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Abstract

The cervical spine ligaments play an essential role in limiting the physiological ranges of motion in
the neck; however, traumatic loading such as that experienced in automotive crash scenarios can lead
to ligament damage and result in neck injury. The development of detailed finite element models for

injury simulation requires accurate ligament mechanical properties at relevant loading rates.

The objective of this research was to provide detailed mechanical properties for the cervical spine
ligaments, by performing tensile tests at elongation rates relevant to automobile crash scenarios, using
younger specimens (less than 50 years old), and to provide a comprehensive investigation of spinal

level and gender effects.

The five primary ligaments (present between C2-T1) investigated were: the anterior longitudinal
ligament, posterior longitudinal ligament, capsular ligament, ligamentum flavum, and interspinous
ligament. The craniovertebral ligaments (Skull/C0-C2) investigated were the tectorial
membrane/vertical cruciate/apical/alar ligament complex, transverse ligament, anterior atlanto-
occipital membrane, posterior atlanto-occipital membrane, anterior atlanto-axial membrane, and
posterior atlanto-axial membrane. Tests were performed within an environmental chamber designed
to mimic in vivo temperature and humidity conditions, and specimens were preconditioned for 20
cycles at 10% strain prior to testing to failure. Ligaments were tested at quasi-static (0.5s™), medium
(20s™) and high (150-250s™). These strain rates were predicted by an existing cervical spine finite

element model under typical crash scenarios.

Two hundred sixty-one total primary ligament tests were performed, with approximately even
distribution within elongation rate, spinal level, and gender. Another forty-four craniovertebral
ligaments were tested. Results were plotted as force-displacement curves and the response
characteristics determined from the curves were: failure force, failure elongation, stiffness of the
linear region, toe region elongation, failure stress, failure strain, modulus and toe region strain. The
measured force-displacement data followed expected trends when compared with previous studies.
The younger ligaments had less scatter, and were both stiffer and stronger than the older specimens

that were reported in previous studies at both quasi-static and comparable higher elongation rates.



Statistical analysis was performed on the results to establish significant effects. Strain rate effects
were most significant whereas spinal level effects were not found. In general, gender effects were not
found to be significantly different, but consistent trends were identified with male ligaments having a
higher stiffness and failure force than female ligaments. The post-ultimate load region of the curves

was reported to offer insight into the ligament failure mechanism.

The characteristic values obtained were used to develop average curves for each ligament, with the
intention to eventually be directly integrated into finite element models to better represent the
ligament structures. Curves were developed to incorporate the strain rate, spinal level and gender
effects for each ligament based on the statistical analyses. Post-failure response was incorporated into
these curves because this region has been shown to have an effect on neck behaviour in mathematical
models.

Recommendations for future studies include measuring accurate cross sectional areas of ligaments
during tensile testing to obtain true stress and true strain measurements to better understand if
differences in mechanical properties are structural or material. Other possible improvements would
be further testing of young cervical spine ligaments with larger sample sizes to further explore spinal
level and gender effects. Additional testing performed under identical testing conditions as the

current study would allow for pooling of the results effectively increasing the sample size.
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Chapter 1

Introduction

1.1 Motivation for Research

The cervical spine is the most frequently injured region of the spine during automobile crash events
(Yoganandan et al., 1989). The ligaments of the cervical spine provide a significant contribution to
the dynamic response of the neck in such vehicle crash scenarios (Yoganandan et al., 2001), where
victims are predominantly young males with mean age of 37.8 years old (Robertson et al., 2002).
Damage to these ligaments has been associated with injuries, such as neck strain (Webb et al., 1976;
Harris et al., 1992) and whiplash associated disorders (Panjabi et al., 1998; Tominaga et al., 2006; Ito
et al., 2004). The mechanical properties of the cervical spine ligaments are needed for a younger
population, at relevant strain rates, for more accurate predictions of head/neck kinematic response and
the prediction of injury using detailed finite element models. Dynamic response and injury predictors
in such models are sensitive to material property changes of the soft tissues (Kumaresan et al., 1999),

stressing the importance of accurate ligament properties for this application.

Soft tissues, including the ligaments, have been shown to exhibit viscoelastic or rate-dependent
properties (Frisen et al., 1969; Viidik, 1973; Yoganandan et al., 2001; Troyer et al., 2011). The
material properties used in finite model applications must be representative of the appropriate
ligament deformation rate. Therefore, experimental tests must be performed at appropriate test

speeds to measure relevant data.

Cervical spine ligaments can be subjected to deformations greater than the physiological range of
motion in frontal impacts as low as 4g (Panjabi et al., 2004); where a 4g impact approximately
corresponds to an impact velocity of 12 km/h (Cappon et al., 2003). Soft tissue injury threshold, as
defined by a significant increase in flexibility (neutral zone range of motion), was found to occur at
8g frontal impacts (Pearson et al., 2005). Injury threshold has been identified as even lower for rear
impacts, where significant increase in flexibility was seen at 5g accelerations on whole cervical spine
specimens tested with muscle force replication (Ito et al., 2004).
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A number of studies have been conducted on isolated cervical spine ligaments to identify tensile
behaviours ranging from quasi-static strain rates (Myklebust et al., 1988; Chazal et al., 1985;
Przybylski et al., 1996; Yoganandan et al., 1998; Yoganandan et al., 2000) to high strain rates
(Yoganandan et al., 1989; Ivancic et al., 2007; Bass et al., 2007; Shim et al., 2005). This data has
provided an excellent background on cervical spine ligament behavior. However, it has been shown
that mechanical properties of the spine deteriorate with increasing age (Pintar et al., 1998; Cowin et
al., 2007; Neumann et al., 1992; Neumann et al., 1994; lida et al., 2002; Tkaczuk, 1968; Nachemson
et al., 1968), and existing ligament data has only been reported from cadaver specimens ranging from
the youngest of 55 £5 years (Chazal et al., 1985) to the oldest of 81 +11 years (Ivancic et al., 2007).
It was also noted that the range of strain rates in the literature did not fully capture the range of strain
rates anticipated in automotive crash scenarios. Furthermore, Bass et al. (2007) have shown that
simulating in vivo conditions can have a significant influence on ligament response. Importantly,
post-ultimate load response has never been reported prior to the present study, and is of interest as
post ultimate load response has been shown to have a significant influence on cervical spine segment

response in mathematical models (DeWit et al., 2010).

The ligaments of the craniovertebral joint have very specific functions, and complex anatomy. Data
values for determining material properties of these ligaments are very limited, because very few
studies have tested isolated craniovertebral ligaments (Myklebust et al., 1988; Panjabi et al., 1998;
Shim et al., 2005). These material properties are important because the craniovertebral regions of the
spine are the most common sites of trauma in fatal spinal injuries occurring from motor vehicle
accidents (Yoganandan et al., 1989). Previous finite element model studies have also noted that

improvements are needed for ligament properties in the craniovertebral region (Panzer, 2006).

Due to relatively small sample sizes in previous studies, a comprehensive investigation of gender and

spinal level effects at strain rates applicable to automotive crash scenarios has also not been possible.

One study compared gender and spinal level and found no significant effects (Bass et al., 2007), but

sample sizes were relatively small. Yoganandan et al. (1998, 2000) evaluated the effect of spinal

level but the results were limited to two regions (middle and lower), rather than individual level

effects. Numerical models have shown that under loading cases, the distractions and forces seen at
2



each spinal level vary (Stemper et al., 2006), and this suggests the importance that ligaments at each
spinal level are modeled accurately. Several segment and whole cervical spine studies have reported
gender (Pintar et al., 1995; Ferrario et al., 2002; Stemper et al., 2003; Pintar et al., 1998; Nightingale
et al., 2007) and spinal level differences (Shea et al., 1991; Nightingale et al., 2002), or recommended
further investigation in those areas (Pintar, 1986; Van Ee et al., 2000).

1.2 Research Objectives and Approach

The objective of this research was to provide a more complete and accurate data set for determining
the mechanical properties of cervical spine and craniovertebral ligaments. This data set was taken
from a younger population, and would examine the significance, of deformation rate, spinal level, and
gender, thus supporting the development of detailed cervical spine models. As part of the Global
Human Body Model Consortium (GHBMC), the data obtained will be used to develop a

biofidelically advanced finite element model of the human body.

A specific experimental testing approach was implemented in order to obtain the required data.
Initially, existing finite element models were used to determine the deformation rates observed in the
ligaments under external loading representative of vehicle crash events. By developing a complete
set of data from one laboratory, variations due experimental procedure are reduced (Pintar et al.,
1992). This variation is difficult to represent when combining or comparing data from different
studies without reducing the fidelity of the modelling. Each ligament was tested at three different

loading rates that encompass the range of rates seen in the model.

Cadaver specimens under the age of 50 years old were procured in order to provide data for a younger
population. An upper limit of 50 years old was placed on cadaver spines used in the present study as
osteoporosis has been shown to occur more often at the age of 50 and above (Kanis et al., 1994;
Vernon-Roberts et al., 1973), and ligament properties have been shown to be correlated with bone
mineral content (Neumann et al., 1994). This range also ensured a sufficient quantity of spines, as

uninjured cervical spines are more difficult to acquire from the tissue banks under the age of 40.



Ligaments were carefully isolated from the spines with bone attachment points intact, into bone-
ligament-bone complexes to be tested in situ, and kept moist throughout the procedure using saline
spray. Bone segments were potted using a casting resin into plastic cups which were compatible with
testing fixture gripping mechanisms. Specimens were tested in tension in an environmental chamber
to mimic in vivo conditions. Ligaments were preconditioned before testing to failure. Force-

deflection plots were produced for each test.

Characteristic points from each ligament force-deflection curve, such as failure force, failure
elongation, stiffness, and the end of the toe region, were measured and compiled. A statistical
analysis was performed on the data to determine if any rate, spinal level or gender effects were

present.

Average curves were developed for each ligament for each using the characteristic points measured.
Scaling factors were developed to be applied to each average curve based on specific spinal level and
gender effects. The scaling factors were based on the different mean values and weighted by
significance of the effect. The post-failure response region was also included in the average curves to
provide a complete set of mechanical properties to be included in cervical spine finite element

models.

1.3 Thesis Outline

The second chapter provides a brief background to the anatomy and physiology of the neck. The
chapter examines the structures of the vertebrae, facet joints, intervertebral discs and ligaments, and

the role they play in normal physiological function of the cervical spine.

The third chapter focuses on biological properties, including soft tissue mechanics and characteristics
and analogous mechanical models. The behaviour and mechanical properties of ligaments are

introduced, including viscoelastic effects.

Chapter four provides a detailed literature review of previous cervical spine studies. The

methodology of previous studies performed on isolated cervical spine ligaments at both quasi-static

and high strain rates is investigated. Limitations of other studies were outlined as they were
4



imperative in providing the direction of this research. Lastly, relevant findings from previous studies
on whole and segment cervical spine studies were highlighted as possible areas of interest for isolated

ligament tests that had not been explored in enough detail prior to this study.

The methodology of this research is found in chapter five. Detailed information is provided on the
cadaver dissection and ligament preparation for testing, as well as the experimental methods used.
This chapter also includes the data processing and statistical analysis procedure.

The detailed results are presented in chapter six. Results from the tests are categorized into loading
rate, spinal level, and gender effects. Trends are highlighted in colour and statistical significance

values are presented.

The seventh chapter includes the discussion of the results found in the current study and which factors
had an effect on the ligament properties. Results from the current study were also compared to results

from previous studies in this chapter.

Chapter eight presents the detailed procedure of how the characteristic values from the results were
used to develop average curves. Average curves are shown for all ligaments with rate effects, and
incorporation of spinal level and gender effects where applicable. The post-failure response region of

the curve was formatted to be added to each average curve.

The ninth and final chapter provides a summary of the research and conclusions of the findings.
Recommendations for improvement on future isolated cervical spine ligament studies are also shown

here.



Chapter 2
Anatomy and Physiology

Before injury mechanisms of the cervical spine can be investigated, one must have a sufficient
understanding of the anatomy and physiology of the proper functioning neck. Anatomy is the study
of the structure and layout of biological tissue within the body, and physiology is the study of the
normal functioning of the components of the human body (Silverthorn, 2010). In order to understand
the cervical spine, the separate components must be understood and how they interact and function
together as a system.

The components of the cervical spine that are relevant to this research are the vertebrae, intervertebral
discs, facet joints, and ligaments. The vertebrae are the hard tissue structures (bone) of the neck, and
the intervertebral discs provide a direct connection between the vertebral bodies to form the vertebral
or spinal column (McKinley et al., 2008). The ligaments and facet joints restrict movement of the
spine to prevent injury, and allow the spine to perform as a structural support for the human body.

2.1 Anatomical Terminology

There are specific terms used to describe orientations and directions when discussing human
anatomy. These terms prevent confusion and provide easy communication of descriptions and ideas.
These terms are preferred to describe positions and orientation of each body part relative to another
without having to use terms that depend on orientation or view (McKinley et al., 2008). Terms such

as ‘up’ and ‘down’ or ‘front” and ‘back’ rely entirely on the orientation of the viewer.

2.1.1 Anatomical Directions

The directions when describing orientations of body components are universal and describe directions

away and toward the body (Figure 2-1).
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Anterior Posterior Superior Inferior Medial Lateral Proximal Distal
Adapted from McKinley, et al.(2008)

Figure 2-1: Anatomical Directions

Relative to the front (chest) or rear (back), anterior is toward the front surface, and posterior is toward
the back surface. For example the heart is located anterior to the spine. Relative to the top (head) and
bottom (feet), superior is toward the top and inferior is toward the bottom. An example is the knees
are inferior to the stomach. Relative to the centerline of the body (through the nose and belly button),
medial is towards the center and lateral is away from the center. For example, the shoulders are
located laterally from the heart. When describing extremities such as the arms and legs, proximal is

towards the body and distal is away from the body. For example the fingers are distal to the elbow.

There are specific terms to describe depth relative to the surface (Figure 2-2). Superficial is on the

surface, deep is in the center and intermediate is in the middle.

Superficial ~—

Deep

Intermediate

Figure 2-2: Anatomical Depth Terminology



Specific terminology is also used to describe neck movement as well. Flexion is looking downward,
extension is looking upward, lateral bending is tilting the head to one side and axial rotation is

twisting or looking to one side.

Flexion Extension Lateral Bending Axial Rotation

Adapted from www.ext.vt.edu

Figure 2-3: Neck Movement

2.1.2 Anatomical Sections and Planes

The body can be sectioned into three different planes for ease of description (Figure 2-4). The planes
define the orientation or the section of body. These planes are known as the sagittal (or medial),
coronal, and transverse. The sagittal plane divides the body into left and right sections, the coronal
plane divides the body into anterior and posterior sections, and the transverse plane divides the body
into superior and inferior sections. It is often most useful to view vertebrae in the transverse plane to
see differences between each vertebral body at each level. The planes are not restricted to pass
through the center of the body in each case, but when they do they are known as a mid-plane, such as

midsagittal plane for example.



Sagittal Plane

Coronal Plane

Transverse Plane

Adapted from www.makehuman.org

Figure 2-4: Anatomical Planes
2.2 Vertebrae

The vertebrae are the bony structures that make up the spine, comprised of 24 vertebrae, plus the
sacrum. The spine is divided into 4 distinct regions; cervical, thoracic, lumbar and sacral (Figure
2-5). The cervical spine contains the top seven vertebrae known as C1 through C7 and is considered
the ‘neck’ portion of the spine. There are twelve thoracic vertebrae, T1 to T12, which are the
vertebrae that support and are connected to the ribs. Since they are connected to the rib cage they
have relatively limited range of motion preventing twisting of the thoracic spine (McKinley et al.,
2008). The lumbar spine contains only five vertebrae, L1 through L5, and is the often referred to as
the lower back region. The sacrum is five vertebrae fused together into one piece. The sacrum is also

commonly known as the ‘tailbone’. Each vertebra differs at each spinal level showing distinct



anatomical characteristics and physiological functions. The cervical spine is the focus of this research

and will be the only region analyzed in detail.
Viewpoint

Anterior Left Lateral Posterior
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Cervical
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Thoracic

Adapted from www.dorightforyourself.org

Figure 2-5: Labeled Sections of Whole Spine
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2.2.1 Cervical Vertebrae

A cervical vertebra has very distinct features as seen in Figure 2-6. The main functions of each
vertebra are to support the load of the head and restrict movement to protect the spinal cord. The
vertebral body is the largest bony section. It is comprised of cortical bone on the superficial surface
and cancellous bone beneath. The lamina and the spinous process form the vertebral arch, and in
conjunction with the posterior surface of the vertebral body, they form the gap known as the vertebral
foramen. The vertebral foramen of each vertebra aligns to form a canal which protects the spinal
cord, known as the vertebral canal (Moore et al., 1999). Since the spinal cord is very delicate this

canal must keep its shape and integrity to prevent spinal cord damage.
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Figure 2-6: Typical Cervical Vertebra
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A ‘process’ is a bony protrusion from the vertebrae. The various processes are attachment points for
ligaments to restrict motion, or for muscles and tendons to initiate motion. The spinous process is the
most posterior process and helps to restrict excessive torsion and flexion of the spinal column. The
superior and inferior articular processes are the connection points of the facet joints. The transverse
process is made up of an anterior and posterior tubercle, and small round nodules. Aside from the
vertebral, the other foramina are the transverse, located laterally from the vertebral body. The
transverse foramina are unique to the cervical spine. Their function is to allow the vertebral arteries

and veins to pass.

The cervical spine has seven vertebrae, C1 through to C7. C1 and C2 are the most unique and are
also known as the atlas and axis respectively. C3 through C7 are very similar and only show subtle
changes with each level as seen in Figure 2-7.

13



Adapted from Agur and Dalley (2005)

Figure 2-7: Superior View of Cervical Spine Vertebrae

The transverse foramen, where the vertebral arteries and veins pass, are only present in the cervical
vertebrae, and are occasionally absent in C7. The anterior tubercles of the transverse process on C6
are known as the carotid tubercles, because the carotid arteries run along the anterior surface of the

bone and can be pressed against the bone to control bleeding if lacerated.
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2.2.2 C1 Vertebra (Atlas)

The most superior vertebra, C1, is also known as the atlas. It was named after the mythological
Greek figure Atlas, who supported the earth on his shoulders (Moore et al., 1999). The C1 atlas
similarly supports the weight of the head. The atlas is a ring shaped bone, and is the widest of the
cervical vertebrae (Figure 2-8). It has two kidney shaped, concave superior articular surfaces that
support the occipital condyles of the skull; two large protuberances at the sides of the foramen
magnum at the base of the skull. The weight of the skull is transmitted through these articular
surfaces. Since the surfaces are concave, and support the convex occipital condyles, they allow the
head to nod up and down in extension and flexion. The atlas does not have a spinous process, but
instead has anterior and posterior arches. The right superior surface of the posterior arch contains a
groove for the vertebral artery. The interior surface of the anterior arch contains a facet in which the

dens (odontoid process) of C2 rests against.
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Adapted from Agur and Dalley (2005)

Figure 2-8: C1 (Atlas) superior view
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2.2.3 C2 Vertebra (Axis)

The second vertebra in the cervical spine, C2 is also known as the axis. It is called the axis because it
allows rotation of the head, as C1 which carries the skull, rotates on C2. Like the atlas, the axis has
two superior articular facets on which the axis rotates (Figure 2-9), where it is connected to C1 by the
lateral atlantoaxial joints. The most unique feature of the C2 vertebra is the dens, or odontoid
process, which is a blunt and bony protrusion that extends superiorly from the vertebral body into the
foramen of the atlas. The dens provides a pivot for which the atlas rotates about. The dens is held in
place by the transverse ligament as seen in Figure 2-8, which prevents displacement in the transverse

plane.

Dens of axis
Facet for atlas Body

Adapted from Agur and Dalley (2005)

Figure 2-9: C2 (Axis)
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The atlas and axis are connected as seen in Figure 2-10. The atlas can rotate on top of the axis by
sliding at the lateral atlantoaxial joints. The dens extends superiorly into the foramen of the atlas to
act as a pivot point, which the whole head rotates about (Figure 2-11). The axis stays in the same
relative position to the other vertebrae, as the atlas rotates inferior to it. It can also easily be seen that

the dens is held against the facet of C1 by the transverse ligament.

Atlas

Dens

Lateral
Atlantoaxial
Joints

AXis

Adapted from Agur and Dalley (2005)

Figure 2-10: Anterior view of atlas, axis connection
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Figure 2-11: Atlas rotating about the axis

18



2.3 Facet Joints

Facet joints, also known as zygapophysial joints, are pairs of joints, located posterior laterally to the
vertebral bodies as seen in Figure 2-12.  The joints are present symmetrically on the left and right of
the vertebral body. Each vertebra has four facet joints connected to it: two superior and two inferior,
which are located two each on the left and right. The facets are oriented at approximately 45 degrees
from the transverse plane in the cervical spine, but the orientation differs along the length of the
spinal column. The facet joints have a smaller angle from the transverse plane in the cervical spine

compared to the thoracic and lumbar spine.

Vertebral
Bodies

Adapted from www.recenterpilates.blogspot.com

Figure 2-12: Facet joints as seen from right medial view of cervical spine section

Facet joint shape and orientation help to determine the patterns of movement which the spine can
undergo (White et al., 1990). They prevent the spine from moving in excessive flexion, extension or
rotation. Facet joints are synovial joints; joints that allow movement between two bones, sliding in
this case. Synovial joints contain two articulating surfaces covered in articular cartilage to allow for
contact and movement (Figure 2-13). The joints are surrounded by capsular ligament, which holds
the surfaces together under tension. The capsular ligament also acts to contain synovial fluid within
the capsule to act as lubrication. When the vertebral segments move in extension or rotation, the

articular cartilage makes contact, and the surfaces glide over each other, gently limiting motion.
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Adapted from www.umm.edu/spinecenter/education/

Figure 2-13: Facet joint cross section view
2.4 Intervertebral Disc

The intervertebral discs are located between the vertebral bodies along the spinal column, as seen in
Figure 2-14. The discs are responsible for supporting the compressive loading on the spine (White et
al.,, 1990). The disc is made up of three parts: nucleus pulposus, annulus fibrosis, and the
cartilaginous endplates. The nucleus pulposus is the fluid-like substance in the centre of the disc, and
the annulus fibrosis is made up of layers of fibrous collagen bands and fibrocartilage that surround the
nucleus and connect the cartilaginous endplates and adjacent vertebral bodies (Figure 2-15B). The
nucleus is comprised of mostly water, where the water content is highest at birth and slowly
degenerates with age (Moore et al., 1999). The fibers of the annulus are oriented in the same
direction within one layer of a band, at approximately a 30° angle from the transverse plane (Figure
2-15C), but from the opposite direction of the endplate in the adjacent bands (a -30° angle, or 120°
from each other).
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Adapted from Moore and Dalley (1999)

Figure 2-14: Intervertebral discs from lateral view of spinal column

) Annulus
Fibres

Annulus Bands Adapted from White and Panjabi (1990)
Figure 2-15: Intervertebral disc

Photograph of disc fibers (A), nucleus surrounded by annulus bands (B), fiber orientation at
+30° from the endplates (C)
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When a compressive load is applied to the spine, the disc is responsible for transferring the load
between adjacent vertebrae (White et al., 1990). When the load is applied, the nucleus becomes
pressurized and causes the endplates to deform and the annulus to bulge outwards (Figure 2-16A),

putting the fibers under tension (Figure 2-16B).

Adapted from White and Panjabi (1990)

Figure 2-16: Compressive loading on intervertebral disc

Pressure increasing in nucleus under loading (A), fibers under tensile stress due to
pressurization of the nucleus (B)

When the disc undergoes bending, it experiences both tension and compression as seen in Figure
2-17. In this case only the side under compression experiences a bulge in the disc. Studies have
shown when a vertebral segment is subjected to a concurrent compressive and lateral bending loads;
the disc experiences the largest bulge in the posterolateral direction (White et al., 1990). Since the
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vertebral canal is posterior to the disc, the spinal cord is in very close proximity to a bulging disc. It
has been hypothesized that a simultaneous bending and compressive load on the spine could cause a
bulge that would result in low back pain due to the contact of the disc against the nerve roots of the
spinal cord during motion (Breig, 1978). The disc has also been shown to bulge more when it has

degenerated over time, losing hydration and strength properties (Reuber et al., 1982).

Tension | I l f[ [ ) ) JJJ)))) Compression
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Adapted from White and Panjabi (1990)

Figure 2-17: Bending load on intervertebral disc

The spaces between the vertebral bodies from C3 to C6 have a unique feature called uncovertebral
joints, or Luschka’s joints (Hayashi et al., 1985). They exist between the bony lips that project from
the superior vertebral body inferiorly, toward the bony lips, also known as uncinate processes, that

project superior from the inferior vertebral body (Moore et al., 1999). The lips are on the
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posterolateral edge of the vertebral endplate. They are structures with capsules filled with fluid and
are covered in cartilage. The main role of these joints is to regulate the movement of a spinal level in

extension and lateral bending, in addition to limiting torsion (Kotani et al., 1998).
2.5 Cervical Spine Ligaments

Ligaments are fibrous bands that carry a tensile load in the direction of fiber orientation (White et al.,
1990). When an external force is exerted on the spine, ligaments provide tensile resistance to balance
the forces. Ligaments are primarily comprised of collagen, water, elastin and proteoglycans (Oza et
al., 2006).

The ligaments have four major functions (White et al., 1990), two for motion and stability and two
functions for protection. The first function is to allow proper motion of the vertebrae using minimal
amounts of energy from the surrounding muscles. Secondly, along with the muscles, the ligaments
provide stability for the spine. Third, the ligaments must protect the spinal cord by restricting motion
and preventing the disc from protruding into the intervertebral foramen (Moore et al., 1999). Lastly,
they must protect the spinal cord in traumatic circumstances. When large loads are applied at high
rates the ligaments must restrict motion as well as absorb the large amounts of energy applied to the
system (White et al., 1990).

There are two distinctly different regions of the cervical spine, both with different ligaments
contributing to the specific function of the neck. The vertebrae from C3 to C7 have the same general
shape, and have the same ligaments superior and inferior at each level. They are present between C2-
C3, through C7-T1, and also continue down the thoracic and lumbar spine. These ligaments will be
referred to as the ‘primary cervical spine ligaments’ as they are present at several spinal levels. The
uppermost region of the cervical spine is referred to as the craniovertebral junction, where the skull
connects to the spine (Moore et al., 1999). The ligaments at the craniovertebral junction are different
from those found in the rest of the spine, and are known as the craniovertebral ligaments. The

craniovertebral ligaments are connected to the occipital bone of the skull, C1 (atlas), and C2 (axis).
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2.5.1 Primary Cervical Spine Ligaments

The five primary ligaments of the cervical spine are: the anterior longitudinal ligament, posterior
longitudinal ligament, ligamentum flavum, interspinous ligament, and the capsular ligaments, as seen
in Figure 2-18 and Figure 2-19.

Ligamentum Flavum

Posterior
Longitudinal
Ligament

Interspinous
Ligament
Anterior
Longitudinal
Ligament
Capsular Ligament

Adapted from Spine Universe

Figure 2-18: Primary cervical spine ligaments

25



Ligamentum Flavum
Vertebral Body

Spinous
Process

Anierior Posterior
Interspinous
o] | Ligament
K ,&Agm”!g | :
Anterior / \['_ "~ e ||| INGY
v - \) ’"‘o f-"% ” '4-

Longitudinal \‘\’?75'3"- ‘\’;:’J‘:’# .

Ligament \ Capsular Ligament

Posterior Longitudinal
Ligament

Adapted from Gray (1918)

Figure 2-19: Primary cervical spine ligaments (cross section sagittal view)

2.5.1.1 Anterior Longitudinal Ligament

The anterior longitudinal ligament (ALL) is a long and broad band of longitudinal fibers that runs
from the atlas and occipital bone of the skull to the sacrum. It is continuous with the craniovertebral
ligament, the anterior atlantoaxial ligament which runs from the atlas to the base of the skull (Gray,
1918). The ALL runs along the anterior surface of the vertebral bodies and intervertebral discs
(Moore et al., 1999). The ALL is firmly affixed to the intervertebral discs and the edges of each
vertebral body near the endplates, compared to the middle region of the vertebral bodies where the
ligament is more loosely attached (Gray, 1918). There is often a gap between the ligament and the
middle of the vertebral body which allows for the passage of blood vessels to the bone. The ALL is
made up of many different layers of fibers of different lengths, but are closely interwoven with each

other, running longitudinally along the spine (Gray, 1918). The deepest level of fibers are the
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shortest, and only run from one vertebrae to the next, while the intermediate level will cross over two
or three vertebral bodies and discs. The most superficial layers of the fibers are the longest and can
span up to five vertebrae (Gray, 1918). The function of the ALL is to provide stability for the

intervertebral joints and prevent hyperextension of the vertebral column (Moore et al., 1999).

2.5.1.2 Posterior Longitudinal Ligament

The posterior longitudinal ligament (PLL) is similar to the ALL as it runs the entire length of the
spine, only it begins at C2 and extends along the posterior of the vertebral bodies, inside the vertebral
canal, to the sacrum. At C2, the PLL is continuous with the craniovertebral ligament, the tectorial
membrane (Gray, 1918). The PLL is much narrower than the ALL (Moore et al., 1999); however it is
widest across the intervertebral discs where it is most firmly attached as seen in Figure 2-20. Like the
ALL, there is often a gap between the PLL and the center of the vertebral body, to allow for the
passage of veins. Also like the ALL there are different layers and lengths of collagen fibers running
in the longitudinal direction, where lengths range from adjacent vertebrae (deeper layers) up to four
vertebrae (superficial layers). Both the ALL and PLL are thickest at the thoracic region, where the
vertebrae are connected to the ribcage which protect vital organs. The PLL has a 10:1 collagen to
elastin ratio with closely aligned collagen fibers (Nakagawa et al., 1994), the structural component of
the ligament.
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Figure 2-20: Posterior view of vertebral bodies and posterior longitudinal ligament

The posterior longitudinal ligament helps to prevent hyperflexion of the vertebral column. Since it
covers the disc, and lies between the disc and the spinal cord, the PLL also serves to prevent
herniation; where a large compression or bending force is applied to the spine and the intervertebral
disc bulges posteriorly due to the increased pressure in the nucleus pulposes, and risks making contact
with and injuring the spinal cord.

2.5.1.3 Ligamentum Flavum

The ligamentum flavum (LF) are very elastic ligaments that join laminae of adjacent vertebral arches,
and are located within the vertebral canal, posterior to the spinal cord. The LF has the highest elastin-
collagen ratio of the spinal ligaments (Yong-Hing et al., 1976; Viejo-Fuertes et al., 1998). It has been
shown to be comprised of 50% to 80% elastin fibres, with a 2:1 elastin to collagen ratio, with
collagen fibers exhibiting no favored orientation (Nachemson et al., 1968), compared to the other
primary ligaments which only contain 5% to 30% elastin fibres (Pintar, 1986). The LF run vertically
between laminae, binding the two arches forming the posterior wall of the vertebral canal (Moore et
al., 1999). They exist between vertebrae from C2 to the sacrum, and have been referred to as the

most elastic tissue in the human body (White et al., 1990).
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The ligamentum flavum prevent separation of the laminae which stops sudden flexion of the spinal
column, preventing hyperflexion and injury to the intervertebral discs (Troyer et al., 2011). The high
elastic content preserves the normal curvature in the spine as well as helps to return the vertebrae to

normal position after movement (Moore et al., 1999).

2.5.1.4 Capsular Ligament

The capsular ligaments (CL), surround the facet joints, as mentioned previously, and are attached to
the articular processes of adjacent vertebrae. The capsular ligaments fully enclose the joint in order to
keep the synovial fluid contained, but are thin and lax (especially in the cervical spine where they are
also longer than in other spinal regions) in order to allow the joint to move. The fibers are orientated

perpendicular to the plane in which the facet joints slide (White et al., 1990).

2.5.1.5 Interspinous Ligament

The interspinous ligament (ISL) connects adjacent spinous processes, where the ligament runs from
the root to the tip of each process (Gray, 1918; Moore et al., 1999). It is very thin and membranous,
and generally weak, especially in the cervical spine region (Gray, 1918). The anterior edge of the ISL
is in contact with the LF, and the posterior edge is in contact with the supraspinous ligament or the

nuchal ligament.

2.5.1.6 Remaining Spinal Ligaments

There are other spinal ligaments that will not be investigated in detail as they are insignificant in the
cervical spine, or do not have bony attachment points on adjacent vertebrae, and therefore unable to

be tested for mechanical properties using the technique implemented in this study.

The supraspinous ligament (SL) connects the tips of spinous processes, and is a strong cord that runs
along the posterior of the spine, continuous with the ISL between processes (Gray, 1918). This
ligament is underdeveloped in the cervical spine but is present from C7 to the sacrum (Moore et al.,
1999).

29



The nuchal ligament (NL) is continuous with the SL into the cervical region connecting with the
external occipital protuberance of the skull (Gray, 1918), and is made of thick fibroelastic tissue
(Moore et al., 1999) and mainly functions to divide the left and right soft tissues of the neck, and does
not contribute to kinematic response. Since C3 to C5 have such short spinous processes, the NL must
connect to muscle instead of bone (Moore et al., 1999). Therefore it is difficult to test the mechanical
properties as there are no adjacent vertebral bony attachment points. The SL and NL can be seen
clearly in Figure 2-21.

Skull

Nuchal Ligament

Supraspinous Ligament

y

Adapted from Moore and Dalley (1999)

Figure 2-21: Nuchal and supraspinous ligaments, sagittal view

The intertransverse ligaments (ITL) are ligaments that connect adjacent transverse processes
throughout the spine. They are insignificant in the cervical spine as they are very small, and
indistinguishable from surrounding tissue as they only consist of a few irregular, scattered fibers

(Gray, 1918).
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2.5.2 Craniovertebral Ligaments

The craniovertebral junction is one of the most complex set of articulations in the human skeleton
(Puttlitz, 1999). Therefore the ligaments in this region are also very intricate, mostly due to the
movement functions of the neck. Not only must the head be able to rotate, flex and extend with a
relatively large degree of motion, but it must also protect the spinal cord. This leads to an increased
number of ligaments to limit motion and protect the spinal cord. There are no intervertebral discs in

the craniovertebral joint to allow for the greater range of motion (Moore et al., 1999).

The craniovertebral ligaments are divided into two groups, ligaments connecting the occipital bone of
the skull to the atlas; the atlanto-occipital joints, and the ligaments connecting the atlas and axis; the
atlantoaxial joints. The most significant of these ligaments are the cruciate, alars, anterior and
posterior atlanto-occipital and atlantoaxial membranes, tectorial membrane, apical and accessory

ligaments. These ligaments can be seen in Figure 2-22 and Figure 2-23.
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Figure 2-22: Craniovertebral ligaments, sectioned view from posterior

31



Tectorial Membrane

Anterior Atlanto- \ ¢
Occipital Membrane

Superior Crus Posterior Atlanto-

[ Occipital Memb
Apical Ligament & ccipital Membrane

Odontoid Process -~ :'

Posterior Atlanto-

Transverse Ligament4” Axial Membrane

Anterior Atlanto-
Axial Membrane

Anterior
Longitudinal
Ligament

Posterior Longitudinal
Ligament
Adapted from Gray (1918)

Figure 2-23: Craniovertebral ligaments, sectioned sagittal view

2.5.2.1 Cruciate Ligaments

There are three cruciate ligaments: the atlantal transverse, and the superior (upper) and inferior

(lower) longitudinal bands (also known as crus or crux). The name ‘cruciate’ comes from the fact
that the ligaments form a cross (Moore et al., 1999), as seen in Figure 2-22. The superior and inferior
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longitudinal bands cross to the posterior of the transverse ligament, running vertically, forming a
cross. The superior band runs from the transverse ligament to the occipital bone, while the inferior

band runs down to the vertebral body of C2, the axis (Moore et al., 1999).

The transverse ligament connects to the medial tubercles of the atlas and run posterior to the odontoid
process as seen in Figure 2-24, but anterior of the tectorial membrane. The transverse ligament fits
into a slight groove on the odontoid process and holds it in place against the anterior arch of the atlas,
and restricts motion of the atlas; limiting motion to rotation about the axis, and prevents translation in
the transverse plane (Moore et al., 1999). The remaining space in the vertebral foramen is for the

spinal cord.
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Figure 2-24: Transverse ligament attached to atlas, superior view

2.5.2.2 Alar Ligaments

The alar ligaments are cord-like ligaments that attach to the medial edges of the occipital bone and
connect to the lateral sides of the odontoid process (Moore et al., 1999). There are also alar ligaments
that attach the odontoid process to the anterior arch of the atlas. They are fibers that connect the dens
to the skull and the dens to the atlas. The ligaments are short, and round; about 5 mm in diameter.
The function of the alar ligaments is to prevent over rotation of the head, and are commonly referred

to as ‘check ligaments’.
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2.5.2.3 Apical Ligament

The apical ligament, also known as the ligament of apex dentis, or apical odontoid ligament, extends
from the superior tip of the odontoid process to the anterior edge of the foramen magnum between the
alar ligaments (Gray, 1918). It is closely intertwined with the deep layers of the anterior atlanto-
occipital membrane and superior longitudinal cruciate ligament (Gray, 1918). There is controversy as

to whether or not the apical ligament is functionally important (Puttlitz, 1999).

2.5.2.4 Anterior and Posterior Atlanto-Occipital and Atlanto-Axial Membranes

The anterior atlanto-occipital and atlanto-axial membranes (AAOM and AAAM respectively) are a
continuation of the anterior longitudinal ligament. They are both strong and wide membranes
comprised of dense fibers with a rounded cord along the midline to add strength (Moore et al., 1999).
The anterior atlanto-occipital membrane runs from the anterior inferior surface of the occipital bone
to the anterior superior surface of the anterior arch of the atlas, while the atlantoaxial membrane runs
from the inferior anterior arch of C1 to the superior body of the axis (Gray, 1918). The atlanto-
occipital membrane is continuous with the articular capsules, which surround the condyles of the
occipital bone. Like the capsular ligaments, they are very thin and loose, so the joint can flex and
extend easily (Gray, 1918). The capsules are lined by synovial membrane and filled with synovial

fluid to provide sufficient lubrication (Gray, 1918).

The posterior atlanto-occipital and atlantoaxial membranes (PAOM and PAAM respectively) are also
both wide membranes but are relatively weak compared to the anterior counterparts (Moore et al.,
1999). The posterior atlanto-occipital membrane runs from the posterior inferior surface of the
occipital bone to the posterior superior surface of the posterior arch of the atlas, while the atlantoaxial
membrane runs from the inferior posterior arch of C1 to the superior lamina of the axis (Gray, 1918).
There are also openings towards the lateral sides of the atlanto-occipital membrane to allow a
passageway for vertebral arteries. The function of these ligaments is to restrict excessive general

motion of the craniovertebral joints (Moore et al., 1999).
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2.5.2.5 Tectorial Membrane

The tectorial membrane (TM) is a continuation of the posterior longitudinal ligament. It runs from
the body of C2 through the foramen magnum and attaches to the central base of the cranial cavity
(Puttlitz, 1999). The tectorial membrane covers the cruciate and alar ligaments. The function of the
TM is to limit extreme flexion (Puttlitz, 1999).
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Chapter 3

Tissue Mechanics

In a biological system, atoms and molecules are grouped into cells, tissues, organs, and finally make
up an individual organism. When investigating motion at an atomic level, quantum, relativistic and
statistical mechanics must be used, however, Newton’s laws of motion are sufficient when

investigating movement at the tissue and organ level (Fung, 1993).

There are two types of tissues in the human body: hard and soft tissue. Bone is considered hard tissue
while muscles and ligaments are considered soft tissues, for example. Hard tissues form the structural
foundation of the body, the skeleton, to which soft tissues connect. The soft tissues allow for every
type of movement within the body, from moving limbs to circulating blood and breathing air.

The basic structural building block for all biological tissues in animals is collagen (Fung, 1993). It is
the main connective tissue protein and the most abundant, giving tissues mechanical strength and
integrity, and making up 25% to 35% of the body’s overall protein content (Di LulloDagger et al.,
2002). Y.C. Fung made the analogy that the importance of the role of collagen to humans, is
equivalent to role of steel to human civilization (Fung, 1993). Like steel, there are many different
kinds of collagen structures, based on how the strands of collagen are wound together. Collagen is
defined as a protein made up of different compositions of amino acids, and there are 12 different

types of collagen structures that have been identified.

Many collagen molecules form together in a string into what is known as a fibril, and bundles of
fibrils group together to form fibers (Fung, 1993). Depending on the tissue, collagen fibers align
differently. For example, collagen in the skin aligns differently than collagen in a tendon or ligament.
In structures that functionally support a tensile load (such as tendons and ligaments), the collagen
fibers are arranged in a parallel manner into primary bundles called fascicles (Figure 3-1). The
fascicles are then grouped and enclosed in a reticular membrane to form a tendon or ligament
(Kastelic et al., 1978; Fung, 1993).
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Figure 3-1: Ligament hierarchy structure

Within a tissue, collagen fibers are mixed with cells and intercellular substance. The intercellular
substance is comprised of elastin, reticulin and a hydrophilic gel called ground substance (Fung,
1993). The denser the tissue is, the less ground substance it contains. The composition as well as the

hydration of collagen plays a large role in the mechanical properties of the tissue.

When a ligament is in a relaxed state, the collagen bundles are organized in a crimped arrangement
(Figure 3-1) and accompanied by elastic fibres (Chazal et al., 1985). When the ligament is loaded,
the collagen bundles stretch and lose the crimped pattern. The elastic substance helps to return
collagen fibers to the crimped pattern after loading. When a ligament begins to fail, gaps can be seen

between the retracted bundles of collagen fibres (Chazal et al., 1985).

Ligament properties are closely related to the number and quality of collagen bonds present. These
properties strengthen to about age 20, where material properties plateau before the collagen content
begins to decrease with age, resulting in a decline in material properties such as strength, stiffness and

the ability to withstand deformation (Cowin et al., 2007).
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3.1.1 Mechanical Properties

Intuitively, a larger ligament often is able to withstand a larger load than a smaller ligament, so force
relative to size is important. Stress is the non-dimensionalized measure of force and is defined as
force per unit cross-sectional area ratio, where the force acts perpendicular to the plane in which area
is measured. Often the area changes as the structure is loaded. It is called engineering stress when
only the initial area is used, and true stress when instantaneous areas during loading are used. The

symbol ¢ is used to denote normal stress.

Similarly, deformation of a solid can be described using strain, where the deformation normalized by
length dimension is removed. Strain is the dimensionless ratio of change in length over initial length.
Lois used to denote initial length, L for strained length, and ¢ for strain.
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Strain rate is the rate of change in strain with respect to time. It is useful in making comparisons
when two solids have different initial lengths, thus can be compared when they are deformed at the

same strain rate, despite a difference in elongation rate (velocity).
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In a Newtonian fluid, the relation between shear stress and strain rate is linear (and passes through
zero), so with increasing strain rate, the shear stress also increases. The constant of proportionality is

known as the coefficient of viscosity.

A constitutive equation is an equation that describes a physical property of a material. Thus, it must
be independent of frames of reference, and dimensionalized components of physical quantities (Fung,
1993). There are many simple constitutive equations that exist for many materials, such as Hooke’s

law that relates stress and strain based on a constant material property, known as Young’s modulus
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(Hooke’s Law: @ = E=, where E denotes Young’s modulus). Constitutive equations can be used to
represent more complex behaviour, like that of biological tissue.

Many biological tissues are known to exhibit time dependent material properties (Burstein et al.,
1968), having characteristics of both a viscous fluid and an elastic solid when undergoing
deformation. Materials with these properties, including soft tissues are known as viscoelastic

materials.

Stress relaxation, creep, and hysteresis are several characteristics of viscoelasticity. Stress relaxation
occurs when a body is deformed, causing a stress and a strain, and as the strain is held constant, the
stress will decrease over time. Creep is similar except a constant load is applied, where the stress
remains constant, and the strain increases over time. Hysteresis is when the loading phase is different
from the unloading phase curve of a stress-strain relationship graph. Stress-strain curves can be seen

for these characteristics in Figure 3-2 and Figure 3-3.
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Figure 3-2: Stress/strain vs. time curves for stress relaxation and creep
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Figure 3-3: Hysteresis nonlinear loading response

If a tissue is tested repeatedly, the load deformation curves will be different. The curves will appear
to shift to the right with each repeated test, as seen in Figure 3-4. The relaxation curves are seen to
shift upward with repeated tests (Figure 3-4). As repeated tests continue, the difference between
curves decreases, until it eventually vanishes (Fung, 1993). When no difference is present between
successive tests, the specimen is said to be ‘preconditioned’. This occurs in biological tissues because
the internal structure changes based on the loading it undergoes, as collagen fibers align to support the
load. When post-mortem tissues are used for mechanical testing, preconditioning is important to

return the properties to those of physiological conditions.

Load (F)
Load (F)

Deformation (x) Time (t)
Adapted from Fung (1993), Viidik 1973)

Figure 3-4: Preconditioning of an ACL (Fung, 1993; Viidik, 1973)
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Mechanical models are used to represent viscoelastic behaviour, and are composed of a combination
of spring and dashpot elements. Linear springs produce an instant deflection proportional to a load,
and dashpots produce a velocity proportional to a load (or a load proportional to a velocity). Spring
elements have a spring constant k, and dashpots have a viscosity coefficient 4. Three common
models are shown in Figure 3-5: Maxwell body, Voigt body, and Kelvin body (standard linear solid).
More elements can be added to represent more complex systems. If the system undergoes permanent

deformation, a more complex model with extra elements must be used.
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Figure 3-5: Mechanical models used to represent viscoelastic behaviour

Since the response force of a viscoelastic material is proportional to the velocity of an applied load, if
the applied load velocity increases, the response force will increase also, demonstrating a stiffening
effect (Figure 3-6). The deformation rate is often measured in strain rate, especially when making
comparisons to eliminate the length dimensions and compare strictly material properties. In order to
find differences between viscoelastic materials, they must be compared at equivalent strain rates.
Additionally, when using a mechanical model to represent a viscoelastic material, it must demonstrate

the same time sensitivity effects.
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Figure 3-6: Stiffening behaviour of viscoelastic material under increasing strain rates

3.1.2 Ligament Mechanical Properties

These principles of mechanical properties can be applied when analyzing ligament behaviour. When
a ligament is loaded, crimped bundles of collagen incrementally become engaged and tightened as the
ligament lengthens; resulting in the initial non-linear behavior (Woo et al., 1993), known as the toe
region. This is analogous to a mechanical model in which spring elements are incrementally engaged

as the ligament is loaded, resulting in incremental increases in stiffness as each spring element is

added (Figure 3-7).
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Figure 3-7: Loading of a ligament mechanically modeled by incremental loading of spring

elements

The complete mechanical model for ligament behaviour is shown in Figure 3-8, as developed by
Viidik et al. (1968). As mentioned previously, the spring elements produce a deflection proportional
to a load, and the dashpot elements represent the viscoelastic effect. The Coulomb element (black
box element) is a stiff frictional body on a rough surface, to represent plastic deformation and the
effect of multiple loading cycles. The Coulomb elements on the left model the preconditioning effect
as identical successive tests produce different results, but slowly converge until the differences vanish

after preconditioning.
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Figure 3-8: Complete mechanical model for ligament behaviour (Viidik, 1973)

When ligaments are cyclically loaded and unloaded, viscoelastic properties are demonstrated by
hysteresis (Chazal et al., 1985). When a typical ligament is loaded under tension to failure, the force-
elongation curve exhibits a sigmoidal shape up to the ultimate load and the curve has four distinct
regions: toe region, linear phase, traumatic phase, and post traumatic phase, as seen in Figure 3-9.
The toe region (AB), or ambient phase (Yoganandan et al., 2001), is the initial loading region and has
a very low stiffness, where stiffness is the ratio of force over elongation (or slope of the curve). As
elongation increases, the ligament fibres begin to straighten and align to support greater load (Figure
3-10), increasing stiffness, thus shape of the curve is concave up at the toe region. Within the spine,
the toe region of the ligaments provides spinal movement with minimal muscular energy used, and
the small forces induced from large strains in this region decrease the possibility of injury (Panjabi et
al., 1981). At point B, the end of the toe region, all of the ligament fibres are fully extended as they
all support loads, resulting in almost constant stiffness with increasing load and elongation. This
region is known as the linear phase (BC), and demonstrates the greatest stiffness of the loading curve.
The toe region and linear phase are often referred to as the physiologic phase (AC; Yoganandan et al.,
2001), where the ligament can function normally without damage, or loss of structural integrity.
When loaded beyond the physiologic phase, the third region of the curve is the traumatic phase (CD),
and is concave downwards, as stiffness decreases with increased force and elongation. During this

phase, micro-level failures begin to occur, in the form of fibre tears (Yoganandan et al., 1988).
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Loading continues in this phase until failure (point D) is reached, where structural integrity is lost.
This point of failure is the ultimate load the ligament can sustain, where stiffness has a value of zero,
and also denotes the failure elongation. The final region, the post-traumatic phase (DE), is when the

curve drops off as the ligament loses the capability to support load.
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Figure 3-9: Ligament force-elongation curve loading regions
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Figure 3-10: Collagen fibres straightening as ligament is loaded
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Chapter 4
Literature Review: Mechanical Properties of Cervical Spine

Ligaments

Several studies have been performed to determine the mechanical properties of the ligaments of the
cervical spine. When the first ligament tests were being conducted, any information found was
useful, so no standardized framework for testing was developed. This led to inconsistencies between
studies causing inherent difficulties when trying to compare and combine results. The previous
testing endeavors were grouped and reviewed in five categories: general methodology, quasi-static
studies, high rate studies, craniovertebral ligament studies, limitations of previous studies, and

relevant information from segment and whole spine studies.
4.1 General Methodology

Ten previous studies have been conducted on cervical spine ligament material properties to failure
under tensile loads; four at quasi-static strain rates (Myklebust et al., 1988; Pintar, 1986; Chazal et al.,
1985; Przybylski et al., 1996; Yoganandan et al., 1998; Yoganandan et al., 2000), three at high strain
rates (Ivancic et al., 2007; Bass et al., 2007; Shim et al., 2005), one at both quasi-static and high rates
(Yoganandan et al., 1989) and two conducted solely on craniovertebral ligaments (Panjabi et al.,
1998; Dvorak et al., 1988). It should be noted that in two cases, results were published from the same
study in different articles; Yoganandan et al. (1998, 2000) published two articles, and Myklebust et al.
(1988) published results from Pintar’s PhD thesis (1986). Average cadaver ages used in the studies
had a wide range from the youngest of 49 (37 to 53) years old (only craniovertebral ligaments were
tested; Panjabi et al., 1998), to the oldest of 81 (71 to 92) years old (lvancic et al., 2007).

Most ligament dimensions were measured from the ends of the ligament at the bony attachment
points, and are consistent among the studies for CL, LF and ISL. The ALL and PLL are continuous
ligaments that run the entire length of the spine, attaching to the vertebral bodies on the anterior and

posterior sides respectively. This leads to inconsistencies of the measured lengths of these ligaments.
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Some studies define the ligament length as the distance between the distal endplate of the superior
vertebral body to the caudal endplate of the inferior vertebral body, essentially the thickness of the
intervertebral disc (Chazal et al., 1985; Bass et al., 2007; Shim et al., 2005). Other studies defined the
ALL and PLL lengths as the mid-height of the superior vertebral body to the mid-height of the
inferior vertebral body (Yoganandan et al., 1998; Yoganandan et al., 2000; Pintar, 1986). This is to
account for the portions of the ligament that overlie the vertebral body and still contribute to the
response. This is to account for the portions of the ligament that overlie the vertebral body and still
contribute to the response. When ligaments are modeled as continuous structures along the vertebral
column, data from endplate to endplate defined ligaments would insufficiently represent the ligament
overlying the vertebral body (Yoganandan et al., 2001). The remaining studies do not report ligament
dimensions as results are only reported as force-elongation data, so initial lengths are not needed
(Myklebust et al., 1988; Yoganandan et al., 1989; Ivancic et al., 2007).

All ligaments were tested in situ as the ligament attachment points to the bone were kept intact.
There were two methods used for ligament isolation among the studies. The first was to transect all
soft tissues (ligaments and intervertebral disc) of adjacent vertebral bodies except the ligament to be
tested (Myklebust et al., 1988; Pintar et al., 1998; Yoganandan et al., 1998; Yoganandan et al., 2000;
Yoganandan et al., 1989), so the entire vertebral bodies could be gripped and pulled in tension. The
second technique involved sectioning the spine into functional spinal units (FSUs) first; two vertebral
bodies with all adjoining soft tissues. The FSUs were then dissected into respective bone-ligament-
bone complexes and isolate the ligaments individually by transecting any remaining soft tissues
(Ivancic et al., 2007; Bass et al., 2007; Shim et al., 2005). One study (Chazal et al., 1985) did not
report isolation technique. Motivation behind the two approaches is not disclosed, although there are
apparent advantages and disadvantages to both. Transecting all of the soft tissues from the vertebral
bodies to isolate a ligament reduces the risk of the desired ligament being damaged in preparation and
structural integrity of the bone remains intact, however this method limits the experiment to a very
small sample size since so many adjacent ligaments are sacrificed. Isolating all the ligaments into
bone-ligament-bone complexes from an FSU allows all the ligaments from a spinal level to be tested,
and yields a greater sample size, however extra care must be taken to isolate the specimens as there is
a greater risk of damage to the ligaments, and gripping the bone is more difficult and specialized for
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each ligament. Additionally, the first method leaves both capsular ligaments attached and tested
simultaneously. This must be taken into account when comparing to data from when they were

isolated and tested individually.

Only one study reported the attempt to mimic in vivo conditions by testing the ligaments as close to
body temperature 37°C and >90% humidity levels as possible (Bass et al., 2007). The remaining
studies did not specify test conditions. Very few publications specify performing preconditioning
cycles (Chazal et al., 1985; Przybylski et al., 1996; Yoganandan et al., 2000; Bass et al., 2007), while
the rest did not mention any preconditioning attempts.

4.2 Quasi-Static Studies

Chazal et al. (1985) was the first known study to publish data on cervical spine ligament properties,
and did so for the whole spine. Although forty-three total ligament tests were performed, only four
were cervical spine ligaments; one ALL, and three PLL from four different spines, average 55 (50 to
60) years old. The cervical region data was very limited, however, this was the first study to develop
a testing protocol that other studies would follow. Ligament lengths were measured before testing
with a micrometer, defining the length as the distance between nearest bony attachment points. The
cross sectional areas were measured using a palpator device, every 2 mm along the length of the
ligament, with the smallest cross sectional area used to calculate stress. Specimens were gripped by
clamps designed for each bone, so as not to interfere with the ligament. Tests were performed at in
vivo hydration conditions in a custom apparatus at 1 mm/min. Force-deflection curves exhibited a
typical sigmoidal shape over the loading region, and force, elongation, stress, and strain were
measured at toe region, end of linear region (traumatic region onset) and peak force (failure). The
results were in agreement with previous lumbar spinal ligament tests, and also found age effects, as
ligament failure stress decreased with increasing age, and ligament failure mode of disinsertion from
the bone became more prevalent with increased age. No spinal level effects were found. Differences
were found between ligaments, but were based primarily on lumbar and thoracic ligaments (Table
4-2).
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Chazal et al. (1985) also performed a histological study in addition to ligament tensile tests.
Ligaments were examined under a microscope at relaxed, loaded before failure, and post failure
states. The cripmed pattern was observed in relaxed ligaments, which straightened under loading, and

demonstrated breakages post failure.

Myklebust et al. (1988) and Pintar (1986) performed a more comprehensive study using 41 male
cadavers, mean age 67 (34 to 83), with a minimum of three test specimens for each of the five
primary ligaments at each spinal level. Ligaments were tested in situ as all soft tissues aside from the
ligament under study were transected, and the capsular ligaments were tested together as a pair. An
electrohydraulic testing apparatus was used and the specimens were fixed into the frame by the
vertebral bodies and loaded in tension at 10 mm/s. Force-deformation curves displayed a typical
sigmoidal shape during loading, and failure force and deflections were reported by Myklebust et al.,
however Pintar also reported stiffness. It is important to note that the stiffness value reported was the
ratio of failure force to failure elongation, and not the slope of the linear portion of the loading region
of the curve. These values were in agreement with previous literature, including Chazal et al. (1985).
Results were tabulated and organized by spinal level. Spinal level trends were apparent for the ALL,
having highest strength at the upper cervical levels, the LF was weakest at the mid-cervical levels,
and the CL had highest failure force values at the cervical-thoracic junction. The ISL was the
weakest of all ligaments. Strength and stiffness were observed to decrease with age, and failure
elongation increased with distance from the vertebral center of rotation. There was a trend for
ligaments being stronger on the convex side of the spinal curvature; the anterior of the cervical spine.
The explanation of why this trend was observed was not investigated. Results can be seen in Table
4-2.

Pintar (1986) also performed a histological study where collagen fibres were stained red and elastin

fibres were stained black, to determine the composition of each ligament. The ALL, PLL, CF, and

ISL were comprised of 5% to 30% elastin fibres, while the LF consisted of 50% to 60% elastin fibres.

It was also found that one LF sample from the upper cervical spine had very few elastin fibres,

suggesting that composition not only varies between ligaments but also between spinal level, which

might lead to different mechanical properties at different spinal levels. Recommendations were made
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to further investigate the composition of ligaments by spinal level to gain a better understanding of
spinal level effects. The ALL and PLL had very similar fibre densities, as well as similar strength
properties, while the ISL had a lower fibre density than all other ligaments, possibly explaining why it

was consistently weaker than the other ligaments.

Przybylski et al (1996) performed detailed quasi-static testing on ALL and PLL specimens using 20
cadavers with mean age 80 (58-95) years old. Tests were performed at 0.33 mm/s, after
preconditioning the ligaments and results were reported based on spinal level. ALL and PLL were
shown to possess similar properties except PLL stiffness was greater at all levels, and very few
significant level differences were found. Although not significant, the PLL displayed trends of being
stiffest at the middle spinal levels. The study recommended testing of younger specimens for future

improvements.

Yoganandan et al. (1998; 2000) conducted a study in which cervical spine ligament geometries were
measured as well as mechanical properties. Using cryomicrotomy imaging techniques, the lengths
and cross sectional areas were measured for the five primary ligaments, from eight cadavers, mean
age 63 (42 to 88). The process involved freezing the spine in proper anatomical alignment, then
taking images as cross sections were cut in the sagittal plane at 20 to 40 um increments. The
ligament lengths were defined as seen in Figure 4-1. Lengths were defined as mid-height to mid-
height of the inferior and superior vertebral bodies for ALL and PLL, the LF and ISL were defined as
the distance between bony attachment points, and the CL were defined as the vertical distance
between the anterior tip of the superior facet to the posterior tip of the inferior facet. The results
provided accurate ratios of ligament lengths to cross sectional areas. Cross sectional areas were taken
at the midpoint of each ligament. Lengths and areas were averaged for mid (C2-C5) and lower (C5-
T1) cervical spine regions, and all ligaments at the lower region had a larger cross sectional area than

the mid region.
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Figure 4-1: Ligament length definitions (Yoganandan et al., 2000)

The second part of the study was to test cervical spine ligaments from 25 more spines; mean age 68
(range not reported) for mechanical properties, yielding 107 specimens suitable for testing. The
breakdown of the quantity of the ligaments tested from each spinal level can be seen in Table 4-1.
Ligaments were tested in situ as all soft tissues aside from the ligament under investigation were
transected, and the capsular ligaments were tested together as a pair. Vertebral bodies adjacent to the
ligament were secured using Steinmann pins, and specimens were preconditioned prior to tensile tests
which were performed at 10 mm/s using an electrohydraulic piston apparatus. Results for stiffness
(defined as the slope of the least squares fit to the most linear region), failure energy (total area under
force-deflection curve), stress (ratio of failure force to original cross sectional area), and strain (ratio
of failure elongation to initial length) were reported. Statistical analysis was performed to compare
the mechanical properties. ALL failure stress was higher for C2-C3, C6-C7, and C7-T1 than C3-C4
and C4-C5. PLL failure stress was highest at C5-C6. CL had higher failure stress levels at C3-C4
than C4-C5, and C5-C6. LF had higher stiffness at C7-T1 than C2-C3, and ISL had higher failure
stress at C2-C3 compared to all other levels. This is the only previous study to evaluate spinal level
differences. Results were categorized and presented by mid (C2-C5) and lower (C5-T1) cervical spine
regions based on clinical convention, although smaller groupings were attempted, without any
statistical significance for choosing a particular grouping method. ALL and PLL were found to be the
stiffest and failed at the highest stress levels, while CL, LF, and ISL had higher failure strains.

Results can be seen in Table 4-2.
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Table 4-1: Sample size matrix (Yoganandan et al., 1998)

Level ALL  PLL CL LF ISL
C3-C3 5 3 3 4 3
C3-C4 3 4 4 4 3
C4-C5 4 4 3 5 3
C5-C6 3 3 3 4 3
C6-C7 3 4 4 3 2
C7-T1 5 3 5 4 3
Total 23 21 22 24 17

Table 4-2: Combined results for previous quasi-static ligament tests

Failure Force (N) Failure(rI:rir;gation Stiffness (N/mm)
Chazal ~ Myklebust Przybylski Chazal Myklebust Chazal Przybylski Yoganandan Pintar
ALL 140 111 (56) 97 (59) 2.4 7.6 (3.9) 714 48 (27) 17.0(3.4) 17.9 (9.1)
PLL 185 83 (55) 109 (59) 2.43 6.1 (5.4) 104.3 68 (43) 24.0(7.2) 21.3(14.0)
CL - 215 (102) - - 8.7 (5.4) - - 35.0(6.1) 31.9(17.5)
LF - 115 (50) - - 8.0(4.7) - - 23.0(7.0) 16.1 (13.8)
ISL - 34 (20) - - 7.3(5.2) - - 7.1(1.6) 7.0(3.4)
Average (SD) values
Failure Stress (MPa) Failure Strain
Chazal Yoganandan Chazal Przybylski Yoganandan
ALL 11 10.2 (1.8) 0.4 0.39 (0.14) 0.33 (0.06)
PLL 19 9.5(3.4) 0.5 0.39 (0.13) 0.26 (0.09)
CL - 6.5 (1.5) - - 1.32(0.29)
LF - 2.6 (0.8) - - 0.83(0.13)
ISL - 2.9(0.8) - - 0.65 (0.14)

Average (SD) values
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4.3 High Deformation Rate Studies

Yoganandan et al.(1989) conducted the first tensile tests of cervical spine ligaments tested at high
rates. Only the ALL and LF were tested for a total of 54 ligaments, from cadavers with average age
70 (46 to 88) years. Ligaments were tested in situ, by securing the vertebral bodies using Steinmann
pins and transecting all soft tissues except the desired ligament. Tests were performed using a custom
electrohydraulic test fixture at four elongation rates of 8.89, 25, 250, and 2500 mm/s. Although only
two ligaments were tested, the main objective of the study was to quantify rate effects on spinal
ligament properties. Elongation rates were not constant but differed up 9.5% for the 2500 mm/s test
and 4% for the other tests. A slight gap in the apparatus housing was incorporated to allow the fixture
to reach elongation rates before engaging the ligaments. Results showed a significant rate effect of
increased failure force, increased strain energy, and increased stiffness with increased loading rate.
Failure force increased nonlinearly, and stiffness increased linearly with the logarithm of the loading
rate, as seen in Figure 4-2. There was no effect on failure elongation. Reported shortcomings of the
study were the absence of data for other cervical spine ligaments, change in strain rate amongst tests
of constant elongation rates, and the older age of cadavers used. Results from the 2500 mm/s study

can be seen in Table 4-3.
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Figure 4-2: Rate effects on failure force and stiffness for ALL and LF (Yoganandan et al., 1989)
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Shim et al. (2006) tested the five primary ligaments using a modified tensile split Hopkinson bar with
magnesium input/output bars and semiconductor strain gages (Figure 4-3). The modifications to
traditional split Hopkinson bar techniques were sufficient in overcoming difficulties in testing
biological soft tissues. The modifications allowed transmitted waves of small amplitude to be
captured, full capture of the initial toe region by implementing an initial slack to the ligaments, and
lastly being able to generate an adequately long incident wave to stretch ligaments to failure. Three
spines were tested, ages 40, 65 and 69, for a total of 62 ligament specimens, and were loaded at rates
of 10 to 12 m/s. This corresponded to strain rates ranging from 1300 s™ to 3000 s™. The curves
demonstrated the expected sigmoidal shape during loading, and the metrics measured were elastic
modulus, ultimate strain and stress, and strain energy to failure. The high deformation rate dynamic
properties were compared to static properties from a previous study with strain rates of 0.005 s™, and
significant rate sensitivity was observed. Increased loading rate was shown to shorten the toe region,
increase stress and reduce failure elongation. Results can be seen in Table 4-4.

Target Cap  Tubular Striker Ligament
/
7
1 = = - = \
o \/ \ \
Input Bar Strain Clamping Strain Output Bar
Gage Adapters Gage

Figure 4-3: Split Hopkinson bar fixture used for high rate testing (Shim et al., 2005)

Bass et al. (2007) tested the ALL, PLL and LF at high elongation rates representative of traumatic
events. Eleven cadavers were used, average age 60 (52 to 68) years, for a total of 89 ligament tests.
Spines were sectioned into C3-C4, C5-C6, and C7-T1 functional spinal units, and ligaments were
isolated into bone-ligament-bone complexes, and potted with a casting resin into aluminum cups, to
be loaded in the same orientation as under physiologic loading conditions. Tests were conducted
using a servo-hydraulic mechanical test apparatus in an environmental chamber to mimic an in vivo

environment, as the same authors conducted a prior study on porcine spine ligaments demonstrating
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temperature dependent effects (Bass et al., 2007). Ligaments were preconditioned to 10% strain
using a sinusoidal input for 20 cycles at 2 Hz prior to testing. Successive tests were then performed
to increasing strain levels of 25%, 50%, 75%, 100%, and 300%. The failure test was considered the
test with the highest peak force, as when subsequent tests reached lower peak forces evidence was
shown that failure was sustained on the previous test. The average deformation rate used was 627 +
203 mm/s, corresponding to strain rates between 70-150 s™. Failure force, stress, and strain were
reported, where stress was calculated by finding ligament cross sectional areas using length to area
ratios from a previous geometric study (Yoganandan et al., 2000). True stress values were calculated
assuming the ligaments were incompressible; ligament volume remains constant, where initial area,

initial length, and failure length are known:

Areuig X Lengthy g = Areasogure X Lengthspire

Statistical analysis was performed to identify any differences within three factors: ligament, gender
and spinal level. No significant differences were found for failure strain, or failure mode. There were
also no significant differences for failure force or stress for gender and spinal level effects. The LF
was found to have significant failure force and stress differences from the ALL and PLL (but no
difference found between ALL and PLL). Significant rate effects were found when comparing to a
previous quasi-static study (Yoganandan et al., 2000). Results can be seen in Table 4-3 and Table
4-4.

Ivancic et al. (2007) performed high deformation rate tests on the five primary ligaments as well as
the middle-third disc; the portion of intervertebral disc and vertebral body portions remaining after
ALL and PLL bone-ligament-bone complexes have been transected. Six cadavers were used, average
age 81 (71 to 92) years, yielding 97 total ligament specimens. Spines were dissected into functional
spinal units of either C3-C4, C5-C6, and C7-T1, or C2-C3, C4-C5, and C6-C7, and each FSU was
sectioned to isolate the ligaments, before securing the bony ends with bonding resin into grip mounts.
ALL and PLL ligaments were secured with a plastic plate and screws at the vertebral body to increase
the connection strength of the ligament to the vertebral bone. Ligaments were preloaded to a tensile

load of 5 N (defined as zero elongation) and tested using a pneumatic cylinder at an average rate of
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723 mm/s (standard deviation: 106). Peak force, elongation and energy-absorbed values were
reported, as well as stiffness at 25%, 50%, and 75% of peak force. This study observed rate effects
for increased strain rate leading to higher failure force, smaller failure elongation, increased stiffness,
and absorbing less energy compared to previous studies at quasi-static rates. Results can be seen in
Table 4-3. This group also performed the identical study on ligaments procured from spines
previously used for whole-spine whiplash trauma experiments (Tominaga et al., 2006). The
ligaments which had sustained whiplash trauma were reported to have a significantly lower failure
force.

The study also calculated average physiological elongations using a mathematical finite element
model, and compared the tensile test results to the numerical physiological ranges. Some LF and ISL
specimens failed within the physiological region, leading investigators to conclude these ligaments
play a very minor role in spine stability. Similar stability results have been shown in a previous study
in which a physiological load was applied to an FSU, and range of motion was measured as ligaments

were slowly transected (Panjabi et al., 1975).

Studies followed different testing protocols which are summarized including the average age of

specimens in Table 4-5.

Table 4-3: Combined results from high rate ligament tests (force, elongation, stiffness)

Failure Force (N) Failure Elongation (mm) Stiffness (N/mm)
Ligament Yoganandan Bass Ivancic Yoganandan Ivancic Yoganandan Ivancic
ALL 350( 45) 400 (239) 138 (112) 6.3 (0.6) 4.0 (1.0) 83(7) 50 (53)
PLL - 435 (289) 164 (80) - 4.2 (1.5) - 72 (50)
CL - - 220 (84) - 4.9 (1.4) - 69 (34)
LF 335(28) 231 (119) 244 (143) 7.9 (0.7) 4.2 (1.5) 93 (13) 118 (83)
ISL - - 86 (68) - 5.9(2.9) - 22 (13)

Average (SD) values
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Table 4-4: Combined results from high rate ligament tests (stress, strain, and modulus)

Failure Stress (MPa) Failure Strain N(I('\)/?;;;JS
Ligament Shim Bass Shim Bass Shim
ALL 22.0(5.7) 33(20) 0.22 (0.06) 1.33(0.73) 187 (83)
PLL 23.0(12.9) 33 (25) 0.32(0.12) 1.26 (0.78) 189 (164)
cL 7.2(3.3) - 0.39 (0.14) - 27 (14)
LF 8.1(2.5) 5.3(2.8) 0.41 (0.23) 1.58 (1.56) 37 (15)
ISL 1.9 (1.4) - 0.28 (0.09) - 10 (5)
Average (SD) values
Table 4-5: Average age and testing conditions of previous studies
Previous Study Age Coir,:;ililf‘;sns Preconditioning Mi;po d
Chazal et al (1985) 55 (50-60)
Myklebust et al (1988) 67 (34-83) Pins
Yoganandan et al (1998) 68 Pins
Yoganandan et al (1989) 70 (46-88) Yes Pins
Shim et al (2005) 58 (40-69) Resin
Ivancic et al (2007) 81 (71-92) Resin
Bass et al (2007) 60 (52-68) Yes Yes Resin
Przybylski et al (1996) 80 (58-95) Yes Resin

4.4 Craniovertebral Ligament Studies

Many craniovertebral ligaments were tested by Myklebust et al. (1988) and Pintar (1986) when the
quasi-static study was performed on all spinal ligaments. The ligaments investigated were the
anterior and posterior atlanto-occipital membranes, the anterior and posterior atlanto-axial membranes
(referred to in the study as ALL and LF respectively, at the C1-C2 spinal level), tectorial membrane,

joint capsules (Occiput-C1, C1-C2), apical ligament, alar ligaments, and vertical cruciate ligament.
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The only ligament of note that was not tested was the transverse ligament, perhaps due to only being

attached to the atlas; the testing method used did required two vertebrae to grip. A minimum of three

of each ligament was tested at a rate of 10 mm/s, using the same aforementioned techniques. The

main difference between the force-deflection curves was the craniovertebral ligaments typically had a

longer toe region than the ligaments from the rest of the spine, which was thought to be due to the

increased range of motion of the craniovertebral joint. The results can be seen in Table 4-6.

Table 4-6: Craniovertebral ligament property summary (Myklebust et al., 1988; Pintar, 1986)

Ui Spinal F;;Luc;e Fai.lure Stiffness
Level (N) Elongation (mm) (N/mm)
AAOM oc-c1 232 (23) 18.9(2.7) 16.9 (3.2)
PAOM oc-c1 83 (17) 18.1(2.7) 5.7 (0.4)
AAAM c1-c2 263 (152) 11.8(7.0) 24.0 (11.7)
PAAM c1-c2 111 (85) 9.6 (4.3) 11.6 (11)
™ 0c-C2 76 (44) 11.9 (2.5) 7.1(2.3)
0Cc-C1 320 (129) 9.9 (8.4) 32.6(28.0)
< c1-C2 314 (143) 9.3 (4.5) 32.3(23.5)
Apical oc-Cc2 214 (115) 8.0 (5.3) 28.6 (29.0)
Alars oc-Cc2 357 (220) 14.1(7.2) 21.2 (15.7)
Cruciate oc-Cc2 436 (69) 12.5(4.9) 19.0 (0.2)

Average (SD) values

Dvorak et al. (1988) performed tensile tests on the alar and transverse ligaments. Seven cadavers

were used, average age 76 (45 to 90) years old. The initial dimensions were recorded for left and

right alar ligaments, and the transverse ligament. Strength values were reported, as ligaments were

tested to failure at a rate of 1 mm/s, using a hydraulic Instron testing machine. No difference was

found between left and right alar ligaments, and the average failure force was 213.7 (68.7) N. The

average failure force for the transverse ligament was 354 (168) N.
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Shim et al. (2006) also performed quasi-static and high rate tensile tests on two craniovertebral
ligaments using the split Hopkinson bar. Two alar ligaments and three transverse ligaments were
tested. Since alar ligaments contain a left and right portion, one was tested at the slow rate (0.005 s™)
while the other from the same spine was tested at a high rate (approximately 1700 s™). Since only
one transverse ligament was available from each spine, each specimen was tested at the quasi-static
rate (to 10% strain) where no failure occurred, then tested to failure high rate (approximately 570 s™).
The results showed significant rate effects consistent with the primary ligaments; force and stiffness
increased, and elongation decreased with rate. Results can be seen in Table 4-7 comparing results
from quasi-static and high rate tests.

Table 4-7: Alar, transverse ligament properties at quasi-static and high rates (Shim et al., 2005)

Elastic Failure Failure

Modulus Stress Strain (%)

(MPa) (MPa) ?

Alar  Quasi 11.7 (5.1) 43(1.3) 717 (4.6)
High 46.6 (14.0) 10.9(1.3) 34.4(6.6)

TL Quasi 42.6 (5.5) 7.7(1.1)  25.4(0.6)
High 294.2 (14.0) 152(3.4)  6.7(1.6)

Average (SD) values

Panjabi et al, (1998) performed tensile tests at slow and fast extension rates to determine the
mechanical properties of the alar and transverse ligaments. Eleven cadavers were used, mean age 49
(37 to 53) years old to test a total of 19 alar and 11 transverse ligaments. Specimens were constantly
hydrated with physiologic saline solution (0.9% NaCl) during dissection and preparation. Ligaments
were isolated into bone-ligament-bone complexes and potted into using a quick setting polyester resin
after bones had been secured by drilling holes and inserting pins. A custom pneumatic testing
apparatus was used, with a gap to allow the piston to reach a constant rate before engaging the
ligament. Ligaments were initially tested at a slow rate of 0.1 mm/s to an estimated sub-injury load
of 70 N (Alar), and 140 N (TL), as a previous study (Dvorak et al., 1988) had documented these

ligaments to fail at average load of 200 N and 350 N respectively. Force-deformation curves were fit
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to a second order polynomial, and any ligaments thought to have sustained damage, by a sudden drop
in force greater than 2 N, were not used for high rate testing. Five alar and four TL were deemed
suitable for fast testing at average speeds of 920 mm/s. Significant rate effects were found for both
ligaments with increased failure force and stiffness, and decreased failure elongation with increased
rate. Results can be seen in Table 4-8, where high rate data is compared to the data from the Shim et
al. (2005) study. Results are comparable for failure force, but stiffness values are significantly higher
for the Panjabi et al. (1998) study, despite the elongation rate being significantly lower; 920 mm/s
compared to approximately 12,000 mm/s.

Table 4-8: Alar and transverse ligament property comparison (Panjabi et al., 1998; Shim et al.,
2005)

Stiffness Failure Failure
(N/mm) Force (N) Strain (%)
Quasi 80.1(9.4)
Panjabi
Alar High 2316 (888) 367 (83) 3.1(1.3)
Shim High 244.9 (98.4) 398 (69) 34.4 (6.6)
Quasi 141.3 (21.3)
Panjabi
TL High 1472 (691) 436 (55) 2.3(0.9)
Shim High 260 (68) 269 (24) 6.7 (1.6)

Average (SD) values

4.5 Limitations of Previous Isolated Ligament Studies

From the tables above (Table 4-2 and Table 4-3) of the combined data from previous studies it can be
seen there is a lack of consistency as to which and how parameters were measured and reported. This
makes it inherently difficult to make comparisons. The tests are also not performed at constant strain
rates. Some tests used constant elongation rates which do not correspond to constant strain rates due
to different ligament lengths. In addition, age effects and testing conditions are significant areas

where improvement is necessary.
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4.5.1 Age Limitations

All prior studies of the primary cervical spine ligaments have data gathered from older post mortem
human subjects, the youngest average age was 58 (50 to 60) years old (Chazal et al., 1985). As
mentioned previously, ligament properties strengthen to about age 20, followed by a decrease in
strength and stiffness (Cowin et al., 2007). It has also been shown in prior studies that mechanical
properties of the cervical spine decrease with increasing age of specimens (Neumann et al., 1992;
Neumann et al., 1994; Tkaczuk, 1968; Nachemson et al., 1968).

No previous studies have directly investigated the age effect on cervical spine ligaments; however
these effects have been explored in lumbar ligament studies. One lumbar spine ligament study of the
ALL and PLL associated decreases in failure force, stress, and elongations with increased age
(Tkaczuk, 1968). Age effects have also been observed in the LF at the lumbar level (Nachemson et
al., 1968), as failure stress and modulus of elasticity was found to decrease by a factor of four

between the ages of 20 to 80.

A study by lida et al (2002) tested the effects of aging and spinal degeneration on lumbar ISL and
SSL properties. Failure force and elastic stiffness were measured and were both found to decrease
with age, however no correlation was found with disc degeneration and ligament properties. Both
tensile strength and elastic modulus values were shown to decrease by about 50% from age 40 to age
80.

Significant discrepancies between previous studies comparing lumbar ALL failure forces have been
attributed to age differences (Neumann et al., 1992). Neumann et al. (1992) reported average failure
forces of 1060 (304) N (specimens aged 21 to 43), Chazal et al. (1985) reported forces of 511 (47) N
(ages 63 to 80), and Pintar et al. (1986) reported forces 444 (267) N (mean age 67). Forces were
shown to decrease by over 50% with an average age increase of 35 years. Chazal et al. (1985) and
Pintar et al. (1986) also reported properties for cervical spine ligaments in the same studies using

older cadavers.
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Increased cadaver age, and decreased vertebral mineral content were shown to have a strong effect on
isolated lumbar ALL specimens (Neumann et al., 1994) particularly at slow elongation rates, as the
strength decreased by a factor of 2 (29 to 13 MPa) over the age range of 21 to 79 years old, and
stiffness differed by as much as 5 times across regions (increased stiffness at mid substance, and
decreased stiffness at insertion point) of the ligament compared to younger specimens. Increased

bone mineral content was also shown to increase failure elongation (Neumann et al., 1994).

4.5.2 Testing Conditions Limitations

Most previous studies do not test specimens under in vivo conditions. Many studies kept the
ligaments hydrated with a saline solution, but only one study (Bass et al., 2007) also tested the
ligaments at body temperature of approximately 37.8° C. A study in 2007, published after most
ligament test studies, showed that the ALL ligament in porcine specimens exhibited strong
temperature dependence (Bass et al., 2007), and due to the similarity between porcine and human
ligaments, temperature must be taken into account especially for dynamic responses. The porcine
ligaments were shown to have a 70% increase in failure force and a 57% increase in stiffness (Figure
2-1) when specimens were dynamically tested at room temperature (21.1°C) compared to body
temperature (37.8°C), thus data from previous studies may be represented as stiffer than under normal
physiological conditions. Only the ALL, PLL and LF have been tested at in vivo conditions, while
there have been no previous tests on the CL, ISL or craniovertebral ligaments at representative

temperature and humidity environments.
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Figure 4-4: Temperature-dependent viscoelasticity of porcine spinal ligaments (Bass et al.,
2007)

Preconditioning of the ligaments was not always performed prior to ligament testing in previous
studies. Preconditioning of the ligaments is important as it returns the structural collagen fibers to
proper physiological conditions by removing any crimping in the ligaments as a result of being stored
in a frozen and fixed position (Hashemi et al., 2005), and results in a response that is repeatable and
more representative of normal physiological response (Van Ee et al., 2000).

The method of gripping the ligament specimens is also inconsistent among previous studies, as
several studies use Steinmann pins to secure the vertebral bodies, while other studies use a resin
potting method. The use of pins to secure vertebral structures in ALL lumbar testing has been shown
to account for up to 40% of the specimen strain when comparing values between crosshead
deformations and image captured marker strains on the ligament surface, due to localized strains at
the pin insertion sites (Neumann et al., 1992).

4.5.3 Uninvestigated Effects

The post failure response has never been reported, which is shown to affect the kinematic response of
cervical spine finite element models (DeWit et al., 2010). Previous studies that show force-
deformation curves usually only display the curve to the point of failure, or shortly afterwards to

demonstrate the drop in force. If the ligaments do not instantaneously fail at this point, however still
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support a load, albeit a lesser load, it will still contribute to the response. In a finite element model, if
the ligament fails instantaneously, the entire load must be immediately shared between other
components. By reporting the post-failure region, ligament properties in finite element models can be

modified to represent the failure mode, and improve kinematic spine response.

A comprehensive investigation of gender and spinal level effects at strain rates applicable to
automotive crash scenarios has also not been explored in enough detail. One study testing ligaments
at high rates compared gender and spinal level and found no significant effects (Bass et al., 2007), as
sample size was relatively small. A quasi-static study by Yoganandan et al.(1998) evaluated the
effect of spinal level for the six different levels but results were inconsistent. When the spinal levels
were divided into six levels, each level had only two to six samples. With the high level of scatter in
biological testing and so few samples, any outliers would have a dramatic effect on the statistical

analysis.

Mechanical properties are very limited for the craniovertebral ligaments. Only one study performed
tests on all the ligaments spanning multiple vertebrae at quasi-static rates (Pintar, 1986; Myklebust et
al., 1988). Two studies performed both quasi-static and high rate tests on the alar and transverse
ligaments, and produced very similar results for failure force; however there was a large discrepancy
between stiffness values between the two studies. Since most craniovertebral ligaments are singular
in each spine, and due to the complexity of the craniovertebral joint, it is impossible to isolate and test

all ligaments from one spine; any additional data from these ligaments proves to be valuable.

The lack of consistency between studies leads to great difficulties when trying to combine and
compare ligament properties. Each study is unique in how the ligaments are defined and prepared,
the age of specimens used, the environmental conditions, preconditioning and elongation rates the
tests are conducted at, as well the metrics which are measured from produced force-deflection curves.
A more consistent protocol is required, in which all variables remain relatively constant to reduce the
effects of external factors (age, preparation techniques, test conditions, etc), and isolate the effects of

factors hypothesized to influence neck response (elongation rate, gender, spinal level).
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4.6 Relevant Findings from Segment and Whole-Spine Studies

There have been several studies performed on cervical spine segments and whole-spine specimens
under various loading mechanisms. These studies are primarily useful for quantifying injury,
correlating injury to loading mechanisms, and providing useful validation cases for numerical studies.
Although ligament properties are usually not investigated in detail, some findings from the studies
may be directly related to ligament mechanical properties and provide justification for ligament
property investigations.

Ligaments have been shown to be loaded in tension from compressive loading to the head, in whole-
spine testing, due to flexion/extension of the neck, depending on the orientation of the spine prior to
impact. Damage to the PLL and ALL were shown to occur in flexion and extension respectively, due
to an axial impact to the crown of the skull of cadaver subjects at speeds from 2.5 m/s to 8 m/s (Pintar

etal., 1995). Variation in responses was thought to be attributed to age and gender effects.

A study has shown that increase in age results in a decrease in failure force of whole cervical spines
under compressive loading (Pintar et al., 1998). An interaction was also found between loading rate
and age, where rate effects decrease with an increase in age. Since most failures occurred in the bone,
the interaction may be attributed to the degradation of bone with age, as the alteration of bone marrow
content may affect viscosity (Pintar et al., 1998). This may also affect ligament properties, as ALL
and PLL properties have been shown to correlate with bone mineral content in the vertebrae
(Neumann et al., 1994).

4.6.1 Level Effects

The mid-cervical spine (C2-C5) was shown to be significantly stiffer than the lower region (C5-T1) in
compression and in extension tests performed on respective segments of four adjacent vertebrae (Shea
et al., 1991). Failure occurred in the soft tissues prior to bone fractures in all specimens. This may

suggest spinal level differences in the soft tissue properties.

Range of motion in flexion and extension was found to be significantly greater in the C5-C6 (22.8
2.3°) compared to the C7-T1 (13.8 + 2.8°), and C7-T1 was shown to be significantly stronger in

flexion than C3-C4, in cervical spine segment tests (Nightingale et al., 2002). Another study found
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different ranges of motion in whole cervical spine specimen impact testing, where the middle regions
(C4-C5, C5-C6) had larger ranges of motion, although not significantly different (Ito et al., 2004).

These findings also suggest possible level effects.

4.6.2 Gender Effects

Gender differences have been found in a study investigating the range of motion of the head and neck
among young and healthy volunteers (aged 19 to 25), where female subjects had a larger range of
motion in flexion and extension, lateral bending, and rotation (Ferrario et al., 2002). Range of motion
studies performed on cervical spine segments also reported a significant difference between genders,

where the female range of motion was greater at all levels (Stemper et al., 2003).

In a cervical spine segment study testing specimens to failure in flexion, male specimens were found
to be significantly stiffer and stronger than female specimens (Nightingale et al., 2007), as male
subjects failed under greater moment in flexion, and had a larger range of motion in both flexion and
extension than female ligaments. Gender differences may likely be attributed to differences in size,

as the larger male specimens could support a larger load (Nightingale et al., 2007).

The study by Pintar et al (1998), where significant age effects were found in compressive loading of
whole cervical spines, also found gender effects. The study found significant gender effects where
female specimens failed at 75% the failure force of male specimens. Since most samples were from
the 50 to 95 year old range, this could be a result of osteoporosis in elderly female subjects, so the

study recommended that gender comparisons be made amongst younger populations.

4.6.3 Craniovertebral Segment Studies

The mechanical properties of the ligaments that connect the dens to the skull are important, as these
ligaments are thought to play a significant role in tensile loading of the dens, resulting in fracture
(Nightingale et al., 2002; Nightingale et al., 2007). Under flexion, the compression force of the skull
and the anterior arch of the C1, and the tensile force of the ligaments on the dens create a couple
moment (Figure 4-5). In extension, the posterior elements are under compression, holding C2 in
place, while the skull moves upwards, creating increased tension in the ligaments and force on the
dens. For a specified moment, the shorter moment arm in flexion (d, as seen in Figure 4-5), requires a
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greater reaction force generated by the ligaments in tension from the dens. The greater force results
in increased risk of fracture in flexion compared to extension, and are consistent with lower moment
tolerances in flexion compared to extension found in the study (Nightingale et al., 2002). These
findings stress the importance of accurate craniovertebral ligament properties for mathematical
modeling.

Flexion Extension

@ ﬁn 4 Posterior

Adapted from Nightingale, et al. (2002)

Anterior

Figure 4-5: Couple moment in craniovertebral joint causing fracture due to increased tension
on dens

Under lateral bending, both the Skull-C1, and C1-C2 segments contribute the equivalent amount to
the range of motion (Goel et al., 1988). There was also no difference found in range of motion
between left and right lateral bending of the Skull-C2 complex (Goel et al., 1988), suggesting that
ligament properties are symmetrical between left and right portions. The study also recommends

testing on younger specimens.

Failure mode was seen to transition from bone fracture (dens) to mid-substance ligamentous failure
(alar), as Skull-C2 segments were tested in axial rotation at increasing strain rates (Chang et al.,

1992). This suggests the strain rate effect on increasing stiffness reduces the failure elongation of the
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alars, causing injury at smaller deformations. The effect of increasing strain rate on stiffness was
shown to have an upper bound, as there were no significant effects on stiffness, or failure torque
between 100°/sec and 400°/sec loading rate (Chang et al., 1992).
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Chapter 5
Methods

5.1 Cadaver Morphology

The research methods employed in this study were approved by the Office of Research Ethics at the
University of Waterloo. Cadaver age was limited to younger than 50 years old as the prevalence of
osteoporosis has been shown to dramatically increase over the age of 50, especially in females (Kanis
et al., 1994; Vernon-Roberts et al., 1973), and it has been shown that spinal ligament properties are
closely related to vertebral bone mineral density (Pintar et al., 1998; Neumann et al., 1994). An upper
limit of 50 years old also ensured that a sufficient quantity of spine samples was available, as younger
spines were inherently more difficult to acquire.

A total of 17 cadaver cervical spines (8 male and 9 female) were tested with an average age of 44 (27
to 50) years old, height 167 (145 to 184) cm, and body mass 67.1 (36.8 to 159.1) kg. For each spine
used, medical history was reviewed to ensure no spinal disease or previous injuries had occurred.
Full cadaver spine statistics can be seen in Table 5-1. Cervical spines (Skull-T2) were acquired from
Sciencecare Inc. (Phoenix, AZ) and National Disease Research Interchange (NDRI, Philadelphia, PA)
and were kept frozen until thawed for preparation and testing. It has been shown that freezing
ligaments has little or no effect on the viscoelastic or structural properties (Woo et al., 1986),
furthermore, refreezing of ligament specimens has also been shown to have little or no effect on the
mechanical properties (Moon et al., 2006). Spine E consisted of C2-T1 (only primary ligaments), and
Spine Q consisted of only C1-C2 (only craniovertebral ligaments). As mentioned previously, primary

ligaments are defined as the ligaments existing between C2-T1.
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Table 5-1: Cadaver spine statistics

Spine Age Gender Alefgng e Supplier Cause of Death
ID (cm) (kg)
A 46 M 177.8 65.9 Science Care Pancreatic cancer
B 46 M 180.3 63.6 Science Care Malignancy of sinus
C 36 M 175.3 60.9 Science Care Liver disease
D 27 M 152.4 68.2 Science Care Sepsis
E 48 F 162.6 48.6 NDRI Sepsis
F 47 F 162.6 45.0 Science Care Melanoma
G 49 F 165.1 50.1 Science Care Breast cancer
H 48 F 170.2 159.1 Science Care Pulmonary fibrosis
| 48 M 182.9 56.4 Science Care Myotonic muscular dystrophy
J 44 M 154.9 63.6 Science Care Compression asphyxia
K 47 F 162.6 77.3 Science Care (Pending toxicology)
L 47 F 162.6 40.9 Science Care Respiratory failure
M 43 M 170.2 63.6 Science Care Cancer of liver
N 45 F 147.3 72.7 Science Care Cancer
(0] 50 F 152.4 36.8 Science Care Cervical cancer
P 40 M 185.4 93.2 Science Care (Pending toxicology)
Q 29 F 167.6 65.9 NDRI Glioblastoma

5.2 Ligament Isolation and Preparation

Spines were thawed for isolation, and soft tissues were transected from between adjacent vertebral
bodies (at every second intervertebral junction) to section the spine into functional spinal units
(FSUs), each consisting of two vertebrae with connecting soft tissues (Figure 5-1).
yielded three FSUs depending on how they were sectioned; C2-C3, C4-C5, and C6-C7, or C3-C4,

C5-C6, and C7-T1 (Figure 5-2). The remaining craniovertebral segment from each spine could
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produce ligaments from either Skull-C1, or Skull-C2. Thus, two spines were required to produce

ligaments from every spinal level.

Skull-C1
y Skull-C2

C2-C3

C3-C4
C4-C5 —
C6-C7 2{; C7-T1

Adapted from www.hon.nucleusinc.com

Figure 5-2: Cervical spine sectioned into FSU's two different methods
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5.2.1 Primary Cervical Spine Ligament Isolation

Non-ligamentous soft tissue, such as muscle, fascia, blood vessels, and nerve roots were carefully
removed from the FSU segments to expose as much bone and ligament as possible. FSUs were then
cut perpendicular to the transverse plane using a band saw, at the same location on the bone at both
the superior and inferior vertebrae (Figure 5-3) to isolate specimens into bone-ligament-bone
complexes. The primary ligaments to be tested were the anterior longitudinal ligament (ALL),
posterior longitudinal ligament (PLL), capsular ligaments (CL), ligamentum flavum (LF), and

interspinous ligament (ISL).

ALL

Adapted from www.ispub.com
Figure 5-3: FSU cuts to isolate ligaments

Initially, the spinous process was cut as close to the vertebral foramen as possible (Figure 5-3), with
close attention not to damage the ligamentum flavum, in order to isolate the interspinous ligament.
The lamina was then cut on each side of the LF adjacent to the facet joints, without damaging the
capsular ligaments in order to isolate the LF. The transverse processes and pedicles of each spinal
unit were then cut to isolate the CL’s and vertebral bodies, which were still connected by the

intervertebral disc and ligaments. The vertebral bodies were then cut along the coronal plane to

73



divide the segment into the anterior longitudinal ligament and posterior longitudinal ligament. Soft
tissues were carefully transected from each specimen to leave only the ligament under study, as
identified by the fibrous appearance; except for the LF, which had a characteristic yellow colour. To
isolate the ALL and PLL, the intervertebral disc was removed from the centre of the vertebral bodies
until the vertical ligament fibres could be distinguished from the removed oblique annulus fibres.
This procedure produced six bone-ligament-bone complexes from each FSU, to be tested in situ, as
ligaments were not removed from bony insertions (Figure 5-4). Each FSU contained two capsular
ligaments which were tested separately. This method procures more samples than leaving the
vertebrae intact and transecting all other ligaments, except for the desired ligament.

AT PIT,

LF ISL

Figure 5-4: Isolated cervical spine bone-ligament-bone complexes

Of a possible 288 tentatively available ligaments, 277 were successfully isolated; a 96% success rate.
Eleven ligaments were either damaged prior to shipment, or damaged in the isolation process. A
minimum of 4 ligaments were procured for each spinal level, but on average 8 ligaments were
isolated from each level; not including the CL which averaged 15 per level, due to 2 ligaments

available at each level. The ligament quantity by spinal level matrix is seen in Table 5-2.
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Table 5-2: Isolated ligaments by spinal level matrix

ALL PLL CL LF ISL
C2-C3 6 6 11 6 6
C3-C4 9 10 20 8 10
C4-C5 6 6 11 4 6
C5-Cé 10 10 20 9 10
C6-C7 6 6 10 6 6
C7-T1 10 10 20 9 10
Total 47 48 92 42 48

Ligament lengths were defined as the distance between bony attachment points along the direction of
physiological loading and fibre orientation, and measured using digital calipers. Average ligament
lengths by spinal level can be seen in Table 5-3. The ALL and PLL length measurements were
defined as the distance between endplates of the respective vertebral bodies. This technique was used
to correspond with how the ligament lengths were represented in the finite element model used to
determine appropriate strain rates (Fice et al., 2009). Measurements were also taken from centre to
centre of adjacent vertebral bodies for the ALL and PLL in order to calculate ligament areas
according to the length-area ratio method presented by Yoganandan et al. (2000).
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Table 5-3: Ligament length measurements (mm) by spinal level

ALL PLL CL LF ISL
C2-C3 4.5(0.3) 4.2(0.8) 3.8(1.2) 7.3(0.9) 10.7 (1.6)
C3-C4 4.3 (1.5) 4.3(1.1) 3.9(0.6) 7.4 (1.1) 8.9 (1.7)
C4-C5 5.2 (1.2) 4.3(0.8) 4.5(1.1) 8.3(1.1) 9.7 (1.1)
C5-C6 4.2 (1.4) 3.8(0.9) 4.4(1.1) 8.4 (1.1) 10.3 (1.6)
C6-C7 4.1(0.7) 4.5(0.4) 3.7(0.3) 9.7 (2.1) 11.7 (2.5)
c7-T1 3.5(0.8) 3.5(0.8) 4.1(0.8) 9.6 (1.0) 12.54 (2.28)
Average | 4.2(1.2) 4.0(0.9) 4.1(0.9) 8.5 (1.5) 10.63 (2.20)

Average (SD) values

5.2.2 Craniovertebral Ligament Isolation

Ligaments were isolated into the tectorial membrane/vertical cruciate/apical/alar ligament complex
(TM complex, tested together for modeling purposes), transverse ligament (TL), anterior atlanto-
occipital membrane (AAOM), posterior atlanto-occipital membrane (PAOM), anterior atlanto-axial
membrane (AAAM), and posterior atlanto-axial membrane (PAAM). Each spine yielded only two
ligaments: TM complex and TL, or AAOM and PAOM, or AAAM or PAAM.

The tectorial membrane covers the dens and transverse ligament and runs from C2 through the
foramen magnum attaching to the central base of the cranial cavity, as the TL connects the lateral
aspects of the C1 and passes beneath the TM and over the odontoid. To isolate the TM complex and
TL, the posterior vertebral arch was cut from the C1, all bone was cut from the C2 except the
vertebral body and the odontoid process, and the posterior section of the occiput was removed, as
seen in Figure 5-5B. A notch was cut into the anterior arch of the C1, to initiate a stress point for
fracture. The C1 was then snapped into two pieces, held together by the TL, as seen in Figure 5-5A.
The TL was free to slide between the TM and the odontoid process, but could not be removed without
damage to the TM complex. The TM complex was then tested, with the TL in place. The soft tissues

were then transected from the Skull-C2 segment, isolating the TL for testing. The length of the TM
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complex was defined as the distance from the base of the skull to the most superior connection point
on the C2, the width was defined as the smallest width along the TM and the cross sectional area was
measured after the tensile test. The length of the TL was easily measured as the distance between
bony connection points when the ligament was fully elongated under slight tension, and the width and

thickness were easily measured using digital calipers and very straight forward.

B

Superior

Inferior

Figure 5-5: Skull-C2 segment with TM complex isolated. A - Anterior view, with fractured C1.

B- Posterior view of TM

The AAOM and PAOM are the only two ligaments present on a Skull-C1 segment. The ligaments
were too wide to fit inside the test fixture grips, so they were carefully separated into left and right
portions along the direction of the fibres, with care to not damage any ligament fibers. The length of
each portion was defined as the average of the medial and lateral lengths, the thickness was defined as

the average of the medial and lateral thickness, and the shortest width was used to calculate area.

The AAAM and PAAM connect the C1 and C2 and are extensions of the ALL and LF, respectively.
Only one specimen of each was tested due to limited spine availability. Lengths were calculated as
the average of the middle and lateral lengths, width was defined as the narrowest point, and thickness

was measured after testing to calculate areas.
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The quantity of each craniovertebral ligament procured, average (SD) length and area measurements

are shown in Table 5-4.

Table 5-4: Craniovertebral ligament quantity and dimensions

Quantity Length (mm) Area (mm?)

TM Complex 8 18.92 (3.88) 33.02 (5.46)

TL 6 20.79 (3.48) 18.89 (3.05)

AAOM 14 12.51(2.16) 87.03 (28.38)

PAOM 14 13.92 (3.28) 48.84 (10.85)
AAAM 1 12.47 50.34
PAAM 1 15.72 21.55

5.2.3 Ligament Preparation for Testing

The bone ends of the ligament specimens were secured using wires, aluminum strips, copper rods and
wood screws to prevent slipping and ensure a secure grip (Figure 5-6). Specimens were held into
place within 1 % diameter by 1” deep polyethylene cups, and potted using a fast casting resin (Fast
Cast, Goldenwest MFG, Grass Valley, CA). After the resin cured, the other ends of the specimens
were potted. The casting resin was used to firmly hold the bone ends and the interior of the cups were
scored to increase friction and prevent any slipping of the hardened resin within the cup. Care was
taken to ensure the ligaments did not get coated in resin that could otherwise interfere with measuring
ligament properties. The specimens were potted with the ligament fibers aligned with the elongation
axis of the test apparatus, such that the ligaments were tested at the same orientation as experienced
under physiological loading conditions (Figure 5-7). Craniovertebral ligaments were prepared in a

similar manner, with bone ends trimmed to fit into the cups.
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ALL PLL CL CL

Figure 5-6: Ligaments secured with hardware before potting

LF ISL

ALL PLL CL

Figure 5-7: Ligament specimens half potted

The stiffness of the resin potting method was measured by potting a 3/8” steel bolt, and testing in
tension. The stiffness of the fixture was found to be approximately 4000 N/mm (Figure 5-8). This
corresponded to a worst case scenario of less than 6% strain of the primary ligaments (PLL), and a
maximum of less than 10% strain of the craniovertebral ligaments (TM complex). This method was
deemed sufficient compared to using Steinmann pins to secure vertebral bodies which has been

shown to account for up to 40% of the ligament strain (Neumann et al., 1992).
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Figure 5-8: Stiffness of 3/8" steel bolt using resin and cup potting method
5.3 Testing Methods

Due to the importance of testing the ligaments at body temperature (Bass et al., 2007), the cooling
rate of the ligaments needed to be investigated to determine if an environmental chamber was
required, or if the ligaments could be heated prior to loading into the fixtures and testing. After the
ligaments had been potted and ready for testing, they were heated in a saline solution warm water
bath until they reached approximately 41°C. Ligaments were heated higher than body temperature,
with care not to overheat and damage specimens, to determine the amount of time required to cool to
body temperature (37.8°C). A thermocouple was placed inside the soft tissue surrounding the
ligament, and the ligament was allowed to cool in a room of ambient temperature 23.3°C, and
temperature was recorded at 30 second intervals. The ligaments cooled to below body temperature in
less than 90 seconds as seen in Figure 5-9. It was determined that an environmental chamber was

required.
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Figure 5-9: Ligament cooling time of ALL and ISL in 23.3°C ambient room temperature

Environmental chambers were constructed for each testing apparatus using Lexan (polycarbonate
polymer) in order to view the specimen during testing, and prevent convective heat loss and drying of
the ligaments. Heating coils were mounted inside the chamber to keep the specimen at body
temperature, but mounted at a safe distance as to not damage the ligaments.

Ligaments were tested in tension at quasi-static (0.5 s™), medium (20 s™) and high (150-250 s™) strain
rates. The range of strain rates used in this study were identified based on the ligament response of a
previously validated finite element cervical spine model (Fice, 2010; Fice et al., 2009) for a 22¢g
frontal crash scenario. It was found for the 22 g loading case that the CL and ISL experienced higher
strain rates as they are located further from the segment centres of rotation than the ALL, PLL and
LF, which are located closer to the centres of rotation, located approximately in the centre of the
inferior vertebral body (Bogduk et al., 2000). Consequently the CL and ISL were tested at 250 s™ and
the ALL, PLL and LF at 150 s™. All fast rate craniovertebral ligaments were tested at 150 st
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Tests were performed at different elongation rates, based on initial ligament lengths to achieve
constant desired strain rates across all samples. Quasi-static elongation rates ranged from 1 mm/s
(PLL) to 8 mm/s (ISL), medium rates ranged from 60 mm/s (CL) to 331 mm/s (ISL), and high rates
ranged from 465 mm/s (ALL, PLL) to 3,540 mm/s (ISL). All ligaments were preconditioned at a
frequency of approximately 1 Hz, for 20 cycles to 10% strain (Figure 5-10), prior to being tested to
failure, as consistent with previous studies (Bass et al., 2007).
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Figure 5-10: Force-time and elongation-time preconditioning loading cycles for typical ALL

The quasi-static tests were performed within an environmental chamber using a hydraulic tensile
testing fixture (Figure 5-11). Specimens were loaded into the fixture at zero force preload and no
slack in the ligaments, and cups were held into place with custom grips with machined grooves on the
cup contacting surface to securely hold the specimen cups in place. Clamps were placed around the
grips and tightly fastened to secure the testing specimen (Figure 5-12). Ligaments were continuously
sprayed with saline solution to stay hydrated, and a thermocouple was placed in contact with the
ligament to measure temperature, accurate within 0.1°C. A heating coil within the environmental
chamber would gradually heat the ligament and surrounding air, and preconditioning and tensile
testing to failure would begin when the temperature of the ligament reached approximately body

temperature; 37.8°C £ 1°C. Force-elongation data were measured at a frequency of 500 Hz, and used
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a 2225 N (500 Ib) strain gauge load cell (Omegadyne Inc. Model LC412-500) to measure force and

an LVDT to measure the specimen elongation.

Thermocouple Meter Load Cell

hermocouple

Ry

Atmospheric
Chamber

Hydraulic Piston

Figure 5-11: Quasi-static tensile fixture

Ligament

Grips
Thermocouple

Figure 5-12: Quasi-static fixture: zoomed view of specimen
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The medium and high elongation rate tests were performed on a custom designed electromagnetic
tensile testing fixture powered by linear shaft motors (Nippon Pulse, Model S250Q) which allowed
ligaments to be tested in tension at deformation velocities up to 4 m/s at constant strain rates (Figure
5-13). The apparatus was designed and constructed by Jeff Moulton, at the University of Waterloo.
The electromagnetic fixture was equipped with a coupling mechanism to allow the fixture crosshead
to reach the desired velocity prior to engaging the ligament. Ligament specimens were loaded into
the fixture, using the same grip and clamp devices as the quasi-static fixture. The environmental
chamber was located within the fixture to minimize the volume of the chamber, and the specimen was
pulled out of the environmental chamber after testing. Loading and failure of the ligaments occurred
within the chamber so specimens were tested at in vivo conditions. Ligaments were continuously
hydrated using saline solution, and preconditioning was initiated when ligaments reached body
temperature. Motion restrictors (modified vise-grips) were used to lock the coupling mechanism in
place for preconditioning, and then removed before testing (Figure 5-14). Results were plotted as
force displacement curves, and force-elongation data were measured at a frequency of 25,000 Hz.
The electromagnetic test fixture used a quartz 10 kN force transducer (Kistler 9321B) and charge
amplifier (Kistler Type 5010B) to measure force and a linear encoder (RSF Elektronic MS 40) with
10 micron resolution to measure specimen elongation. The test frames were verified at a series of

medium strain rates to ensure that both apparatus produced repeatable and consistent results.

84



Linear Shaft Motor Linear Encoder

Heating Coil

Load Cell

Grips

Coupling
Mechanism

Linear Shaft Motor Magnetic Shafts

Figure 5-13: High-speed electromagnetic fixture

85



Specimen  Clamps and Grips  Crosshead

Atmosphericzj
Chamber |

Thermocouple Motion Restrictors

Figure 5-14: High-speed fixture: zoomed view of specimen in environmental chamber
5.4 Data Processing

Results were plotted as force displacement curves. Force-elongation data were measured at a
frequency of 500 HZ for quasi-static testing and 25,000 Hz for medium and high rate testing. Slight
vibrations in the hydraulic testing frame resulting in noise in the quasi-static data. The noise was
present in both axes (x: displacement, and y: force), so the data could not be filtered. High order
polynomials (4™, 5" and 6™) were fit to the loading region of the curve (Figure 5-15), and used to
replace the loading portion of the raw data, with care taken to not eliminate any characteristics in the

curve.
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Figure 5-15: Polynomial fit to loading region raw quasi-static data to eliminate noise (ALL)

Since the electromagnetic fixture utilized a coupling crosshead mechanism to allow the crosshead to
reach desired velocity before engaging the ligament, the point when the ligament was first engaged, to
be defined as ‘zero elongation’ was unknown. The tapered head of the coupling rod eliminated any
impact forces, so the transition to loading was smooth. The force profile of the curve before engaging
the ligament was non-zero, due to friction in the coupling mechanism. The zero elongation point was
determined by tracing the loading curve backwards until adjacent points had a slope of zero (Figure
5-16), which was then defined as the engagement point of the ligament. The curve was scaled by this
force value (force to zero), in order to have a zero force, zero elongation starting point. Average force
to zero values can be seen in Table 5-5. Force to zero values were on average ~2% of the failure
force values for the high rate tests, and 3.66% of the failure force value for the medium tests. The
largest ratio of force to zero to failure force was 9.2% for medium rate ISL tests, due to several

ligaments failing below 50 N.
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Figure 5-16: Start of ligament engagement at zero slope (PLL shown)
Table 5-5: Average force difference to zero for ligament curves
ALL PLL CL LF ISL
Force to zero (N) 8.5(5.7) 10.0(8.7) 5.3(3.9) 5.7 (3.8) 2.5(5.8)
High Failure force (N) 450 (132) 437 (135) 286 (73) 258 (99) 98 (66)
Ratio (%) 2.1(1.6) 2.2(2.0) 1.9 (1.5) 2.6(2.1) 2.7 (5.7)
Force to zero (N) 6.4 (5.3) 7.6 (3.9) 6.2 (4.1) 7.5(3.9) 5.2(2.4)
Medium  Failure force (N) 384 (166) 497 (167) 270 (91) 328 (121) 93 (69)
Ratio (%) 2.0(1.9) 2.0(1.9) 2.4 (1.6) 2.7(1.8) 9.2 (6.5)

Average (SD) values

Values of distinctive points were measured and recorded from the curves including failure force,
failure elongation, stiffness and toe region, as seen in Figure 5-17. The failure force and failure
elongation were defined as the maximum force the ligament reached during loading, and the

elongation at which the failure force was reached. Stiffness was identified by fitting and optimizing a
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least squares fit line to the linear portion of the curve. The toe region elongation was defined at the
transition point of a bilinear curve fit of the loading region; toe region and linear region
(Chandrashekar et al., 2008) as shown in Figure 5-18, where the maximum value in the loading
region corresponds to the maximum point present on linear region after the least squares line was
optimized. The bilinear fit method applied two linear lines to the loading region, constrained to begin
at zero force and zero elongation, with the slopes of both lines and the transition point adjusted using
a Microsoft Excel solver function to minimize the sum of squares of the force differences between the
raw data curve and fit lines. These properties are structural, where ligament dimensions contribute to
the response, as larger ligaments could potentially support greater loads. Failure stress, failure strain,
modulus, and toe strain were then calculated based on the initial ligament lengths and areas, where
areas were calculated using length to area ratios from a geometric study performed by Yoganandan et.
al (2000). These values are material properties since dimensions were taken into account. By
analyzing the data using both methods, it could be determined if differences were due to varying
structural or material properties. Eight metrics in total were measured from each ligament curve and
compiled for analysis: failure force, failure elongation, stiffness, toe region, failure stress, failure
strain, modulus, toe region strain. Each ligament was analyzed for gender, spinal level, and strain rate

effects.
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Figure 5-17: Typical ligament response with distinctive points shown (PLL)
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Figure 5-18: Bilinear fit to loading region to define toe region (PLL)
5.5 Statistical Analysis

Statistical analysis was performed on the results from the 3x3x2 factorial experiment using a nested

design multi-factor Analysis of Variance (ANOVA) with unbalanced replicates. Main and interaction
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effects of the experiment factors (strain rate, spinal level, and gender) were analyzed simultaneously
for each ligament. Effects that were established to be statistically significantly different (o = 0.05)
were further analyzed using Tukey post-hoc to determine which levels of a factor differed from one

another. Analysis was performed using SAS version 9.2 software.

5.5.1 Statistical Background

The three factors involved in the experimental ligament testing were gender, spinal level and strain
rate. Gender has two levels; male and female, and spinal level and strain rate both have three levels;
upper, middle, lower and quasi-static, medium, and high respectively. The spinal levels were divided
as upper (C2-C3 and C3-C4), middle (C4-C5 and C5-C6), and lower (C6-C7 and C7-T1). A
preliminary investigation of the results at individual spinal levels was undertaken to ensure no trends
were present within groups, and would be masked by this grouping. Ligaments could not be
compared on a level by level basis due to limited sample size. The dependent variables that were
measured and used in order to determine effects were failure force, failure elongation, stiffness, toe

region, failure stress, failure strain, modulus, and toe region strain.

The experiment was considered a 3x3x2 factorial design, with unbalanced replicates, and required a
nested design multi-factor Analysis of Variance (ANOVA) in order to determine significant effects.
A 3x3x2 factorial experiment has three different factors, with three, three and two levels respectively
within each factor. Due to inherent difficulties in biological testing, it is difficult to have equal
replicates for each test, so they are deemed ‘unbalanced replicates’. An unbalanced replicate implies
that all specific testing circumstances may have a different number of repeated trials. Different

numbers of repeated trials are due to loss of ligaments during isolation, etc.

A nested design is used because effects that are restricted to a single level of a factor are said to be
nested within that factor (Winer, 1962). In this case, spinal levels are nested within each spine as
seen in Figure 5-19. Although the effects of each spine are not being considered, they must not be
excluded from the analysis. Two test cases with the same level of each factor (gender, rate, spinal

level), may be different simply because they are from different spines. This grouping helps to
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discriminate unique effects limited to a certain spine, which otherwise may be interpreted as effects

caused by other factors.

l Male l Female
l Quasi l Medium l High l Quasi l Medium High
|

L] 1

Spine

]
l Upper Middle l Lower Upper

Figure 5-19: Hierarchal nested design of the experiment
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A repeated measures ANOVA test is suitable because the purpose is to test for significant differences
between means (StatSoft, Inc., 2010) of different effects, and repeated measures allows for testing
within a spine and between spines. This is done by comparing the means. ANOVA is more
statistically powerful than a simple t-test, because each factor can be tested while controlling other
factors (StatSoft, Inc., 2010). Therefore, fewer observations (data points) are required to find a
significant effect. ANOVA also tests interaction effects, to determine if different factors play a role
when applied together, for example, strain rate might affect upper spinal ligaments differently than

lower spinal level ligaments.

ANOVA compares the means and variances within groups to those between groups. For example, it
compares the mean and variance of the quasi-static tests, to the mean and variance of all three rates
combined. The main principles involved are the Sums of Squares, and Degrees of Freedom. Sums of
Squares estimates the variance of a sample, and is computed by taking the sum of all the squared

differences from the mean.
]
55= ) 03— )?
i=1
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Where y;is a random variable, and ¥ is the mean, for a particular sample size of n elements.

The Degrees of Freedom (DoF) are the total number of measurements being used, less the number of
groups the measurements are subdivided into. So if an estimation is being made using 20

measurements from three spinal level groups, the degrees of freedom are: 20 —3 = 17 . However if

an estimate is being made using 10 measurements from only the lower spinal level, the degrees of

freedomare; 10 —1 =19,

The next meaningful representation is the Mean Square. The mean square of an estimate is simply
the average of the sums of squares, and is computed by dividing the sums of squares by the degrees of

freedom. The mean square becomes useful when making comparisons.

MS =35/ f
For almost any given experiment there will be a certain effect due to error. In other words, under
identical conditions, measurements will differ, without explanation. This is especially true for
biological testing. It is important when making comparisons between means, that these errors do not
influence the conclusions. The variance associated with these errors is known as the Mean Square
Error. It is calculated from the average of the sums of squares, of each group. Each group (with all
factors constant, for example: ALL, male, upper spinal level, high rate) will have a respective
variance that is only due to experimental error, as there are no effects from gender, spinal level or rate
changing within the group. The MSE is the average error of all specific testing cases, and represents

the error within the experiment.

These are the tools ANOVA uses to compare means and determine significant effects. If there is no
difference between means of two separate groups, the mean square error of the combined groups
should be the same as the mean square error — the only variance in both cases is due to the
experimental error. For example, if there is no difference between male and female ligaments, the
sums of squares of both genders combined should be the same as the mean square error of just the
male group, as all variance is due to experimental error. However, if there is a difference, the sums of

squares that is calculated from the combined groups will result in a large variance. This variance
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when compared to the variance due to experimental error will be very different; therefore there may

be a difference between groups.

Given experimental testing with small sample sizes, and a relatively high variance (especially
biological testing) there is a possibility that the result is due to chance, and not actually representative
of the true population. Thus conclusions must be made with a certain confidence or reliability, and
this is done using F-Value. It compares the ratio of different means to the likelihood of that ratio
actually being equal to 1 (no difference). The F-value is based on the degrees of freedom of the two
estimates being compared and the confidence level the ratio of the means is not equal to 1. The
confidence level, determines the level of significance of the comparison, where o, = 0.05 means there
is a 95% probability the two samples are different. ANOVA uses the ratio of the mean square to the
mean square error, and calculates an F-Value to determine the confidence level a, of a significant
effect. In this study, effects with confidence level greater than 95% (0<0.05) were deemed
significant.

MS{I.-’MSE >F L"ﬂiué‘ﬁa:n 05

Since declaring significant effects is based on probabilities of samples, it is possible that an error may
occur outside of the probability range. A type | error (false positive) is when an effect is determined
to be significant, when in reality it is not. A type Il error (false negative) is when an effect is not

found to be significant, when in reality it is significant.

If a significant effect is found within a 3 level factor using ANOVA, it does not distinguish which
factors are different from each other. A post-hoc analysis (or a posteriori test) is used to make
multiple comparisons and determine which effects are different. Different post-hoc tests are more
conservative than others in terms of making a type | error. Tukey’s HSD (hsd- honestly significant
difference) test is a relatively conservative approach especially when sample sizes differ, it is
applicable to a wide variety of situations, and is relatively simple to use. The test compares the
means of every factor to the means of the other factors, simultaneously using pair wise comparisons.

It is more conservative than Bonferroni post hoc tests which have been used in previous related

94



studies (lvancic et al., 2007; Bass et al., 2007). Tukey is generally regarded as the preferred post-hoc

test (Winer, 1962), so it was chosen for this experiment.

An example of the ANOVA procedure for testing the effects of gender, loading rate, and spinal level
on stiffness can be seen in Table 5-6. The error terms between factors, and within a factor are
represented by Spine(Gender*Rate) and Spine*Level(Gender*Rate), and the MS term is the MSE
term used to calculate the F-value. The statistical analysis software calculated the confidence level
for each calculated F-value.
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Table 5-6: Example procedure of ANOVA for effects on stiffness of ALL

ANOVA — ALL (stiffness)

Source SS DoF MS F-value o
Gender 16966 1 16966 3.50 0.086
Rate 62498 2 31249 6.44 0.013
Gender*Rate 1772 2 886 0.18 0.835
Spine(Gender*Rate) 58211 12 4851

Level 2707 2 1354 0.72 0.505
Gender*Level 339 2 170 0.09 0.914
Rate*Level 20146 4 5037 2.69 0.079
Gender*Rate*Level 22674 4 5669 3.02 0.058
Spine*Level(Gender*Rate) | 24384 13 1876

Total 209697 42 4993
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Chapter 6

Results of Younger Ligament Testing

Two hundred sixty-two total primary cervical spine ligaments were successfully tested as summarized
in Table 6-1. Ligaments were tested with approximate even distribution between gender, rate, and
spinal level. An emphasis was placed on testing ligaments at rates that were representative of

automotive crash events.

Table 6-1: Quantity of ligaments tested by type, gender, rate and spinal level

Gender Rate Spinal Level
Ligament | Quantit i

& y Male  Female 3:0‘1?; Medium High Upper  Middle Lower

ALL 43 21 22 16 12 15 13 14 16

PLL 48 24 24 16 13 19 16 16 16

CL 86 41 45 25 25 36 31 28 27

LF 42 21 21 14 13 15 14 13 15

ISL 43 21 22 14 12 17 13 14 16

Total 262 128 134 85 75 102 87 85 90

The values obtained from the ligament curves can be found in Appendix A, and force-elongation
curves can be found in Appendix B. For the following results, significant effects (p < 0.05) were
reported in bold. Within significant effects, levels of a factor which differ from one another, as
determined by Tukey post-hoc analysis, were distinguished by different asterisk (*+) notation, and
levels with no significant difference share asterisk notation. Significant effects are outlined in the
text, where the significantly different factor is compared to the average of the two factors that were
not shown to be significantly different from each other. Trends were shown in colour, even if effect
is not significant, in order to easily identify consistent trends which were present in different

ligaments. No interaction effects were found between rate, spinal level, and gender effects.
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6.1 Loading Rate Effects

Loading rate was found to be the most significant effect in this study. Example raw-data curves are
shown for rate effects on CL, for middle level female ligaments (Figure 6-1), illustrating the most
characteristic shape effects. Importantly, post-ultimate load response has never been reported prior to
this study, and was of interest as the ligaments often fail in a stepwise manner. The most consistent
rate effects were for stiffness and modulus; both increased with increased deformation rate, and the
trends were significant for most ligaments. Failure force and stress showed increasing trends with
higher strain rate, although not always statistically significant. There was also a trend for strain at
ultimate load (defined as ‘failure strain’) to decrease with increasing rate for most ligaments, but this

was not as consistent when considering failure elongation.

300 -
— (Quasi-Static
_ Medium

250 1 ——High

200 -~

Force (N)
=
L
=]

100 -~

50 4

0 1 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Elongation (mm)

Figure 6-1: Rate effect shown by example curves for CL (female, middle level). The most

characteristic shape curve from each rate was chosen, to illustrate rate effects.

For the ALL, stiffness was higher (p = 0.013, note: confidence levels represent significant difference
within a factor) for the high rate value, with a 60% increase compared to medium and quasi-static

rates. Similar results were found for the modulus (p < 0.01) with the high rate value being 80%
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higher than both the medium and quasi-static values. Also for the ALL, the high rate failure stress
was 44% higher (p = 0.032) than the value for quasi-static. The PLL demonstrated significant rate
effects for stiffness and modulus, where the high rate stiffness value increased by 68% (p = 0.049)
compared to quasi-static, and the modulus for high rate was 129% higher (p = 0.011) compared to the
quasi-static value. Failure force for CL was 30% lower (p = 0.027) for quasi-static compared to both
medium and high rate values. Failure stress was also significant (p < 0.01) with quasi-static failing at
a 42% lower value than both medium and high rates. LF had no significant rate effects, but did
exhibit the same trends for stiffness and modulus as the other ligaments. ISL failed at 44% longer
elongation (p = 0.027) at quasi-static rates compared to medium and high rates. It also failed at 53%
longer strain (p < 0.01) at quasi-static compared to medium and high rates. Also for ISL, medium and
high rates were 173% stiffer (p = 0.021) than quasi-static.

Detailed average values for loading rate effects can be seen in Table 6-2. Stiffness showed the most
consistent rate effect among the ligaments so results are shown graphically for the strain rate effect on
stiffness on a logarithmic scale for the primary ligaments in Figure 6-2. Graphs show the mean

values, standard deviations, and range of values for each rate.
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Table 6-2: Loading rate effects for cervical spine ligaments

Failure

. Failure Force . Stiffness
Ligament Rate (N) Elongation (N/mm)
() mm
Q 3.97 (1.05)
M 3.89 (1.49)
ALL H 3.79 (0.98)
p 0.96
Q 2.68 (1.06)
M | 497(167) 2387(0.89)
P WO 43703 278(070)
p 023 098
Q
M
CL H
p
Q
M
LF H
p
Q
M
ISL H
p

Average (SD) values with asterisk*+ are statistically significant p < 0.05
Colour shading shows trends

p-value shown

Toe Region Failure Stress Failure Modulus Toe Region

(mm) (MPa) Strain (MPa) Strain

0.97 (0.32)

1.12 (0.51)

1.11 (0.46)
0.23
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Figure 6-2: Strain rate effect on stiffness for primary ligaments
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6.2 Spinal Level Effects

Spinal level effects were investigated by comparing results at three different levels defined as upper
(C2-C4), middle (C4-C6) and lower (C6-T1), after a preliminary investigation ensured no trends
would be masked within the level groups. Results were qualitatively evaluated, as sample sizes were
often too small to perform a statistical analysis, to ensure there were no consistent trends within
proposed level groupings. Although the LF did not demonstrate any significant rate effects, it had
several significant level effects. There were consistent trends for several ligaments having different
values in the middle level compared to the upper and lower levels of the spine.

The ALL failed at a 33% lower (p < 0.01) strain at the middle level compared to the lower level. The
PLL failed at a 33% lower (p < 0.01) stress at the lower level than both the middle and upper levels.
The CL had a 23% shorter (p < 0.01) failure elongation at the upper level compared to both the
middle and lower levels. The middle level of the CL also had a 21% lower (p = 0.03) stiffness, a 22%
lower (p = 0.04) failure stress, and a 29% lower (p < 0.01) modulus than the middle level. The lower
level of the LF failed at a 61% higher (p < 0.01) force than both the upper and middle levels, and 43%
higher (p = 0.02) stress than both the upper and middle levels. The failure elongation was 58% higher
(p < 0.01) at the lower level than the upper level. The modulus of the LF was 64% higher (p = 0.04)
at the lower level than both the upper and middle levels. The LF was one of the only ligaments to
have toe region effects. Toe region elongation was 89% longer (p < 0.01) at the lower level compared
to both the upper and middle, and toe region strain was 63% longer (p < 0.01) at the lower level
compared to both the upper and the middle levels. The failure elongation for the ISL was 35% longer
(p = 0.033) for the lower level than the upper level. The ISL also had toe region elongation effects, as
the lower level was 80% longer (p = 0.02) than both the upper and middle levels.

Detailed average values for spinal level effects can be seen in Table 6-3.
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Table 6-3: Spinal level effects for cervical spine ligaments

Failure

. Failure Force . Stiffness Toe Region Failure Stress Modulus Toe Region
Ligament Level Elongation

(mm)

Failure Strain

(N) (N/mm) (mm) (MPa) (MPa) Strain

Up
Mid
Low

p

ALL

Up 0.72(0.22)
Mid 0.78 (0.23
PLL (0.23)
Low 0.69 (0.30)
p 0.95

Up 0.18 (0.10)

Mid 0.17 (0.10)

c Low 0.17 (0.10)
p 0.8

Up
Mid
Low

p

LF

Up 0.49 (0.13)
Mid 0.48 (0.15
ISL (0.15)
Low 0.53 (0.22)

p 0.86

Average (SD) values with asterisk*+ are statistically significant p < 0.05

Colour shading shows trends
p-value shown



6.3 Gender Effects

Only two ligaments had significant gender effects; the ALL and CL. For the ALL, male ligaments
had a 33% higher (p = 0.038) modulus than female, and for CL, the male ligaments failed at a 22%
higher (p = 0.046) force than female. There were some consistent trends in the results. Male values
were higher for every ligament for failure force, and all ligaments except PLL for failure stress. Male
ligaments appear to fail at a higher elongation for most ligaments, however not at a higher strain, thus
this was likely due to longer initial length.

Detailed average values for gender effects can be seen in Table 6-4.
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Table 6-4: Gender effects for cervical spine ligaments

Failure Failure Stiffness
Ligament  Gender Force (N) Elongation (N/mm) R
(mm)
Male 3.88 (1.14)
ALL Female 3.85 (1.15)
p
Male 287 (114)
PLL Female 299 (142)
p 0.85
Male 120 (42)
CL Female 120 (53)
p 0.86
Male
LF Female
p
Male 13
ISL Female 1.2
p

Average (SD) values with asterisk*+ are statistically significant p < 0.05

Colour shading shows trends
p-value shown

Toe Failure
egion Stress
(MPa)

Failure Modulus  Toe Region
Strain (MPa) Strain

0.68 (0.23)
0.74 (0.26)

0.16 (0.10)

0.17 (0.11)
0.51

0.99
1.11(0.53)
1.04 (0.34)
0.75

0.17 (0.10)
0.17 (0.10)
0.38

0.57 (0.12)
0.56 (0.16)
0.49

0.27 (0.14)
0.26 (0.15)
0.73

1(0.76) 0.47 (0.11)

0.53(0.22)

0.12 (0.07)

8(1.13) 0.13(0.12)

0.69 0.27 0.9




6.4 Craniovertebral Ligament Results

Forty-four total craniovertebral specimens were tested successfully, with an approximately even
gender distribution within each ligament as summarized in Table 6-5. Ligament curves demonstrated
the expected sigmoidal shape. Only one ligament was tested for both the AAAM and the PAAM, due
to availability of spines. Significant effects (p < 0.05) are identified using bold type font. Only the
TM complex (tectorial membrane, vertical cruciate, apical, and alar ligaments) exhibited significant
rate effects, and there were no consistent trends among the other ligaments. Gender effects were also
inconsistent, with only a significant gender effect for failure force of TL, and modulus of PAOM.
Detailed values for craniovertebral ligaments are found in Appendix A, and raw data ligament
ligament curves can be found in Appendix B.

Table 6-5: Quantity of craniovertebral ligaments tested by type, gender and rate

Ligament Quantity Gender Rate
Male Female Quasi-static High

TM Complex 8 4 4 3 5
TL 3 3 2 4
AAOM 14 5 9 6 8
PAOM 14 4 10 6 8
AAAM 1 - 1 1 -
PAAM 1 - 1 1 -
Total 44 16 28 19 25

Significant Effects

Since only one sample of the AAAM and the PAAM were tested, no gender or rate effects could be

analyzed. Mechanical properties from the quasi-static tensile tests can be seen in Table 6-6.

The TM complex was the only ligament exhibiting consistent rate effects, as it demonstrated a
decrease in failure elongation (p < 0.01) with increasing strain rate, from 8.55 mm (2.57) at quasi-
static to 4.71 mm (0.96) at high rate, a decrease in failure strain (p = 0.04) with increasing rate, from
0.43 (0.10) at quasi-static to 0.27 (0.04) at high rate, and an increase in stiffness (p = 0.03) with
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increasing rate from 219 N/mm (51) at quasi-static to 590 N/mm (183) at high rate. There was a
significant gender effect (p = 0.04) for the failure force of the TL, as female ligaments failed at a
higher force than male ligaments at 528 N (84) and 392 N (52) respectively. The PAOM had
significant gender effects (p = 0.02) and rate effects (p = 0.046), as the male ligaments had a higher
modulus 1.63 MPa (0.93) than female ligaments of 1.02 MPa (0.35), and modulus increased with
strain rate from 1.12 MPa (0.40) at quasi-static to 1.5 MPa (0.96) at high rate.

Detailed average values for rate and gender effects can be seen in Table 6-7 and Table 6-8

respectively.

Table 6-6: Tensile properties of AAAM and PAAM

. Failure . Toe Failure . Toe
. Failure . Stiffness . Failure Modulus .
Ligament Elongation Region Stress . Region
Force (N) (N/mm) Strain (MPa) .
(mm) (mm) (MPa) Strain
AAAM 1068 6.59 221 0.95 21.2 0.53 4.4 0.08
PAAM 87 7.77 43 1.35 4.5 0.49 2.0 0.09
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Table 6-7: Loading rate effects for craniovertebral ligaments

TG Ra_Ee Failure Force EI(E?\:::ieon Stiffness Toe Region Failure Failu're Modulus Toe Region
(s7) (N) it (N/mm) (mm) Stress (MPa) Strain (MPa) Strain
Quasi (0.5) 1006 (416) 8.55 (2.57) 219 (51) 1.31(0.38) 33(12) 0.43 (0.10) 7.4 (2.5) 0.07 (0.01)
™ )

Complex High (150) 1582 (370) 4.71 (0.96) 590 (183) 1.25 (0.39) 46 (11) 0.27 (0.04) 17.3 (5.5) 0.07 (0.02)
p 0.08 <0.01 0.03 0.62 0.12 0.04 0.07 0.62

Quasi (0.5) 534 (116) 4.75 (0.31) 196 (22) 1.97 (0.07) 29 (11) 0.25 (0.08) 10.6 (3.0) 0.10 (0.03)

TL High (150) 423 (76) 5.45 (0.36) 178 (42) 2.45 (0.30) 23 (6) 0.26 (0.03) 9.7 (2.9) 0.12 (0.02)
p 0.07 0.19 0.36 0.14 0.19 0.82 0.63 0.55

Quasi (0.5) 516 (192) 6.00 (1.32) 140 (45) 1.81 (1.06) 6.6 (2.3) 0.46 (0.10) 1.8 (0.4) 0.14 (0.07)

AAOM High (150) 509 (108) 6.02 (1.74) 167 (64) 1.38 (0.73) 5.9(1.4) 0.49 (0.16) 1.9(0.7) 0.11 (0.04)
p 0.98 0.59 0.67 0.87 0.54 0.59 0.98 0.72

Quasi (0.5) 198 (80) 6.99 (2.30) 59 (28) 1.21(0.71) 3.8(1.0) 0.52 (0.13) 1.1(0.4) 0.11 (0.06)

PAOM High (150) 162 (52) 6.02 (4.18) 74 (54) 1.22 (0.54) 3.6 (1.3) 0.39 (0.20) 1.6 (1.0) 0.08 (0.05)
p 0.72 0.56 0.41 0.57 0.93 0.16 0.05 0.26

Average (SD) values, with significant effects and p-values shown
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Table 6-8: Gender effects for craniovertebral ligaments

L Rate Failure Force EI(E?\:::ieon Stiffness Toe Region Failure Failu're Modulus Toe Region
(N) it (N/mm) (mm) Stress (MPa) Strain (MPa) Strain
Male 1357 (669) 6.73 (3.09) 438 (207) 1.41 (0.43) 42 (18) 0.32 (0.12) 13.7 (5.6) 0.07 (0.01)
™ Female 1375 (241) 5.57 (2.08) 464 (298) 1.14 (0.24) 40 (32) 0.34 (0.10) 13.4 (8.6) 0.07 (0.02)
Complex p 0.43 0.02 0.38 0.29 0.6 0.57 0.59 0.73
Male 392 (52) 5.09 (0.63) 156 (22) 2.14 (0.24) 20 (3) 0.22 (0.03) 7.9 (1.5) 0.09 (0.02)
TL Female 528 (84) 5.35(0.37) 212 (16) 2.44 (0.41) 30 (6) 0.29 (0.03) 12.1(1.3) 0.13 (0.01)
p 0.04 0.51 0.07 0.29 0.06 0.08 0.11 0.17
Male 486 (149) 6.49 (1.50) 140 (49) 1.52 (1.07) 6.6 (1.7) 0.53 (0.16) 1.9 (0.5) 0.12 (0.07)
AAOM Female 547 (140) 5.37 (1.39) 176 (64) 1.63(0.62) 5.6 (1.9) 0.40 (0.06) 1.8(0.7) 0.12 (0.03)
p 0.18 0.48 0.59 0.74 0.44 0.15 0.71 0.89
Male 187 (105) 5.2 (1.5) 82 (46) 1.1(0.62) 3.75(1.3) 0.42 (0.1) 1.6 (0.8) 0.09 (0.06)
PAOM Female 149 (43) 7.9(4.7) 48 (21) 1.6 (0.54) 3.3(0.9) 0.5(0.2) 1.0(0.3) 0.1(0.05)
p 0.54 0.16 0.12 0.21 0.64 0.33 0.02 0.42

Average (SD) values, with significant effects and p-values shown




Chapter 7

Discussion of Ligament Testing

The aim of this study was to provide a more complete set of data for cervical spine ligament
mechanical properties, for a younger population, loaded at rates representative of automotive
accidents. The relatively large sample size used in this study also allowed for a more comprehensive
analysis of gender and spinal level effects to be performed. In general, the current study reported
higher values of failure force and stiffness and lower values of failure elongation compared to

previous studies at comparable rates.

High degree of scatter is present in all biological testing, due to variations within spines and between
spines, so there is always a risk of trends or effects being masked by the scatter. These effects are
impossible to eliminate, as there will always be differences between individuals. However, the
challenges that scatter present can be overcome with larger sample sizes. This study evaluated the
largest quantity of primary cervical spine ligaments known to date (262 specimens), compared to the
sample size from the largest previous study of 107 ligaments (Yoganandan et al., 1998; Yoganandan
et al., 2000).

Although previous studies have used the same ligament length to area ratio technique for determining
ligament cross sectional areas (Yoganandan et al., 1998; Yoganandan et al., 2000; Bass et al., 2007),
it must be noted that the values for failure stress, failure strain, modulus, and toe region strain are only
approximations, as the areas were calculated based on average ligament length to area ratios from a
previous cryometric geometry study (Yoganandan et al., 1998; Yoganandan et al., 2000). This
technique involved sacrificing the ligament to accurately measure the cross sectional area,
consequently it was not able to be used in this study to determine the specific ligament areas. There
was no practical method for measuring the areas directly due to the complex shape of the ligaments
and impeding bony attachment points. Furthermore, as the ligament was loaded, the cross sectional
area will change, and there was no feasible method to measure instantaneous cross sectional area as
the specimen is tested, due to the environmental chamber. One study which did not test the ligaments

to failure measured cross sectional areas following testing (Troyer et al., 2011). This method was not
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appropriate for failure tests, since spinal ligaments have been shown to have large variations in strain
across the width and length of the specimen, resulting in failure occurring at numerous locations, thus
making it impossible to acquire a full mid-substance sample in the transverse plane (Neumann et al.,
1992). Optical methods can be used, but were not available at the time of testing and can be difficult

to employ with an environmental chamber.

Most ligaments failed by transection, but a small number of ALL and PLL failed by avulsion fracture
(ligament remained intact, but bone fractured near connection point), and insertion site failure
(ligament failed at connection point to bone). All failure modes were included in the analysis, as
there was no notable difference in terms of the general response. The failure mode was not found to
be influenced by strain rate, spinal level or gender, which was in agreement with findings reported by
Bass et al.(2007).

It was noted that the LF displayed a substantially longer toe region and a more gradual increase in
stiffness, especially compared to the longitudinal ligaments which had a more abrupt increase in
stiffness at the toe region. The rapid increase from toe region to linear phase in the longitudinal
ligaments compared to the ligamentum flavum is due to the close alignment of collagen fibrils (Kirby
et al., 1989). Initially the fibril orientation of the PLL is distributed about 78° (£38° from the
physiological loading direction), but reduces to 24° (x12°) when subjected to a strain of 0.3 where
alignment progresses no further as the fibrils are elongated and demonstrate a constant stiffness. The
LF fibrils however are initially oriented at 135° (x67.5° from loading direction), and reduce to 78°
(x39°) at a strain of 0.3 and continue to narrow under further loading, as stiffness gradually increases.
The high elastin content and broad orientation of the collagen fibrils of the LF are responsible for the

more gradual increase in stiffness and longer toe region.

This is the first study to report the post-failure response of the ligaments, which has been shown to
have a significant effect on neck response in mathematical models (DeWit et al., 2010). The
ligaments do not abruptly fail, but tend to exhibit a more gradual stepwise failure response, still
supporting a reduced load after the ultimate load. It has been well documented that when ligaments
are loaded, the nonlinear response is analogous to the incremental loading of spring elements, as

collagen bundles are engaged (Frisen et al., 1969; Woo et al., 1993). The progressive stepwise failure
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of the ligaments suggests that failure occurs in a similar way; bundles of collagen fail incrementally
(Neumann et al., 1992) when each bundle reaches respective failure elongation resulting in the typical

stepwise failure response shape.
7.1 Rate Effects

The results demonstrated the anticipated rate effects particularly for stiffness and failure force, both
increasing with increased rate, at a significant level for most of the ligaments. Although trends were
present, the LF was the only ligament to not show significant rate effects. The viscoelastic properties
of the ligaments are mainly attributed to the collagen content of the ligament (Lucas et al., 2009;
Kirby et al., 1989; Fung, 1993), therefore the rate effects on the properties of the ligamentum flavum
are expected to be less significant (Bass et al., 2007), due to the higher elastin-collagen ratio
(Nachemson et al., 1968; Kirby et al., 1989).

7.2 Spinal Level and Gender Effects

The large number of specimens used in the study allowed the ligaments to be grouped into three
spinal levels; upper (C2-C4), middle (C4-C6), and lower (C6-T1). This has not been possible in past
studies due to limited sample sizes, so only clinical groupings of middle (C2-C5) and lower (C5-T1)
had been used (Yoganandan et al., 1998). A preliminary analysis was performed on the data for the
six spinal levels to ensure that no trends were present within the proposed groupings. Level effects
were often not significant, except for the LF which demonstrated several level effects; however there
were apparent trends among the other ligaments. The middle segments (C4-C6) often had the lowest
stiffness and modulus and lowest failure force and stress (ALL, CL, LF, ISL). This is of interest
because numerous studies have reported these segments as having the largest range of motion in
flexion and extension (Van Mameren et al., 1990; Lind et al., 1989; Dvorak et al., 1988; Ito et al.,
2004) and axial rotation (Penning et al., 1987). One study found range of motion in flexion/extension
to be significantly greater in the C5-C6 (22.8 + 2.3°) compared to the C7-T1 (13.8 £ 2.8; Nightingale
et al., 2002). These similarities between the results of the current study and previous segment tests

suggest ligament properties may differ between spinal levels, thus may play a role in the larger range
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of motion. Conversely, the PLL had the highest stiffness in the middle region, consistent with a
previous study (Przybylski et al., 1996). Since the PLL is the closest ligament to the center of

rotation of the vertebral bodies, it plays a limited role in restricting range of motion of the spine.

Failure elongation was shown to be significantly lower at the upper levels compared to the lower
levels for CL, LF, and ISL. Since these trends were not present for failure strain it was established
the differences were due to ligament lengths being longer at the lower level.

The current study found gender trends consistent with previous studies. Several previous studies have
found gender effects for soft tissue cervical spine tests. Female cervical spines failed at 75% the
compressive force as male spines (Pintar et al., 1998), male segments were significantly stronger and
stiffer than female segments in flexion (Nightingale et al., 2007), and female range of motion has
been reported to be larger, both in volunteer tests(Ferrario et al., 2002), and segment tests (Stemper et
al., 2003). The current study found significant differences for ALL modulus, and CL failure force,
where male values were significantly higher. Although these were the only significant effects, there
were consistent trends for failure of male ligaments occurring at a higher force and stress for all
ligaments, with stiffness and modulus higher for ALL, LF and ISL among male specimens, which
would account for the increased stiffness and strength and flexion, and decreased range of motion.
The trends were less pronounced for the stress, strain and modulus values, which suggests differences
could be due to structural differences where length and cross sectional area contribute to the higher

strengths and longer failure elongations among the male specimens.
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7.3 Comparison with Previous Studies

The results of the present study were found to exhibit similar trends to previous studies as
summarized in Table 7-1. Generally, the results of the present study demonstrated higher failure
force, stress, stiffness, and reduced elongation and strain at failure than previous studies. While there
may be some differences due to differences in strain rates and testing conditions, the differences
observed in the current study are thought to primarily be attributed to the younger age of the
specimens. The current study used specimens with an average age of 44 (27 to 50) years old, while
previous tests had average ages above 55 years old (Chazal et al., 1985) up to 81 years old (lvancic et
al., 2007). Significant discrepancies between previous studies in the literature comparing lumbar
ligament failure forces have been attributed to age differences (Neumann et al., 1992). Neumann et
al. (1992) reported average failure forces of 1060 (304) N (specimens aged 21-43), Chazal et al.
(1985) reported forces of 511 (47) N (ages 63-80), and Myklebust et al. (1986) reported forces 444

(267) N (mean age 67). Forces decreased by over 50% with an average age increase of 35 years.

Values for failure force and stiffness are shown for ALL and PLL at quasi-static rates based on the
mean age of specimens for each respective study (Figure 7-1). Results from the current study are
compared to values reported in previous studies (Chazal et al., 1985; Myklebust et al., 1986;
Przybylski et al., 1996; Yoganandan et al., 1998). A trend is present for failure force and stiffness for
both ALL and PLL to decrease with increasing age.
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Figure 7-1: Age compared to failure force and stiffness of current and previous cervical spine
ALL and PLL studies
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Table 7-1: Comparison of data from current study to literature, grouped by comparable elongation rates

Ligament Failure Force (N) Failure Elongation (mm) Stiffness (N/mm)

Quasi-static Myklebust et al Current Study Ratio My Zej/ust C;’tr:f{;t Ratio Yogc;rzzl;dan C;tr:z;t Ratio
ALL 111 (56) 342 (149) 3.1 7.6 (3.9) 4.0(1.1) 0.5 17 (3.4) 139 (58) 8.2
PLL 83 (55) 341 (104) 4.1 6.1 (5.4) 2.7 (1.1) 0.4 24.(7.2) 215 (68) 9.0
cL 215 (102)* 195 (62) 0.9 8.7 (5.4)* 4.4 (1.4) 0.5 35 (6.1)* 85 (41) 2.4
LF 115 (50) 243 (118) 2.1 8.0(4.7) 5.6 (1.4) 0.7 23 (7.0) 118 (70) 5.1
ISL 34 (20) 56 (37) 1.6 7.3(5.2) 6.7 (1.9) 0.9 7.1(1.6) 13 (8) 1.8
High Bass et al Ivan;:lic et ngzgt Ratio Ivancic et al C:tr:‘ej;t Ratio Ivancic et al C;’tZZ;t Ratio
ALL 400 (239) 138 (112) 450 (132) 1.7 4.0 (1.0) 3.8 (1.0) 0.9 50 (53) 242 (65) 4.8
PLL 435 (290) 164 (80) 437 (135) 1.5 4.2 (1.5) 2.8(0.7) 0.7 72 (50) 362 (151) 5.0
CL - 220 (84) 286 (73) 13 4.9 (1.4) 4.3(1.8) 0.9 69 (34) 142 (40) 2.1
LF 231 (119) 244 (143) 258 (99) 11 4.2 (1.5) 4.2 (1.5) 1.0 118 (83) 144 (70) 1.2
ISL - 86 (68) 98 (66) 1.1 5.9 (2.9) 4.6 (1.3) 0.8 22 (13) 35(17) 1.6

Ratio is the average the present study to the average of all previous studies
*CL were tested as a pair




The standard deviations of the properties with respect to the percentage of the mean values were
lower than the previous reported standard deviations, and graphically, at similar high strain rates, the
ligament curves from the current study (750-2500 mm/s) appear to have less scatter than a previous
study (620-830 mm/s) (Figure 7-2) (lvancic et al., 2007). The ligaments also noticeably fail at higher
forces, especially for the ALL and PLL, for the current study, which was expected due to the age
difference between means (37 years). The more apparent difference in the ALL and PLL could be
related to the bone content. One study of lumbar ligaments has shown the high dependence of the
longitudinal ligament structural properties on the vertebral mineral content, which decreases with age
(Neumann et al., 1994).

117



700

ALL 801 pLL

Force {N)
Force (N)

3 4
Elongation (mm)

LF

0 1 2 3 4 5 6 7 8 9 0 1
Elongation (mm)

3 4
Elongation (mm)

300

m— Current Study

250 Ivancic, et al. (2007)

200

Force (N)
-
o
o

100

50

4
Elongation (mm)

Figure 7-2: Graphical comparison of ligament force-deflection curves between current study

(750-2500 mm/s) results at high strain rate and Ivancic et al. (2007) (620-830 mm/s)
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Every effort was made to simulate in vivo testing conditions in the current study, where testing
conditions were often found to be inconsistent between previous studies. Only one study reported the
attempt to mimic in vivo conditions by testing the ligaments as close to body temperature 37°C and
hydration levels as possible (Bass et al., 2007). In a recent study, Bass et al.(2007) showed that the
ALL ligament in porcine subjects exhibited strong temperature dependence, and due to the similarity
between porcine and human ligaments, temperature must be taken into account especially for
dynamic responses (Bass et al., 2007). Porcine ligament specimens tested at room temperature
(21.1°C) showed a 50% higher failure force than those tested at body temperature (37.8°C), so data
from previous studies may provide higher stiffness than that expected under normal physiological

conditions, so differences due to age may be even more prominent.

Preconditioning of ligaments prior to testing was important as it returns the structural collagen fibers
to physiological conditions by removing any crimping in the ligaments as a result of being stored in a
frozen and fixed position (Hashemi et al., 2005), and demonstrates a response more representative of
normal physiological conditions (Van Ee et al., 2000). Only four previous studies performed
preconditioning cycles (Chazal et al., 1985; Przybylski et al., 1996; Yoganandan et al., 2000; Bass et
al., 2007), which could also contribute to the differences observed between the current study and

existing data.
7.4 Confounding Differences when Comparing with Previous Studies

Since there are inconsistencies between previous studies and the current study, experimental factors
were expected to affect the results differently. For example, confounding factors would be: younger
specimens were expected to increase failure force, while using an environmental chamber to keep
ligaments warm and moist was expected to reduce failure force. A matrix was developed to illustrate
how the differences in experimental procedure could contribute to differences between results of past
studies compared to the current study (Table 7-2), at similar strain rates. An upward arrow (1) means
results would be expected to be higher in the current study due to an effect, while a downward arrow
(]) means results would be expected to be lower. Younger ligaments have increased failure force and

the ability to withstand deformation (increased elongation) (Neumann et al., 1994; Cowin et al.,
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2007), in vivo test conditions lower the failure force (Bass et al., 2007), preconditioned specimens
have increased failure elongation (Fung, 1993), and securely potting the bone ends of the specimens
decreases the failure elongation compared to using pins inserted into the vertebral bodies (Neumann
etal., 1992).

Table 7-2: Anticipated effects of experimental factors on results from current study
contributing to a difference between previous studies

. Failure Force Failure Elongation
Loading Previous Study o ;
Rate in vivo . Grip

Age Conditions Age Precondition Method
Chazal et al (1985) 1 ! 1 1 -
Quasi-
Mykl (1
Static yklebust et al (1988) 1 ! 1 1 l
Yoganandan et al (1998) T l T T l
Quasi/High  Yoganandan et al (1989) 1 ! 1 - !
Ivancic et al (2007) 1 l 1 1 -
High
Bass et al (2007) 1 - 1 - -

7.5 Discussion of Craniovertebral Ligament Study

The goal of this aspect of the study was to provide a more detailed data set for the mechanical
properties of the craniovertebral ligaments, for a younger population at strain rates relevant to
automotive crash scenarios, as these properties have been highlighted as areas for improvement in
previous finite element model studies (Panzer, 2006). Statistical analysis was performed to
investigate what effect increasing deformation rate had, if any, and additionally to determine if there
was a significant difference in mechanical properties between male and female ligaments. There was
no difference in failure mode, as all ligaments failed by transection. As with all biological testing, a
large amount of scatter was present in the data, primarily attributed to morphological and
physiological variations between spines. Since there was only one of each ligament available from

each spine, it was difficult to procure enough spines for large sample sizes for each ligament.
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Importantly, this study presents the most detailed data available to date, which is essential for the

development and validation of detailed numerical models.

The results from the current study were comparable to other studies at quasi-static rates (Table 7-3,
Figure 7-3, and Figure 7-4), and high rates (Table 7-4). At quasi-static rates, the current study
demonstrated higher failure force and stiffness values, and lower failure elongation values than
previously reported data. This was expected as the primary difference between the studies was an
average age difference of 24 years. The mean age of the specimens from the previous study was 67
years old (Pintar, 1986), compared to 43 years old in the current study. As outlined previously, the
literature has shown that cervical spine ligament properties deteriorate with increasing age. The
previous study also did not perform preconditioning cycles on the ligaments which may also
contribute to the difference. The AAOM and PAOM values from left and right halves are compared
to results from full ligaments, and are considerably stronger and stiffer than previously reported. The
anterior atlanto-axial, and atlanto-occipital membranes were substantially stronger than the posterior

membranes, as expected (Moore et al., 1999).

Table 7-3: Comparison of data from current study to literature, at quasi-static rates

Quasi-Static Failure Force (N) Failure Elongation (mm) Stiffness (N/mm)
Ligament Pintar et al. Current Study Pintar et al. Current Study | Pintar et al. Current Study
TM complex 1083 (261) 1006 (416) 8.0 (5.3) 8.5(2.6) 76 (33) 219 (51)
AAOM* 232 (23) 512 (143) 18.9 (2.7) 6.0 (1.5) 16.9 (3.2) 155 (57)
PAOM* 83 (17) 177 (65) 18.1(2.7) 6.4 (3.4) 5.7 (0.4) 68 (44)
AAAM 263 (152) 1068 11.8 (7.0) 6.6 24 (11.7) 224
PAAM 111 (85) 87 9.6 (4.3) 4.4 11.6 (11) 43

Average (SD) values reported
*Note: tested as halves for current study, complete ligaments for previous study
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Figure 7-3: Comparison of failure force data between studies at quasi-static rates
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Figure 7-4: Comparison of stiffness data between studies at quasi-static rates

It is difficult to make comparisons at higher deformation rates due to the lack of data in the literature,

and inconsistent testing procedures between studies.  Although all were classified as high rate tests,
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there were differences in the deformation velocity. The current study involved high rate tests from
1.5 to 3.5 m/s (depending on initial ligament length, all high rate tests were performed at 150 s™).
Panjabi et al. (1998) performed all tests at 0.92 m/s (51-79 s™) using a pneumatic test fixture, and
Shim et al. (2005) performed tests at speeds between 10 and 12 m/s (570-1700 s™) using a split tensile
Hopkinson bar system. Despite the differences in elongation rates, the results for failure force, failure
elongation and stiffness are comparable to the results by Shim et al. (Table 3). Failure force values
were comparable between all three studies, however Panjabi et al. (1998) reported unusually low
values for failure elongation (less than 0.5 mm), and since stiffness is correlated to elongation,
stiffness values were unusually high (Figure 7-5). The values from the Panjabi et al. (1998) appear
unusually high when plotted on a log scale graph of strain rate, as the high rate stiffness value for the
alar is higher than the stiffness value of the TM complex from the current study, which includes
several ligaments including the alar, and is from specimens of younger mean age. The TL stiffness
value from the high rate Panjabi et al. (1998) study also seems unusually high compared to the values
from the current study and from Shim et al. (2005). Panjabi et al. (1998) did not perform
preconditioning cycles on the ligaments, which may contribute to shorter failure elongation (Fung,
1993).

Table 7-4: Comparison of data from current study to literature, at high rates

High Rate | Failure Force Failure Elongation (mm) Stiffness (N/mm)

Ligament Panjabi Shimet  Current Panjabi et Shim et al Current Panjabi et Shim et Current
& etal. al. Study al. " Study al. al. Study

/é'cfr;/;':'x 367(83) 398(69) 1582(371) | 0.35(0.15) 2.4(0.03) 4.71(0.96) | 2316(888) 245(98) 590 (183)

TL 436 (55) 269 (24) 460 (97) 0.42(0.17) 1.41(0.41) 5.22(0.48) | 1472(691) 260 (68) 184 (35)

Average (SD) values reported
Strain rates(s™) for Alar/TL: Panjabi (79/51), Shim (1700/570), current study (150/150)
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Figure 7-5: Stiffness comparison between studies on logarithmic rate scale

Statistically significant gender effects were observed, but were not consistent among the ligaments.
The large amount of scatter in the data makes it difficult to identify statistical significance within
strain rate and gender effects with small sample sizes. As mentioned, since each craniovertebral

ligament is only present once in each spine, it is difficult to acquire a large amount of test specimens.

The AAAM and PAAM only had one specimen each due to limited spine samples. The data from
these ligaments is useful in establishing a frame of reference for these ligaments as they were tested at

in vivo conditions and procured from a young female spine (29 years old).

The post-ultimate load response region was shown for the first time for craniovertebral ligaments, and
ligaments appeared to fail in a characteristic stepwise manner; likely due to the subsequent failure of
bundles of collagen fibres. This was particularly apparent for the TM complex, which also consisted

of several ligaments, which may have failed incrementally resulting in the stepwise failure. The TL
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however, typically failed in a more abrupt fashion. This is possibly due to the presence of cartilage in
the tissue (Milz et al., 2001) as it acts as an articular facet of the dens, and contains very few elastic
fibres (Saldinger et al., 1990), resulting in a more abrupt failure mode. These shape characteristics of
the curves are important for finite element modeling purposes, as the post ultimate load region has

been shown to have a significant effect on the response of the neck (DeWit et al., 2010).
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Chapter 8

Development of Average Curves

The intended purpose of the data obtained from the ligament tests was to support the development of
finite element models of the cervical spine. A common approach used to model ligaments is
implementing beam elements with mechanical properties in the form of force-displacement curves
(Fice et al., 2009). Statistically significant trends were found in the results, which were used to
develop mechanically meaningful average curves. Unique curves were developed for each ligament,
at each strain rate, for each respective gender and spinal level, based on the level of significance of
each effect. Each unique curve could then be built into the model depending on gender and spinal

level.

Average curves cannot be created by simply averaging the force and elongation points, as each curve
has a different response during loading. Two previous studies have developed average curves, by
first normalizing the raw data curves, followed by averaging the non-dimensionalized values at each
elongation point (Pintar et al., 1992; Yoganandan et al., 1998; Yoganandan et al., 2000). The average
curves were then scaled to the average failure force and elongation values. The normalization and
averaging processes removed the non-linear features of the curves, so the average curve did not
display the characteristic sigmoidal loading shape, particularly the toe region characteristics. This is
an issue when used in a model, as the shape of the curve directly determines the ligament behavior.
The toe region is important because it is representative of the physiological range of motion; without

a toe region, models would initially behave unrepresentatively stiff.

Average curves were developed in the current study by using the average values of distinct points and
curve traits (toe region, failure force and elongation, stiffness), and fitting polynomial and linear
curves to the points to form the sigmoidal shape. This method generated curves with the average

measured metrics from the raw data curves, while maintaining the characteristic shape.
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8.1 Average Curves for Rate Effects

Rate effects were deemed most important as they were often the most significant effects, and have
been consistently demonstrated by previous studies. Curves were initially developed for quasi-static,
medium, and high strain rates based on average values (Table 6-2). All significant effects were
incorporated into the curves, and trends were also represented. Rate effects are expected to be
proportional with strain rate, so effects observed at the medium rate should lie within the range of the
guasi-static and high strain rates. There were limited scenarios where this was not the case, where
values did not increase or decrease with rate, but alternatively results from the medium strain rate
tests were the highest or lowest. The unusual trends were assumed to be due to biological variance in
the specimens and thus not represented accordingly in the average curves. For these cases the
medium rate value was averaged with the closer bound with no statistical difference (of quasi-static or

high rate) in order to represent the corrected trend.

For example, the medium rate toe region for the ISL was shown to be significantly different than the
quasi-static value, but not different from the high rate value. Therefore the medium and high rate

values were averaged together, as shown in Table 8-1.

Table 8-1: Correction method for medium rate values outside quasi-static high rate bounds,

shown for ISL (Toe Region)

Toe Corrected
Strain Rate Region Toe Region
(mm) (mm)
Quasi-Static 1.89 1.89
Medium 0.72 0.96
High 1.2 0.96

The initial points used to develop the curves included the starting point (zero force, zero elongation),

the toe region (force and elongation), end of the linear region (force), and failure point (failure force,

failure elongation). The force was measured for each raw ligament curve at the toe region elongation

(as determined by the bilinear fit method). Only the elongation values as reported in the results
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section had rate effects; no trends were observed for the force values at the end of the toe region, so
values were averaged for all three rates for all ligaments (Table 8-2). Stiffness trends were most
significant for rate effects, so the loading curves were extended linearly from the toe region according
to the stiffness values. The loading portions were extended linearly until the onset of the traumatic
phase, where stiffness begins to decrease. This threshold was set by a force, as determined by the
ratio of the force at the end of the linear region to the failure force, from the raw data curves (Table
8-2). No rate effect trends were observed in the ratios, so values were averaged; the force however
was still dependent on the average failure force for each rate. Finally the failure point was plotted

from average failure elongation and average failure force for each rate.

Table 8-2: Average values for toe region force and traumatic force ratio

Ligament Toe Region Traumati.c
Force (N) Force Ratio
ALL 40 0.75
PLL 40 0.72
L 23 0.64
LF 41 0.83
ISL 10 0.71

The characteristic points used to develop the average rate curves can be seen in Figure 8-1. All
curves start at zero force, zero elongation (B). The loading region extends linearly from the end of
the toe region (C) to the force of the onset of the traumatic region (D), and maximum force is reached
at the failure point (E). Additional points were added to ensure the curve shape is representative
when polynomial curves were fit to the points. Points A, and F were added for the slope of the curves
to be zero at zero elongation and failure, respectively. Intermediate points were added between B and

C, and D and E so the fitted polynomials would have smooth transitions between characteristic points.
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Figure 8-1: Characteristic points used to develop average rate curves (ALL shown)

Two different polynomial curves were fit to the points: one for the toe region and one for the
traumatic region. The toe region polynomial forcing conditions were zero slope at zero elongation,
and no slope discontinuities at the transition point to the linear region, while the forcing conditions for
the traumatic region polynomial were no slope discontinuities at the transition point from the linear
region and slope equal to zero at failure. Finite element software requires no discontinuities in slope
throughout the function to ensure model stability. The maximum change in slope between points for
all ligament curves was 50%, and curves were tested using finite element software to ensure curves
were sufficiently smooth and no instabilities occurred. The polynomial equations were used to
determine incremental points for the curves in the respected regions. The traumatic region
polynomial curve was designed to slightly underestimate force as it approached the failure point, to

ensure the maximum force of the curve never exceeded the failure force value from the results. This
129



produced a slight discontinuity at failure, but is negligible in model response. Finite element codes
such as LS-DYNA, have no requirement for number of points in a material property curve, only that
all transitions between regions are smooth. Each average curve contained 27 points: 4 points for the
characteristic points from average values (initial point, end of toe region, end of linear region, and
failure), 12 points for the toe region, and 11 points for the traumatic region. Average rate effect
curves for ALL is shown in Figure 8-2, and PLL, CL, LF and ISL are shown in Figure 8-3. Values
are shown in Table 8-3.
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Figure 8-2: Average rate effect curves for ALL
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Table 8-3: Average curve values for rate effects

ALL PLL CL
Quasi-Static Medium High Quasi-Static Medium High Quasi-Static Medium High
d f d f d f d f d f d f d f d f d f

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.23 0.10 0.89 0.10 0.65 0.05 0.69 0.05 0.33 0.05 0.78 0.07 0.27 0.05 0.04 0.05 0.04
0.20 0.56 0.20 1.94 0.20 2.08 0.10 1.09 0.10 0.67 0.10 1.74 0.14 0.60 0.09 0.21 0.09 0.13
0.30 1.02 0.30 3.19 0.25 3.17 0.15 1.34 0.15 1.08 0.15 2.72 0.21 1.01 0.14 0.51 0.14 0.50
0.40 1.69 0.40 4.79 0.30 4.58 0.20 1.65 0.20 1.66 0.20 3.65 0.28 1.52 0.18 0.99 0.18 1.04
0.50 2.69 0.50 6.89 0.35 6.37 0.25 2.25 0.25 2.54 0.25 4.57 0.35 2.19 0.23 1.67 0.23 1.75
0.60 4.12 0.60 9.74 0.40 8.60 0.30 3.41 0.30 3.86 0.30 5.60 0.42 3.07 0.27 2.60 0.27 2.66
0.70 6.15 0.70 13.63 0.45 11.38 0.35 5.39 0.35 5.80 0.35 6.95 0.49 4.26 0.32 3.82 0.32 3.79
0.80 8.95 0.80 18.93 0.50 14.77 0.40 8.44 0.40 8.59 0.40 8.94 0.56 5.86 0.36 5.38 0.36 5.23
0.90 12.71 0.85 22.24 0.55 18.90 0.45 12.75 0.45 12.47 0.45 11.96 0.63 7.98 0.41 7.33 0.41 7.05
1.00 17.65 0.90 26.05 0.60 23.87 0.50 18.47 0.50 17.72 0.50 16.52 0.70 10.76 0.45 9.74 0.45 9.34
1.10 24.03 0.95 30.44 0.65 29.81 0.55 25.65 0.55 24.63 0.55 23.19 0.77 14.37 0.50 12.67 0.50 12.24
1.20 32.11 1.00 35.47 0.70 36.84 0.60 34.24 0.60 33.54 0.60 32.66 0.84 18.97 0.54 16.18 0.54 15.89
1.28 40.00 1.04 40.00 0.72 40.00 0.63 40.00 0.63 40.00 0.63 40.00 0.88 23.00 0.60 23.00 0.60 23.00
2.84 256,50 i 255 288.00 : 195 33750 | 1.59 24550 : 1.66 336.00 @ 145 336.00 | 2.08 12480 @ 1.83 17280 | 1.72 183.04
294 268.70 : 2.67 300.60 : 2.11 363.07 | 1.69 26247 : 1.76 35797 @ 156 36290 | 2.27 138.02 @ 2.04 19191 . 194 206.37
3.03 280.06 : 2.78 31430 @ 2.26 38175 | 1.79 277.00 : 1.86 379.13 i 1.67 384.21 | 2.46 149.26 : 2.25 207.58 | 2.16 224.01
3.13 29045 : 290 326.74 @ 2.42 39540 | 1.89 28950 : 1.96 398.00 : 1.78 400.97 | 2.65 158.63 : 2.46  220.22 | 2.38 237.04
3.22  299.87 : 3.01 337.93 @ 257 405.60 | 199 300.32 : 2.06 41458 : 189 41432 | 2.84 166.41 . 2.67 230.56 | 2.60 246.86
3.32 308.30 : 3.13 347.87 @ 2.73 413,60 | 2.09 309.72 : 2.16 42887 : 2.00 42519 | 3.03 17292 @ 2.88 239.20 | 2.82 254.60
3.41 315.76 : 3.24 356.56 @ 2.88 42037 | 219 317.88 | 2.26 440.87 i 2.11 43430 | 3.22 178.45 . 3.09 246,59 | 3.04 261.09
3.51 32225 : 3.36 363.99 @ 3.04 426,56 | 229 32490 : 236 450.57 i 2.22 44218 | 3.41 183.26 : 3.30 253.00 | 3.26 266.91
3.60 32775 | 3.47 37017 @ 3.19 43251 | 239 330.80 : 2.46 457.99 | 2.33 449.15 | 3.60 187.48 : 3.51 258.57 | 3.48 27233
3.70 33229 | 3,59 37510 @ 335 43826 | 249 33552 @ 256 463.11 | 244 45531 | 3.79 19111 : 3.72 263.29 | 3.70 277.36
3.79 33584 @ 370 37864 @ 350 44352 | 259 33892 @ 266 46594 : 255 460.58 | 3.98 19392 : 3.93 266.99 | 3.92 28173
3.89 33842 @ 3.80 38087 @ 3.66 447.71 | 2.69 340.79 @ 2.76 466.49 | 2.66 464.65 | 4.15 19468 | 4.14 269.35 | 414 28488
3.97 342.00 | 3.89 38400 @ 3.79 450.00 | 2.77 34100 @ 277 467.00 : 2.77 467.00 | 430 195.00 : 430 270.00 | 430 286.00

d: displacement, f: force
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Table 8-3: Continued

LF ISL
Quasi-Static Medium High Quasi-Static Medium High
d f d f d f d f d f d f
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.25 0.06 0.16 0.73 0.14 0.10 0.15 0.09 0.08 0.03 0.08 0.03
0.50 0.70 0.32 1.50 0.28 0.73 0.30 0.24 0.15 0.12 0.15 0.12
0.75 1.94 0.48 2.23 0.42 1.90 0.45 0.47 0.23 0.29 0.23 0.29
1.00 3.66 0.64 2.96 0.56 3.49 0.60 0.79 0.30 0.56 0.30 0.56
1.25 5.65 0.80 3.75 0.70 5.37 0.75 1.22 0.38 0.94 0.38 0.94
1.50 7.73 0.96 4.78 0.84 7.46 0.90 1.78 0.45 1.46 0.45 1.46
1.75 9.82 1.12 6.28 0.98 9.72 1.05 2.47 0.53 2.13 0.53 2.13
2.00 12.09 1.28 8.56 1.12 12.29 1.20 3.31 0.60 2.97 0.60 2.97
2.25 14.98 1.44 12.00 1.26 15.47 1.35 4.32 0.68 4.00 0.68 4.00
2.50 19.36 1.60 17.06 1.40 19.85 1.50 5.52 0.75 5.24 0.75 5.24
2.75 26.57 1.76 24.28 1.54 26.31 1.65 6.91 0.83 6.71 0.83 6.71
2.95 33.00 1.89 30.50 1.64 32.87 1.80 8.50 0.90 8.43 0.90 8.43
3.08 40.70 2.04 40.70 1.73 40.70 1.89 9.75 0.96 9.75 0.96 9.75
4.66 227.84 : 337 227.84 i 3.03 227.84 | 414 39.48 @ 254 6596 : 2.65 69.86
4.74 235.11 3.50 238.65 3.13 237.10 | 436 42.22 2.72 70.07 2.83 74.41
4.82 242.17 3.63 246.87 3.23 244.91 458 4464 | 290 74.22 3.01 79.01
490 24855 : 3.76 252.74 : 333 251.14 | 480 46.80 : 3.08 7791 @ 3.19 83.13
498 25424 . 3.89 257.03 i 3.43 256.18 | 5.02 48.73 | 3.26 81.16 | 3.37 86.76
5.06 259.24 | 4.02 260.37 : 3,53 260.37 | 5.24 5041 @ 344 8397 : 3.55 89.90
5.14 263.55 : 415 263.20 : 3.63 26393 | 546 5184 362 86.36 : 3.73 92.56
5.22 267.16 : 428 26582 : 3.73 26701 | 5.68 53.03 380 8834 : 391 9473
530 270.08 : 441 26837 : 3.83 269.68 | 590 5398 398 8993 : 409 96.42
5.38 272.28 | 4.54 270.80 3.93 271.92 6.12 54.68 | 4.16 91.15 4.27 97.62
5.46 273.76 | 4.67 272.94 | 4.03 273.61 6.34 55.13 | 434 92.01 4.45 98.33
5.54 274.51 4.80 274.43 4.11 274.45 6.56 55.34 | 4.52 92.52 4.63 98.37
5.61 275.00 | 4.92 275.00 | 4.18 275.00 6.72 55.60 | 470 9290 : 4.64 98.40

d: displacement, f: force




8.2 Incorporating Spinal Level and Gender Effects into Average Curves

The average rate curves combined spinal level and gender effects. The spinal level and gender effects

were converted into ratios of the effect of one factor to the average of all factors combined (referred

to as ‘ratio to average’ values). For example: the ratio of the value for upper spinal level failure force

to the value of the overall failure force average of all levels. The spinal level and gender effects

would be applied to the curves so characteristic values measured from the gender and spinal level

effect curves would reflect the ratios compared to the average rate curves. The ratio to average values

can be seen in Table 8-4 and Table 8-5 for spinal level and gender respectively. Spinal levels were

grouped into upper (C2-C4), middle (C4-C6) and lower (C6-T1) regions according to the values and

level of significance obtained from the statistical analysis.

Table 8-4: Spinal level effect ratios to average values

. Failure . Toe
Ligament Level I Elongation SULUCED Region
Force (N) (mm) (N/mm) (mm)

Up 1.158 0.989 1.095 0.98

ALL Mid 0.839 0.864 0.925 0.882
Low 1.01 1.123 0.991 1.117

Up 0.983 1.083 0.866 1.142

PLL Mid 1.126 0.98 1.123 0.825

Low 0.888 0.927 1.017 1.06

Up 1 0.844 1.075 0.98

CL Mid 0.97 1.047 0.85 1.055
Low 1.05 1.13 1.067 0.954

Up 0.849 0.785 0.967 0.693

LF Mid 0.787 0.969 0.736 0.816
Low 1.322 1.225 1.257 1.443

Up 0.91 0.865 1.084 0.829

ISL Mid 0.798 0.946 0.965 0.729
Low 1.253 1.159 0.965 1.388
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Table 8-5: Gender effect ratios to average values

. Failure . Toe
. Failure . Stiffness .
Ligament Gender Elongation Region
Force (N) (N/mm)
(mm) (mm)
M 1.146 1.01 1.131 0.882
ALL
F 0.861 0.99 0.875 1.108
BLL M 1.035 1.058 0.98 1.095
F 0.965 0.942 1.02 0.92
cL M 1.104 1.086 0.998 1.04
F 0.905 0.923 1.001 0.968
LF M 1.051 1.033 1.091 1.075
F 0.949 0.965 0.909 0.925
ISL M 1.037 0.981 1.039 1.055
F 0.964 1.019 0.963 0.992

To incorporate the spinal level and gender effects, the points from the average curve (developed for
each rate) were scaled for each effect, so the values from the scaled curve reflected the ratios to the
average values. Since scaling a curve to adjust one value was confounded to affect other values
(increasing force would also increase stiffness), the scaling factors were weighted based on the
significance (p-value) of the effect. The scaling factors were also not necessarily uniformly applied
to the average curve; forces were scaled uniformly, but displacement values were scaled by different
numbers for the values of the toe region, and the values of the traumatic region. This also minimized
the confounding effect. Table 8-6 shows an example of how the scaling factors were applied to the
average curves. For example, to apply the effects for upper spinal level, the elongation values would

be multiplied by the scaling factors a, b, and c; a for the toe region, and b for the traumatic region,

and the force values would be multiplied by c.
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Table 8-6: Average curve scaling factors for effects

Average Curve | Spinal Level Gender
Upper Middle Lower Male Female
Region f d fl|d fl|d fFfld f|d f
0 0
Toe Region ' ’ a d h k n
1.28 40
o f j m p
Traumatic 2.84 256.5
Region ' ’ b e i | o
3.97 342

After the scaling factors had been applied, ratios could be calculated using the values of the
characteristic points from the scaled curves to the values from the average rate curves (curve ratios).
These ratios needed to match the effect-average ratios (results ratios) from the results (The average
rate curves combined spinal level and gender effects. The spinal level and gender effects were
converted into ratios of the effect of one factor to the average of all factors combined (referred to as
‘ratio to average’ values). For example: the ratio of the value for upper spinal level failure force to
the value of the overall failure force average of all levels. The spinal level and gender effects would
be applied to the curves so characteristic values measured from the gender and spinal level effect
curves would reflect the ratios compared to the average rate curves. The ratio to average values can
be seen in Table 8-4 and Table 8-5 for spinal level and gender respectively. Spinal levels were
grouped into upper (C2-C4), middle (C4-C6) and lower (C6-T1) regions according to the values and

level of significance obtained from the statistical analysis.

Table 8-4Since some factors were confounding, and it was impossible to make all ratios match, the
significance level of each factor was used to weight the effects. The difference was calculated
between the result ratios, and the curve ratios, and multiplied by the significance level. This term was

referred to as the error term.
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ErrorTerm = |Results Ratio — Curve Ratio| % (100 % (1 — Pugiue))

There was an error term for each of the four characteristic point values, for each spinal level (4x3)
and each gender (4x2), for a total of 20 error terms (12+8). The scaling factors were obtained by
using a solver function to minimize the sum of the error terms by adjusting the scaling factors.
Therefore terms with the lowest p-values, had the highest weighting, and contributed the most to the
sum of the error terms, so the scaling factors were adjusted to best represent the most significant
effects. The scaling factors are shown in Table 8-7.
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Table 8-7: Spinal level and gender effect scaling factors for average curves

Spinal Level Gender
Upper Middle Lower Male Female
Ligament d f d f d f d f d f
0.96 0.86 1.15 0.88 1.11
ALL 1.15 0.83 1.03 1.15 0.86
1.00 0.87 1.11 0.95 1.04
1.13 0.83 1.06 1.09 0.92
PLL 0.97 1.14 0.88 1.03 0.97
1.11 0.95 0.94 1.06 0.94
0.83 0.99 1.16 1.04 0.97
CL 0.96 0.95 1.11 1.10 0.90
0.86 1.06 1.10 1.09 0.92
0.70 0.84 1.41 1.07 0.92
LF 0.86 0.80 131 1.05 0.95
0.77 0.94 1.28 1.04 0.97
0.83 0.74 1.38 1.05 0.99
ISL 0.91 0.81 1.24 1.03 0.97
0.86 0.93 1.19 1.02 1.00

Note: for each ligament, upper elongation scaling factors are applied to toe region values, lower factors are
applied to traumatic region

The resulting curves with one scaling factor applied to each (either spinal level or gender) compared
to the initial average quasi-static curve for the ALL can be seen in Figure 8-4. For modeling purposes
both a spinal level and gender scaling factor would be applied by multiplying the scaling factors
together for each region of the curve (Figure 8-5). Since no spinal level and gender interaction effects

were found, scaling factors are independent of each other.
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Figure 8-4: Average quasi static ALL curve with spinal level and gender scaled curves
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Figure 8-5: Combined gender and spinal level average curves for quasi-static ALL
8.3 Addition of Post-Failure Response Region to Average Curves

As there were no obvious differences in post-failure response for the curves based on strain rate,
spinal level, or gender effects, only one post-failure response was used for each ligament for all
average curve circumstances. To determine the most representative curve for each ligament, the
guasi-static strain rate curves were normalized so each curve reached failure at a value of 1 for force
and elongation. The median curve was then selected as the curve that most demonstrated the
characteristic failure shape, and fell closest to the middle of the outermost extreme curves. Although
this method is subjective, it was deemed acceptable as the curve only needed to provide a guideline to
be used to characterize the failure response in the model. The normalized curve was reduced to 20
points for simplicity, ensuring the curve shape was still maintained. Post-failure response curves

were added to the average curves, and multiplied by the failure force and elongation of the curve it
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was added to. Normalized post-failure region curves are shown in Figure 8-6 and values are shown in
Table 8-8.
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Figure 8-6: Post-failure normalized curve response for primary ligaments
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Table 8-8: Post-failure normalized values for primary ligaments

ALL PLL CL
d f d f d f d f d f
1.00 1.00 | 1.00 100 | 1.00 1.00 | 1.00 1.00 | 1.00 1.00
106 098 | 1.09 099 | 1.04 098 | 1.01 097 | 1.04 0.95
111 073 | 1.20 093 | 1.14 087 | 1.03 092 | 1.06 0.92
119 063 | 1.37 061 | 1.27 069 | 1.07 063 | 1.14 0.84
128 061 | 158 058 [ 141 055 | 1.13 045 | 1.21 0.66
141 056 | 1.73 055 | 155 047 | 1.16 0.23 | 1.29 054
150 037 | 195 050 | 1.68 040 | 1.22 0.20 | 1.36 041
159 033 | 210 047 | 182 033 | 126 0.17 | 142 033
172 031 | 232 045 | 19 028 | 1.29 0.13 | 149 030
183 024 | 251 034 | 208 0.22 | 1.34 0.06 | 1.57 0.29
190 0.22 | 289 031 | 221 019 | 139 0.04 | 1.64 0.26
212 017 | 3.26 024 | 249 0.14 | 144 003 | 1.71 0.24
230 0.14 | 363 017 | 276 0.1 | 147 003 | 1.77 0.21
254 012 | 399 012 | 3.04 009 | 152 0.03 | 193 0.19
272 009 | 437 009 | 335 008 | 1.56 002 | 199 0.17
292 007 | 474 007 | 3.61 006 | 1.60 0.02 | 2.06 0.15
3.14 006 | 5.13 005 | 3.88 004 | 1.65 002 | 213 0.14
333 005 | 553 003 | 416 004 | 1.70 002 | 2.28 0.13
355 004 | 58 003 | 442 002 | 173 002 | 235 0.11
373 003 | 651 001 | 469 001 | 1.78 0.01 | 289 0.02

d: displacement, f: force

8.4 Validation of Average Curve Development

To ensure validity of the average curves, values were crosschecked back with values from the raw
data curves. The value obtained from a particular case (ligament, rate, spinal level, gender) from the
average curves, was compared to the average value obtained from the same test circumstance.
Sample sizes usually ranged between 1-4 samples for each particular case for each ligament, with the
exception of CL (2-6 samples, due to two ligaments per FSU). The value measured from the average
curve was checked to see if it fell within 1 or 2 standard deviations of the average results from the

raw data for failure force, failure elongation, stiffness, and toe region (Table 8-9). No standard
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deviation exists for instances with only one sample, so the average standard deviation of the other
circumstances for that ligament was used. In total, 80% of the values fell within one standard
deviation, and 89% of the values fell within two standard deviations. One contributor to the error was
when a particular instance only had two samples, and the values were similar. This resulted in a very
small standard deviation in which it was rare the average curve value would fall within. When these
cases (SD less than 20% the value of the average SD), were replaced with the average standard
deviation, the total increased to 85% within one SD and 94% within 2 SD. The quantity within
standard deviations is much higher for the CL, illustrating the importance of increased sample size.

Table 8-9: Quantity of specific instance values to fall within standard deviations of raw data

results

15D 2SD

ALL 75% 88%

PLL 82% 88%

CL 90% 97%

LF 82% 93%

ISL 71% 82%

Total 80% 89%

8.5 Craniovertebral Average Curves

The same process was used to develop the average curves for the craniovertebral ligaments. Since
there were so few significant effects however, only two different curves for rate effects were
developed for the TM complex; only one average curve was developed for the other ligaments as seen
in Figure 8-7, and values for the average curves are shown in Table 8-10. Normalized post-failure
response region curves are shown in Figure 8-8 and values are shown in Table 8-11. Average curves
were not developed for the AAAM and the PAAM due to the limited sample size.
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Figure 8-7: Average craniovertebral curves
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Table 8-10: Average curve values for craniovertebral ligaments

TM Complex
Quasi-Static High Rate i AAOM PAOM
d f d f d f d f d f
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.11 1.56 0.10 0.46 0.18 0.02 0.12 1.40 0.10 0.11
0.21 2.80 0.20 1.21 0.36 0.51 0.24 2.57 0.20 0.28
0.32 3.97 0.30 3.61 0.54 1.08 0.36 3.64 0.30 0.50
0.42 5.38 0.40 5.83 0.72 1.50 0.48 4.70 0.40 0.75
0.53 7.38 0.50 7.41 0.90 1.70 0.60 5.79 0.50 1.00
0.63 10.35 0.60 8.39 1.08 1.79 0.72 7.00 0.60 1.27
0.74 14.64 0.70 9.26 1.26 2.05 0.84 8.45 0.70 1.61
0.84 20.60 0.80 10.97 1.44 2.90 0.96 10.36 0.80 2.08
0.95 28.57 0.90 14.96 1.62 4.94 1.08 13.03 0.90 2.81
1.05 38.80 1.00 23.14 1.80 8.95 1.20 16.95 1.00 4.00
1.16 51.51 1.10 37.86 1.98 14.50 1.32 22.74 1.10 5.90
1.26 66.80 1.20 61.99 2.16 23.00 1.44 31.27 1.20 8.84
1.31 75.00 1.25 75.00 2.30 36.00 1.52 39.00 1.24 10.40
441 754.50 3.13 1186.50 4.35 414.00 3.98 429.00 3.10 138.40
4.76 807.63 3.26 1243.30 4.43 423.74 4.14 444.64 3.29 145.37
5.11 849.80 3.39 1298.66 4.51 430.76 4.30 458.38 3.50 151.88
5.46 882.83 3.52 1348.32 4.58 436.85 4.46 469.21 3.70 156.71
5.81 909.16 3.65 1392.65 4.66 442.15 4.62 477.85 3.95 160.97
6.16 930.68 3.78 1431.97 4.73 446.79 4.78 484.87 4.20 163.83
6.51 948.85 3.91 1466.53 4.81 450.85 4.94 490.73 4.50 166.14
6.86 964.57 4.04 1496.55 4.88 454.37 5.10 495.76 4.80 167.85
7.21 978.30 4.17 1522.15 4.96 457.37 5.26 500.18 5.10 169.38
7.56 989.98 4.30 1543.43 5.03 459.82 5.42 504.06 5.40 170.91
7.91 999.06 4.43 1560.42 5.11 461.65 5.58 507.39 5.70 172.37
8.26 1004.50 4.56 1573.08 5.18 462.77 5.74 509.99 6.00 173.44
8.55 1006.00 4.71 1582.00 5.22 463.00 5.91 511.00 6.21 174.00

d: displacement, f: force
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Figure 8-8: Post-failure normalized curve response for primary ligaments
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Table 8-11: Post-failure normalized values for craniovertebral ligaments

TM Complex TL AAOM PAOM
d f d f d f d f

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.08 0.95 1.01 0.98 1.19 0.93 1.10 0.95
1.16 0.89 1.04 0.59 1.38 0.89 1.20 0.77
1.25 0.82 1.06 0.48 1.58 0.91 1.29 0.65
1.33 0.72 1.07 0.14 1.76 0.90 1.39 0.63
1.42 0.61 1.08 0.06 1.96 0.85 1.49 0.62
1.50 0.58 1.12 0.04 2.16 0.76 1.59 0.51
1.59 0.56 1.20 0.03 2.36 0.66 1.70 0.42
1.68 0.55 1.28 0.03 2.57 0.63 1.81 0.40
1.77 0.51 1.39 0.03 2.78 0.61 1.92 0.39
1.87 0.40 1.47 0.02 2.98 0.59 2.13 0.36
1.96 0.33 1.59 0.02 3.19 0.53 2.34 0.35
2.05 0.30 1.66 0.02 3.39 0.42 2.56 0.36
2.25 0.30 1.78 0.02 3.61 0.35 2.77 0.31
2.44 0.20 1.85 0.02 3.82 0.28 2.97 0.29
2.75 0.15 1.97 0.02 4.04 0.18 3.18 0.27
4.04 0.10 2.05 0.02 4.25 0.10 3.38 0.31
5.12 0.09 2.16 0.01 4.44 0.04 3.59 0.25
6.13 0.09 2.25 0.01 4.63 0.03 3.78 0.09
6.83 0.07 2.35 0.01 4.84 0.02 3.97 0.02

d: displacement, f: force
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions

The ligaments of the cervical spine provide a significant contribution to the dynamic response of the
neck in automotive crash events, where victims are predominantly young males under the age of 40
(Robertson et al., 2002). Damage to these ligaments has been associated with neck strain and
whiplash injuries. The mechanical properties of the cervical spine ligaments are needed for a younger
population, at relevant strain rates, for the prediction of head/neck kinematic response and the
prediction of injury using numerical models. Injury predictors in a model are sensitive to material
property changes of the soft tissues, stressing the importance of ligament properties for this
application.

Previous studies have been performed but have limitations. All previous studies have been performed
using older cadavers, most with average age older than 60 years old, which is not representative of the
age of victims most commonly involved in automobile accidents, and ligament mechanical properties
have been shown to decrease with age. Spinal level and gender effects have also not been examined
in detail. Previous studies were performed without consistent testing conditions, making it difficult to
compare results and impractical to combine results, establishing the need for a larger, more
comprehensive study. In particular, many studies did not implement preconditioning cycles on the
specimens prior to testing or perform the tests under representative temperature and humidity

conditions which has been shown to have a significant effect on test results (Bass et al. 2007).

Extensive testing and analyses were undertaken on young cervical spine ligaments averaging 44 (27
to 50) years old, to evaluate the effect of loading rate, spinal level and gender at strain rates applicable
to automotive crash scenarios. A limit of 50 years old was placed on cadaver specimens used in the
study as osteoporosis has been shown to occur more frequently at the age of 50 (Kanis et al., 1994),

and ligament properties have been shown to be correlated with the bone mineral content (Neumann et
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al., 1994). An upper limit of 50 years old also ensures a sufficient quantity of spines, as uninjured

cervical spines are not readily available under the age of 40.

Spines were dissected in functional spinal units and ligaments were isolated into bone-ligament-bone
complexes, as bone ends were secured in polyethylene cups using a casting resin. Tests were
performed replicating in vivo temperature (~37°C) and humidity levels after specimens were
appropriately preconditioned for 20 cycles at 10% strain. Ligament specimens were tested at quasi-
static (0.5 s), medium (20 s™), and high (150, 250 s™) strain rates, and analyzed by loading rate,
spinal level and gender. Spinal levels were defined as upper (C2-C4), middle (C4-C6) and lower
(C6-T1), with groups investigated to ensure no between level effects were masked. The following
metrics were examined: failure force, failure elongation, stiffness of the linear loading region, and toe
region. In these cases, it was noted that the results could be dependent on structural factors, as
ligament size was not considered. To analyze the material properties of the ligaments, the failure
stress, failure strain, modulus, and toe region strain were also analyzed. Post-failure response was

also reported for all ligaments.

Values reported from the younger specimens of this study were consistently stronger and stiffer than
results from previous studies involving older test specimens. The most significant effects were found
to be increasing deformation rate with increased stiffness, modulus, failure force, and failure stress.
This effect was statistically significant for the anterior longitudinal ligament, posterior longitudinal
ligament, capsular ligament and interspinous ligament, and trends were present for the ligamentum
flavum. The ligamentum flavum was the only ligament to show consistent and significant spinal
level effects, as the lower level failed at a higher failure force, stress, and longer elongation and had a
higher modulus compared to the upper and middle spinal levels. Generally, gender effects were not
found to be significant; however, male ligaments displayed trends typically failing at a higher force,
and stress and often having a higher stiffness and modulus compared to female ligaments. The
craniovertebral ligaments did not demonstrate gender effects or expected rate effects, except for the
tectorial membrane complex (tectorial membrane, vertical cruciate, apical, alars ligaments) in which
failure elongation and strain decreased with increasing strain rate, and stiffness increased with
increasing rate. The results obtained provide a more detailed set of mechanical properties of human
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craniovertebral ligaments for younger specimens than previously available in the literature, offering a

better understanding of the ligament behaviour.

Values of characteristic points were measured from the ligament force-deflection curves and used to
develop average curves. Average curves were initially developed for rate effects, which were
consistently the most significant effects. Scaling factors were then applied to the curves to represent
spinal level and gender effects. Values measured from the average curves were validated against

values from the raw data curves to ensure average curves were representative of the results.

The results presented in this study provide a detailed measure of ligament response and failure of a
younger population, at strain rates relevant to automotive crash scenarios, and provide a new data set
to support the development of detailed finite element models of the cervical spine for the prediction
of response and prevention of injury.

9.2 Recommendations

Recommendations for future isolated cervical spine ligament studies include direct measurement of
the ligament cross sectional areas while the ligament is loaded. It is difficult to measure cross
sectional areas accurately without damaging the ligaments, however optical techniques can be
employed to measure area under loading. These methods were not accessible at the time of testing,
and are difficult to implement with the use of an environmental chamber. Emphasis was put on force-
deflection properties to correspond with ligaments being modeled as beam elements in most finite
element models, thus accurate stress-strain curves were not needed. The length to area ratios method
was used from previous studies to provide non-dimensionalized properties (failure stress, strain,
modulus) in order to make estimated comparisons with dimensionalized properties (length, force,
stiffness) to determine if significant effects were due to structural or material properties, however
results were not conclusive. In order to make more accurate comparisons, or provide accurate stress-

strain curves, ligament areas must be measured during loading to calculate true stress and true strain.

Additional testing of young ligaments of larger sample sizes would be beneficial to further explore

spinal level and gender effects, with tests performed under the same testing conditions. One of the
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main concerns with previous data was the lack of consistency between studies of the conditions the
tests were performed under, and what metrics were reported. This makes comparisons between
studies difficult and combination of results between studies impossible. Additional testing performed
in the future under identical testing conditions as the current study, due to the importance of
simulating in vivo conditions, would allow for direct combination of the results, effectively increasing
the sample size even further. Although the current study analyzed level effects by grouping ligaments
into three levels (upper, middle, lower), and did not find significant trends within groupings, larger
sample sizes would also promote further investigation of level effects grouped by individual level.

151



Appendix A

Raw Data Ligament Values

The results from the ligament tests are presented in the following pages. Within this Appendix and
Appendix B, all spines are colour coded, with spinal level shown by the shade of colour, with lighter
shades representing upper spinal levels and dark shades representing lower spinal levels. Within
strain rate groupings, spines have the same colour, i.e. for all high rate ligaments, blue values are

from the same spine.

Male Spinal Level Female

Upper (C2-C4)
Middle (C4-C6)
Lower (C6-T1)

S;::Dne Age Gender Rate Colour
A 46 M Quasi-static
B 46 M Quasi-static
C 36 M High
D 27 M High
E 48 F Quasi-static
F 47 F Quasi-static
G 49 F High
H 48 F High
| 48 M Medium
J 44 M Medium
K 47 F Medium
L 47 F Medium
M 43 M All
N 45 F High
0o 50 F Quasi-static
P 40 M High
Q 29 F Quasi-static | Craniovertebral
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ALL QUASI-STATIC STRAIN RATE
Spine Level Length Failure Elct:l:;ieon Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (rfm) (N/mm) (mm) Stress (MPa) Strain (MPa)
C080686 C2-C3 4.63 701.79 5.01 225.43 1.41 62.56 1.08 93.04 0.30
Male C4-C5 4.18 321.95 3.06 158.31 0.84 32.21 0.73 66.20 0.20
A C6-C7 3.5 519.04 5.05 171.89 1.06 43.61 1.44 50.55 0.30
C090278 C3-C4 6.88 261.64 3.74 124.19 0.85 22.16 0.54 72.36 0.12
Male C5-Cé6 7.13 379.88 5.14 119.36 1.12 26.11 0.72 58.50 0.16
B C7-T1 481 317.23 4.93 123.75 1.73 25.25 1.02 47.38 0.36
UB08L002 C3-C4 3.04 320.76 2.75 160.36 1.60 33.77 0.91 51.32 0.53
Female C5-C6 4.48 198.52 2.36 92.59 1.75 19.74 0.53 41.25 0.39
E C7-T1 3.07 342.34 3.67 125.14 1.25 26.42 1.20 29.64 0.41
C090033 C3-C4 3.35 508.90 4.01 218.47 1.24 53.34 1.20 76.71 0.37
Female C5-Cé6 3.62 250.51 3.58 108.73 1.08 27.55 0.99 43.29 0.30
F C7-T1 4.03 448.15 493 140.61 0.93 43.34 1.22 54.80 0.23
S090252 C7-T1 . 2.71 378.99 2.49 247.53 0.34 30.78 0.92 54.49 0.13
Male, M
C100923 C3-C4 2.04 261.12 4.20 108.05 1.42 34.47 2.06 29.10 0.70
Female C5-Cé6 1.86 132.08 3.00 60.01 1.48 16.02 1.61 13.54 0.80
0 a1 [l 252 135.88 5.70 32.70 2.47 14.34 2.26 8.70 0.98
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PLL

QUASI-STATIC STRAIN RATE

Spine Level Length Failure Elzz”:;?on Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (nfm) (N/mm) (mm) Stress (MPa) Strain (MPa)

C080686 C2-C3 5.42 491.05 4.05 170.31 1.31 43.46 0.75 81.69 0.24
Male C4-C5 4.18 462.85 4.29 198.05 1.27 46.05 1.03 82.37 0.30
A C6-C7 4.5 334.49 3.22 171.65 1.12 21.33 0.72 49.25 0.25
€090278 C3-C4 6.47 420.73 4.58 167.10 0.28 35.37 0.71 90.90 0.04
Male C5-C6 4.33 502.79 3.24 261.25 0.18 32.22 0.75 72.50 0.04
B C7-T1 3.57 181.49 2.09 145.80 0.85 13.00 0.59 37.28 0.24
UB08L002 C3-C4 3.04 183.52 3.31 95.91 1.13 19.18 1.09 30.47 0.37
Female C5-C6 3.75 232.12 1.81 180.90 0.22 19.60 0.48 57.29 0.06
E C7-T1 . 4.18 199.27 1.02 262.14 0.39 13.33 0.24 73.31 0.09
C090033 C3-C4 3.57 380.42 2.48 325.60 0.97 35.82 0.70 109.44 0.27
Female C5-C6 2.89 364.13 2.34 195.00 0.21 28.76 0.81 44.50 0.07
F C7-T1 2.1 353.20 3.07 267.33 0.36 27.89 1.46 44.33 0.17
$090252 C7-T1 . 3.18 277.25 1.02 368.39 0.18 15.36 0.32 64.90 0.06
M M

C100923 C3-C4 2.9 406.48 2.03 203.26 0.95 54.68 0.70 79.29 0.33
Female C5-C6 1.82 343.16 2.29 215.28 0.76 34.03 1.26 38.85 0.42
0 C7-T1 . 2.99 319.27 2.00 206.68 0.83 28.59 0.67 55.33 0.28
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CL

QUASI-STATIC STRAIN RATE

S Level Length Failure Elzzg:;?on Slope Toe Region  Failure Stress Failure Modulus Toe Strain
(mm) Force (N) (mm) (N/mm) (mm) (MPa) Strain (MPa)
C080686 C2-C3 6.29 276.64 6.72 94.67 0.23 3.93 1.07 8.46 0.04
Male 5.89 177.01 1.87 125.40 0.18 2.68 0.32 11.20 0.03
A C4-C5 - 6.22 180.33 3.12 83.19 1.02 2.59 0.50 7.43 0.16
C090278 C3-Cc4 5.11 147.96 5.36 59.79 0.68 2.59 1.05 5.34 0.13
Male 4.57 161.81 3.65 61.24 1.58 3.16 0.80 5.47 0.35
B C5-C6 6.77 263.20 5.26 72.20 1.03 2.96 0.78 5.50 0.15
7.52 327.21 4.35 104.42 0.92 331 0.58 7.95 0.12
C7-T1 6.16 234.16 5.96 95.39 1.14 2.90 0.97 7.27 0.19
UB0O8L002  C3-C4 3.17 154.27 3.01 59.91 0.57 4.35 0.95 5.35 0.18
Female 3.94 181.22 5.93 67.60 0.36 4.11 1.51 6.04 0.09
E C5-C6 5.07 128.28 5.87 38.40 0.62 1.93 1.16 2.92 0.12
C7-T1 l 5.03 207.62 4.38 74.59 0.31 3.14 0.87 5.68 0.06
4.44 196.28 431 95.37 1.33 3.37 0.97 7.26 0.30
C090033 C3-Cc4 4.07 137.82 4.23 61.16 1.16 3.03 1.04 5.46 0.29
Female 4.18 216.70 3.65 104.60 1.85 4.63 0.87 9.34 0.44
F C5-C6 4.43 157.33 5.06 47.68 0.97 2.70 1.14 3.63 0.22
5.51 187.69 4.12 76.43 1.86 2.59 0.75 5.82 0.34
C7-T1 4.37 276.91 7.76 144.40 0.82 4.83 1.78 11.00 0.19
S090252 C7-T1 - 3.87 354.29 2.99 232.00 1.24 6.97 0.77 17.67 0.32
Male, M
C100923 C3-C4 3.12 141.10 3.00 89.25 0.33 4.04 0.96 7.97 0.11
Female 2.72 187.60 1.98 121.66 0.31 6.16 0.73 10.87 0.11
(6} C5-C6 3.49 122.58 4.27 44.18 0.86 2.67 1.22 3.36 0.25
3.35 122.51 4.88 45.88 1.47 2.79 1.46 3.49 0.44
C7-T1 3.37 166.01 4.47 60.91 0.37 3.75 133 4.64 0.11
4.08 163.64 3.14 62.31 0.72 3.05 0.77 4.75 0.18
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LF

QUASI-STATIC STRAIN RATE

Spine Level Length Failure EIFallu? Stiffness Toe Region Failure Failure Modulus Toe Strain

P (mm) Force (N) ongation (N/mm) (mm) Stress (MPa) Strain (MPa)

(mm)

C080686 C2-C3 7.01 267.34 3.72 167.81 1.72 7.01 0.53 30.82 0.25
Male C4-C5
A C6-C7 11 326.18 6.34 173.79 3.71 6.43 0.58 37.67 0.34
C090278 C3-ca 9.17 164.59 6.66 57.20 3.70 3.30 0.73 10.51 0.40
Male C5-C6 8.95 214.13 6.53 115.91 4.43 5.19 0.73 25.13 0.49
B C7-T1 11.29 194.32 7.19 108.60 5.21 3.73 0.64 23.54 0.46
UB08L002 C3-C4

Female C5-C6 9.35 110.77 4.93 31.88 0.57 2.57 0.53 6.91 0.06
E C7-T1 . 9.31 275.08 5.06 138.03 2.87 6.41 0.54 29.92 031
C090033 C3-C4 7.41 269.86 6.77 128.05 4.52 6.69 0.91 23.52 0.61
Female C5-C6 9.36 190.85 6.71 94.67 4.63 4.42 0.72 20.52 0.49
F C7-T1 10.27 198.12 5.81 104.12 4.06 4.18 0.57 22.57 0.40
5090252 C7-T1 . 9.3 429.35 4.55 298.57 2.96 10.01 0.49 64.72 0.32
Male, M
€100923 C3-Ca 5.61 112.73 2.52 36.26 1.05 3.69 0.45 6.66 0.19
Female C5-C6 7.03 125.29 4.87 45.71 0.35 3.86 0.69 9.91 0.05
0 C7-T1 . 10.57 518.67 6.91 145.38 3.46 10.64 0.65 31.52 0.33
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ISL

QUASI-STATIC STRAIN RATE

. Length Failure Fallurfe Stiffness Toe Region Failure Failure Modulus .

Spine Level Elongation Toe Strain

P (mm) Force (N) (rr%m) (N/mm) (mm) Stress (MPa) Strain (MPa)
C080686 C2-C3 10.04 74.17 4.71 26.07 2.07 7.62 0.47 26.87 0.21
Male Ca-C5 10.02 41.04 5.61 20.08 1.06 4.22 0.56 20.70 0.11
A C6-C7 9.73 129.44 5.42 51.54 2.87 9.80 0.56 37.95 0.29
C090278 C3-ca 8.56 46.63 5.28 13.02 1.03 5.62 0.62 13.42 0.12
Male C5-C6 12.37 37.80 8.57 8.02 0.66 2.25 0.69 5.91 0.05
B C7-T1 16.03 34.48 8.37 11.08 1.63 1.58 0.52 8.16 0.10
UB08LOO2  C3-C4 8 23.55 5.99 9.71 1.17 3.03 0.75 10.01 0.15
Female C5-Cé

E 71 . 12.9 106.41 7.11 24.01 2.67 6.07 0.55 17.68 0.21
C090033 C3-C4

Female C5-C6 8.57 46.36 6.76 11.04 1.92 3.98 0.79 8.13 0.22
= C7-T1 10.89 49.08 11.54 9.39 3.24 3.32 1.06 6.91 0.30
$090252 71 . 13.16 52.81 6.67 12.95 2.82 2.96 0.51 9.54 0.21
Male, M
100923 C3-C4 7.99 16.22 4.67 4.31 0.47 2.09 0.58 4.44 0.06
Female C5-C6 8.44 9.16 5.17 1.84 0.25 0.80 0.61 1.35 0.03
0 71 . 8.52 111.58 8.20 28.17 4.62 9.64 0.96 20.74 0.54
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ALL

MEDIUM STRAIN RATE

Spine Level Length Failure Elgz”:;ieon Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (n%m) (N/mm) (mm) Stress (MPa) Strain (MPa)

$090450 C2-C3 4.07 621.16 5.05 195.09 0.84 42.27 1.24 54.03 0.21
Male C4-C5 4.49 663.53 4.68 199.39 1.09 60.52 1.04 81.66 0.24
I C6-C7 3.77 231.10 2.69 104.90 0.82 18.68 0.71 31.97 0.22
S090305 C3-C4 3.67 417.70 5.68 114.70 1.51 39.75 1.55 40.06 0.41
Female C5-C6 4.58 195.80 4.87 81.56 1.40 19.66 1.06 37.51 0.31
L C7-T1 3.42 597.10 5.85 175.30 0.88 62.93 1.71 63.19 0.26
S090365 C2-C3 4.33 218.10 1.78 179.00 0.63 17.74 0.41 63.05 0.14
Male C4-C5 5.42 354.91 1.87 269.80 0.24 37.45 0.35 154.32 0.04
J Ce6-C7 3.92 209.20 3.41 108.10 1.41 23.63 0.87 47.86 0.36
C090115 C2-C3

Female C4-C5 4.05 343.40 2.67 178.70 0.53 37.33 0.66 78.68 0.13
K C6-C7 . 5.37 347.32 5.27 133.90 2.86 33.44 0.98 69.22 0.53
$090252 C5-C6 . 4.53 411.09 2.96 230.47 0.25 36.68 0.65 93.16 0.06

Male, M
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PLL MEDIUM STRAIN RATE
. Failure . . . .
Spine Level Length Failure Elongation Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (rsm) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090450 C2-C3 3.22 734.38 3.75 338.30 0.74 55.73 1.16 82.66 0.23
Male C4-C5 4.35 706.50 4.41 463.36 0.33 68.99 1.01 196.82 0.08
| Ce-C7 4.47 575.38 3.90 349.12 1.31 40.62 0.87 110.17 0.29
S090305 C3-C4 3.69 456.72 2.42 299.40 0.65 45.60 0.66 110.32 0.18
Female C5-C6 4.08 416.40 2.78 193.03 0.17 29.79 0.68 56.35 0.04
L C7-T1 3.36 396.04 2.07 285.70 0.60 30.31 0.62 73.47 0.18
S090365 C2-C3 3.84 164.04 1.44 136.83 0.70 14.64 0.37 46.90 0.18
Male C4-C5 3.37 639.76 2.82 348.86 0.16 75.60 0.84 138.92 0.05
J Ce6-C7 3.84 376.88 2.82 236.45 0.17 28.67 0.73 69.06 0.04
C090115 C2-C3 4.64 440.84 3.67 189.03 0.32 42.02 0.79 83.61 0.07
Female C4-C5 3.79 707.70 2.70 315.41 0.22 73.59 0.71 124.31 0.06
K Ce-C7 . 4.37 368.21 3.05 216.90 0.13 27.01 0.70 69.53 0.03
S090252 C5-C6 . 3.66 476.80 1.55 367.78 0.62 37.36 0.42 105.48 0.17

Male, M
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CL

MEDIUM STRAIN RATE

Failure

Spine Level Length Failure Elongation Slope Toe Region Failure Failure Modulus Toe
(mm) Force (N) (mm) (N/mm) (mm) Stress (MPa) Strain (MPa) Strain

S090450 C2-C3 3.34 357.57 3.53 149.10 0.46 9.56 1.06 13.32 0.14
Male 3.81 157.07 4.04 76.46 0.56 3.68 1.06 6.83 0.15
| C4-C5 4.53 307.27 5.56 76.41 0.85 6.06 1.23 6.83 0.19
3.76 347.94 4.48 102.36 0.04 8.27 1.19 9.14 0.01

C6-C7 4.15 197.30 3.55 93.19 1.02 3.62 0.86 7.10 0.25

3.7 263.17 11.90 114.29 0.95 5.42 3.22 8.70 0.26

S090305 C3-c4 3.02 238.61 3.83 163.40 0.59 7.06 1.27 14.60 0.20
Female 3.58 158.11 2.92 86.08 0.77 3.95 0.82 7.69 0.22
L C5-C6 4.78 208.09 3.62 74.28 0.70 3.32 0.76 5.66 0.15
5.24 316.46 5.92 92.78 0.30 4.60 1.13 7.07 0.06

C7-T1 4.05 438.95 4.47 171.55 0.16 8.25 1.10 13.07 0.04

3.52 383.08 2.80 238.54 0.16 8.29 0.80 18.17 0.05

S090365 C2-C3 3.21 216.01 3.05 120.34 1.24 6.01 0.95 10.75 0.39
Male 3.29 299.38 5.06 147.30 0.14 8.13 1.54 13.16 0.04
J C4-C5 4.44 174.86 2.54 113.80 0.10 3.52 0.57 10.17 0.02
4.16 157.50 2.50 81.08 0.07 3.38 0.60 7.24 0.02

C6-C7 3.78 424.57 4.38 191.35 0.15 8.55 1.16 14.57 0.04

3.62 207.35 5.91 103.76 1.86 4.36 1.63 7.90 0.51

C090115 C2-C3 3.42 245.31 2.20 138.02 0.13 6.41 0.64 12.33 0.04
Female C4-C5 3.19 161.15 3.74 66.24 0.22 4.51 1.17 5.92 0.07
K 3.73 225.53 2.92 113.94 0.48 5.40 0.78 10.18 0.13
C6-C7 l 3.78 177.32 3.99 114.95 0.13 3.57 1.06 8.75 0.03

333.63 4.30 89.75 0.20 7.70 1.30 6.84 0.06

S090252 C5-C6 3.68 336.56 3.47 166.76 1.15 6.97 0.94 12.70 0.31
Male, M 3.04 411.83 3.94 175.94 0.41 10.32 1.30 13.40 0.13
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LF MEDIUM STRAIN RATE
. Failure . . . .
Spine Level Length Failure Elongation Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (n%m) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090450 C2-C3 8.08 222.93 3.24 217.30 1.10 5.07 0.40 39.92 0.14
Male C4-C5 9.54 266.90 4.84 113.50 2.43 5.14 0.51 20.85 0.25
| C6-C7 13.19 514.56 8.21 263.77 3.08 8.46 0.62 57.18 0.23
S090305 C3-C4 7.52 225.97 4.65 65.03 1.01 5.52 0.62 11.94 0.13
Female C5-Cé6 7.92 231.83 5.10 69.63 2.95 6.35 0.64 15.09 0.37
L C7-T1 9.22 481.46 5.79 162.77 2.20 11.32 0.63 35.29 0.24
S090365  C2-C3 6.18 347.64 3.23 130.72 0.38 10.33 0.52 24.01 0.06
Male C4-C5 6.84 98.54 2.71 46.20 0.52 3.12 0.40 10.02 0.08
J C6-C7 9.12 328.55 6.13 121.92 4.01 7.81 0.67 26.43 0.44
C090115 C2-C3 8.09 316.84 3.62 230.70 1.21 7.19 0.45 42.38 0.15
Female C4-C5 8.43 331.75 4.92 116.41 2.32 8.53 0.58 25.24 0.28
K C6-C7 . 7.2 420.56 6.61 153.73 3.33 12.66 0.92 33.33 0.46
S090252  C5-C6 . 7.92 471.48 5.00 142.21 2.00 12.90 0.63 30.83 0.25

Male, M
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ISL

MEDIUM STRAIN RATE

Failure

Spine Level Length Failure Elongation Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (rfm) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090450 C2-C3 10.14 188.43 4.09 75.23 0.29 19.16 0.40 77.55 0.03
Male C4-C5 9.36 182.49 4.47 73.63 0.63 20.10 0.48 75.90 0.07
| C6-C7 11.92 219.69 6.14 71.04 0.36 13.57 0.52 52.31 0.03
S090305 C3-C4 10.75 25.30 2.72 15.26 0.41 2.43 0.25 15.73 0.04
Female C5-C6 12.45 27.02 3.99 12.77 1.10 1.60 0.32 9.40 0.09
L C7-T1 13.66 44.83 5.01 22.18 0.19 2.42 0.37 16.33 0.01
S090365 C2-C3 10.74

Male C4-C5 7.79 35.89 3.12 31.10 1.03 4.75 0.40 32.06 0.13
J C6-C7 16.56 111.94 5.71 24.05 2.33 4.98 0.34 17.71 0.14
C090115 C2-C3 13.8 94.19 6.17 56.39 0.23 7.04 0.45 58.13 0.02
Female C4-C5 10.11 55.21 4.66 21.81 0.28 5.63 0.46 22.48 0.03
K C6-C7 . 10.84 40.03 2.75 14.21 0.23 2.72 0.25 10.46 0.02
S090252 C5-C6 . 11.4 90.17 7.62 14.44 1.57 5.82 0.67 10.63 0.14

Male, M
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ALL

HIGH STRAIN RATE

Spine Level Length Failure Elzz”:;?on Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (rsm) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090017 C2-C3 4.72 483.01 3.49 279.11 0.40 41.74 0.74 113.85 0.09

Male C4-C5 6.33 609.25 4.07 208.17 1.19 46.91 0.80 101.45 0.19

D C6-C7 4.27 582.87 5.85 367.84 0.66 51.13 1.37 137.79 0.15

S091076 C3-C4

Male C5-C6

C C7-T1 3.43 517.14 4.72 231.22 1.28 62.97 1.38 96.57 0.37

C090542 C2-C3 4.44 593.81 3.19 249.52 0.64 48.38 0.72 90.26 0.14

Female C4-C5 6.83 221.94 2.45 161.43 0.72 25.26 0.36 125.50 0.10

G C6-C7 . 3.87 386.08 3.85 180.79 0.35 33.58 0.99 60.85 0.09

€090300 C3-C4

Female C5-C6 3.77 276.44 2.00 259.11 0.49 31.20 0.53 110.25 0.13

H C7-T1 3.45 371.24 4.12 170.23 0.39 39.91 1.19 63.13 0.11

S090252 C3-C4 4.35 626.12 3.92 351.31 0.59 64.59 0.90 157.64 0.13

Male, M

C090960 C3-C4 4.25 371.25 3.03 208.90 0.89 42.49 0.71 101.61 0.21

Female C5-C6 3.2 253.48 341 224.60 0.32 33.34 1.06 94.52 0.10

N o ]l 31 445.79 4.14 314.53 0.76 56.18 1.34 122.89 0.24

C100697 C3-C4 5.45 520.71 431 167.70 1.01 58.88 0.79 103.34 0.19

Male C5-C6

P C7-T1 4.64 501.65 3.32 252.66 1.06 47.42 0.72 110.82 0.23
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PLL

HIGH STRAIN RATE

Spine Level Length Failure Elci:l:;ieon Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (nfm) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090017 C2-C3 3.87 425.94 1.70 425.21 0.40 33.02 0.44 127.57 0.10
Male C4-C5 5.77 475.94 3.16 276.54 0.54 41.90 0.55 140.48 0.09
D C6-C7 4.54 306.14 2.34 239.36 0.33 23.03 0.52 81.74 0.07
S091076  C3-C4 4.69 205.20 2.36 146.10 0.63 20.20 0.50 67.45 0.13
Male C5-C6 4.69 279.66 2.30 547.55 1.43 19.94 0.49 183.08 0.30
C C7-T1 4.35 516.53 2.50 443.89 0.59 39.70 0.57 148.42 0.14
C090542 C2-C3 3.89 554.96 3.97 490.04 0.48 54.60 1.02 187.56 0.12
Female C4-C5 4.29 726.24 3.04 696.39 0.37 82.74 0.71 340.35 0.09
G C6-C7 . 4.96 503.23 3.93 534.88 0.78 37.94 0.79 200.04 0.16
C090300 (C3-C4 5.7 536.90 2.97 360.00 0.73 58.10 0.52 222.04 0.13
Female C5-C6 3.75 404.05 1.86 378.15 0.31 33.84 0.50 118.76 0.08
H C7-T1 4.68 560.64 2.01 531.33 0.52 41.68 0.43 184.86 0.11
S090252 C3-C4 43 372.84 2.50 312.69 0.63 36.47 0.58 131.53 0.15
Male, M

C090960 (C3-C4 4.25 282.79 3.20 133.25 0.84 34.46 0.75 69.00 0.20
Female C5-C6 3.2 290.29 2.23 285.24 0.72 33.04 0.70 103.88 0.23
N com 31 318.18 2.40 309.00 1.19 27.48 0.77 82.73 0.38
C100697 (C3-C4 4.75 567.83 3.82 254.00 0.70 55.03 0.80 116.93 0.15
Male C5-C6 5.28 561.95 2.89 328.25 0.76 46.87 0.55 144.56 0.14
P C7-T1 3.13 404.18 3.70 186.64 1.37 28.40 1.18 41.05 0.44




G9T

CL HIGH STRAIN RATE
: Failure . . . .
Spine Level Length Failure Elongation Stiffness Toe Region Failure Fallu.re Modulus Toe Strain
(mm) Force (N) - (N/mm) (mm) Stress (MPa) Strain (MPa)
S090017 C2-C3 3.25 221.94 3.58 118.60 0.50 6.10 1.10 10.59 0.15
Male 3.42 289.97 4.48 167.23 0.51 7.57 1.31 14.94 0.15
D C4-C5 6.29 284.85 4.78 92.30 0.82 4.05 0.76 8.25 0.13
5.72 272.77 7.95 99.45 0.75 4.26 1.39 8.88 0.13
C6-C7 3.83 324.94 6.94 94.00 0.63 6.46 1.81 7.16 0.16
3.54 388.04 8.48 77.16 0.41 8.35 2.40 5.88 0.12
S081076 C3-C4 4.19 391.79 3.56 162.80 0.75 8.35 0.85 14.54 0.18
Male 3.96 281.46 2.74 151.34 0.53 6.35 0.69 13.52 0.13
C C5-C6
C7-T1 3.73 142.29 2.20 133.34 0.59 291 0.59 10.16 0.16
4.12 198.11 5.78 77.26 0.60 3.66 1.40 5.88 0.15
C090542 C2-C3 3.21 248.97 2.71 202.33 0.51 6.93 0.84 18.07 0.16
Female 2.69 261.18 2.31 144.72 0.67 8.67 0.86 12.93 0.25
G C4-C5 34 222.09 3.65 143.80 0.63 5.84 1.07 12.85 0.19
3.73 131.37 291 89.66 0.71 3.15 0.78 8.01 0.19
C6-C7 4.18 263.27 5.55 141.60 0.49 4.80 1.33 10.78 0.12
3.26 218.41 5.45 135.05 0.39 5.10 1.67 10.29 0.12
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C090300
Female

H

S090252
Male, M

C090960
Female

N

C100697
Male
P

C3-C4

C5-C6

C7-T1

C3-C4

C3-C4

C5-Cé

C7-T1

C3-C4

C5-C6

C7-T1

3.96
3.96
3.9
4.44
3.32
2.7

3.63
4.13

4.1
4.9
3.6
4.3
3.1
3.4

4.13
4.44
3.96
4.2
4.46
4.93

293.47
354.42
223.21
324.41
218.82
262.95

222.54
408.13

274.33
263.55
295.79
348.09
347.69
183.00

433.33
371.90
344.92
318.52
260.51
386.55

3.92
4.97
6.80
3.38
1.63
531

3.72
5.32

2.71
2.25
3.96
4.01
4.19
2.08

3.25
3.19
4.20
8.70
4.81
4.62

136.80
126.80
117.15
202.56
232.36
185.09

154.26
127.03

193.13
195.68
150.70
154.45
156.24
148.14

196.40
195.90
129.40
90.33
89.20
113.06

1.40
0.71
0.42
0.92
0.49
0.52

0.80
0.48

0.83
0.71
0.75
0.74
0.93
0.41

0.94
0.64
1.01
0.87
0.97
0.79

6.62
8.00
4.36
5.56
5.02
7.42

5.48
8.83

5.98
4.80
6.26
6.17
8.54
4.10

9.37
7.48
6.63
5.78
4.45
5.97

0.99
1.26
1.74
0.76
0.49
1.97

1.02
1.29

0.66
0.46
1.10
0.93
1.35
0.61

0.79
0.72
1.06
2.07
1.08
0.94

12.22
11.33
8.92
15.43
17.70
14.10

13.78
11.35

17.25
17.48
11.48
11.76
11.90
11.28

17.55
17.50
9.86
6.88
6.79
8.61

0.35
0.18
0.11
0.21
0.15
0.19

0.22
0.12

0.20
0.14
0.21
0.17
0.30
0.12

0.23
0.14
0.26
0.21
0.22
0.16
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LF

HIGH STRAIN RATE

Spine Level Length Failure Elgilllaj;?on Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (n:gm) (N/mm) (mm) Stress (MPa) Strain (MPa)

S090017 C2-C3 8.1 300.59 3.35 193.55 1.57 6.82 0.41 35.55 0.19
Male C4-C5

D C6-C7 8.58 295.08 6.95 128.10 4.29 7.46 0.81 27.77 0.50
S091076 C3-C4

Male C5-Cé6 7.88 169.67 5.68 78.14 0.43 4.67 0.72 16.94 0.05
C C7-T1 8.13 373.77 4.20 266.47 2.46 9.97 0.52 57.77 0.30
C090542  C2-C3 6.47 101.98 2.10 94.10 0.65 2.90 0.32 17.29 0.10
Female C4-C5 8.5 100.30 3.88 53.50 0.94 2.17 0.46 9.83 0.11
G c6-c7 | 884 289.40 6.63 85.49 3.73 7.10 0.75 18.53 0.42

C090300 (C3-C4 8.1 157.72 3.11 107.80 1.64 3.58 0.38 19.80 0.20
Female C5-Cé6 7.42 275.15 2.80 257.28 1.18 8.04 0.38 55.77 0.16
H C7-T1

S090252 C3-C4 8.13 272.21 4.15 95.82 1.37 6.15 0.51 17.60 0.17
Male, M

C090960  C3-C4 7.0 333.58 3.40 195.03 1.47 8.75 0.49 35.82 0.21
Female C5-C6

N cm1 [l 101 400.79 3.11 250.89 1.33 8.60 0.31 54.39 0.13

C100697 C3-C4 6.32 180.58 3.31 102.30 0.78 5.25 0.52 18.79 0.12
Male C5-Cé6 7.24 224.08 3.70 120.73 1.46 6.71 0.51 26.17 0.20
P C7-T1 8.57 397.48 6.42 137.80 3.86 10.05 0.75 29.87 0.45
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ISL

HIGH STRAIN RATE

Spine Level Length Failure Elzz”:;?on Stiffness Toe Region Failure Failure Modulus Toe Strain
P (mm) Force (N) (nfm) (N/mm) (mm) Stress (MPa) Strain (MPa)
$090017  C2-C3 10.50 29.50 6.09 15.48 2.07 2.90 0.58 15.96 0.20
Male C4-C5
D C6-C7 11.01 114.93 5.07 27.90 1.57 7.69 0.46 20.54 0.14
$091076  C3-C4 10.78
Male C5-C6 10.78 105.93 3.56 68.90 0.29 7.24 0.33 50.74 0.03
C c7-T1 12.94 108.21 3.84 37.30 0.77 6.16 0.30 27.47 0.06
C090542  C2-C3 9.01 209.29 5.86 59.62 1.40 23.94 0.65 61.46 0.16
Female  C4-C5 9.51 80.74 3.46 32.73 0.89 8.75 0.36 33.74 0.09
G c6-c7 I 1057 121.34 7.19 35.47 0.68 8.45 0.68 26.12 0.06
C090300 (C3-C4 10.67 105.06 3.94 50.38 112 10.15 0.37 51.93 0.10
Female  C5-C6 9.88 71.27 4.02 34.11 0.49 5.31 0.41 25.12 0.05
H c7-T1 13.74 66.04 4.19 25.70 1.16 3.54 0.30 18.92 0.08
$090252  C3-C4 7.37 65.20 2.89 26.46 0.81 9.12 0.39 27.28 0.11
Male, M
C090960  C3-C4 10.50 80.37 4.73 29.13 1.59 7.89 0.45 30.03 0.15
Female  C5-C6 10.00 81.35 4.80 29.72 1.78 5.99 0.48 21.89 0.18
N c7m1 [l 940 296.50 6.58 70.10 2.29 23.23 0.70 51.62 0.24
C100697 C3-C4 5.84 23.00 2.75 17.53 121 4.06 0.47 18.07 0.21
Male C5-C6 11.22 62.54 4.87 18.75 117 4.10 0.43 13.81 0.10
P c7-T1 14.16 51.71 5.09 17.37 1.19 2.69 0.36 12.79 0.08




TM Complex
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Gender Rate Length Failure Elgig::ieon Stiffness  Toe Region Failure Failu.re Modulus Tog
(mm)  Force (N) il (N/mm) (mm) Stress (MPa)  Strain (MPa) Strain

M H 16.66 1955.56 5.10 550.30 0.77 57.45 0.31 16.17 0.05

M Q 23.22 551.39 11.34 162.82 1.72 19.04 0.49 5.62 0.07

M H 20.28 1856.68 5.78 636.72 1.55 54.22 0.29 18.59 0.08

M H 23.53 1065.53 4.72 401.53 1.61 38.32 0.20 14.44 0.07

F H 12.12 1687.93 3.16 878.80 0.91 49.70 0.26 25.88 0.08

F Q 16.76 1368.21 8.05 231.52 1.22 37.20 0.48 6.30 0.07

F H 16.22 134491 4.79 483.02 1.43 31.50 0.30 11.31 0.09

F Q 20.08 1099.44 6.26 262.21 0.98 42.85 0.31 10.22 0.05

TL
. Failure . . . .

Gender Rate Length Failure e Stiffness  Toe Region Failure Fallu.re Modulus Toc?
(mm)  Force (N) (mm) (N/mm) (mm) Stress (MPa)  Strain (MPa) Strain

M Q 23.22 452.77 4.53 180.63 1.92 21.22 0.20 8.46 0.08

M H 26.00 365.18 5.77 137.04 211 16.52 0.22 6.20 0.08

M H 19.62 359.30 4.98 151.56 2.39 21.38 0.25 9.02 0.12

F H 20.86 448.05 5.38 196.23 2.83 29.71 0.26 13.01 0.14

F Q 16.01 616.74 4.97 211.96 2.02 37.08 0.31 12.74 0.13

F H 19.00 520.37 5.70 228.34 2.47 24.34 0.30 10.68 0.13




0.1

Failure

et Gondr e Length Failure T Stiffness  Toe Region Failure Failu're Modulus Tog
(mm) Force (N) [ (N/mm) (mm) Stress (MPa)  Strain (MPa) Strain
AAAM Q 12.47 1068.22 6.59 221.19 0.95 21.21 0.53 4.39 0.08
PAAM Q 15.72 97.33 7.77 42.68 1.35 4.52 0.49 1.98 0.09
AAOM
. Failure . . . .

Gender Rate Length Failure Ef - Stiffness Toe Region Failure Fallu.re Modulus Tog

(mm) Force (N) i) (N/mm) (mm) Stress (MPa) Strain (MPa) Strain

M Q 13.08 799.05 6.52 218.14 1.61 8.06 0.50 2.20 0.12

M Q 14.20 310.64 5.09 122.22 0.95 3.16 0.36 1.24 0.07

M H 11.92 391.91 7.01 90.69 1.05 7.38 0.59 1.71 0.09

M H 10.52 426.12 8.82 100.31 0.92 7.37 0.84 1.73 0.09

M Q 12.19 583.68 8.05 108.34 2.78 8.36 0.66 1.55 0.23

M Q 15.76 474.36 6.63 121.35 3.44 6.57 0.42 1.68 0.22

M H 10.80 485.08 4.32 209.69 0.24 6.49 0.40 2.81 0.02

M H 10.69 419.02 5.49 148.78 1.16 5.64 0.51 2.00 0.11

F H 11.91 632.60 4.23 249.82 1.41 7.11 0.35 2.81 0.12

F H 12.59 443.42 5.56 140.27 1.72 4.46 0.44 1.41 0.14

F H 15.15 627.53 4.72 257.87 1.91 4.62 0.31 1.90 0.13

F H 16.71 647.86 8.02 138.93 2.67 4.12 0.48 0.88 0.16

F Q 11.50 306.30 4.44 101.37 1.03 4.60 0.39 1.52 0.09

F Q 12.00 622.58 5.28 168.44 1.03 8.87 0.44 2.40 0.09




T.T

PAOM

Gender Rate Length Failure Elgzggiin Stiffness  Toe Region Failure Failu.re Modulus Toe;
(mm) Force (N) (i) (N/mm) (mm) Stress (MPa)  Strain (MPa) Strain
M Q 11.13 259.33 6.37 64.60 1.36 4.11 0.57 1.02 0.12
M Q 11.25 312.07 6.18 101.68 1.23 4.87 0.55 1.59 0.11
M H 11.765 224.59 6.58 50.54 0.78 6.17 0.56 1.39 0.07
M H 11.385 167.19 4.04 90.86 1.89 4.50 0.35 2.44 0.17
M H 15.925 119.54 3.46 51.33 0.97 2.31 0.22 0.99 0.06
M H 14.155 243.19 3.49 200.32 0.49 4.34 0.25 3.57 0.03
M Q 14.835 100.25 7.77 36.91 0.41 2.43 0.52 0.89 0.03
M Q 15.67 162.54 4.97 64.16 0.47 2.88 0.32 1.14 0.03
F H 14.475 168.60 4.70 71.70 2.02 3.03 0.32 1.29 0.14
F H 13.975 156.71 4.86 56.96 1.54 2.33 0.35 0.85 0.11
F H 21.265 108.72 4.98 33.25 1 3.18 0.23 0.97 0.05
F H 19.845 104.71 16.07 35.15 1.03 2.85 0.81 0.96 0.05
F Q 15 136.54 11.27 20.92 2.35 3.45 0.75 0.53 0.16
F Q 125 219.29 5.42 67.56 1.42 4.94 0.43 1.52 0.11




Appendix B

Ligament Curves

The ligament curves are presented in the following pages. All curves are colour coded. Curve
colours match ligament values as reported in Appendix A. Each spine is colour coded, with spinal
level shown by the shade of colour, with lighter shades representing upper spinal levels and dark
shades representing lower spinal levels. Within strain rate groupings, spines have the same colour,
i.e. all blue curves in high rate graphs are from the same spine. Dashed lines represent post failure
region. Craniovertebral ligaments are coloured by rate and gender (legend on graph)

Male Spinal Level Female
Upper (C2-C4)
Middle (C4-C6)
Lower (C6-T1)

S;::)ne Age Gender Rate Colour
A 46 M Quasi-static
B 46 M Quasi-static
c 36 M High
D 27 M High
E 48 F Quasi-static
F 47 F Quasi-static
G 49 F High
H 48 F High
| 48 M Medium
J 44 M Medium
K 47 F Medium
L 47 F Medium
M 43 M All
N 45 F High
o} 50 F Quasi-static
P 40 M High
Q 29 F Quasi-static | Craniovertebral
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