce the correct value for the cross-sectional area, in which
little experimental data was available and then a mixed criterion for the area definition.
The recent ligament study by Yoganandan [113] was the most appropriate approach for
the development of the current model. The experimental results provide accurate force-
deflection values that differ from those commonly used in other studies. In the present

study, ligaments of the lower cervical spine area were modeled as a non-linear spring
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using Combine39 element with a tension only option. The values of the force-deflection

of each ligament are listed in Table 19.

Table 19: Force (N)-Deflection (mm) for the ligaments of lower cervical spine area [113].

ALL PLL LF ISL CL
Deflection | Force | Deflection | Force | Deflection | Force | Deflection | Force | Deflection | Force

0 0 0 0 0 0 0 0 0 0
1.2 32 1.2 28 1.8 30 1.3 8.5 1.7 1.5
2.5 60 2.2 50 3.5 55 2.8 10 3.6 29
3.7 81 3.2 66 5.1 71 4.1 23 5 52
4.8 100 4.3 79 6.9 95 5.5 28 7.5 86

6 115 5 88 8 105 7 32 9.5 104

ALL = Anterior longitudinal Ligament
PLL = Posterior longitudinal Ligament
LF = Ligamentum Flavum
ISL = Interspinous Ligament
CL = Capsular Ligament

To distribute the effect of ligaments in the effective regions, each set of ligaments is

divided into a number of elements. Therefore, the values of forces in Table 19 are divided

into the number of elements chosen for each ligament. Table 20 presents the number of

ligaments and force-deflection values for one element of each ligament.

Table 20: Force (N)-Deflection (mm) for the ligaments of lower cervical spine area.

ALL (n=13) PLL (n=13) LF (n=20) ISL (n=7) CL (n=16)
Deflection | Force | Deflection | Force | Deflection | Force | Deflection | Force | Deflection | Force

0 0 0 0 0 0 0 0 0 0

1.2 2.461 1.2 2.153 1.8 1.5 1.3 1.214 1.7 0.093

2.5 4.615 2.2 3.846 3.5 2.75 2.8 1.428 3.6 1.81

3.7 6.230 3.2 5.076 5.1 3.55 4.1 3.285 5 3.25

4.8 7.692 4.3 6.076 6.9 4.75 5.5 4 7.5 5.375
6 8.846 5 6.769 8 5.25 7 4.571 9.5 6.5
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5.6  Developing the Finite Element Model of Cervical Spine -

Once the CAD model of the cervical spine was completed, it was exported into AN SYS 7.0
[222] using IGES format file. Using a bottom-up method, the produced lines of vertebrae and
intervertebral discs in the CAD model formed the areas and then the volumes of the vertebrae
and intervertebral discs. Except for the articular facet joints and dens volumes, almost all
volumes in the model were six-sided; therefore, map meshing could properly create the
desired meshes. As the volumes of articular facet joints and dens are cylindrical, their
volumes were divided into 4 volumes and sweep meshing was applied to avoid meshes with
wide-angle corners. |

The volume of annulus ﬁbrosus was d1v1ded into 6 layers and each layer of annulus was
reinforced by cnss-cross form elements usmg LmklO element to, s1mulate the fibers of
annulus fibrosus (Flgure 53). | F ”

In each level the five hgaments of the cerv1cal sp1ne were 1ntroduced to the model
(Figure 54) The hgaments were' modeled by non-hnear sprlng element Combine39,
with no effect in compression and w1th a tension behawor as presented in Table 19. It
should be noted that the force-deflection table for Comb1ne39 elements in ANSYS was
filled by values listed in Table 20.

According to Panjabi et al. [52] and Dvorak et al. [223], the geometry of the alar ligament
and transvetSe"ligament were detertnined and Solid185 element was selected to mesh
these two Illg"aments as. Suggested"by Lee et al. [32] (Figure 55).

As the meshing in inferior and superior endplates of vertebrae is different from those of
intervertebral discs, it was essential to introduce coupling equations to keep the adjacent

areas' connected. ‘This coupling technique was -applied-to the elements in the surface of

s dar
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the vertebral bone and to the nodes on the connecting surface of the disc in such a way
that the coupling equations would guarantee the attachments of both areas.

Finally, to consider the existing contacts in facet joints, the anterior arch of Atlas and
dens of Axis and the transverse ligament and dens of Axis node-to-node contact element,
Contal78, was selected. In meshing of the contact areas, it was carefully considered that
the nodes in adjacent areas be as close as possible to each other.

The finite element model of the entire cervical spine region is shown in Figure 56.

Figure 53: Finite element model of intervertebral disc model including the fibers, 6 layers of annulus
surrounding the nucleus and 8 layers of criss-cross elements of fibers reinforce interior and exterior
layers of annulus.
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Figure 54: Five sets of ligaments used for middle and lower regions of cervical spine.
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Alar Ligament Transverse Ligament

Figure 55: Ligaments of upper cervical spine.

Figure 56: CAD and finite element model of upper and lower regions of cervical spine.
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CHAPTER 6

VALIDATION, STRESS ANALYSIS AND

MATERIAL SENSITIVITY OF CERVICAL SPINE

Validation of a finite element model is the most important part of the analysis. This
critical issue is more difficult to achieve compared to the cadaveric and in vivo models.
The finite element model incorporates many assumptions. To design and develop a finite
element model of the spine, the geometry of the vertebrae must be simplified and
presented by simple elements that together approximate the real geometry. To include the
mechanical properties of the various soft tissues (e.g. ligaments and discs), the data
should be derived from in vitro biomechanical models. As the experimental data are
sometimes either not available at all, in a format not appropriate for the finite element
model, or of poor quality, the validation of a finite element model can be seriously
affected. Because the output of the analysis is wholly dependent on the model
constituents, poor quality data lead to poor quality results. To compensate the imprecision
of the data, researchers attempt to validate the computer model with similar models
investigated experimentally.

To validate the finite element model, researchers often find an experiment in the literature

suitable for validation, They compare the results of the experiment with those from the
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computer model simulation of the experiment. A reasonably good agreement between the
two is considered validation of the model. When the model is validated, it can be used for
further prediction of behavior of the model in situations in which the model has not been
validated. As the validity of the mathematical model is not universal, its use should be
restricted to the domain of the experiment against which it was validated. Considering
this point, the computer models could be used with advantage to provide basic
understanding concerning the functioning of the spinal column. Validated computer
models can simulate the effects of injury, degeneration, tumor, and trauma. They can help
evaluate new spinal instrumentation without actually manufacturing it.

To validate the present finite element of the complete cervical spine, three types of
validation were conducted. First the finite element model of a single motion segment, C5-
C6 motion segment, of the cervical spine was validated by the experimental data of
Moroney et al. [5]. Then, the finite element model of the cervical spine from C3-T1 was
validated under four loading conditions of Extension, Flexion, Lateral Bending and Axial
Torsion by the results of experiments published by Panjabi et al. [224]. Finally, the
complete model of the cervical spine was validated by the same research work of Panjabi
et al. [224]. To analyze the finite element model of the cervical spine, Trial Version of
ANSYS 7.0 was used. To investigate the sensitivity of the model against the material
properties, the model of the cervical spine from C3-T1 was used. Minimum and
maximum values for material properties reported by Kumaresan et al. [28] for various
components of the cervical spine were applied to the model and the effect of this

variation in material properties was studied.
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6.1  Validation of Finite Element Model of Cervical spine

6.1.1 Validation of Model of C5-C6 Motion Segment

To ensure that the process of modeling and assigning material properties to various
components of the cervical spine were reliable and suitable for developing the complete
model of the cervical spine, the finite element model of CS-CA6 motion segment of the
cervical spine, constructed according to the method mentioned in previous chapter, was
validated by reported results in the literature. The model of C5-C6 motion segment of the
cervical spine consists of C5 and C6 vertebrae, C5-C6 intervertebral disc and all five
existing ligaments connecting the two vertebrae were developed and tested under four
loading conditions (Figure 57). In the model 5220 elements of Solid45 for bony structure
of vertebrae and annulus and nucleus of intervertebral disc, 1728 elements of Link10 for
fibers of intervertebral disc, 85 elements of Combine39 for existing ligaments and 114
element of Contac178 for contacts of facet joints were used.

To define the loads applied to the model and the motions measured, setting a proper
coordinate system is necessary. A three-dimensional coordinate system was defined for this -
purpose (Figure 58). The origin is located at the inferior-posterior wall of the body of the
vertebra in the midsagittal plane. The positive x-axis is directed to the left and
perpendicular to the sagittal plane. The positive y-axis is directed superiorly, and the
positive z-axis is oriented anteriorly. The applied pure moments were defined as: flexion
(+MX), extension (-MX), left axial rotation (+MY), right axial rotation (-MY), right lateral
bending (+MZ), and left lateral bending (-MZ).

As the aim of this part of the study was to validate the model with the experimental data

of Moroney et al. [5]; the boundary conditions were selected according to the values
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reported in the paper. In all four tests, the inferior endplate of C6 was fully constrained.
Then, the pure moment of 1.8 Nm (in extension, flexion, lateral bending and axial

torsion) and axial load of 73.6 N was applied to the superior endplate of C5.

Figure 57: The finite element model of a single motion segment of C5-C6.
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Figure 58: The three-dimensional coordinate system of a moving vertebra [224].
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Based on the results of the finite element analysis, the rotation of the single motion
segments for extension, flexion, lateral bending and axial torsion was calculated. Figure
59 shows the comparison of the finite element results with data reported by Moroney et
al. [5]. The values obtained from the finite element analysis mainly fall in the range of
motion observed in the experiment. Therefore, it can be concluded that the finite element

results are in good agreement with the reported data in the literature.
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Figure 59: Validation of model of C5-C6 motion segment of cervical spine.
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6.1.2 ' Validation of Model of C3-T1

Before investigating the validation of the complete finite element model of the cervical
spine, C3-T1 model of the cervical spine was tested for four loading conditions of
flexion, ‘extension, lateral bending and axial torsion. In this study the results of
experiments reported in research work of Panjabi et al. [224] were selectéd as a reference
to validate the finite element model of the cervical spine. o

This model consists of the vertebrae of C3 to T1, the intervertebral discs of this section of
the cervical spine and the connecting ligaments (Figure 60). In the model 17748 elements
of Solid45 for bony structure of vertebrae and annulus and nucleus of intervertebral disc,

9720 elements of Link10 for fibers of intervertebral disc, 425 elements of Combine39 for

e

existing ligaments and 573 elément of Contacl78[for Acontacts of facet joints were used.
The boundary conditions were selected according to Panjabi et al. [224]. All DOFs of
inferior endplate of T1 were cénstrained and then the pure moments of 1 Nm were
applied to the superior endplate of C3 simulating flexion, ggtension, lateral beﬁding énd
axial torsion, respectively. | |

The rotation of each motion segment was cglculated Based én the outpﬁts obtained from
finite element analysis and corﬁpéred with? the results of the exéperifments reported by
Panjabi et al [224]. The validation of the model' for extension, flexion, lateral behding and
axial torsion are presented in Figure 61. -

The present ﬁnité eller-nent fnodel of the cefviéél spme shoWé ééd‘d.;gjréénﬂl:ent with the
experimental results in flexion, extension and axial torsion. In the case of lateral bending

the values of finite element analysis are lower than the experimental results in the first

two motion segments. This discrepancy can be justified by several explanations; material
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properties of the cervical spine vary in lower and upper regions [225] but material
properties in literature are.reported regadless of this variation. For the present finite
element model of the cervical spine, material properties are applied to the model as they
are reported in .th'e literature with no alteration in lower and upper regions. Therefore,
considering the same nia'_cerial properties for both regions makes the ﬁpper region of the
~ cervical spine b:ec._o‘r‘_rie/stiffer and rotate less in lateral bending analysis‘. Another reason
rises from the shape and gap distance of facet joints. Obse;';Iiﬁg the_ anatomy of the
facet joint of cervical spine carefully, it can be seen fhat the superior area of the facet
joint is convex and the inferior area is concave. This special feature will allow the
adjacent vertebrae to slide on each other laterally. The curvatures of the superior and
inferior area of facet jbigts are not reported in the literature. Therefof¢, the areas were
modeled as flat ellipses [21]. This simplification can lead to less rotation in the general
motion of the ﬁodel latefally. On the other hand, fhe gap size of facet joints ‘are not the
same through the cervical spine and applying the same distance for all facet joints can
result-iiﬁ ‘liess réfation of the model in lateral bending. The final reason is the difference
in matlé;ial property of the intervertebral disc on lateral sides. The material property of
fibers in ia‘lteral sides of the intervertebral disc is rep;)rted up to one tenfh éf fibers in
anteriOr" and posterior sides in the literature [21]. The model will be more flexible

late;ally if a softer material property were selected for lateral fibers of annulus.
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Figure 61: Validation of C3-T1 finite element model of cervical spine in extension, flexion, axial torsion and lateral bending.
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6.1.3 Validation and Stress Analysis of Complete Model of Cervical Spine

The validation of a single motion segment and the C3-T1 region of the cervical spine
show that the present Iﬁociel 1s reliable and ready for further investigation. In the V‘ﬁnal
step in validating the finite element model of the cervical spine, the complete model was
tested under two ‘major. movements of e>§tension and flexion and the results were
cgbmpared with the experimental results of Panjabi et al. [224]. In the complete model of
the cervical spiné; Atlas and Axis were a&ded to the finite element model of C3-T1
(Figure 62). Altogether in the model, 22484 elements of Solid45 for bony structure of
vertebrae and annulus angi nucleus of intervertebral disc, 36 elements of Solid185 for alar
and transverse ligaments, 11390 elements of Link10 for fibers of intervertebral disc, 563
elements of Combine39 for existing ligaments and 861 element of Contac178 for contacts
of facet joints, anterior contact of dens and arch of Atlas and posterior contaét of
transverse ligament and dens were used.

The boundary conditions were set according to the Panjabi et al. study [224]. The in;erior
endplate of T1 was ﬁ.ill;;ﬁxed and 1 Nm moment was applied'to» C1 simulating extension
and flexion of the cervical spine. The result of finite element analysis was used to calculate
the rotation of éacﬁ vlrr‘loﬁo‘rx"sé'gment for extension and ﬂéxion rhovements of the cervical

| spine. Figure 63 presents the validation of the complete model o‘f the cervical spine.

Except”for the rotatioh of C1-C2 motion éégment in both extensi('m' anc} flexion, the rest
of the motion segments comply with the results of the reference research work [224]. As
it is obscure how tﬁe reléti;'e motion of C1-C2 was measuréd in the experiment of

Panjabi et al. [224], comparing the obtained result from the finite element analysis with

the literature causes an unexplainable discrepancy.
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Figure 63: Validation of the complete finite element model of cervical spine in extension and flexion.
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6.2  Stress Analysis oi‘ Complete Model of Cervical Spiné“ |

Besides determining the range of motion of the cervical spine, the finite element method
provides a generalized procedure to analyze the stress-strain response of a structure. It
has been argued that a clarification of the mechanical causes of pain in the neck requires
the knowledge of the states of stress and strain throughout the cervical region. It was
explained before that this kind of research can either be experimental, or make use of a
finite element model. Experimentation is the most direct way to‘ obtaiﬁ information but is
often unwieldy, costly and loads are difficult to apply in three dimensions via the testing
apparatus. On the contrary, finite element models enable the simulation of the behavior of
the spine in different situations and can obtain information that is not accessible through
experimentation, such as the stress distribution inside the vertebra and deﬁailed
information about the overall deformation

Validation of the present finite element model of the cervical spine will provide the
possibility of investigating stress distribution under the influence of various load
conditions. This stress analysis of the cervical spine can assist researchers to discover the
main causes of pain in this region of the cervical spine. Stress analysis for the complete
model was conducted to observe the stress distribution in various components of cervical
spine. In this study, three moments of 0.33, 0.66 and 1 Nm where applied to C1 for both
extension and flexion and the inferior endplate of T1 was fully constrained.

As a result of this study, the maximum von misses stress for various components of
vertebrae, such as cancellous shell, cortical core, pedicles, facets, dens, anterior arch of
atlas, posterior arch of atlas and intervertebral disc such as annulus, nucleus, fibers, were
determined. As the ligaments were modeled as nonlinear springs, the maximum force for
each set of ligaments, ISL; LF, CL, PLL, ALL, was highlighted as well. The results of

this study are presented in Figure 64 to Figure 67.
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Figure 64: Stress analysis of complete model of cervical spine under flexion movement.
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Figure 65: Stress analysis of complete model of cervical spine under extension movement.

(0

130

Number of Fbers i Tension

10 Inmegis

1Nm

0.66 Nm i

0.33 Nm i

y agi3aid
J I

STO

—e—C2-C3




- ISL Force

Flexion 0.33 Nm  Flexion 0.66 Nm  Flexion 1 Nm

——C2-C3

LF Force

Flexion 0.33 Nm Flexion 0.66 Nm  Flexion 1 Nm

——C1-C2
—a—C2-C3

—%—C4-C5
—x—C5-C6
—e—C6-C7

- PLL Force

Flexion 0.33 Nm Flexion 0.66 Nm  Flexion 1 Nm

-~ CLForce

Flaxbl'lO.S:iMﬁ Flexion 0.66 Nm  Flexion 1 Nm

Figure 66: Force measurement for ligament of complete model of cervical spine under flexion

movement.

131

- ALL Force

Flexion 0.33 Nm Flexion 0.66 Nm  Flexion 1 Nm




ISL Force LF Force ‘\
1 1= l
0.9 0.9
0.8 0.8
= 0.7 e 0.7
Z 06 R G304 Z 08
g0 c4C5 g 05
2 8‘3 —»—C5-C6 S 04
0'2 —x—C6-C7 03 :
0'1 g
Extension 0.33  Extension 0.66 Extension 1 Nm J g - 4 i H -
N 5 Extension 0.33 Nm Extension 0.66 Nm Extension 1 Nm
PLL Force ALL Force
1 0.5 = e
09 0.45 —
08 0.4 oS ‘
o7 i 035 Jrovme | Caca
Z 06 : £ 03 B
E o —=—C4-C5 § 025 = BB —=—C4-C5
S 04 C5-C6 S 02 ./ /’
03 —x—C6-C7 0.15 = —<Ce-C7
0.2 0.1
0.1 0.05
0 : 0 1 T |
Extension 1 Nm  Extension 0.66 Nm Extension 0.33 Nm S5 066§ Extension 1:Nm
CL Force
08 e RO N e i e |
05 et
/ | |[—e—C1-C2
_. 04 b —a—-C2-C3
< caca
g 0.3
| | —cacs
-——
%02 —%—C5-C6
01 / SR —e—CB-C7
. =
0 r
Extension 0.33 Nm ion 0.66 Nm E ion 1 Nm

Figure 67: Force measurement for ligament of complete model of cervical spine under extension
movement.

132



6.3  Material Property Sensitivity of the Cervical Spine

The material sensitivity study for the finite element model of the cervical spine determines
the effect of variations in the material properties of the cervical spinal components on the
output of the finite element analysis (external and internal responses of the cervical spine)
under physiologic load conditions. Changes in the constituents of the human spinal
components induce alterations in their biomechanical properties. 4For example, the
properties of the hard and soft tissue structures are a function of thei-r composition, level
of hydration, age and gender. It is well known that the aging process affects spinal
degeneration resulting in altered biomechanical characteristics, including the formation of
osteophytes compromising the integrity of the spinal structures. The presence of
osteophytes has been correlated with a decrease in disc height. It is well known that as
the disc degenerates, a loss in height follows. This loss of height stemming from factors
such as desiccated nucleus and annular degradation, changes the integrity of the normal
spinal structure and alters the internal load sharing in the adjacent components. Excessive
stresses placed on the neighboring bony structures enhance remodeling, resulting in
overgrowths of abnqnpal calcifications or osteophytes. This phenomenon can ‘be
explained by the present study, wherein increased stress states were found in the bony
components due ‘to increased material properties in the intervertebral disc structures. A
systematic biomechanical analysis can be carried out if these variations, in terms of the
mechanical properties, can be quantified and used as input into finite element models.
The effect of material property variations of spinal components on the cervical spine is

rarely investigated in the literature [28].
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In the present study, parametric studies on the variations in the material properties’of all
cervical spine components, including the cortical shell, cancellous core, annulus, nucleus,
fibers, posterior elements and ligaments, were conducted by eXercising the ﬁhite element
model under flexion, extension, lateral bending and axial torsion loading conditions. Low,
basic and high material property cases for each of the components under all the four
physiologic loading modes were considered in the finite element analysis.

The sensitivity analysis with different material properties under each loading mode was
done by varying each input material property. For the low and high cases, respectively,
the elastic modulus of the cortical shell of the vertebrae was 8000 and 16,000 MPa; the
cancellous core modulus was 50 and 200 MPa; the elastic modulus of annulus and
nucleus were 1 and 10 MPa; fibers modulus was 110 and 550 MPa, the bony posterior
elements modulus was 1000 and 5000 MPa; the values for all the ligaments were 50 and
200% of basic modei values. With these variations, the model was exercised under
flexion, extension,_latgral bending, and axial torsion loading modes at a level of 1 Nm.
The boundary condition was such that the inferior endplate of T1 was fully constrained
under all degrees of freedom.

The result of the finite element analysis was used to calculate the rotation of each motion
segment under each load condition for low and high material properties. The effect of
variation in material property was studied by comparing the obtained results with those
determined by basic material properties and experimental results. Figure 68 presents the
comparison results from the finite element analysis of the cervi(;al spine utilizing low,

basic and high material properties with experimental results.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1  Conclusion

The main purpose of the present study was to develop and validate the finite element
model of the cervical spine. To achieve this goal, numerous research works related to the
area of the cervical spine were examined.

Biomechanical models of the cervical spine can assist researchers to investigate the
mechanisms of cervical spine injury. The four categories of biomechanical models of the
cervical spine were studied to understand the advantages and disadvantage of the various
models. The history of development and progress in the biomechanical methods,
particularly the numerical models, can assist researchers to employ the best method to
develop the finite element of the cervical spine. To validate the model of the cervical spine,

knowledge of in vitro biomechanical models and related research works are necessary.
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It is understood that the biomechanical models are to investigate the various parameters
causing injury and pain in the area of the cervical spine. Therefore, it is essential to study
the different cervical spine injuries to become familiar with the mechanism of injuries.
Among other biomechanical models, the numerical model is the best method to
investigate the mechanisms of injury in the cervical spine, but it is not reliable unless it is
validated. The finite element method can determine if the cervical spine is at risk of
injury by determining the stress in various componentsb of the cervical spine. This
exclusive feature in finite element analysis has motivated researchers to utilize the
numerical method to find the causes of injury in the cervical spine.

In the current study, the anatomy of various components of the cervical spine such as
vertebrae, intervertebral discs, ligaments and joints were studied to understand the structure
of the cervical spine in detail.

The three-dimensional parametric model of the cervical spine was developed using
available parameters in literature. In all cases, the average values for various parameters
were selected. The developed model differs from previous models as it presents a
complete 3D parametric model of the cervical spine, including the first thoracic vertebra.
Modeling the cervical spine using CT-scan data will limit the researcher to the specific
scanned cervical spine, while the present method uses the average values pfesented in the
literature. Therefore, the results obtained from the analysis of the present model can be
generalized for a wide range of cervical spines.

The current study was more focused on the development of a flexible-model in terms of
the geometry. The parametric approach has led to the selection of a limited number of

measurements that allow the reconstruction of the cervical spine. The importance of
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having a parametric model is its flexibility; therefore, the model can be modified to
simulate injuries for different groups representing different patients with different
morphologies. The advantage of the developed method and procedures for the cervical
spine for finite element analysis is its simplicity, and the possibility of variation of the
material properties for sénsitivity studies.

To use the current model of the cervical spine for further study, it should be validated.
Using the material properties listed in Table 18 and Table 19, the present ﬁnité element
model was validated in three different levels under flexion, extension, lateral bending and
axial torsion to ensure the model is accurately constructed and selection of material
properties is done properly. In all three levels of validation, the model was constrained at
the inferior region of the inferior-most vertebra, and the above mentioned four
physiologic load vectors were applied to the superior surface of the superior-most
vertebra. The selected moment level under each loading mode was based on the papers,
with which the model was validated. The resulting angular rotation from the model
correlated well with experimental data. Therefore, the model could be used for future
finite element studies, with a reasonable accuracy.

Observing the results obtained from the stress analysis of the cervical spine, it can be
concluded that increasing the moments will increase the stress in various components of
the cervical spine linearly. In both flexion and extension the state of stress is
approximately the same for the cancellous shell, cortical core, annulus, nucleus and
fibers. The stress is higher for the cancellous shell compared to other components, due to

its higher Young’s modulus.
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As in extension, facet joints come closer to each other and begin to contact, facet joints
bear higher stress in extension rather than flexion. On the contrary, in flexion pedicles
show higher stress compared with state of stress of pedicles in extension.

The maximum number of fibers in tension occurs in the intervertebral disc of C3-C4
during extension. It is interesting to notice that the number of ﬁbers in tension rapidly
increases for small loads, and then remains almost constant.

As could be predicted, in flexion except for ALL, the other ligaments will be in tension. All
ligaments of the cervical spine are modeled as nonlinear spring elements with a tension
only option; therefore, under compression, the elements bear no force and don’t show any
change in length. It can be seen in Figure 66 that as the moment increases the force for
ALL is zero. In contrast, in extension ISL, LF and PLL are under compression and the
force is zero but the ALL and CL are pulled and their length increase under tension.

In the material sensitivity study, the validated model of C3-T1 was used to determine the
effects of the variations in the material properties of the spinal components on the
external and internal responses of the model under four physiologic loading modes.

The material property variations considered in this investigation are limited to changes
only in the Young’s modulus values. Changes in Poisson’s values are excluded for the
following two reasons; firstly, it increases the computational effort since the size of the
parametric test matrix increases considerably; secondly, the alterations in the Poisson’s
ratio of the spinal elements, particularly the cancellous bone, cortical shell, and endplates,
have been shown to have little influence on the finite element stress analysis results [28].
The present study evaluated the effects of varying the material property in two steps. In the

first step the effects of varying the material property of one component at a time, while
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maintaining the material properties of all other components at their basic levels was studied.
Then variation of material properties of all components to lower and higher limits was
investigated. The first procedure exhibits the effects of a particular component on the
biomechanics of the cervical spine.

The results of the finite element analysis show that changes in the material properties of the
hard tissues such as the cancellous bone, cortical shell and posterior elements, affect only
the internal response of the hard tissues, and the changes in the material properties of the soft
tissues, such as the intervertebral discs and ligaments, affect the external and the internal
response of both the hard and soft tissue components.

As expected, angular motions increased with a decrease in the stiffness of the material
properties of the intervertebral disc and the ligaments, and decreased with an increase in
their corresponding values. Variations in material properties of the intervertebral disc
components had a larger effect on external response of the cervical spine compared to the
ligaments. The variations in the modulus of the cancellous core, cortical shell, endplate
and posterior elements (hard tissues) had little effect on the internal stresses of the
adjacent intervertebral discs. However; the variations in the Young’s modulus of the
intervertebral disc and ligaments influenced the stresses in both intervertebral discs and
hard tissues.

In the next step the effect of changing the material properties for all componenets to the
low and high level at the same time was investigated. It can be seen in Figure 68 that using
low and high material properties for all the components affects the external angular motion
of the cervical spine considerably. As was previously explained, changes in material

property of soft tissues significantly influences the range of motion of the cervical spine in
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all four physiologic loading modes. Changing the material properties to a lower level
causes a maximum increase of 36.61% in angular motion of C4-C5 in extension, 162.12%
in angular motion of C5-C6 in flexion, 63.97% in C4-CS5 in lateral bending and 163.76% in -
C6-C7 in axial torsion. Considering the change of material properties to a higher level, the
model undergoes a maximum decrease of 44.21% in angular motion of C5-C6 in extension,
50.45% in angular motion of C3-C4 in flexion, 44.66% in C6-C7 in lateral bending and
38.09% in angular motion of C3-C4 in axial torsion.

The present finite element model can be employed to study common cervical spine injuries
by modifying the geometric parameters used to develop the model. This model can be
improved in the future by eliminating the simplifications assumed in the modeling and
analysis of the model. This issue is discussed in the next chapter.

72  Future work

The present finite element modeling of the cervical spine can be continued by eliminating
the simplifications assumed in the modeling and analysis of the cervical spine in the current
model and by making the model as close as possible to the real human cervical spine.

It is discussed earlier that in the present model, ligaments are modeled by nonlinear spring
elements as reported in the literature. To model the laminated structure of annulus, each
layer of annulus is reinforced by criss-cross form elements. These assumptions are accurate
enough for a static analysis of the cervical spine but for a dynamic analysis and stress
analysis of cervical spine over a long period of time, different type of material properties
for ligaments, muscles and annulus are required to reflect the effect of time. In other words,

viscoelasticity of soft tissues should be taken into account.
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The ligaments and muscles of the cervical spine are biological tissues and to consider all
characteristics, they should be modeled as quasi-incompressible, non-homogeneous,
anisotropic, non-linear viscoelastic materials. Besides, the modeling of muscles involves
the passive and active characteristics of muscles and both should be considered in the
modeling of the cervical spine.

To consider viscoelastic material properties for soft tissues, required experiments should be
run to fully describe material properties of more than the 10 ligaments and 25 major
muscles in the area of the cervical spine. Furthermore, multiaxial experiments should be
conducted in order to model the laminated structure of the outer section of the
intervertebral disc (annulus fibrous). Then, results obtained from these experiments can be
applied to the present finite element model of the cervical spine to analyze the model under
various loading conditions.

Another issue that can be investigated in future research work is fatigue in the laminated
structure of annulus fibrous. Because of the special structure of annulus, everyday
activity causes fatigue in this area, more than any other region of neck. Therefore, the
nerves’ roots and spinal cord will be pinched as a result of extra bulging of the
intervertebral disc. This important issue is not investigated in detail in the literature, and
hence, requires serious consideration. |

The other goal of future research can be to design a protective device to support the
cervical spine in case of sudden and strong force. Based on stress analysis of the finite
element model of the cervical spine and careful study of the obtained results, the regions at
high risk of injury can be located and then essential supportive devices to protect the

cervical spine in a high-acceleration environment can be designed and manufactured.
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APPENDIX 1
The Origins and Insertions of Muscles in Cervical Spine Region.

Table 21: The origins and insertions of Sternocleidomastoid, Splenius capits, Semispinalis capitis and

Semispinalis cervicis [55].
Flexor Muscle Origin | Insertion | PCSA (cm’)

24 | Sternocleidomastoid Tl Skull 4.92
25 | Splenius capitis C7 Skull 1.545
26 | Splenius capitis T2 Skull 1.545
27 | Splenius cervicis T3 C3 0.833
28 | Splenius cervicis T3 Cc2 0.833
29 | Splenius cervicis T3 Cl 0.833
30 | Semispinalis capitis C4 Skull 0.9
31 | Semispinalis capitis C5 Skull 0.9
32 | Semispinalis capitis C6 Skull 0.9
33 | Semispinalis capitis C7 Skull 0.9
34 | Semispinalis capitis T3 Skull 0.9
35 | Semispinalis cervicis Tl C2 0.1275
36 | Semispinalis cervicis T2 C3 0.255
37 | Semispinalis cervicis T3 C4 0.3825
38 | Semispinalis cervicis T4 Cs 0.8
39 | Semispinalis cervicis TS5 Cé6 1
40 | Semispinalis cervicis T6 C7 1.1

Table 22: The origins and insertions of Longissimus capitis and Longissimus cervicis [55].

~ Flexor Muscle Origin | Insertion | PCSA (cm?)
41 | Longissimus capitis C3 Skull 0.1633
42 | Longissimus capitis C4 Skull 0.1633
43 | Longissimus capitis G5 Skull 0.1633
44 | Longissimus capitis C6 Skull 0.1633
45 | Longissimus capitis C7 Skull 0.1633
46 | Longissimus capitis T2 Skull 0.1633
47 | Longissimus cervicis T2 C2 0.2483
48 | Longissimus cervicis T2 C3 0.2483
49 | Longissimus cervicis T2 C4 0.2483
50 | Longissimus cervicis T2 C5 0.2483
51 | Longissimus cervicis T2 Cé6 0.2483
52 | Longissimus cervicis T2 C7 0.2483
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Table 23: The origins and insertions of Levator scapulae and Multifidus cervicis [55].

Flexor Muscle Origin | Insertion | PCSA (cm?)

53 | Levator scapulae Scapula Cl 0.78
54 | Levator scapulae Scapula C2 0.78
55 | Levator scapulae Scapula C3 0.78
56 | Levator scapulae Scapula C4 0.78
57 | Multifidus cervicis C5 C2 0.15
58 | Multifidus cervicis C6 C2 0.15
59 | Multifidus cervicis C6 C3 0.15
60 | Multifidus cervicis Cc7 C3 0.15
61 | Multifidus cervicis C7 C4 0.15
62 | Multifidus cervicis T1 C4 0.15
63 | Multifidus cervicis T1 C5 0.2

64 | Multifidus cervicis T2 C5 0.2
65 | Multifidus cervicis T2 C6 0.4

66 | Multifidus cervicis T3 Cé6 0.4

67 | Multifidus cervicis T3 C7 1.1

68 | Multifidus cervicis T4 C7 1.3

Table 24: The origins and insertions of Longus colli, Longus capitis, Scalenus anterior, medius,
scalenus and Lumped hypoids [55].

Flexor Muscle | Origin | Insertion | PCSA (cm?)

1 | Longus colli Tl C6 0.3914
2 | Longus colli T1 C5 0.3914
3 | Longus colli Tl C4 0.3914
4 | Longus colli Tl C3 0.3914
5 | Longus colli T1 C2 0.3914
6 | Longus colli T1 Cl 0.3914
7 | Longus colli T1 Skull 0.3914
8 | Longus capitis C3 Skull 0.3425
9 | Longus capitis C4 Skull 0.3425
10 | Longus capitis C5 Skull 0.3425
11 | Longus capitis C6 Skull 0.3425
12 | Scalenus anterior Tl C4 1.88

13 | Scalenus medius T1 C3 1.36

14 | Scalenus posterior Tl C5 1.05

15 | Lumped hyoids Tl Skull 2.35

162



Table 25: The origins and insertions of Trapezius [SS].
Flexor Muscle | Origin | Insertion | PCSA (cm’)
16 | Trapezius T1 Skull 0.4713
17 | Trapezius Tl Cl 0.4713
18 | Trapezius T1 C2 0.4713
19 | Trapezius Tl C3 0.4713
20 | Trapezius T1 C4 0.4713
21 | Trapezius Tl C5 0.4713
22 | Trapezius Tl Cé6 0.4713
23 | Trapezius T1 C7 0.4713
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APPENDIX 2
Calculation for Relative Location of Vertebrae

To compute the angle between vertebrae the reported values from Nissan et al. [212]
were used. Since the lower endplate depth from the upper vertebra was averaged with the
upper endplate depth from the lower vertebra the angle between adjacent vertebrae

(Alpha) can be calculated as Equation I (Figure 69).

Alpha = 2.[arcsin(i_ h)] (Eq.])
am
all]
o
o
dm h

Figure 69: Vertebral calculation of position in space.
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