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Abstract

The average age of people suffering spinal cord injuries (SCIs) is shifting toward an
older population, frequently occurring in the spondylotic (degenerated) cervical spine,
due to low energy impacts. Since canal stenosis (narrowing) is a common feature of
a spondylotic cervical spine, flexion or extension of such a spine can compress the
spinal cord. This thesis involves two studies investigating the effects of spondylosis
on the kinematics of the cervical spine and on compression of the spinal cord during
spine motion.

The first study developed and evaluated an image analysis technique that measures a
new combination of degenerative and kinematic continuous, quantitative variables in
cervical spine sagittal plane flexion-extension image pairs. This technique, evaluated
using plane X-ray, effectively quantified angular range of motion, anterior-posterior
(AP) translation, intervertebral disc height, pincer spinal canal diameter, and osteo-
phyte length. The angular accuracy and linear precision were found to be ±1.3◦ and
approximately ±0.6mm, respectively. This compared well to previous studies and is
adequate for potential clinical applications.

The second study quantified the effect of increasing anterior canal stenosis on spinal
cord compression during spine motion. This study used a whole porcine cadaveric
cervical spine, a radio-opaque surrogate spinal cord, and an artificial osteophyte.
The spine was imaged by sagittal plane X-ray during quasistatic pure moment flexion-
extension bending. This study demonstrated that the cadaveric model could simulate
the typical spondylotic SCI mechanisms in both flexion (bowstring stretching) and
extension (pincer). Spinal cord AP diameter could be measured accurately within
±0.25mm and cord diameter differences could be measured within ±0.5mm. Cord
compression due to the artificial osteophyte increased with increased canal stenosis,
but never exceeded 1mm.

The image analysis techniques developed in the first study and results of future studies
based on these techniques may be used to improve cadaveric modelling of SCI due
to low energy impacts in the presence of age-related spine degeneration. Improved
understanding of injury mechanisms may aid clinical intervention to both prevent
and treat SCI in the presence of age-related spine degeneration.
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Chapter 1

Introduction

Despite a low incidence rate, often reported between 25 to 52 per million people
per year, [30, 36, 120, 170, 193, 206] spinal cord injuries (SCIs) take a great toll on
society both personally and financially. In North America, in 2001-2002, 1,173 per
million people were estimated to be suffering from temporary or permanent neurologic
impairment due to SCI, [30] which ranges from complete motor and sensory loss, to
dysfunction such as pain, bladder and bowel complications, and weakness of the
extremities. [1] The estimated life-time health care costs of a 50-year old SCI patient
in the USA is approximately $500,000 if the injury is incomplete in the lower spine and
over $1,800,000 for high tetraplegia. [193] The annual economic burden of traumatic
SCI in Canada is approximately $3.6 billion but only half of that figure is due to
direct health care costs. [1] This is roughly a 0.2% drain on the Canadian economy,
if the size of the economy is estimated to be $1.8 trillion, based on the 2011 GDP. [2]

SCI incidence in developed countries has a bimodal age distribution. [36, 120, 170,
206] SCIs are most common among young adult males (usually defined as 15 to 29
years). [30, 36, 120, 167, 170, 194, 206] SCI incidence is next highest for elderly people
(usually defined as 65 years or greater). [30, 36, 120, 170, 206] When the incidences
of SCI in Canada and Finland are age-adjusted, (a statistical correction for the size
difference of the population groups) the incidences for elderly people exceed those of
the rest of the adult population. [100, 170] Traumatic SCI incidence among elderly
people is increasing in all countries with an aging population, including Canada. In
most cases, this increase is proportional to the shift in demographics. [92, 101, 120,
170, 190, 193, 206]

Although SCIs suffered by elderly patients are typically not as severe as those suf-
fered by younger patients, and they have similar neurological recovery, older patients
typically exhibit less functional recovery due to other comorbidities. [33, 34, 53, 54,
86, 92, 193, 194] Elderly SCI patients have a higher mortality rate [33, 34, 55, 92, 120,
123, 170, 193, 194] and do not tolerate surgery as well as younger patients. [204] SCIs
suffered by the elderly are frequently incomplete compression-related central cord in-
juries in the cervical spine. [33, 69, 92, 120, 170, 193] Due to their greater tendency
to suffer injury to the cervical spine, the proportion of tetraplegics to paraplegics
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Chapter 1. Introduction

increases with age. [24, 33, 69, 120]

The leading cause of SCI depends on the age demographic. Most SCIs suffered by
young adults are due to a high-energy traumatic event; most commonly a motor
vehicle accident (38% to 49%). [24, 36, 120, 170, 193, 206] This is also the leading
overall cause of SCI (35% to 57%). [24, 30, 36, 120, 170, 172, 206] Falls are the leading
cause of SCI for the elderly population (57% to 84%). [24, 69, 100, 120, 170, 193, 206]
Falls are also the second leading cause of SCI for the entire population (19% to
45%). [24, 30, 36, 120, 170, 172, 206]

Epidemiological data about fall-related injuries often lack detail and when details are
reported, the nature of the falls that cause the most injuries differ between studies.
Most studies report the majority of falls causing injury to elderly people are low
energy (such as a level fall from standing) [24, 92, 100, 120, 125, 167, 170, 193, 194]
but some suggest that higher energy falls (such as a fall from a height greater than
1m) are more common. [33, 69, 201] Studies of geriatric spinal cord injury without
radiographic anomaly (SCIWORA) or spinal cord injury without radiologic evidence
of trauma (SCIWORET) suggest that many of the fall related injuries are due to low
energy impacts (consistent with falls from standing height), since they do not cause
osseous or ligamentous injury. [39, 68, 75, 79, 103, 112, 113, 176, 187, 201]

In cases of geriatric SCI due to a low energy traumatic event, such as a level fall from
standing height, that same impact would likely be trivial to a younger adult. [24,
92, 100, 103, 120, 125, 167, 170, 193, 194] Spondylosis (a generic term for spine
degeneration) may change the mechanical characteristics of the cervical spine that
make it and the spinal cord more vulnerable to injury. [29, 32, 33, 39, 40, 69, 92, 103,
112, 113, 125, 176, 188, 193, 194]

Spondylosis may also result in myelopathy or radiculopathy (mechanical compression
of the spinal cord or nerve roots, respectively, resulting in neurologic dysfunction).
Common symptoms of myelopathy and radiculopathy are reduced balance, reaction
speed, coordination, and upper body strength which increase the frequency and sever-
ity of impact of level falls. [77, 92, 186]

The degenerative process is complex and it may begin in humans as young as 25
years. [29, 121, 191] It affects 90% of men and women by the age of 50 and 60
respectively. [92] Degeneration can affect many aspects of spine anatomy but this
thesis is most concerned with degeneration relating to the cervical spinal canal that
may directly interact with the spinal cord during spine motion.
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1.1. Cervical Spine Anatomy

1.1 Cervical Spine Anatomy

The cervical spine is a complicated system comprised of bones called vertebrae, inter-
vertebral discs, a spinal cord, nerves, ligaments, muscles, tendons, and vasculature.
Its primary functions are supporting the many structures of the head and neck, and
housing and protecting the spinal cord, while retaining incredible flexibility.

Common terminology makes description of the relative location and direction of
anatomical features clear and precise. When discussing the common anatomical
planes and directions, the human body is assumed to be in the conventional anatomi-
cal pose (Figure 1.1). Images of the human body are regularly presented relative to the
three orthogonal anatomical planes: coronal, sagittal, and transverse. The superior-
inferior (sometimes referred to as cranial-caudal) directions run along the intersection
of the coronal and sagittal planes. The anterior-posterior (AP, sometimes referred to
as ventral-dorsal) directions run along the intersection of the sagittal and transverse
planes. The medial-lateral directions run along the intersection of the coronal and
transverse planes and are unique because they describe position relative to the body’s
midline. The closer a feature is to the midline (from either side) the more medial,
the further the more lateral (Figure 1.1). Since all large movements of the human
body are rotations about a joint, these rotations are generally grouped into three or-
thogonal directions: flexion-extension, lateral flexion (or lateral bending), and axial
rotation (Figure 1.2). [35]
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1.1. Cervical Spine Anatomy

Figure 1.1: The anatomical planes and directions. Adapted from Drake et al.,
2005 [35] with permission from Elsevier.
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1.1. Cervical Spine Anatomy

Figure 1.2: The anatomical orthogonal rotations. Reprinted from Drake et al.,
2005 [35] with permission from Elsevier.

1.1.1 Normal Anatomy

The human cervical spine is composed of the seven most superior vertebrae (Figure
1.3). The atlas (C1) and axis (C2) are special vertebrae (Figure 1.4) and feature many
unique characteristics. The atlas can be characterized as a ring with two superior and
two inferior facets on the lateral masses. The axis interfaces with the atlas via two
synovial joints and the dens (or odontoid): a bony projection extending cranially
from the vertebral body of the axis. The sub-axial cervical vertebrae (C3-C7) all
share common features and they more closely resemble vertebrae from the rest of the
spine (Figure 1.5). [35, 121]

The sub-axial cervical vertebrae all have two pairs of superior and inferior synovial
joints. A pair of superior and inferior facet joints (sometimes called apophyseal joints,
or zygapophyseal joints) are located lateral and posterior to the vertebral body. A
pair of superior and inferior uncovertebral joints (sometimes called joints of Luschka)
are located on each vertebral body where the uncinate process extends superiorly
around the disc to meet the adjacent vertebra. The uncinate process can provide
lateral stability to the cervical spine. [121, 153] The primary purpose of the facet
joints is to limit axial rotation and share the load with the vertebral body (Figure
1.5). [35, 121, 153, 155]
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1.1. Cervical Spine Anatomy

Figure 1.3: The cervical spine and spinal column. Reprinted from Drake et al.,
2005 [35] with permission from Elsevier.
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1.1. Cervical Spine Anatomy

Figure 1.4: Illustrations of the atlas and axis. Reprinted from Drake et al., 2005 [35]
with permission from Elsevier.

Figure 1.5: Typical cervical vertebra. Reprinted from Drake et al., 2005 [35] with
permission from Elsevier.
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1.1. Cervical Spine Anatomy

Intervertebral discs are located between each vertebral body of the sub-axial cervical
spine. The intervertebral disc is an avascular organ, composed of an outer annulus
fibrosis that surrounds a fibrocartilaginous nucleus pulposus with high water content.
The annulus fibrosis is a series of highly organized concentric lamellae of fibrocarti-
laginous tissue that are thick in the anterior but thinner in the posterior and uncinate
region. The fibres are oriented in alternating directions in each successive layer. This
construction allows the disc to transmit the majority of the load carried by the spine
evenly, by hydrostatic pressure, while allowing the vertebrae to move relative to each
other. (Figure 1.6). [35, 121, 130, 173]

Figure 1.6: Sketch of a healthy cervical intervertebral disc illustrates a thick anterior
annulus (a) that becomes more narrow in the posterior (p) and uncinate region (u).
The annulus surrounds a fibrocartilaginous nucleus pulposus (fc). Reprinted from
Mercer and Bogduk, 1999. [130] with permission from Wolters Kluwer Health.

By examining a functional spinal unit (FSU), composed of two adjacent vertebrae
and a disc, important features can be visualized. Each vertebra is a ring of bone and
together this ring creates the spinal canal. The spinal canal runs the entire length of
the spine and houses the spinal cord. The intervertebral foramen on each lateral side,
between the vertebral body and posterior elements, is the space that allows nerves
to exit the spinal canal. Each typical vertebra articulates with its adjacent vertebra
by four synovial joints (two facet and two uncovertebral joints) and an intervertebral
disc (Figure 1.7). [35]
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Number 239 
February. 1989 Pathogenesis of Cervical Spondylosis 73 

Joint of' I.uschka 

Intervertebral foramen 

Inferior articular process 

Superior articular process 

I Posterior tubercle 

I 
Anterior tubercle 

FIG. 3. The osseous structures that contribute to the cervical intervertebral foramen. Note the relation- 
ships of the joints of Luschka and the apophyseal joint to this foramen. Hypertrophy of these structures 
can readily lead to constriction in this area. (Reproduced with permission of W. B. Saunders Company.) 

laginous end-plates. The cartilage end-plates 

lie between the nucleus and the trabecular 
bone of the superior and inferior vertebral 
bodies. They provide both longitudinal 
growth and a point of joint surface contact 

between the end-plate itself and the gelati- 
nous nucleus. The plates are approximately 1 

mm thick, although they are thinner at their 
centers. Fibers may be seen passing from the 

plates into the nucleus, and small pores perfo- 
rate the plates in later life. These are believed 
to provide a pathway for diffusion of both 
metabolites and water. 

Blood vessels also penetrate from above 
and below the discs. These vessels begin to 
close by approximately eight months of age 

and are completely closed by age 30.'4,42 
The outer boundary of the disc is formed 

by the anulus fibrosus, which is a band of pre- 
dominantly fibrocartilaginous tissue with fi- 
bers running in concentric lamellae from one 

vertebra to the next (Fig. 4). The fibers slant 
in alternating directions in each successive 
layer so that the fibers in each ring will cross 
at an angle. The peripheral fibers pass over 

the cartilaginous plates to anchor to the verte- 
bral bodies. The most superficial anterior fi- 
bers coalesce with the anterior longitudinal 
ligament, and the posterior fibers similarly 
blend with the posterior longitudinal liga- 

ment. The anulus is thicker anteriorly than 
posteriorly; this, together with the fact that 

the anterior longitudinal ligament is stronger, 
may be one of the reasons why the posterior 
protrusion of nuclear material is more com- 
monly encountered. 

The nucleus pulposus is centrally located 

and is usually placed between the middle 
one-third and posterior one-third of the disc. 
It constitutes approximately 40% of the disc's 
cross-sectional area. The delineation between 
the nucleus pulposus and the anulus is clear 

Figure 1.7: A sketch of a typical cervical functional spinal unit. Reprinted from
Lestini et al., 1989. [121] with permission from Wolters Kluwer Health.

The brain and spinal cord make up the central nervous system (CNS), while the nerves
that travel throughout the body make up the peripheral nervous system (PNS). The
spinal cord is a dense and highly organized organ that originates at the brain stem
and travels down the spinal canal. Between each vertebra, nerves originate and exit
the spinal canal via the intervertebral foramina. Together the CNS and PNS transmit
motor and sensory information between the brain and the body. [35]

The spinal cord is composed of two layers, grey matter in the centre and white matter
which surrounds it. The grey matter gives the cord it’s characteristic “H” shape in
cross-section and contains cell bodies, while the white matter is made up of axons.
The spinal cord is surrounded by three meninges. The outer layer, called dura mater,
is tough and protects the spinal cord. The thin, delicate arachnoid mater lays along
the inner surface of the dura mater. The subarachnoid space, between the arachnoid
mater and the spinal cord, is filled with cerebrospinal fluid. A vascular membrane
called pia mater adheres to the outer surface of the spinal cord. The denticulate (or
dentate) ligaments are triangular sheets of pia mater that extend from each lateral
side of the spinal cord and anchor onto the dura mater. They help to tether the spinal
cord in the centre of the subarachnoid space (Figure 1.8). [35, 177]

The ligaments of the cervical spine hold the joints in contact and restrict the possi-
ble motion between the vertebrae. Two ligaments are of particular interest to this
thesis because they can directly interact with the spinal cord: the posterior longi-
tudinal ligament (PLL, sometimes called the posterior common ligament), and the
ligamentum flavum (LF). The PLL and LF run the length of the spine along the
anterior and posterior walls of the spinal canal respectively and are adjacent to the
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1.1. Cervical Spine Anatomy

Figure 1.8: Spinal cord and related structures. Reprinted from Drake et al.,
2005 [35] with permission from Elsevier.

dura mater. [35, 94, 177]

The muscles whose tendons insert directly onto the cervical spine can be broken into
major groups. The spinotransversales group is primarily responsible for extending
the neck and drawing the head backward. Individually, the muscles can rotate the
head from side to side. The erector spinae group is responsible for extending the neck.
The suboccipital muscles primarily extend and rotate the head. Other muscles of the
neck counteract the muscles whose tendons insert directly onto the cervical spine and
move the head in anterior directions. [35]

The vascular system contained within the cervical spine is primarily responsible for
supplying blood to and from the cervical spinal cord and brain. The vertebral arter-
ies are the largest arteries in the cervical spine. At every level of the cervical spine,
segmental medullary arteries branch off of the vertebral artery to supply the anterior
and the two posterior spinal arteries. Finally, the vertebral arteries reach the foramen
magnum where the two arteries merge and supply the brain. The anterior and poste-
rior spinal arteries course along the entire length of the spinal cord and supply it with
blood (Figure 1.8). The spinal cord drains primarily into two veins that run along
the length of the cord: the anterior spinal vein and the posterior spinal vein. These
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1.1. Cervical Spine Anatomy

veins drain into the internal vertebral plexus, a network that covers the external side
of the dura mater and eventually drains into the major systemic veins. [35]

1.1.2 Degenerated Anatomy

Spondylosis has been extensively studied and continues to be an active area of re-
search. [8, 14, 28, 29, 77, 93, 121, 191, 204] Degeneration leads to dysfunction of the
affected anatomy, and can compromise the overall function of the spine. Spondylosis
is often studied in the context of two categories of neurologic compromise: myelopa-
thy and radiculopathy, which are due to compression of the spinal cord and the nerve
roots, respectively. However, in many patients degeneration affects both the nerves
and spinal cord. [77] This section will describe the spondylotic changes that are most
relevant to myelopathy and SCI.

The most common forms of degeneration that directly threaten the spinal cord are
intervertebral disc degeneration, and osteophyte growth (Figure 1.9). [63, 74, 76, 121,
149] Ossification of the PLL and the LF can also lead to serious injury of the spinal
cord and is common in Japan but it is less common in other populations. [8, 113]

(a) A healthy vertebra. (b) A degenerated vertebra.

Figure 1.9: Illustrations of transverse sections of typical cervical vertebrae. A
healthy vertebra (a) and a vertebra that is suffering from many types of degeneration
(b). Reprinted from Tracy et al. [204] with permission from Wolters Kluwer Health.
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1.1. Cervical Spine Anatomy

Other types of cervical spondylosis may lead to SCI indirectly. Degeneration of
the vertebral bodies includes osteoporosis, sclerosis of the endplates, and ankylosing
spondylosis. Hypertrophy (enlargement) of the facet and uncovertebral joints, arthri-
tis and other inflammatory joint disease can lead to spine dysfunction and radicu-
lopathy (Figure 1.9). [9, 32, 39, 40, 186, 194, 204]

Spondylosis frequently affects multiple levels simultaneously and is most common in
the sub-axial cervical spine. [29, 74, 77, 121, 186, 204] Degeneration is thought to be
related to “wear-and-tear” on the spine and among these levels degenerative changes
are most common at the most flexible FSU, which is typically C5/C6. [29, 77, 121,
186, 204]

The progression and cause of intervertebral disc degeneration is a highly complex
process and an active area of research. [6, 29, 66, 121, 207, 209] Disc degeneration is
characterized by disorganization of the tissue structures and loss of water content. [9,
29, 121] The various stages of disc degeneration can be visualized with magnetic
resonance imaging (MRI) (Figure 1.10), which correlate well with disc height loss
(visible by plane X-ray), [9, 48, 110] but there is poor correlation between degeneration
grade and symptoms such as pain. [9, 76, 121, 186, 204] The cause of intervertebral
disc degeneration is not known, but evidence suggests that genetics and insufficient
nutrient and waste diffusion through the vertebral endplates are factors. [29, 66, 121,
209] The transport of larger solutes is aided by convective fluid-flow driven by regular
loading and deformation of the discs. [45, 66] Thus spine immobility may be the cause
and the consequence of disc degeneration.
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Figure 1.10: Mid-sagittal plane magnetic resonance images of intervertebral discs.
Images a through e indicate increasing severity of disc degeneration. Visible changes
are indicative of the grading scheme proposed by Benneker et al. Reprinted from
Benneker et al. [9] with permission from Springer.
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1.1. Cervical Spine Anatomy

Disc degeneration can result in a loss of height, bulging or herniation of the nucleus
pulposus, and an increase or a decrease in spine segment flexibility. [29, 77, 121, 204]
Disc height loss can have many consequences on the surrounding structures such
as reducing the size of the intervertebral foramen, endangering the nerve roots and
changing the normal lordosis of the spine. [29, 77, 121] A bulging disc can protrude
in any direction and can occlude the spinal canal or intervertebral foramen. If it puts
pressure on the spinal cord or nerve roots a bulging disc can cause radiculopathy or
myelopathy (Figure 1.9). [77, 121, 196, 204] Clinical studies using MRI have observed
increased spine flexibility with mild cervical disc degeneration and reduced flexibility
with more severe degeneration. [29, 121] Two studies using kinetic MRI found quan-
titative results supporting this relationship between cervical disc degeneration and
flexibility but uncorrected repeated t-tests limited the significance of the differences
found. [134, 135]

Osteophytes (bone spurs) grow radially from the margins of a vertebral body adjacent
to the disc and are thought to be the body’s response to vertebral instability as they
tend to reduce range of motion (ROM). [8, 29, 121, 191, 204] Anterior osteophyte
growth is more common and it may be so extreme that it completely changes the shape
of the vertebral body (Figure 1.11). [63, 121] Severe osteophytosis can eventually lead
to bridging and fusion of adjacent vertebrae. If an osteophyte grows in a posterior
direction, it can endanger the spinal cord by consuming space in the vertebral canal
(Figure 1.12) or it can endanger the nerve root by consuming space in the foramen
(Figure 1.9). [77, 121]
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FIG. 8. Gross osteophytosis causing locking of the neck. The discs are relatively well preserved. (Repro- 
duced with permission of W. B. Saunders Company.) 

daver specimens and seen upon roentgen- 

ographic examination. In 1940 Honvitz 
studied the degenerative changes in the cervi- 

cal spines of 50 adult patients, all of them 
male, averaging 56 years of age.3o He found 

changes in the intervertebral discs in 76% of 
these patients. In 1954 Pallis et al. found a 
similar incidence of cervical spine change.53 

They studied 50 patients over the age of 50 

years; 75% had narrowing of the spinal canal 

due to various changes consistent with cervi- 
cal spondylosis. Kellgren and Lawrence stud- 

ied the inhabitants of a British community 

and discovered, through roentgenographic 
examination, cervical spondylosis in 82% of 

inhabitants older than 55 years of age.33 

Figure 1.11: Large anterior osteophytes causing locking of the vertebrae are visible
in a plane X-ray image. Reprinted from Lestini et al., 1989. [121] with permission
from Wolters Kluwer Health.
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FIG. 9. A diagram of the AP measurement between a spur on the infenor posterior aspect of the verte- 
bral body and the base of the spinous process of the vertebra below. (Reproduced with permission from 
Wolf, B. S. ,  Khilnani, M., and Malis, L.: The sagittal diameter of the bony cervical spinal canal and its 
significance in cervical spondylosis. J .  Mt. Sinai Hosp. 23:283, 1956.) 

flexion.56 Also the cord has been noted to 
thicken in extension, which would further re- 

duce the available space within the canal di- 
ameter. 

Recently Hayashi et al. studied both static 

and dynamic changes in the measurements of 
the cervical canal and noted that static and 
dynamic AP canal diameter decreased with 
age and that the dynamic canal became much 

narrower than the static canal as aging pro- 
gressed.26 In this study, patients with myelop- 
athy had smaller static and dynamic canal 
measurements than normal subjects for the 
most part. However, the process of roentgen- 
ographic evaluation and canal diameter mea- 
surement is not so reliable as to allow abso- 
lute prediction of those who will manifest 
their roentgenographic degenerative findings 
as objective and subjective clinical syn- 
dromes. The above study contained patients 
who had critical dynamic canal stenosis of 

less than 1 1  mm and who showed no neuro- 

logic deficits. Moreover, several of these pa- 
tients showed myelopathic symptoms with- 
out critical static or dynamic canal stenosis. 

Obviously other factors are involved in de- 
termining the expression of disease. These 

factors may include vascular changes within 
the cord; repeated traumas; soft-tissue en- 
trapment, such as infolding of the ligamen- 

tum flavum; or shape of the canal itself. 
Moreover, the pathogenic mechanisms for 
symptom production are different when one 
considers the two different clinical syn- 
dromes associated with cervical spondylosis: 
namely, spondylotic radiculopathy and my- 
elopathy. 

CERVICAL RADICULOPATHY 

Nerve root involvement in cervical spon- 
dylosis may be single or multiple, unilateral 

Figure 1.12: X-ray of a degenerated cervical spine. Line tracings show the mini-
mum pincer diameter in the spinal canal has been reduced by an osteophyte growing
posteriorly from the C5 vertebral body. Reprinted from Lestini et al., 1989. [121]
with permission from Wolters Kluwer Health.

As the name implies, ossification of the PLL and the LF is a transformation of the
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ligaments into bone-like tissue. This reduces ligament elasticity until they are even-
tually rigid. The cause of ossification is unclear, but contributing factors include
accumulated mechanical wear and genetics. Ossified ligaments consume more space
in the canal than healthy ligaments. Since ossified ligaments are less elastic, they do
not conform to the contour of the spinal canal during spine motion and can reduce
the available space in the canal by exacerbating ligament bulging during spine mo-
tion. Once rigid, the ligament can fracture due to minor trauma and injure the spinal
cord. [8, 39, 94, 112, 113, 221]

Various forms of spondylosis often develop together and their interaction is com-
plex. Examples include osteophytes forming around an unstable degenerated disc,
or vertebral endplate sclerosis reducing nutrient diffusion, leading to a degenerated
disc. [8, 29, 66, 77, 121, 207] Perception of neurologic symptoms, such as pain, due
to degeneration leads to coping behaviours, and myelopathic patients are suspected
to voluntarily reduce their ROM but no clear relationship between pain, pathological
motion patterns, and degeneration has been found. [12, 37, 56, 135] These relation-
ships may lead to a self-perpetuating cycle of more severe degeneration or it may
reach a stable state. Even if stabilized, cervical spondylosis is better understood as a
continuous process of remodelling in the context of the dynamic function of the spine.

1.2 Cervical Spine and Spinal Cord Biomechanics

1.2.1 Normal Biomechanics

Knowledge of human cervical spine biomechanics is primarily generated from ex-
periments and observations of the spine in vivo and ex vivo. [5, 12, 13, 32, 71–
73, 108, 129, 211, 217, 220] In vivo human studies offer the most biofidelic data,
but control of the relevant variables is difficult and the methods used must not be
so invasive as to harm the people involved. Thus, most in vivo studies depend on a
variety of imaging techniques. Ex vivo studies use a wider selection of methods since
invasiveness is not a concern, but human cadaver models deviate from the living spine
they attempt to simulate, and results must always be considered in light of the rele-
vant limitations (such as no active muscle forces, and that mechanical properties of
some tissues change after death). In vivo and ex vivo animal models are highly uni-
form and relatively inexpensive but anatomical and biomechanical differences from
the human spine must be considered. [6, 18, 19, 98, 107, 189, 192, 212, 213, 218]

Many different imaging modalities are applicable to studying spine biomechanics and
each has unique strengths and weaknesses. X-ray is fast, readily available, and in-
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expensive. However, X-ray is limited because it delivers an ionizing radiation dose,
which puts patients at risk of harm, and it cannot effectively image soft tissue, such as
the spinal cord, which is of central interest. Plane X-ray is limited to two-dimensional
analysis but bi-plane imaging offers the potential for three-dimensional analysis. MRI
images the spine in three-dimensions, including soft tissue, but is more expensive,
time-consuming, and most devices do not allow for imaging of the spine in an upright
position or allow its full flexion-extension ROM. X-ray computed tomography (CT)
scanning has similar advantages and drawbacks as MRI but delivers a higher X-ray
dose than a plane X-ray. Injecting contrast dye into the spinal canal allows for better
X-ray imaging of the spinal cord, but myelograms are more invasive and introduce
additional health risks to patients.

In vivo studies have quantified the active [37, 46, 49, 80, 87, 115, 116, 119, 124, 127,
150, 151, 165, 179, 208, 222] and passive [37, 38, 128, 134, 135] flexion-extension ROM
of the cervical spine. Active ROM is caused by the subjects’ muscles while passive
motion is caused by an external force or the effects of gravity. Some studies visualize
the individual vertebrae [37, 38, 49, 80, 87, 119, 124, 134, 135, 151, 165, 179, 208]
while others only measure the total spine motion. [46, 115, 116, 127, 128, 150, 222]

Many of the mechanical characteristics of the spine have been quantified using cadav-
eric flexibility tests that apply a pure bending moment. [61, 133, 144, 146, 157, 159,
181] To achieve a pure bending moment, the spine must be free to rotate (in the direc-
tions orthogonal to the applied bending moment) and translate (in all three orthogonal
directions) at one end of the spine. The spine displays a non-linear sigmoidal-shaped
rotation response to an applied moment. The small ROM achieved with zero or very
small applied moment is called the neutral zone (NZ) and is quantified by the hys-
teresis of the angle-moment plot of a spine during a continuous pure-moment bending
test cycle (Figure 1.13). [61, 215]
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Six porcine cervical spine specimens (C2–C4) were
used to compare the two loading protocols. The porcine
cervical spine has been shown to be a good model for
studying the human lumbar spine (Yingling et al., 1999).
All specimens were dissected of muscular tissue with
care not to disrupt the ligamentous structures. The end
vertebral bodies were partially embedded in dental stone
to facilitate fixture in the test machine. Marker
carriers, each with four infrared light-emitting diode
markers, were attached to each vertebra (Fig. 1) and
motion was measured with an optoelectronic 3D
measurement system (OptoTrak 3020, Northern Digital,
Waterloo, ON). Six degrees of freedom intervertebral
motion was calculated with custom-made LabVIEW
software.

The two loading protocols were compared using a
randomized test order. All tests were carried out to

72Nm. The stepwise loading protocol (STEP) was
identical to that previously reported (Panjabi et al.,
1989) and operated under torque control in four equal
load steps and through three complete load cycles
(Fig. 2a). The load/unload steps ramped at 0.5Nm/s
followed by a 30 s wait at each target load. Continuous
ramp tests (CON) were performed at 0.25!/s and the
direction was reversed when the moment reached
72Nm (Fig. 2b). For a 40! overall ROM, this test
speed gave an overall test duration equivalent to the
STEP test. A 5min wait period was used between each
test. Specimens were kept moist at all times by
intermittent spraying with distilled water.

Test parameters were calculated based on the third
cycle. Definitions of NZ and ROM are shown in Figs. 2
and 3. Comparisons between the two loading protocols
were made for the NZ, ROM, and NZ/ROM motion
parameters with a paired t-test, at a significance level of
po0:05:

ARTICLE IN PRESS

Fig. 2. Graphical representation of the two loading protocols: (a)
stepwise, force control to 72Nm with a 30 s wait between steps, (b)
continuous ramp loading at 0.25!/s to 72Nm moment limits. The
total time and the angle reached during the continuous test were
dependent on the individual specimen and the test direction. The ramp
rate was chosen to give a similar test time as the stepwise test. The
points used to define ROM and NZ for the stepwise and continuous
tests are shown. Note the relative time interval differences between
these points for the two tests.

Fig. 3. Typical moment–rotation curves for the third cycle of the: (a)
stepwise protocol and, (b) continuous protocol, showing the points
used to calculate ROM and NZ for both tests. Detail is shown for the
stepwise test (a), illustrating the creep occurring during the 30 s hold at
1Nm. The cumulative creep at the four ‘‘holds’’ is likely the main
reason for the larger ROM with the STEP test.

D.J. Goertzen et al. / Journal of Biomechanics 37 (2004) 257–261 259

Figure 1.13: The resulting moment-angle plot during a continuous pure-moment
bending test cycle of a cervical spine. Range of motion is indicated by the purple
circles at the points of maximum applied moment and the neutral zone is indicated
by the red squares at the points of zero applied moment. Reprinted from Goertzen
et al. [61] with permission from Elsevier.

Many studies [12, 37, 38, 56, 121, 164, 165, 169, 208] have shown that during flexion-
extension motion, the cervical vertebrae simultaneously rotate and translate relative
to the adjacent vertebrae. The instantaneous planar motion of each vertebra can be
described by a rotation about a point away from the vertebra called the instantaneous
centre of rotation (COR). The location of each vertebra’s instantaneous COR travels
as the vertebra moves. The average COR of each vertebra is found in the inferior
adjacent vertebral body (Figure 1.14).

Comparisons between in vivo and ex vivo experiments have demonstrated the need for
muscle force simulation in cadaveric flexibility testing. [216] The most common muscle
force simulation technique is called a follower-load [133, 160, 163] which applies axial
compression using cables running along each lateral side of the spine guided through
the average COR of each vertebra. By guiding the load through the COR, the static
moment due to the follower load is minimized and buckling is prevented.

Due to a combination of factors, the spinal canal changes shape and size during spine
motion. As a consequence of the location of each vertebra’s average COR, as the
spine extends the AP diameter of the vertebral canal becomes narrower in the pincer
direction, and the total path length of the canal becomes shorter. [165] The pincer
canal diameter (sometimes called the pincher [88] or dynamic canal diameter [71, 74])
is found between the inferior-posterior aspect of the vertebral body and the superior-
anterior base of the lamina of the adjacent inferior vertebra (Figure 1.15). [121, 139,
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Figure 1.14: A sketch of a mid-sagittal plane view of the cervical vertebral bodies.
Anterior faces right. The dots indicate the average centre of rotation of each vertebra.
The circles indicate the two standard deviation range of the instantaneous centre of
rotation. Reprinted from Bogduk et al. [12] with permission from Elsevier.

176, 191] As the spine extends the posterior elements of the spine come together,
tension in the PLL and LF is relieved, and those ligaments as well as the intervertebral
discs bulge into the canal, reducing the AP diameter. [25, 67, 71, 165] The cumulative
effect in a typical healthy adult cervical spine is a reduction of total canal volume in
extension. [81]

cadavers. The volume of liquid displaced increased with flex-
ion and decreased with extension, but the average total
change from extension to flexion only amounted to 1.9 mL.

Axial Rotation
Axial rotation (Ry) of the spinal column or extremities

sets up a physiological stress inside the pons-cord tract,
although no overall lengthening of the bony canal
occurs.10,13,27 Depending on the segmental level, however,
increases and decreases in the canal dimensions do occur.
This is a result of the segmental coupling patterns from axial
rotation. For example, during axial rotation of the cervical
spine, the upper three vertebra (C0 to C3) will extend,
whereas the lower cervical vertebra (C4 to C7) will flex.29

At the same time, the upper cervical vertebra will laterally
bend in an opposite direction of the lower cervical vertebra.
The same phenomenon exists in the lumbar spine as well.30

This information will be applicable when the specifics of
biomechanics of the nervous system are discussed in rela-
tion to canal strains.

Lateral Bending
Lateral bending (Rz) results in an increase in canal length

on one side of the canal and a decrease on the opposite side.
The axis of rotation for lateral bending is still debatable;
however, the current thought is that it lies anterior to the
spinal canal closer to the anterior aspect of the vertebral
body and perhaps in the sagittal center.27 Regardless of the
exact location of the instantaneous axis of rotation (IAR), it
is quite obvious that the ipsilateral side of the spine in lateral
bending is shortened and under compressive loading where-
as the contralateral side lengthens and is subjected to tensile
forces. The spinal canal shows similar deformations during
lateral bending.27,31 However, because of the rotational cou-
pling (Ry) patterns caused by lateral bending, torsional
stresses and strains will occur and the magnitudes depend on
the segmental level in question. Holmes et al28 measured
spinal canal volume in neutral and left/right lateral bending
of the lower cervical spines (C2 to C7) of 10 cadavers. The
volume of liquid displaced in lateral bending was much less
than flexion/extension and only amounted to 0.2 mL.

Combined Postural Loading
It is important to note that the previous material on canal

deformations is only for single postures, such as a lateral
flexion of the skull compared with a fixed thorax. With com-
binations of postures, lateral flexion of the skull plus an
axial rotation of the skull, the canal deformations may be
much larger than simply the combination of the two loads.
This is because a shift in the axis of rotation occurs with
combined loads. For example, Pope et al32 studied the com-
bined loads of Ry and Rz in the lumbar spine. Here there
were no uniform distributions for the IAR; in many
instances the IAR was well outside the vertebral body.32

This will be applicable when combined postural loading is
discussed in relation to the CNS deformations.

Canal Cross-sectional Area Changes Resulting from the Disk and the
Ligamentum Flavum

The cross-sectional area and volume of the spinal canal
varies with posture positioning. Fig 4 illustrates that the
dynamic sagittal diameter of the spinal canal is measured
from the upper crest of the spinous-lamina junction of the
inferior vertebra to the posteroinferior body margin of the
superior vertebra. These changes are of significance to clini-
cians when dealing with patients who have canal stenosis.
The effects of canal stenosis on neural tissue is well docu-
mented.33-38 We do not deny the clinical significance of this
issue, nor do we intend to minimize it. However, we believe
that an equally important and more prevalent issue has typi-
cally been underappreciated by many clinicians and
researchers, this issue being neural tissue stress and strain in
the absence of stenotic conditions. Because stenotic canals
are present in only a minority of individuals, we believe that
the latter condition may encompass a larger volume of
patients and neurologic conditions. This is because altered
alignment of upright posture, viewed as rotations and trans-
lations in three dimensions, and poor ergonomics are rela-
tively common place among today’s patient popula-
tions.5,8,39,40 This review is presented with emphasis on this
position.

During flexion the spinal canal diameter is increased as
the slack is taken out of the soft tissues surrounding the
canal. On extension the canal’s anterior to posterior width is
reduced, but this is usually a small amount, less than 1
mm.28 This reduction is principally due to two mechanical
events, deformation of the intervertebral disk (IVD) and
deformation of the ligamentum flavum.10,27,28 Extension of
the spinal column causes the IVD to bulge into the spinal
canal, whereas flexion creates tension in the annular fibers
posteriorly and compression anteriorly causing an anterior
bulge. This bulge is different from the shift of the nucleus
pulposus, which in a healthy disk will shift minimally
toward the convexity or remain in the neutral position. The
annular fibers always bulge into the concavity in a healthy
disk. In the lumbar spine, the IVD bulge may approach 1
mm on flexion and extension, whereas in the cervical spine
it is significantly less. Obviously, in degenerative conditions
and traumatic disk injuries, the strains will be larger.
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Fig 4. Dynamic sagittal diameter of the spinal canal. In extension,
the dynamic sagittal diameter (D) of the spinal canal is the distance
from the upper crest of the spinous-lamina junction of the inferior
vertebra to the posteroinferior body corner of the superior vertebra.

Figure 1.15: A sketch of the vertebral bodies and posterior elements of the cervical
spine in the sagittal plane showing the mid-sagittal pincer diameter of the cervical
spinal canal. Anterior faces left. Reprinted from Harrison et al. [71] with permission
from Elsevier.

Cervical spinal canal length change during flexion-extension has been quantified and
causes the spinal cord to translate and stretch. The anterior wall of two cadaver
cervical spines were measured in maximum extension and maximum flexion. The
length of the anterior cervical canal of the two specimens increased in flexion by 15mm
and 23mm. [15] Other studies showed a increase of the anterior and posterior canal
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path length of between 0% to 24% and between 28% to 61% respectively as the cervical
spine rotates from full extension to full flexion. [71, 165, 183] The superior-inferior
translation of the spinal cord is somewhat tethered by the brain stem, nerve roots and
the denticulate ligaments. [35, 78, 177] The anterior dura mater is somewhat tethered
to the PLL by friction and loose fibrous tissue. [78, 177] Thus the spinal cord must
translate and stretch to conform to spine motion. [72] Cord translation up to 18mm
and strain up to 17.6% was observed during flexion-extension motion of dissected
cadavers. [177] More recently, the spinal cord was observed to translate 3mm and to
elongate up to 6% and 10% along the anterior and posterior surfaces, respectively,
from neutral to full flexion without causing injury in vivo. [223] In extension, tension
of the spinal cord is relieved. [72]

In a typical healthy young spine, canal diameter changes due to spine motion are small
and not harmful to the spinal cord. Change of the minimum osseous canal diameter
is typically 1mm or less (in the pincer direction). [88] Canal diameter change during
flexion-extension motion due to the soft tissue have been quantified in many cadaveric
studies. Nuckley et al. [146, 147] observed no change, Chen et al. [25] observed disc
and LF bulge consume up to 2.8mm, and Gu et al. [67] observed LF bulge up to
3.5mm. Results from Gu et al [67] were most extreme at the C5/C6 level and using
an average canal diameter of 15.4mm [19, 98, 117, 158] and an average cord diameter
of 6.5mm at that level [96, 97, 109], no cord compression would be expected.

The spinal cord has non-uniform, non-linear, visco-elastic material properties. [10,
21, 22, 57, 72, 83, 84, 148, 184] This allows the spinal cord to conform to spinal
motion and deform to a great extent without developing significant stress or injury.
In a traumatic impact scenario, applied strain and strain rates must be considered
as both cause increased stress in the cord. [10, 21, 22, 57, 72, 83, 84, 148, 184] The
three-dimensional stress and strain developed in the spinal cord in different loading
scenarios is complicated, resulting from many components of the three-dimensional
stress tensor, and the different material properties of the grey and white matter. [73,
105, 152, 156, 184] The regions of maximum Von Mises stress and principle strain
have been shown to relate to the injury patterns observed in the spinal cord. [64, 73,
152, 184]

SCI criteria based on strain or deformation have been developed. [21, 51, 57, 74, 106,
152] Studies have related transverse cord compression ratio to graded pathological
change [51] and neurologic dysfunction (Japanese Orthopaedic Association Score). [74]
SCI was related to transverse crushing in a guinea pig model, [57, 152] and uniaxial
strain in a study using puppies. [21] A threshold for SCI was also developed using a
ferret model that depended on impactor velocity and cord compression. [106]

Traumatic SCI is a result of both the initial mechanical insult (primary injury) and
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a cascade of events that follow as the body reacts (secondary injury). The primary
injury is thought to be due to the applied stress and strain on the spinal cord tissue.
This insult may also injure or interfere with the vasculature running along the spinal
cord. A combination of cord stress (or strain) and inadequate blood supply (ischemia)
play a significant role in SCI. [14, 26, 62, 129] Secondary injury is due to bleeding,
swelling (potentially causing further ischemia), and other cellular activity causing
spinal cord cell death. [8, 27, 78, 129]

Current human cadaveric studies often focus on the spinal canal and do not directly
observe the spinal cord. [25, 67, 81, 88, 89, 146, 147] Previously, studies dissected
spines and examined the cord’s response to spine motion [15, 177, 197] but these
studies are limited because the mechanical properties of the cord change rapidly after
death. [22, 83, 84, 148] To address this issue, three labs (including this lab) have
developed mechanical surrogate spinal cords with material properties similar to a
living spinal cord. [11, 114, 171] The material properties of the cord developed in
this lab were verified in quasistatic transverse compression, quasistatic longitudinal
tension and dynamic transverse compression. [95, 114] With the addition of a radio-
opaque contrast agent, the surrogate cord is visible by X-ray imaging.

1.2.2 Degenerated Biomechanics

Age-related degenerative changes have diverse and complicated effects on spine and
spinal cord biomechanics in both traumatic and non-traumatic situations. [8, 14,
32, 39, 44, 78, 93, 156, 162, 191, 204, 210] The shape and mechanical properties of
the spine can change with degeneration, which can make previously benign motions
injurious for the spinal cord. Many clinical studies of elderly patients report spine
fractures or SCI without fracture due to low energy impacts, [39, 68, 75, 79, 103,
112, 113, 176, 187, 201] but this author is aware of only one experimental study that
relates traumatic injury with spondylosis. [31]

An SCI can occur without osseous or ligamentous injury to the spine and have often
been referred to as spinal cord injury without radiographic anomaly (SCIWORA) or
spinal cord injury without radiologic evidence of trauma (SCIWORET). [39, 68, 75,
79, 103, 112, 113, 176, 187, 201] However, with the advent and increasing use of MRI,
the spinal cord can be directly imaged and fewer injuries fall into the SCIWORA, and
SCIWORET categories. Some authors have commented that SCIWORA is becom-
ing a misnomer, since “radiographic anomalies” can be detected using MRI in most
patients with an injury. [79]

The forms of degeneration that directly threaten the spinal cord (disc degeneration,
osteophytes, and ligament ossification, described above in Section 1.1.2) can all be
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effectively observed with different imaging modalities. [7, 39, 204] MRI provides the
most detailed images of soft tissues such as intervertebral discs. Disc bulges, herni-
ation, dehydration, structural disorganization and disc height can be observed with
MRI. [9, 121, 186, 204] Disc height, inferred by measuring vertebral endplate distance,
can also be measured using X-ray. [9, 48, 50, 110, 121] Osteophytes are visible in MRI,
but are clearest via X-ray (plane or CT). [7, 63, 121, 204] Ossification of the posterior
longitudinal ligament (OPLL) or ossification of the ligamentum flavum (OLF) can
be detected with X-ray (plane or CT), or MRI. [7, 39, 112, 113, 221] MRI is the first
choice for clinical diagnosis of myelopathy or radiculopathy due to spondylosis as it
can image the spinal cord and confirm if the surrounding tissue is causing compression
or dysfunction. [69, 75, 112, 113, 204]

Spondylosis may lead to an overall increase or decrease in spine flexibility. Studies of
lumbar intervertebral discs suggest mild degeneration causes an increase in segmen-
tal mobility but more advanced degeneration causes mobility to decrease. [132, 145]
These results were consistent with finite element model results found by Rohlmann et
al. [182] A cadaveric study of cervical spine motion segments with disc degeneration
was less conclusive. [137] Osteophyte growth is associated with decreased spine flex-
ibility, and may ultimately lead to vertebral fusion. [8, 29, 121, 191, 204] OPLL and
OLF gradually fuses the vertebrae together reducing spine flexibility. [39, 112, 113]
While these clinical observations are consistent, this author is not aware of any ex-
perimental study quantitatively relating osteophyte size, OPLL, or OLF with change
in ROM. In addition, a reduction of flexibility in one region of the spine, may result
in an compensatory increase in flexibility at other adjacent levels. This is seen in
spondylotic patients with reduced mobility in the sub-axial cervical spine. [131]

The relationship between spine flexibility loss due to spondylosis and spine injury due
to mild trauma is unclear. Spondylosis most commonly affects the sub-axial cervical
spine. [29, 74, 77, 121, 186, 204, 204] When degenerated levels are less flexible, in-
juries due to mild trauma are frequently observed clinically at the next most mobile
superior segment in the spine. [16, 32, 39, 112, 125, 194] Dens fractures are particu-
larly common in elderly populations. [16, 92, 123, 125, 167, 194] However, one study
observed injuries were more common at the next most mobile inferior segment in the
spine. [113] In these cases degenerative rigidity is thought to provide some protec-
tion to the spine, but in other cases degeneration appears to make the spine brittle,
and fractures have been observed at the site of ankylosing spondylitis or OPLL due
to mild trauma, possibly due to concurrent osteoporosis. [32, 39, 40, 113] A rigid
lever arm or hinge/fulcrum mechanism has been proposed to explain the fractures
frequently observed in the upper cervical spine when inferior segments have reduced
flexibility due to advanced spondylosis. [31, 32] Experimental modelling is needed to
better understand the different injury mechanisms and how to protect patients in
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the event of trauma. [16, 31] To the best of this author’s knowledge, only one ca-
daveric impact study has related injury to spondylotic features in the spine. During
compression-flexion impacts, injuries were frequently located adjacent and superior
to locations of degeneration. [31]

Spondylosis not only changes the quantity of spine motion but also the quality. Nor-
mal spine motion is a combination of vertebrae rotating and translating relative to
each other. Disproportionate translation of two adjacent vertebrae is called spondy-
lolisthesis. While most cases of cervical spondylolisthesis are due to trauma such as
a hangman fracture (fracture of the axis pedicles), degenerative spondylolisthesis is
associated with disc degeneration and facet hypertrophy. [93] This may be due to a
loss of disc height causing laxity of the spine ligaments. [29] In principle, a pathologic
change in the relationship between vertebral rotation and translation could be visu-
alized as a change of the COR. [38, 208] However, due to the travel of each vertebra’s
COR during normal healthy motion, in practice a healthy COR has not been suc-
cessfully distinguished from a pathologic COR due to spondylosis, except in extreme
cases. [56]

A pincer action between two adjacent vertebrae is the typical spondylotic SCI mech-
anism due to spine extension (Figure 1.15). [8, 33, 69, 71, 191] Many human cadaver
studies have examined spinal canal narrowing in quasi-static extension illustrating
the pincer mechanism. [25, 62, 67, 81, 88, 146, 147, 195] The normal reduction of the
pincer diameter during extension may be exaggerated by pathologic vertebral motion
patterns such as spondylolisthesis. Posterior osteophytes, ossification of the PLL and
LF, and a bulging or herniated disc reduce the static canal diameter and exaggerate
the dynamic canal diameter change that normally occurs during flexion and exten-
sion. [25, 33, 67, 71, 74, 121, 140, 197, 204] As the spine extends, the spinal canal
path length decreases, spinal cord longitudinal tension relaxes, and its cross-sectional
diameter increases. [71, 72, 78, 141, 183] All of these effects compound to consume
the clearance space for the spinal cord in the spinal canal. This is of particular con-
cern to people with a naturally small neural space, who have little clearance to begin
with. [204] If the extension motion is due to a traumatic impact (such as a fall causing
an impact to the forehead), the transverse compression would be applied at a higher
speed, which would increase spinal cord stress. [10, 85, 106]

“Bowstring stretching” of the spinal cord across an anterior protrusion (such as a
bulging disc or posterior osteophyte) is the typical spondylotic SCI mechanism due
to spine flexion (Figure 1.16). [15, 73, 78, 156, 191] As the spine flexes, the spinal cord
is stretched and pulled anteriorly due to the path length of the spinal canal becoming
longer and the curvature of the spine becoming more rounded. [72, 73, 78, 140, 141,
156, 177, 191] Spondylosis may increase localized spinal cord tethering in a variety of
ways causing cord stretching to be less uniformly distributed. Canal stenosis can cause

22



1.2. Cervical Spine and Spinal Cord Biomechanics

cord pinching. [78] An anterior canal protrusion (such as a bulging disc or osteophyte)
can increase the friction between the dura and the PLL. [78, 177] Thickening of the
dentate ligaments or narrowing of the foramen (due to any combination of causes
such as a bulging disc, osteophyte growth, or disc height loss) can restrict sliding
of the nerve roots, causing them to stretch with spine movement and increase their
tethering effect. [29, 77, 78, 121] These factors cause bowstring stretching that causes
very complicated combined loading in the spinal cord. [8, 73, 78, 156, 191] Three
dimensional numerical modelling of this combined loading condition has not been
conducted, but qualitative analyses [73, 78, 156] and a 2D numerical simulation [122]
suggest that the shear stress would be maximum near the centre of the cord. A
three-dimensional finite element model of intermittent cervical myelopathy provoked
by flexion found maximum Von Mises Stress would be located in the grey matter,
particularly at the anterior horn and posterior horn but the model did not include
longitudinal tension of the cord. [105] These stress patterns are consistent with the
centrally located cord injury associated with cervical central cord syndrome that is
commonly suffered by elderly SCI patients. (The syndrome is defined as an incomplete
SCI that disproportionately impairs motor function of the upper limbs, while function
below the lesion is relatively preserved.) [33, 69, 92, 120, 170, 193] Additionally,
compression at the anterior surface of the spinal cord may cause ischemia. [8, 15, 62,
78, 162, 191] While studies prior to 1970 using cadaveric specimens illustrated the
bowstring and pincer injury mechanisms and their effects on the shape of the spinal
cord and blood vessels, [15, 177, 197] the bowstring stretch injury mechanism has
been somewhat neglected in current research. [78]

Figure 1.16: Illustration of bowstring stretching of the spinal cord due to a posterior
bulging disc during spine flexion. Adapted from Panjabi et al. [156] with permission
from Wolters Kluwer Health.

A need remains for further understanding of quantitative relationships between spine
degeneration and cervical spine motion and SCI. There are no clear relationships
between vertebral ROM, AP translation, or canal diameter change with the combined
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effects of spondylosis. This requires improved quantitative in vivo methods to measure
degenerative features and ex vivo experimental models to relate these features to the
compression of a biofidelic spinal cord.

1.3 Study Objectives

The objectives of this thesis are part of the preliminary development of a research
program that aims to quantify the relationships between spine degeneration, spine
motion, and SCI tolerance and risk. Two studies are performed.

The objective of the first study is to develop an image analysis technique for quanti-
tative analysis of cervical spine kinematic and degenerative features in plane images
and to evaluate the analysis technique using a plane flexion-extension X-ray image
pair. These techniques may be used in the future to measure continuous, quantita-
tive variables that may be used to build multi-variable regression models that predict
clinical SCI risk factors, such as cervical spinal canal diameter change.

The objective of the second study is to develop a new method for quantifying the
effect of increasing canal stenosis on spinal cord compression during spine motion
in cadaveric experimental models. This study will determine the effect of increasing
canal stenosis due to an artificial osteophyte on a biofidelic surrogate cord during
quasi-static motion of an ex vivo whole porcine cervical spine. Accuracy of surrogate
spinal cord diameter measurements made via plane X-ray will be evaluated.
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Chapter 2

X-ray Predictors of Cervical Spinal
Canal Diameter Change

2.1 Introduction

Spinal cord injuries (SCIs), while uncommon, can have devastating effects because
any damage to the central nervous system can cause widespread and permanent
sensory and motor impairment. Traumatic SCI incidence is often reported between
25 to 52 people per million in North America and has a bimodal age distribution;
injuries are most common in young adults (15-29 years) and the elderly (over 65
years). [30, 36, 120, 170, 193, 206] Trends indicate that injury rates are increasing
among the elderly, reflecting shifting population demographics. [92, 101, 120, 170,
172, 206] These are often incomplete cord injuries and are predominately due to
falls. [36, 39, 92, 101, 103, 120, 172, 172, 194, 206]

A narrow spinal canal can compress the spinal cord, which can contribute to incom-
plete SCI. [39, 68, 92, 103, 113, 176, 188] A spinal canal can become more narrow over
time due to age-related spinal degeneration such as osteophytes (bone spurs) protrud-
ing from the vertebral body posteriorly into the spinal canal. [39, 92, 103, 113, 121,
176, 188] The spinal canal diameter can be dynamically reduced by flexion-extension
motion in both traumatic and non-traumatic situations. [39, 68, 92, 103, 113, 121,
176, 188] The most significant dynamic narrowing occurs in the pincer direction be-
tween the inferior-posterior corner of a vertebral body and the superior edge of the
lamina from the adjacent-inferior vertebra. This is the narrowest diameter of a spinal
canal in subjects with posterior osteophytes. [121, 139, 176, 191]

Many clinical [39, 52, 71, 90, 102, 126, 168, 176, 191] and experimental [25, 67, 81, 146,
147, 195] studies have shown that the cervical spinal canal typically becomes more
narrow in extension and becomes wider in flexion, but few studies have explored how
canal diameter change during spine motion relates to degenerative features. Magnetic
resonance imaging (MRI) was used in a series of studies to measure canal diameter and
cord compression during flexion-extension motion and subjects were categorized into
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groups based on disc degeneration. [134–136] Chen et al. [23] found disc degeneration
grade and canal diameter in neutral MRI images could predict cord impingement in
extension. Hayashi et al. [74] measured intervertebral disc space narrowing, osteophy-
tosis, and retrolisthesis and qualitatively related them to canal diameter narrowing.
They contrasted degenerative features and canal diameter change in young patients
with older patients and between myelopathic patients compared to non-symptomatic
subjects. Using X-ray computed tomography (CT) myelograms, they quantified the
compression ratio of the spinal cord and related those results to canal narrowing
and neurologic symptoms. Muhle et al. [139, 140] graded osteophyte severity and
disc degeneration and compared patients’ canal diameter change and cord compres-
sion during flexion-extension motion using kinematic MR imaging. Fukui et al. [52]
correlated pincer canal diameter in extension with anterior-posterior (AP) vertebral
translation and with the Japanese Orthopaedic Association (JOA) score for clinical
evaluation of myelopathy. Gore et al. [63] measured cervical spine features in X-ray
images and correlated static canal diameter (not canal diameter change) with de-
generative measures (disc space narrowing, endplate sclerosis, anterior and posterior
osteophyte size) in asymptomatic people. Taken together, many different degener-
ative features have been compared with canal diameter change, but differences in
methodology make synthesis of these results difficult. Although some of these studies
showed relationships between degenerative features and canal diameter change, few
used regression analyses and most did not evaluate these relationships quantitatively.

To the best of our knowledge, no study to date has used plane X-ray to quantify an-
gular range of motion (ROM), AP translation, intervertebral disc height, osteophyte
length, and spinal canal diameter change due to flexion-extension motion in the cervi-
cal spine as continuous variables so that the relationship between the variables can be
quantified by linear regression. These variables could be individually correlated, or a
group of variables may be used to create a multi-variable linear regression model that
predicts canal diameter change during flexion-extension motion. The objective of the
present study is to develop an image analysis technique for quantitative analysis of
cervical spine kinematic and degenerative features in plane images and to evaluate the
accuracy and precision of the technique using a plane flexion-extension X-ray image
pair.

2.2 Materials and Methods

A sample flexion-extension sagittal plane X-ray image pair was used to evaluate the
analysis technique (Figure 2.1). The four corners of the projected perimeter of each
vertebral body were located and manually digitized. The corners were located on the
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surface of the cortical shell of each vertebral body. Where an osteophyte spur was
identified, the tip of the osteophyte and the estimated vertebral body corner (where
the corner would be if the osteophyte was not there) were both marked. Estimated
vertebral body corners were located by the thickened cortical shell in the region of an
osteophyte. Additionally, the superior edge of each lamina that forms the posterior
wall of the vertebral canal was marked (Figure 2.2). All landmarks were located and
manually digitized by the author.

(a) Flexion (b) Extension

Figure 2.1: Sample flexion-extension image pair used to demonstrate analysis tech-
nique. Image source: commons.wikimedia.org [3, 4] Attribution: Stillwaterising Cre-
ative Commons CC0 1.0 Universal Public Domain Dedication.

Custom analysis scripts were written using Matlab (R2006a, The MathWorks Inc.,
Natick, Massachusetts, USA) that allowed manual digitization of the boney landmarks
and calculated the following variables for analysis.

• Angular Range of Motion (ROM)

• Anterior-Posterior (AP) Translation

• Intervertebral Disc Height

• Spinal Canal Diameter (in flexion, in extension, and the difference)

• Osteophyte Length

Each variable was calculated for each functional spinal unit (FSU) between C2 and C7.
A scale factor was estimated to convert all linear variable results into mm based on
published quantitative dimensions of the cervical vertebral body. [158] The resulting
vertebral body depth of the C3 to C7 vertebrae in the presently analyzed images
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(a) Extension
image showing
all landmarks
in the study.
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(b) Cervical vertebrae C5 and
C6. Anterior osteophytes are
visible on either side of the
C5/C6 intervertebral disc.

Figure 2.2: Landmarks on cervical vertebrae used for image analysis. Each red circle
indicates an anatomical vertebral body corner or the tip of an osteophyte if present.
Each green x indicates an estimated vertebral body corner (where the corner would be
if the osteophyte was not there). These locations overlap if no osteophyte is present.
The blue diamonds indicate the superior edge of the lamina.

ranged between 14 and 18mm which was within 1mm of the previously published
values.

After digitizing the landmarks, ROM was calculated for each FSU using an algo-
rithm developed by Frobin et al. [49] The four vertebral body corners were used to
find a mid-line through each vertebra. If an osteophyte was present, the estimated
vertebral body corners were used. The angle between each pair of adjacent lines
was found. A positive angle indicated an angle opening toward the anterior, while
a negative angle indicated opening to the posterior (Figure 2.3). ROM was calcu-
lated by subtracting the difference between the angle in the extension X-ray image
and the flexion X-ray image. Positive ROM was defined as extension motion (ROM
= AngleExtension - AngleFlexion). ROM values from each FSU were also summed to
produce a representative whole-spine (C2-C7) ROM.
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Figure 2.3: Red lines illustrate the vertebral body mid-lines used to calculate the
angle between two adjacent vertebrae.

AP translation was calculated by adapting an algorithm developed by Frobin et al. [49]
The bisectrix in the present study bisects the angle created by the lines defined
by the endplates of the vertebral bodies adjacent to the disc. Then, the centre-
point of each vertebra was calculated by finding the average of the coordinates of
the four vertebral body corner points. If an osteophyte was present, the estimated
vertebral body corners were used. The centre points of each vertebra were then
projected onto the bisectrix by a line perpendicular to the bisectrix. The distance
between these projected points defined the dorso-ventral displacement (Figure 2.4).
AP translation was defined as the difference between the dorso-ventral displacement
in the flexion X-ray image and the extension X-ray image. Positive AP translation
meant the superior vertebra was more posterior, relative to the inferior vertebra, in
extension relative to flexion (AP translation = dorso-ventral displacementExtension -
dorso-ventral displacementFlexion). The difference between the present method and
the one developed by Frobin et al. was the definition of the bisectrix. [49]
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Figure 2.4: Positive dorso-ventral displacement in the extension view is illustrated
by the red arrow. The yellow dots illustrate the centre point of vertebrae. The green
line illustrates the bisectrix. The cyan lines illustrate the perpendicular projection of
the vertebral centre point onto the bisectrix.

The intervertebral disc height was calculated by adapting an algorithm developed
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by Frobin et al. [50] Using the bisectrix described above, the anterior disc height
was calculated by summing the perpendicular distances from the anterior corners of
the adjacent vertebral bodies to the bisectrix. Then the posterior disc height was
calculated in the same manner, using the adjacent posterior vertebral body corners.
If an osteophyte was present, the estimated vertebral body corner was used (Figure
2.5). A representative value for the intervertebral disc height was found by averaging
the anterior and posterior disc height. Disc height values calculated in this way are
expected to be insensitive to vertebral angle so the value from either the flexion or
extension image can be used. However, it is not known if this representative disc
height is insensitive to vertebral angle in general, so values from both flexion and
extension images are reported in the present study. Frobin et al.’s method used only
the anterior disc height and a correction factor to account for vertebral angle. [50]
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Figure 2.5: Posterior and anterior disc height are illustrated by the two pairs of
cyan lines. The green line illustrates the bisectrix.

Canal diameter was measured between the inferior-posterior corner of a vertebral
body and the superior edge of the lamina from the adjacent-inferior vertebra. If an
osteophyte was present, the tip of the osteophyte was used (Figure 2.6). This diameter
is commonly referred to as the pincer diameter and can change due to relative motion
of the vertebrae. Canal diameter in flexion was subtracted from the value measured
in extension to calculate canal diameter change (Canal Diameter Change = Canal
DiameterExtension - Canal DiameterFlexion).

Osteophyte length was calculated by measuring the distance between the tip of the
osteophyte and the estimated vertebral body corner. The lengths of the osteophytes
growing from the four corners adjacent to an intervertebral disc were summed to give
one representative value for each FSU. Osteophyte lengths were calculated in both
flexion and extension and the greater of those two values for each FSU was used
(Figure 2.7).

30



2.2. Materials and Methods

pt01m37e.jpg

500 600 700 800 900 1000 1100

500

600

700

800

900

1000

1100

1200

1300

1400

Figure 2.6: Pincer canal diameter was measured from the inferior-posterior corner
of a vertebral body and the superior edge of the lamina from the adjacent-inferior
vertebra. The blue lines illustrate the canal diameters.
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Figure 2.7: Osteophyte length is the sum of the distances measured between the
tip of an osteophyte and the estimated vertebral body corner around a given inter-
vertebral disc. Cyan lines illustrate the osteophyte length, where osteophytes exist.

2.2.1 Intra-reader Repeatability Assessment

The X-ray image pair was manually digitized by the author on two occasions more
than five months apart. All kinematic and degenerative variables were calculated
using each of the landmark data sets. The difference between the calculated variables
illustrated intra-reader repeatability.

The repeatability of digitizing landmarks was evaluated by manually digitizing one
osteophyte tip, one estimated vertebral body corner, and one lamina landmark in
one image 30 times each (Figure 2.8). The procedure for digitizing the landmarks
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required the user (the author) resize the image and move the mouse between each
repetition. For each landmark, the average location of the cloud of digitized points
was found. Then the magnitude of the vector distances from each point to the average
point was found. The average distance indicated the radius of the point cloud and
the repeatability of digitizing that landmark. Distances were calculated in pixels and
then converted to mm using the same scaling factor as in the main study.
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Figure 2.8: Dot clouds illustrate the 30 repeated digitizations for each landmark.
Red dots indicate the osteophyte tip. Green dots indicates an estimated vertebral
body corner. Blue dots indicate the superior edge of the lamina.

2.2.2 X-ray Image Analysis Accuracy and Precision
Assessment

The calculation of all variables in this study are subject to various sources of error
that can be broken into three groups: X-ray imaging, location of landmarks, and
manual digitizing of points. These sources of error are described in more detail in
the Discussion (Section 2.4.1). The cumulative effects of these sources of error were
quantified by assessing the angular and linear measurement error.

Angular Accuracy

Angular accuracy was quantified by using the X-ray image analysis method described
above to measure a known vertebral angle change. This was achieved by imaging,
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with the assistance of Vancouver General Hospital Radiology, two dried human cer-
vical spine vertebrae mounted on a simple apparatus that controlled the vertebrae’s
relative position (Figures 2.9 and 2.10). The dried vertebrae were mounted to carved
plastic blocks that accepted the curvature of the vertebral bodies. Rubber bands pro-
vided the seating force. Vertebral body landmarks were then located and manually
digitized by the author. The vertebral angle was controlled by three interchange-
able wedges that were each cut with a different angle. (15◦, 27.7◦, 39.9◦) The angle
of each wedge was verified with an accuracy of ±0.4◦ by taking the arctangent of
multiple measurements of the height and length of the wedges with digital callipers
(±0.005mm). The resulting angles calculated along the length of each wedge were
consistent within ±0.4◦.

Figure 2.9: Photograph of the X-ray angular accuracy assessment apparatus. The
15◦ wedge is in use.
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Figure 2.10: A typical angular accuracy assessment X-ray image with highlighted
landmarks and geometric constructions. The 15◦ wedge is in use. The apparatus is
positioned in-plane.
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The absolute vertebral angle was not known because mounting the vertebrae onto the
apparatus introduced a constant offset to the angle measured from the wedge angle.
This constant offset was cancelled out by finding the difference between the vertebral
angles in each different position. This subtraction replicated finding the ROM in the
main study and produced three angle difference values 12.7◦ (= 27.7◦ − 15◦), 12.2◦

(= 39.9◦−27.7◦), 24.9◦ (= 39.9◦−15◦) with an accuracy of ±0.8◦. These values were
the best available standard against which the image analysis algorithm was compared.

Imaging with a constant wedge angle (15◦) was repeated with the whole apparatus
in-plane, and out-of-plane. The out-of-plane angle was increased in 5◦ increments by
noting the angle indicated by the 360◦ protractor attached to the base of apparatus.
(0◦,5◦,10◦,15◦) A 15◦ maximum out-of-plane angle was deemed reasonable since regu-
lar hospital radiology procedures can be relied upon to keep patients’ bodies and head
motions reasonably aligned in-plane. [70] By subtracting the angle calculated in the
out-of-plane images from the in-plane image, the error due to out-of-plane rotation
was quantified.

Linear Precision

To quantify the linear precision of this study, the static vertebral canal diameter of
each vertebra from the sample X-ray pair was calculated. A static canal diameter
(as opposed to the pincer canal diameter that was measured in the main study) is
defined by two points on a single vertebra. The static canal diameter calculated for
this study was measured between the inferior-posterior corner of a vertebral body
and the superior edge of the lamina of the same vertebra (Figure 2.11). Since these
two points were on a rigid body, the distance between them should not change during
spine motion. Any difference between the static canal diameter calculated in the
flexion and extension views was due to the cumulative effects of all sources of error
in the image analysis method.
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Figure 2.11: Static canal diameter, illustrated by the blue line, measured from the
inferior-posterior corner of a vertebral body and the superior edge of the lamina of
the same vertebra.

2.3 Results

2.3.1 X-ray Image Analysis Accuracy and Precision
Assessment

Angular Accuracy

The in-plane image analysis accuracy in the main study was conservatively estimated
to be ±1.3◦. The average error indicated by the accuracy study (±0.5◦) was less than
the error of the wedge angle difference itself (±0.8◦) (Table 2.1). The two error values
were added to produce a conservative measure of accuracy.

Table 2.1: Results of the in-plane angular accuracy study.

Wedge Angle Difference Vertebrae Angle Difference
(Calculated From X-ray Image)

Error

12.7◦ 13.1◦ 0.4◦

12.2◦ 11.4◦ 0.8◦

24.9◦ 24.5◦ 0.4◦

Average Error 0.5◦

Angle measurements were not affected by out-of-plane rotation of up to 15◦ in an
amount that could be meaningfully detected. The error recorded with a 5◦ out-of-
plane rotation was marginally detectable, but as the out-of-plane angle increased, the
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error observed was less than the image analysis accuracy (±1.3◦) (Table 2.2). Since
no trend of increasing error as the out-of-plane angle increased was detected, error
due to out-of-plane rotation up to 15◦ was dismissed.

Table 2.2: Results of the out-of-plane angular accuracy study. Vertebrae angle was
measured with a constant wedge angle while out-of-plane angle increased.

Out-of-plane Angle Error
5◦ 1.6◦

10◦ 0.1◦

15◦ 0.9◦

Linear Precision

The linear average absolute-value error was approximately ±0.6mm (Table 2.3). Since
this analysis assumed a scale factor, the static canal diameter change indicates an
approximate precision, and is comparable to the sample results (Section 2.3.2).

Table 2.3: Static canal diameter difference between flexion and extension views and
the average of the absolute-value of the canal diameter change.

Vertebral Level Static Canal Diameter Change (mm)
C3 0.5
C4 0.1
C5 -0.5
C6 -0.8
C7 -0.9

Average Absolute-value Error 0.6

2.3.2 Kinematic and Degenerative Variables Sample
Results and Repeatability

Sample results for kinematic and degenerative variables were calculated using the
flexion-extension X-ray image pair (image source: commons.wikimedia.org [3, 4]).
The images were digitized on two occasions and results from both landmark data
sets are summarized below (Tables 2.4 and 2.5). Based on the results of the image
analysis assessment, values are reported to the nearest integer. ROM results may be
compared to the angular image analysis accuracy assessment (Table 2.1). Since the
linear variables were calculated using the estimated scale factor, they are approximate
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but they can be compared to each other (within and between variables) and to the
results from the linear image analysis precision assessment (Table 2.3).

Table 2.4: Sample results for kinematic and degenerative variables using the first
landmark data set.

FSU C2
/C3

C3
/C4

C4
/C5

C5
/C6

C6
/C7

ROM (◦) 6 16 16 3 14
AP Translation (mm) 0 1 2 0 0

Disc Height, Flexion (mm) 4 5 5 3 4
Disc Height, Extension (mm) 4 5 6 5 6

Canal Diameter, Flexion (mm) 19 18 18 15 16
Canal Diameter, Extension (mm) 18 14 15 14 14

Canal Diameter Change (mm) -1 -4 -4 -1 -2
Osteophyte Length (mm) None None None 10 4

Table 2.5: Sample results for kinematic and degenerative variables using the second
landmark data set.

FSU C2
/C3

C3
/C4

C4
/C5

C5
/C6

C6
/C7

ROM (◦) 11 15 13 7 11
AP Translation (mm) 1 1 1 0 0

Disc Height, Flexion (mm) 3 4 4 3 4
Disc Height, Extension (mm) 4 5 5 4 5

Canal Diameter, Flexion (mm) 20 19 18 15 16
Canal Diameter, Extension (mm) 18 15 15 14 15

Canal Diameter Change (mm) -2 -4 -3 -1 -1
Osteophyte Length (mm) None None None 10 4

The difference between the sample results based on the first and second manual digi-
tizations demonstrated high intra-reader repeatability for all linear results (Table 2.6)
but ROM results were less repeatable. Linear results from the two digitizations were
within experimental precision. Individual ROM results did differ by more than ex-
perimental accuracy, but the total ROM (when ROM from all FSU’s are summed)
was equal.
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Table 2.6: Difference between sample results for kinematic and degenerative vari-
ables using the first and second landmark digitization data sets.

FSU C2
/C3

C3
/C4

C4
/C5

C5
/C6

C6
/C7

ROM (◦) 5 -1 -4 3 -3
AP Translation (mm) 0 0 -1 0 0

Disc Height, Flexion (mm) 0 0 -1 0 -1
Disc Height, Extension (mm) 0 0 -1 -1 -1

Canal Diameter, Flexion (mm) 0 1 0 0 0
Canal Diameter, Extension (mm) 0 0 0 0 0

Canal Diameter Change (mm) 0 0 1 0 1
Osteophyte Length (mm) None None None -1 0

The intra-reader repeatability of digitizing vertebral landmarks (osteophyte tip, es-
timated body corner, and lamina) ranged between ±1.66 pixels to ±2.36 pixels de-
pending on the type of landmark (Table 2.7). Using the same estimated scale factor
as in the main study, this is equivalent to a range of approximately ±0.21mm to
±0.30mm. These repeatability results can be compared to all other sample results,
(Tables 2.4 and 2.5) and precision results (Table 2.3).

Table 2.7: Vertebral landmark intra-reader digitization repeatability.

Vertebral Landmark Average Distance
(pixels)

Average Distance
(mm)

Osteophyte Tip 2.36 0.30
Estimated Body Corner 1.77 0.23
Lamina 1.66 0.21

2.4 Discussion

The image analysis technique described in the present work offers a means of measur-
ing a combination of kinematic and degenerative cervical spine features as continuous
quantitative variables. To the best of our knowledge, the combination of variables re-
ported in the present work has not been measured as continuous quantitative variables
in a single population group before.

Continuous quantitative variables may be used to create linear regression models that
predict clinically relevant risk factors for cervical SCI, such as spinal canal diameter
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and canal diameter change during flexion-extension motion. AP canal diameter may
indicate the severity of neurologic injury after trauma. Values between 10 and 13mm
have been proposed as a threshold for a stenotic canal, but there is currently no
clear guideline for a compromised canal diameter or a canal diameter that would
cause cord compression. [8, 14, 23, 41, 43, 52, 99, 117, 136, 175, 203] Increasing
spinal canal diameter change during flexion-extension motion is considered a risk to
a patient, if there is little available space for the spinal cord, because any reduction
in spinal canal cross-sectional area may compress and injure the spinal cord. [8, 14,
23, 39, 42, 71, 74, 136, 139, 140, 176, 191] This space reduction and cord compression
may be due to voluntary motion or motion imposed on the spine due to trauma.
Myelopathic patients with a canal diameter that changes significantly due to spinal
motion, would be expected to reduce their voluntary ROM to guard against painful
motions, but no clear relationship between degeneration, changes in spine motion
patterns or symptoms has been found. [12, 37, 56, 135]

Linear regression models indicating the relationship between the variables quantified
in the present study may be characteristic of different population groups if an appro-
priately large and uniform sample population is chosen. These relationships would
likely change with advancing age or spondylotic degeneration and could be used to
compare patient groups of various conditions and ages. Comparing symptomatic and
non-symptomatic patients may reveal different variable relationships, which could be
used for screening of patients likely to develop symptomatic cervical myelopathy. Lon-
gitudinal studies of patients would allow for more direct comparisons. Comparing the
variable relationships of patients who suffered severe SCI versus patients who suffered
mild SCI due to mild trauma, may allow for screening of patients at risk of injury
due to low energy trauma with advanced degeneration. The variable relationships of
patients who suffered SCI due to high energy versus low energy impacts and outcomes
could also be compared. Comparing variable relationships of pre- and post-operation
myelopathic patients with a variety of clinical outcomes may allow for predictors of
surgical success to be developed. The present image analysis could be used to relate
observations from a variety of imaging modalities (such as MRI and X-ray). This
may, for example, allow inferences about soft tissue, such as spinal cord compression,
to be made based on analysis of sagittal plane X-rays. Previous studies have shown
that intervertebral disc height correlates with the disc morphological grade observed
by MRI [9, 48, 110] thus intervertebral disc height may serve as an indicator for the
extent of intervertebral disc degeneration.

Comparison of regression models for different subject groups may lead to predictors
of SCI injury risk, treatment effectiveness, or expected recovery after injury in elderly
populations. More effective prediction tools are desired by clinicians [32, 93, 204]
in particular regarding post SCI mortality in elderly patients. [55] Testing a patient
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and finding a characteristic relationship of kinematic and degenerative variables may
allow for early identification that he or she belongs to an at-risk population.

2.4.1 Accuracy, Precision, Repeatability and Sources of
Error

While applicable to many imaging modalities, the analysis technique was evaluated
using sagittal plane X-ray images. The angular accuracy, linear precision, and re-
peatability of this technique when applied to plane X-ray images were assessed. The
sources of error that affect the present image analysis technique can be categorized
into three groups: X-ray imaging, locating landmarks, and digitizing of points.

X-ray imaging error can be due to positioning the sagittal plane of patients not parallel
to the image plane, inconsistent patient behaviour, out-of-plane motion, distortion
due to two-dimensional projection of objects with a depth away from the image
beam centre, and limitations of image resolution. Many studies depend on regular
clinical imaging in both retrospective and prospective studies. Some error due to
patient positioning, behaviour, and out-of-plane motion must be accepted and have
been shown to be negligible when following regular procedures. [70] Distortion of
features due to projecting objects with a depth onto a two-dimensional image cannot
be corrected using software because it depends on the particular shape of the object
and its position and orientation in the image. Analysis techniques like those developed
by Frobin et al. [49, 50] minimize this effect but this author is not aware of any means
to eliminate it completely. Limitations of image resolution are relative to the ratio of
an image pixel to the smallest feature to be measured. This is variable, but gains in
magnification are a trade-off with increased image distortion and decreased field of
view. New technology with improved resolution is regularly developed and using the
latest technology available is recommended.

Due to a lack of contrast and various bony features being superimposed on top of each
other, the landmarks on each vertebral body may not be accurately or repeatably
located. Of particular importance is the X-ray reader’s ability to locate the same
landmark in the flexion and extension view of the same patient. Inter- and intra-
reader repeatability has served as a surrogate for X-ray landmark accuracy in past
work. [47]

The present method involved the author manually digitizing points on a computer
monitor. This may introduce additional error but based on the visual feedback of the
digitizing scripts, consistently clicking on the intended location (such as a vertebral
body) in the image was easily done and reproduced. All of the assessment methods
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used for this study incorporated the final step of manual landmark digitization, so
this source of error was taken into account.

The assessment of angular accuracy of the image analysis technique had both strengths
and limitations. The main strength of the angular accuracy assessment was its sim-
plicity while replicating clinical imaging procedures for cervical spine sagittal plane
X-rays of patients. This was achieved by imaging a pair of dried human cervical ver-
tebrae at the Vancouver General Hospital radiology department. The main limitation
of the angular accuracy assessment was the accuracy of measuring the angle of the
wedges used. The manufacture and measurements were limited because the wedges
were made of wood. Measurements were particularly affected by the fragility of the
thin end of each wedge. Despite this, the angle of the wedges were quantified within
an error or ±0.4◦ which was adequate to quantify the accuracy of the main study
within an error bound that compared well to previous similar studies (Section 2.4.2).

The main strength and limitation of the linear precision assessment was its use of
the sample X-ray image pair. It ensured all potential sources of error were to some
extent present. This assessment may be conducted on all future images from sample
population groups, and will provide a reliable quantification of linear precision. Since
the analyzed image pair did not include a scale reference to accurately convert mea-
surements to millimetres, the linear precision assessment was approximate (as were
the linear sample results). The linear precision of the present study is approximate
because it was based on an assumed scale factor for the X-ray images that produced
reasonable sizes for vertebral body depth. This error is of the same order of magni-
tude as the smallest values recorded for AP translation and canal diameter change.
However, in symptomatic elderly patients with degenerated spines and pathological
motion patterns, values of clinical relevance should be detectable.

Landmark digitization was highly repeatable and compared well to the other error
assessment results. Due to the many arithmetic operations and combinations of
landmarks, error would compound. For example, the precision of calculating spinal
canal diameter (±0.6mm) depended on combining a lamina landmark (±0.30mm)
and an osteophyte tip landmark (±0.21mm). The landmark digitization repeatability
assessment may have been affected by the user remembering the location digitized
in the previous repetition. This effect was reduced by short delays between each
repetition.

Variable calculation repeatability was assessed using two digitization data sets that
were collected five months apart. Results suggested linear results are highly repeat-
able, but angular results are more sensitive to landmark digitization repeatability.
This analysis benefited from the generous amount of time between the two digitiza-
tions of the X-ray images. The results are limited because only one X-ray pair was
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analyzed with only one repetition. This limitation may be overcome if future work
analyzes large samples of clinical images with multiple repetitions.

2.4.2 Comparisons to Previous Studies

The angular accuracy and linear precision of the present work (±1.3◦, and approx-
imately ±0.6mm, respectively) were similar to the precision of the image analysis
technique developed by Frobin et al. [49, 50] They reported an angular precision of
±2◦. Linear values were reported as dimensionless variables, scaled to the nearest
vertebral body, with a precision of 5%. This corresponds to an error of ±0.7mm for
a 15mm vertebral body depth. [49] Leivseth et al. [119] later evaluated the accuracy
of Frobin et al.’s technique and found the accuracy to be ±2.4◦ and ±0.78mm, using
stereophotogrammetric roentgen analysis as their gold standard.

The relationships between many different cervical degenerative variables, kinematic
variables and SCIs have been studied previously including, but not limited to, the
variables studied in the present work. Cervical spine ROM, [49, 74, 134–136, 139,
140, 178, 179] AP translation, [49, 50, 52, 178, 179] intervertebral disc height, [9, 50,
63, 74, 110, 178] spinal canal diameter, [23, 43, 52, 74, 99, 136, 139, 142, 174, 202,
221, 224] and osteophyte length [63, 74] have each been analyzed and compared in a
variety of combinations. The cervical spinal cord has been directly measured when the
imaging modality used permitted it. [23, 74, 135, 136, 139, 140, 142, 174, 202, 221]
The morphological grade of the intervertebral disc is typically assigned based on
qualitative evaluation of imaging. [9, 23, 110, 134, 135] Some of these variables have
been compared to neurologic outcomes such as JOA score, [52, 74, 142, 221] or the
American Spinal Injury Association injury grade. [43]

Past studies have reported a variety of the above mentioned clinical features as
categorical and continuous variables. Studies that use categorical variables may
have an easier time finding statistical differences between groups. [23, 63, 110, 134–
136, 139, 140, 142] However, this often creates a situation where statistical tests must
be repeated, and some of the differences may be an artifact of the multiple com-
parisons. Significance correction (such as the Bonferroni or Holm-Sidak correction)
is needed in this situation. Regression analysis can only be applied to continuous
quantitative results but assigning a numerical value to categorical variables makes
regression analysis possible. [9] A particularly thorough study by Hayashi et al. [74]
investigated all the variables discussed, compared different population groups and
imaging modalities, but the results were a mix of continuous and categorical vari-
ables so linear regression analysis could only be performed on a subset of the results.
In another study that used regression analysis, Reitman et al. [179] found shear, an-
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terior and posterior displacement of the vertebrae could explain up to 90% of the
variation of the ROM of 140 asymptomatic subjects but degenerative features were
not examined. Various studies that used continuous variables have found statisti-
cally significant correlations between: pincer canal diameter, age, vertebral posterior
slide, duration of myelopathy and JOA score; [52] spinal cord AP compression ra-
tio and neurologic symptoms; [74] canal diameter and space available for the spinal
cord (albeit moderate); [174, 202] and canal compromise and cord compression. [43]
The present work makes simultaneous linear regression analysis of all the variables
analyzed possible.

The sophistication of different imaging analysis techniques to measure kinematic and
degenerative variables ranges. Additional complexity can address the shortcomings
of simpler methods but may make the technique less applicable to clinical prac-
tice. [179] Cervical spine flexion-extension ROM has been extensively studied by plane
X-ray image analysis and illustrates this range. [38, 49, 80, 119, 124, 150, 151, 164–
166, 179, 208] One of the earliest image analysis techniques was developed by Pen-
ning [164, 165] who visualized segmental ROM by overlaying transparent X-ray im-
ages. He also first applied the concept of the instantaneous centre of rotation (where
the relative movement of two rigid bodies is described by only a rotation about a
point) to describe vertebral motion. The technique developed by Frobin et al. [49]
is more complicated and calculates ROM by finding the change of intervertebral an-
gle from flexion to extension. This technique depends on digitizing vertebral body
corners which were formerly manually digitized [47] but the latest iteration was a semi-
automated process that depended on a user’s initial best guess. [49] This procedure
was highly accurate, and improved on Penning’s method because it was insensitive
to radiographic distortion and was highly repeatable, but it was highly complex. Use
of Frobin et al.’s technique in the present work involved adaptations that generally
simplified it (including returning to manual digitization of landmarks) and further
simplification would likely be needed to create a viable clinical tool.

The present image analysis algorithm used to calculate ROM, AP translation, and
intervertebral disc height was based on an algorithm developed by Frobin et al. [49, 50]
but there were some significant deviations (Section 2.2). The landmarks were all
located and digitized manually without any computer automation. If an osteophyte
was present, the estimated vertebral body corners (where the corner would be if
the osteophyte was not there) and the anatomical corners were both digitized and
used for calculating different variables, as appropriate. The definition of the bisectrix
was revised to ensure it would always run through the disc-space between adjacent
vertebrae. This was not reliable under Frobin et al.’s method if the adjacent vertebral
bodies were substantially different in size or shape (due to an osteophyte or other
degeneration) or if the disc space was reduced. These changes made the technique
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more robust when analyzing degenerated and irregularly shaped vertebrae without
diminishing the accuracy of Frobin et al.’s technique.

2.4.3 Future Considerations

The present image analysis technique is a promising method that will allow for quan-
tification and comparison of kinematic and degenerative features of the cervical spine.
Further refinements and additions to the methods are recommended to ensure high
quality results if this method is applied to a sample of clinical patient images.

X-ray Imaging

Sagittal plane cervical spine flexion-extension X-rays of clinical patients can be retro-
spectively and prospectively analyzed. Prospective study subjects should have a scale
reference marker, such as a radio-opaque disc, attached to their neck in the sagittal
midline, near their C4 vertebra. The scale marker will allow for direct conversion
from digital image pixels to mm for linear variables. The populations sampled should
include both adult and elderly subjects with and without cervical myelopathic symp-
toms. If these patients have cervical spine imaging by a different modality (e.g. MRI
or CT), those images should be included for analysis and comparison.

Records of the spine imaging protocol must be collected so that images can be appro-
priately compared. The typical plane X-ray imaging protocol followed at Vancouver
General Hospital uses exposure settings of 70kV, 630mA, 16mAs. The X-ray source
is 143cm from the collector plate, and each subject stands with their shoulder against
the imaging plate.

Accuracy and Repeatability

Quantification of the kinematic and degenerative variables will depend on accurate
and repeatable identification of landmarks on each vertebra. Collaboration with two
or more orthopaedic surgeons should improve landmark location accuracy and allow
for repeatability to be assessed. These surgeons will mark up the X-ray images with
colour-coded dots to indicate the relevant landmarks. The colour-coded dots will then
be digitized.

To better reflect the improved study method, the accuracy assessment (Section 2.2.2)
should also depend on a collaborating surgeon to locate the landmarks of the dried
vertebrae mounted on the simple apparatus. The apparatus could be re-imaged with
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simulated soft tissue in the X-ray beam path to produce comparable contrast and
with more out-of-plane angle positions.

Both intra- and inter-surgeon repeatability should be assessed. To assess the intra-
surgeon repeatability of the image analysis algorithm, the collaborating surgeon,
should mark a sub-set of the images a second time, some time after the images were
initially marked. To assess the inter-surgeon repeatability, the same images should be
marked by a different surgeon on two occasions some time apart. This surgeon must
be instructed by the author but not influenced by the other collaborating surgeon.
The time-gaps are to eliminate the effect of the surgeons remembering where they
originally located the landmarks. All of these images would then be analyzed using
the same image analysis algorithm from the main study and all of the variables for
each vertebral level calculated. Two-way repeated measures analysis of variance can
be used to find any significant difference between the matched differences of angles
or canal diameters due to either factor. The results may be scatter-plotted against
each other and deviation from a straight line with a slope of 1 would indicate less
repeatability.

Statistical Analysis

Canal diameter change for each FSU level could be correlated against each variable
calculated from the same FSU level. Single or multi-variable regression analyses are
possible and should be tested to find effective predictors for canal diameter change.
Correlations could be considered significant if the their p-values are less than 0.05
after using the Holm-Sidak correction factor for repeated tests.

Doing repeated statistical tests (such as many correlations) increases the likelihood
of getting a false positive error. Using the Holm-Sidak p-value correction is recom-
mended because it is based on the actual probability of getting a false positive result.
This is a more accurate correction than the more widely used Bonferonni correction
which is overly conservative. [60] Bonferonni correction is more popular because it
is mathematically simple, but computer-aided calculations make the additional com-
plexity of the Holm-Sidak algorithm trivial.

An issue that would need to be resolved is deciding how many repeated correlations are
considered part of one “family” of results. This determines the number of repetitions
to be corrected for. It is the opinion of this author that the correlations of variables
from a single vertebral level or FSU constitute a “family” if the variables from each
level or FSU are analyzed in isolation from each other and if the variables analyzed
at each FSU are not expected to have a mechanical impact on variables at other FSU
levels. This is complicated since adjacent levels may in some cases influence each

45



2.4. Discussion

other. For example, the flexibility of an FSU may increase to compensate for a stiff
or fused adjacent level, but the causality of this effect is controversial. [8, 32, 113, 178]

Human cervical spine anatomical and biomechanical data vary to a great degree. A
large sample size will be needed to find any statistically significant relationships be-
tween the many variables analyzed. A well accepted rule-of-thumb for multi-variable
regressions is to include a sample population 10-times the number of variables included
in the regression model. [154] Six variables (any two of the three canal diameter vari-
ables can be used simultaneously) are proposed for analysis in this study. Thus a
five-variable model could be used to predict the sixth. This suggests approximately
50 patients would be needed in each sample group.

The number of subjects may need to be increased to ensure enough data is collected
for variables that are observed less often. It is frequently observed in sagittal plane X-
rays that lower cervical vertebrae are obscured by the patient’s shoulder. If including
variables from the C6 and C7 vertebrae is a priority for this study, each population
group will likely need to be increased in size so that patients with obscured vertebrae
can be excluded. Posterior osteophytes are observed clinically less often than anterior
osteophytes and a large number of subjects may be needed to include that variable
in the regression analysis. A 50% increase in sample size is recommended to allow for
this, resulting in approximately 75 patients in each sample group.

Initially, a comparison between two sample groups is recommended, such as elderly
symptomatic patients versus elderly non-symptomatic patients. Following this, more
sample groups could be analyzed and compared such as younger adults with and
without symptoms, and the same groups with different imaging modalities. These
repeated comparisons will necessitate a p-value significance correction, and larger
sample groups to compensate. It is difficult to estimate the sample size needed to allow
for this, but considering the particularly high variability in elderly and degenerated
populations, another 50% size increase is reasonable. This results in approximately
113 patients in each group.

Finally, each regression model should be verified against a second sample group of
equal size. This will result in doubling the needed number of subjects for each sample
group to 226 patients.

Relationships between the variables analyzed may not be linear in nature. For ex-
ample, the relationship between disc degeneration and ROM in the cervical spine is
inconclusive [134, 135] and in the lumbar spine the relationship is also complicated
and possibly non-linear. [132, 145] The lumbar spine appears to destabilize with early
disc degeneration but ROM decreases as degeneration becomes more advanced. Any
such non-linear relationship would not be captured by linear regression.
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Multi-variable linear regression is a powerful analysis technique but must be applied
carefully. Each variable used as an input for the regression model must be linearly in-
dependent. This is a concern since degenerative features typically develop in concert,
potentially as a response to each other. [8, 121, 204] Multi-variable linear regression
would be appropriate if the input variables show non-linear or statistically insignifi-
cant linear relationships between them.

Many Factors Affect Cervical Spine Flexibility

Any relationship between cervical spine flexibility and the variables analyzed may
be obscured by many other uncontrolled factors. These include (but are not limited
to) if the patient warmed up or stretched before X-ray imaging, natural temporal
variation of spine flexibility, [12] and effects of myelopathic or radiculopathic symp-
toms including weakness, tingling, loss of sensation and pain. [77, 121, 186] Pain is
intimately related to spine degeneration and affects patients in unpredictable ways.
These issues may be mitigated if the study was conducted prospectively, but they
must be accepted if patient images are analyzed retrospectively.

2.5 Conclusions

There is a need for indicators of SCI risk, predictors of treatment effectiveness, ex-
pected recovery, and mortality in elderly populations. [32, 55, 93, 204] Currently,
plane X-ray does not adequately detect cervical spine injuries and cannot be used
alone for screening. [138] A single variable cannot encompass all the risk factors asso-
ciated with making such predictions. Perhaps the quantitative relationship between
a group of variables will have predictive value. Many different studies have previ-
ously related various combinations of kinematic and degenerative variables, but the
combination of variables used in the present work, all measured using continuous and
quantitative variables, has not been attempted.

The image analysis method described in the present work makes the simultaneous
regression analysis of a new combination of kinematic and degenerative variables
possible. The image analysis method was evaluated using a sample flexion-extension
X-ray image pair and shown to be highly accurate and precise. Further studies using
this analysis method with multiple population groups and imaging modalities are
recommended to discover if there are characteristic regression relationships for each
group that will allow for quantitative comparison between them.
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Chapter 3

Effect of Canal Stenosis on
Surrogate Cord Compression
During Cervical Spine Motion

3.1 Introduction

Traumatic spinal cord injury (SCI) incidence rates for North America are often re-
ported between 25 to 52 per million people per year. [30, 36, 120, 170, 193, 206] Among
SCIs of equal severity, cervical injuries have the worst outcomes. SCI incidence has
a bimodal age distribution in developed nations. [36, 120, 170, 206] The majority of
people who suffer a traumatic cervical SCI are young adult males who were in an
automotive accident. [30, 36, 120, 167, 170, 194, 206] The elderly population have the
next highest incidence of SCI [30, 36, 120, 170, 206] and for similar injuries, elderly
have worse outcomes due to other comorbidities. [33, 34, 53, 54, 92, 193, 194]

There are many differences between the elderly and younger adult populations that
could be relevant to SCI, including the extent of spinal degeneration. The human
spine begins degenerating as early as the age of 25, [29, 121, 191] and over time
these cumulative changes can make the spine and spinal cord more vulnerable to
injury. [29, 33, 39, 40, 69, 92, 103, 112, 113, 125, 176, 188, 194] This is supported by
the SCI aetiology contrast between the two population groups; elderly people more
commonly suffer cervical SCI due to minor trauma (such as a fall from standing)
which would be trivial to younger people. [24, 92, 100, 120, 125, 167, 170, 193, 194]

One of the most common types of spinal degeneration is osteophyte bone spurs that
grow from a vertebral body. [63, 74, 121, 149] Osteophytes can grow in any direction
but they can threaten the spinal cord when they grow posteriorly into the spinal
canal. In that case, the minimum anterior-posterior (AP) canal diameter is found in
the pincer direction: between the bone spur on the inferior-posterior aspect of the
vertebral body and the superior-anterior aspect of the lamina of the adjacent inferior
vertebra. [71, 74, 88, 121, 139, 176, 191]
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During normal cervical spine flexion-extension motion, the neural space in the spinal
canal can change due to a number of different mechanisms including soft tissue bulging
into the canal (such as the intervertebral disc, posterior longitudinal ligament (PLL),
or ligamentum flavum (LF)), or pathologic AP vertebral translation. If the canal is al-
ready congenitally narrow or narrowed due to spinal degeneration, the spinal cord can
be compressed and injured during normal motion. During a mild traumatic impact
involving the head or neck, if the spine is degenerated, the neck can be forced to move
to an extent that injures the spinal cord while causing minor or no osteoligamentous
damage at all. [68, 92, 103, 113, 121, 123, 125, 176, 188, 194]

While many studies have investigated the effect of spinal motion on the cervical spinal
canal, relatively few have done so experimentally ex vivo. Chen et al. [25] used radio-
opaque beads attached to the PLL and the LF to measure their intrusion into the
cervical spinal canal during step-wise motion induced by a combination of axial load
and flexion-extension moments. Gu et al. [67] attached a strain gauge to the LF to
measure how it bulged into the canal during step-wise extension motion. Holmes et
al. [81] inserted a latex tube full of water into the canal and measured the displaced
water during step-wise flexion-extension motion. Nuckley et al. [146, 147] used custom
sensors to detect AP canal diameter change and intervertebral foramen size change
during many different combinations of spinal motion and with incrementally damaged
spines. Subramaniam et al. [195] measured spinal canal volume change during step-
wise flexion-extension motion by measuring the pressure difference of water flowing
through a tube in the spinal canal. The canal size was varied by inserting an artifi-
cial osteophyte made from a wooden craft ball and then performing a laminectomy.
Since these studies did not observe the spinal cord directly, they could have missed
important injury mechanisms.

Even fewer cadaveric experimental studies have directly observed the effects of cervical
spinal canal occlusion and differing spinal posture on the spinal cord in the canal.
Breig et al. [15] examined 40 adult cadaver cervical spines that were chemically fixed
in different postures (flexion, extension, or neutral). Cervical air myelograms were
used to observe the effects on the spinal cord. Reid [177] dissected cadaver specimens
to investigate the effect of cord tension due to flexion of the head and anterior canal
protrusions on the spinal cord. Taylor [197] visualized the cervical spinal cord in five
cadavers as they were flexed and extended by adding radio opaque oil to the canal
space. However, in both of these studies the positioning of the spine was not controlled
and quantitative measurements of the spinal cord compression were not made. In a
three-part study, Tencer et al. [198–200] measured the transverse force-displacement
relationship of the spinal cord in whole human spine specimens. Using a custom
designed probe equipped with a micro-loadcell at the tip, they tested the effects
of many parameters including laminectomy, spine shortening and distraction, and
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cervical flexion. However, the biofidelity of all of these studies was limited because all
of the experiments used previously frozen or chemically fixed spinal cord specimens.
Since the mechanical properties of the spinal cord change quickly after death, [22,
83, 84, 148] the spinal cord properties measured in these studies would have been
different from those of a living spinal cord. Three labs (including this lab) have
developed mechanical surrogate spinal cords with material properties similar to a
living spinal cord. [11, 114, 171] The surrogate cords have been used in cadaveric or
simulated cervical spine models in dynamic flexion-extension or impact tests.

Previous work has not quantified biofidelic spinal cord deformation in the canal of
a cadaveric cervical spine specimen during continuous flexion-extension motion as a
function of variable spinal canal stenosis. The objective of this study is to determine
the effect of increasing canal stenosis due to an artificial osteophyte, on the compres-
sion of a biofidelic surrogate cord, during physiologic and greater-than-physiologic
motion in an ex vivo whole porcine cervical spine. Accuracy of surrogate spinal cord
diameter measurements made via X-ray will be evaluated.

3.2 Materials and Methods

3.2.1 Cadaver Specimens and Preparation

Quasistatic flexion-extension flexibility tests were carried out on six skeletally mature,
fresh-frozen, cadaveric porcine cervical spine specimens (C2-T1). Approximately 36
hours in advance of testing, each specimen was removed from the freezer to give time
for thawing and preparation. Anterior processes, muscle tissue, and vertebral levels
other than C2 to T1 were removed.

A hole for an M8 screw was drilled into the the midline of the C5 vertebral body
at an angle approaching the posterior elements of C6. A stainless steel M8 machine
screw was threaded into the hole and protruded into the spinal canal (Figure 3.1).
The M8 screw served as the artificial osteophyte for this study as its size and shape,
when protruding into the canal, approximated a sub-set of the wide variety of shapes
a biologic osteophyte can take. When most extreme, osteophytosis can completely
change the shape of a vertebral body. [121] Additionally, the screw could repeatably
protrude into the canal any amount desired and was radio-opaque.
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Figure 3.1: Illustration of the artificial osteophyte design. An M8 machine screw
protrudes into the vertebral canal through the C5 vertebral body. Adapted from
Drake et al., 2005 [35] with permission from Elsevier.

The biological spinal cord was removed from the spinal canal and replaced by a radio-
opaque surrogate cord. The surrogate spinal cord (initially developed by Kroeker [114])
was made from QM Skin 30, a 2-part translucent moulding rubber (ACC Silicones
Ltd, UK). It was made radio-opaque by adding powdered barium sulphate so that
its position and size could be observed inside the spinal canal during testing via flu-
oroscopy. The surrogate cord has material properties similar to a living spinal cord,
validated in quasistatic transverse compression, dynamic transverse compression, and
quasistatic tension in the longitudinal direction. [95, 114]

The surrogate cord was moulded into a cylinder with an elliptical cross-section (ma-
jor diameter: 11.8mm; minor diameter: 6.5mm). The cross-sectional dimensions
were based on average values found in previously published studies. [96, 97, 109] The
surrogate cord was anchored in place at C2 and T1 where the spine was potted in poly-
methylmethacrylate (PMMA). The PMMA was set around a wood screw threaded
into each end of the surrogate cord. The PMMA blocks were moulded parallel to the
endplates of the vertebrae so that they encased the vertebrae but did not interfere
with spinal motion at that level.

Eye hooks, used to guide follower load cables (Section 3.2.2), were screwed into the
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lateral sides of each vertebrae and the PMMA potting. Sagittal plane X-rays were
used to ensure the hooks were affixed symmetrically and roughly one third of the
AP width of the spine from the anterior surface of the spine, which minimized any
bending moment applied by the compressive follower load. [133]

Figure 3.2 shows a typical spine specimen before and after preparation. After prepara-
tions were completed, each spine was wrapped in gauze, moistened with saline, sealed
in a plastic bag, and refrigerated overnight. At all times, specimens were kept moist
with a saline solution and cared for according to recommended guidelines. [214, 215]

(a) Before. (b) After.

Figure 3.2: A typical spine specimen before and after preparation.

3.2.2 Quasi-static Flexion-extension Tests with a Follower
Load

Flexibility tests were carried out using a custom-designed spine machine, located at
the ARTORG Research Center at the University of Bern. Pure moment bending
of the spine was accomplished by applying a torque to the cranial end of the spine
(generated by one of 3 orthogonal rotational actuators EC40 BL D 120W KL 2WE,
Maxon Motors, Switzerland) while releasing all three translational degrees of freedom
at the caudal end of the spine. The spine machine design and function was described
previously by Gédet et al. [58] The rate of bending was 1◦ per second until a moment
limit was reached. A 2.5Nm and a 3.75Nm moment limit were used. These moment
limits were intended to move the spine through a physiologic range of motion (ROM)
and a non-injurious greater-than-physiologic ROM, respectively. Using a 2.5Nm mo-
ment limit with a porcine cervical spine was recommended by Schmidt et al. [189]
when simulating a human physiologic ROM.

Load and rotation data was synchronously collected at 10Hz. Load data was collected
by a six-axis load cell (MC3A 1000, AMTI, Watertown, MA, USA) located at the
caudal end of the spine, between the spine and the machine crosshead. Rotation data
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was collected by the encoder in the spine machine rotational actuator (Figure 3.3).

Figure 3.3: ARTORG Research Center spine machine. (University of Bern, Switzer-
land.)

To improve the biofidelity of the tests, a 100N axial compression follower load sim-
ulated the effect of neck musculature. [133, 160, 163] The force was applied using a
cable guided by eye hooks located on the lateral sides of each vertebra. This guided
the force near the approximate balance point of each vertebra, which reduced the
eccentricity of the force to nearly zero, and the force remained close to pure com-
pression even while the spine moved during flexibility testing. [133, 163] Prior to the
flexibility testing, the follower load setup of each spine was tested by increasing the
compressive load until the load cell read 100N in the axial direction. All spines were
stable and did not buckle, nor flex or extend significantly. This indicated that the
load passed close to the balance point of each vertebra. The 6-axis load cell was used
to record the static moment exerted on the spine when the follower load was applied
(Table 3.1). The static moment was subtracted from the moment limits used during
flexibility testing.
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Table 3.1: Static moments due to the follower loads.

Specimen Static Moment (Nm)
A 0.61
B 0.57
C 0.53
D 0.60
E 0.50
F 0.55

The 2.5Nm moment limit flexibility test was repeated with canal occlusion increased
in increments of 25% of the canal diameter until the artificial osteophyte made contact
with the surrogate cord when the spine was in a neutral position. If 50% canal
occlusion or 75% canal occlusion would have caused noticeable cord compression in
the neutral position, the amount of artificial osteophyte intrusion was reduced so
that the artificial osteophyte only just contacted the surrogate cord. These canal
occlusion judgements were made during testing using X-ray. Due to the variation in
spinal canal size, (Table 3.2) the maximum canal intrusion for three of the specimens
was greater than 50% and for three it was less. Both the perpendicular and pincer
canal diameters of each specimen at the C5 vertebral level were measured using boney
landmarks found in plane X-rays taken before testing (Figure 3.4).

Table 3.2: Specimen sagittal canal diameters measured at vertebral level C5. (All
values in mm.)

Specimen Perpendicular Canal
Diameter

Pincer Canal
Diameter

A 12.9 15.0
B 13.2 15.3
C 15.3 18.5
D 11.7 17.5
E 11.3 15.0
F 12.7 14.3

Human Average 15.4 ± 1 [19, 98, 117, 158]
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(a) Perpendicular. (b) Pincer.

Figure 3.4: Representative X-ray images of the spine specimens illustrating the
landmarks used to measure canal diameter. The canal diameter of each specimen
was measured in the perpendicular and pincer direction. A 15mm scale reference was
included in each image to convert canal diameter measurements to millimetres.

After all tests using the 2.5Nm moment limit, the final flexibility test had a 3.75Nm
moment limit and 25% canal occlusion. This increased moment limit was 50% greater
than the limit recommended by Schmidt et al. [189] to simulate human physiologic
ROM, and was intended to induce a greater-than-physiologic motion without causing
osteoligamentous damage. The two most flexible specimens exceeded the ROM of
the spine machine before the 3.75Nm moment limit was reached. These tests were
excluded from analysis because the pure moment testing condition was violated. Table
3.3 summarizes which specimens were tested in which manner.

Table 3.3: Test conditions carried out on each specimen.

Test Condition Specimens Tested

0% canal occlusion. Moment limit: 2.5Nm A,B,C,D,E,F (All)
25% canal occlusion. Moment limit: 2.5Nm A,B,C,D,E,F (All)
50% canal occlusion. Moment limit: 2.5Nm C,D,F
Maximum canal occlusion. Moment limit: 2.5Nm A,B,C,D,E,F (All)
25% canal occlusion. Moment limit: 3.75Nm A,B,D,F

For each test, the spine was subjected to four cycles of continuous flexion-extension
up to the moment limit in each direction. The moment limit was offset by the static
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moment due to the follower load (Table 3.1). The first 1.5 cycles served as pre-
conditioning. This was necessary to accommodate C-arm imaging (Section 3.2.3).
Motion and load data were collected during the third cycle.

3.2.3 X-ray Imaging and Analysis

A fluoroscope (Siremobil Iso-C, Siemens AG, Germany) was used to image the posi-
tion and size of the surrogate cord during testing. The C-arm was positioned so that
the spine was imaged in the sagittal plane (Figure 3.5). To image the spine in the
centre of the field of view during full flexion and full extension, the C-arm needed to
be moved between two positions during testing. As a result, X-ray imaging during
each test was done immediately before and after the 3rd cycle of flexion-extension
bending (Figure 3.6).

Figure 3.5: C-arm in position around spine machine.
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c. For Flexion-extension tests, I will move the c-arm 

i. Start x-ray exposure to view full extension. 

ii. After spine has moved out of field of view, stop x-ray (leave 

software running) and move c-arm to view full flexion (4-5cm 

from the black handle) 

iii. Start x-ray exposure to view full extension 

d. Stop data collection, optotrak, x-ray and video camera together at end of 

4
th

 cycle 

 
4. Take one x-ray shot in neutral position. 

 

5. Start video camera, start optotrak 

 

6. Apply 5Nm in Torsion (to test physiologic range of motion)  

 

a. Four cycles per axis, first two are pre-conditioning. 

b. Capture C-arm x-ray “video” during 3
rd

 cycle only 

c. Stop data collection, optotrak, x-ray and video camera together at end of 

4
th

 cycle 

 

5. Artificial Degeneration L1 (PS 25%) Physiologic loading (Flexion-
Extension and Torsion) 

Follow the same procedure as in Section 4 but with screw advanced into spinal canal. 

Screw will protrude into the canal, 25% of the canal diameter. 
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Figure 3.6: X-ray imaging timing compared to flexion-extension loading sequence.

The C-arm imaged continuously with an exposure of 50kV and 0.3mA. Images were
output to a computer frame-grabber PCI card (Meteor-2/4, Fabrimex Systems AG,
Germany) which collected still images at a variable rate between 10-14 frames per
second, using Fabrimex sView V1.0 software. Although the X-ray images were not
synchronized to the other data collected, they were time-stamped so that the images
could be related to the events of each test.

Three X-ray images from each flexibility test were selected for analysis (maximum
flexion, maximum extension, and neutral pose). The following features in each image
were manually segmented using Analyze (Version 8.1, Biomedical Imaging Resource,
Mayo Clinic, Rochester, Minnesota, USA) and a WACOM touch screen tablet (Cintiq
21UX Version 1.08, WACOM Co. Ltd.): Anterior and posterior margins of surrogate
spinal cord, superior and inferior margins of artificial osteophyte, C4 landmark, C5
posterior margin, C6 landmark (Figure 3.7).
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700Figure 3.7: Typical C-arm X-ray image segmentation. (Specimen B, 25% canal
occlusion, neutral pose.) Blue lines: anterior and posterior margins of surrogate
spinal cord. Green lines: superior and inferior margins of artificial osteophyte. Red
dots: C4 and C6 landmarks. Red line: C5 posterior margin.

The pixel coordinates of the segmented landmarks were used as inputs for custom
written analysis scripts created using Matlab (R2006a, The MathWorks Inc., Natick,
Massachusetts, USA). All analysis was two-dimensional and assumed only sagittal
plane motion. This assumption was considered valid as all the segmented landmarks
were in the mid-sagittal plane and no out-of-plane motion was observed during the
flexion-extension tests. Since the artificial osteophyte was circular in cross-section,
was located in the mid-sagittal plane, and had a known physical diameter, it was
used as a scale reference to relate millimetres to pixels.

The minimum AP diameter of the surrogate cord along its length was calculated by
finding the point on the posterior margin of the cord that was the closest to each point
along the anterior margin of the cord. The cord diameter near the artificial osteophyte
was calculated by averaging the AP diameters that were immediately adjacent to
the artificial osteophyte (Figure 3.8). The overall cord diameter was calculated by
averaging the diameters that were contained within minimally distorted region but
excluding the region near the artificial osteophyte. (Details of the minimally distorted
region are given in Section 3.2.4.) The difference between the surrogate cord diameter
near the artificial osteophyte and the overall cord diameter was calculated and referred
to as the “cord diameter difference”.
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3.2. Materials and MethodsSpecimen pig8 Test t7 Ext Cord Diameter (mm)
Min Dia near screw= 5.1383, Average Dia near screw=5.456
Ave Circle No Screw=5.8278, Average Dia in circle=5.7805
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From 6.2mm to <6.4mm
From 6.4mm to <6.6mm
From 6.6mm to <6.8mm
6.8mm and Greater

Figure 3.8: A series of colour-coded line segments plotting the minimum distance
from the anterior margin of the surrogate cord to the corresponding closest point on
the posterior margin. The line segments are colour-coded based on their length as
indicated in the legend from less than 5.2mm to greater than 6.8mm. The surrogate
cord margins are highlighted by a blue line. The region of the surrogate cord near
the artificial osteophyte is highlighted in white. The white circle marks the perimeter
inside of which image distortion was undetectable (Section 3.2.4).

3.2.4 Image Analysis Accuracy and Distortion
Quantification

Image analysis accuracy was quantified by finding the diameter of a surrogate spinal
cord that was compressed a known amount. A micrometer was used to compress the
surrogate cord with an accuracy of ± 0.001mm (Figure 3.9). These cord diameter
values were considered the ground truth against which the image analysis method was
verified. Six different values of compression were applied to the surrogate cord ranging
between 0mm to 1.5mm. At each stage of cord compression, the cord was imaged
using X-ray with a cadaver spine in the X-ray beam path. This produced X-ray images
where the contrast at the margins of the surrogate cord more accurately resembled
the contrast in the images from the main study. All of the optical parameters of the
main study were replicated. As was done for the main study, an M8 machine screw
was used as a scale reference.
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Figure 3.9: Accuracy assessment set-up. The micrometer was used to compress
surrogate cord.

The X-ray images were analyzed using the same technique that was used in the main
study. The surrogate cord and the machine screws were manually segmented and then
the diameter of the cord was found along its length (Figure 3.10). The local minimum
diameter value where the cord was compressed by the micrometer was recorded and
compared to the diameter read from the micrometer. The difference between values
measured by X-ray image analysis and the micrometer is the accuracy of the X-ray
image analysis technique.
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Figure 3.10: X-ray image of the micrometer compressing the surrogate cord. A
spine specimen is visible. Blue lines are the margins of the surrogate spinal cord.
Green lines are the margins of M8 machine screws. Red dots are the limits of the
compressed region of the surrogate cord to be analyzed.

Pincushion distortion causes non-uniform image magnification. This distortion has a
minimal effect near the centre of the image, but becomes more significant closer to
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the edges. An X-ray image of equally spaced dots was used to assess the effects of
distortion (Figure 3.11). The centre-to-centre distance between each dot was manually
measured using software (GNU Image Manipulation Program Version 2.2, The GIMP
Development Team). A perimeter from the centre of the image was found, inside of
which distortion effects could not be detected. Outside of the perimeter, the distortion
effects would affect image accuracy. Thus all analysis in the main study was confined
within this perimeter (marked as a white circle in X-ray images).

Figure 3.11: Calibration grid X-ray image used for this study.

3.3 Results

3.3.1 Image Analysis Accuracy and Distortion
Quantification

The average absolute difference between the surrogate cord diameters measured us-
ing the X-ray image analysis technique and those measured using the micrometer
was less than the size of one pixel at the current magnification (Table 3.4). At the
current image magnification, one pixel was equivalent to 0.25mm. Due to the manual
segmentation techniques used, accuracy could not be better than image resolution.
Thus a conservative estimate of image analysis accuracy was ±0.25mm.

Pincushion distortion could not be detected within an ellipse near the centre of the X-
ray images (Figure 3.12). The distance between all of the dots contained in the ellipse
was uniform. The distance between the dots outside of the ellipse was detectably
larger. Results where the compressed region of the surrogate cord was located outside
of this perimeter were excluded.
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Table 3.4: X-ray image analysis technique accuracy. (All values in mm.)

Actual Cord
Diameter

Image Analysis
Diameter

Difference

6.659 6.49 0.16
6.457 6.48 -0.02
6.157 6.01 0.15
5.655 5.17 0.48
5.356 5.58 -0.22
5.150 5.16 -0.01

Absolute Average: 0.18
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Figure 3.12: The ellipse illustrates the conservative perimeter in the X-ray images
where pincushion distortion begins to have a measurable effect on the magnification.
No distortion could be detected inside this perimeter.

3.3.2 Surrogate Cord Compression

The artificial osteophyte was qualitatively observed to compress the surrogate cord
during spinal motion in five of six specimens. Quantitative verification of surrogate
cord diameter change exceeded experimental error in only two specimens. Results
from each specimen are reported individually because of high inter-specimen variabil-
ity compared to small cord diameter changes.

When the artificial osteophyte was flush with the anterior wall of the spinal canal
(0% canal intrusion, Figure 3.13a) and when it was advanced 25% into the canal
(Figure 3.14a), changes in the cord diameter near the artificial osteophyte due to
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spinal motion were detected. Upon visual inspection of the X-rays, no surrogate cord
interaction with the artificial osteophyte was observed. The quantitative changes
measured were likely due to stretching and twisting of the cord. Small fluctuations
of the surrogate cord diameter difference values (Figure 3.13b and 3.14b) were also
recorded but were less than the error associated with those values, and were likely an
artifact of the image resolution.
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(a) Surrogate cord diameter near the artificial osteophyte. Error bars indi-
cate accuracy (±0.25mm). No cord compression due to the artificial osteo-
phyte was qualitatively observed.
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(b) Difference between the surrogate cord diameter near the artificial osteo-
phyte and the overall cord diameter. Negative values indicate the surrogate
cord was narrower near the artificial osteophyte compared to the rest of the
cord. Red line indicates accuracy (± 0.5mm).

Figure 3.13: Quantitative surrogate cord results for all specimens with the artificial
osteophyte at 0% canal occlusion in the neutral posture, tested to a 2.5Nm moment
limit.
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(a) Surrogate cord diameter near the artificial osteophyte. Error bars indi-
cate accuracy (±0.25mm). No cord compression due to the artificial osteo-
phyte was qualitatively observed.
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(b) Difference between the surrogate cord diameter near the artificial osteo-
phyte and the overall cord diameter. Negative values indicate the surrogate
cord was narrower near the artificial osteophyte compared to the rest of the
cord. Red line indicates accuracy (± 0.5mm).

Figure 3.14: Quantitative surrogate cord results for all specimens with the artificial
osteophyte at 25% canal occlusion in the neutral posture, tested to a 2.5Nm moment
limit.

Only specimens C, D and F were tested with 50% canal occlusion. When specimens
A, B and E were subjected to 50% canal occlusion, surrogate cord compression in
the neutral pose was observed at the time of testing, and those tests were aborted.
Specimens C and D showed a noticeable change in surrogate cord diameter near the
artificial osteophyte due to spinal flexion (Figure 3.15a). However, visual inspection
of the X-rays revealed that the surrogate cord of only specimen C was compressed due
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to the artificial osteophyte. Specimen D showed uniform diameter reduction due to
stretching (Figure 3.16). This result could not be corroborated by the surrogate cord
diameter difference. While the cord diameter difference value was noticeably larger
for specimen C in flexion, it did not exceed the 0.5mm measurement error (Figure
3.15b).
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(a) Surrogate cord diameter near the artificial osteophyte. Error bars indi-
cate accuracy (±0.25mm). Star indicates qualitatively observed cord com-
pression due to the artificial osteophyte.
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(b) Difference between the surrogate cord diameter near the artificial osteo-
phyte and the overall cord diameter. Negative values indicate the surrogate
cord was narrower near the artificial osteophyte compared to the rest of the
cord. Red line indicates accuracy (± 0.5mm).

Figure 3.15: Quantitative surrogate cord results for all specimens with the artificial
osteophyte at 50% canal occlusion in the neutral posture, tested to a 2.5Nm moment
limit.
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Specimen pig5 Test t5 Flex Cord Diameter (mm)

Min Dia near screw= 5.2365, Average Dia near screw=5.5551
Ave Circle No Screw=6.0188, Average Dia in circle=5.963
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(a) Specimen C.

Specimen pig6 Test t5 Flex Cord Diameter (mm)
Min Dia near screw= 5.3839, Average Dia near screw=5.594
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6.8mm and Greater

(b) Specimen D.

Figure 3.16: Specimens C and D full flexion X-ray images with 50% canal intrusion,
and 2.5Nm moment limit. Colour-coded line segments indicate the surrogate cord AP
diameter as per the legend. The surrogate cord in specimen C is compressed by the
artificial osteophyte while the surrogate cord in specimen D is uniformly stretched.

During visual inspection of the X-ray images from tests where the artificial osteophyte
was advanced to maximum occlusion, surrogate cord compression was observed in
specimens A, C, and F during extension, (Figures 3.17, 3.18 and 3.19) and in speci-
mens B and D during flexion (Figures 3.20 and 3.21).
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Specimen pig3 Test t5 Flex Cord Diameter (mm)

Min Dia near screw= 6.3026, Average Dia near screw=6.4904
Ave Circle No Screw=6.5569, Average Dia in circle=6.5493
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(a) Flexion.
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(b) Neutral.
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(c) Extension.

Figure 3.17: Specimen A flexion, neutral, and extension X-ray images with maxi-
mum canal occlusion, and a 2.5Nm moment limit. Colour-coded line segments indi-
cate the surrogate cord AP diameter as per the legend. Cord compression is visible
in the neutral pose and cord compression increases in extension. In extension the
cord appears to be tethered and stretched between the artificial osteophyte and the
superior end of the specimen. 67
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(c) Extension.

Figure 3.18: Specimen C flexion, neutral, and extension X-ray images with maxi-
mum canal occlusion, and a 2.5Nm moment limit. Colour-coded line segments indi-
cate the surrogate cord AP diameter as per the legend. Cord compression is visible
when the spine was in a neutral pose and cord compression increases as the spine
extends.
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(c) Extension.

Figure 3.19: Specimen F flexion, neutral, and extension X-ray images with maxi-
mum canal occlusion, and a 2.5Nm moment limit. Colour-coded line segments indi-
cate the surrogate cord AP diameter as per the legend. Cord compression increases
as the spine extends.
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(c) Extension.

Figure 3.20: Specimen B flexion, neutral, and extension X-ray images with maxi-
mum canal occlusion, and a 2.5Nm moment limit. Colour-coded line segments indi-
cate the surrogate cord AP diameter as per the legend. Cord compression increases
as the spine flexes.
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(c) Extension.

Figure 3.21: Specimen D flexion, neutral, and extension X-ray images with maxi-
mum canal occlusion, and a 2.5Nm moment limit. Colour-coded line segments indi-
cate the surrogate cord AP diameter as per the legend. Cord compression increases
as the spine flexes.
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Due to the small amounts of cord compression measured, the quantitative results
are not conclusive for all specimens. When comparing the cord diameter values
measured near the artificial osteophyte, (Figure 3.22a) cord compression is suggested
in specimens A and F in extension and specimens B and D in flexion. The relative
magnitudes of the cord diameter differences (Figure 3.22b) for specimens A, B, C,
D, and F support the visual observations but only the results for specimens A and C
exceeded the measurement error.
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(b) Difference between the surrogate cord diameter near the artificial osteo-
phyte and the overall cord diameter. Negative values indicate the surrogate
cord was narrower near the artificial osteophyte compared to the rest of the
cord. Red line indicates accuracy (± 0.5mm).

Figure 3.22: Quantitative surrogate cord results for all specimens with the artificial
osteophyte at maximum canal occlusion in the neutral posture, tested to a 2.5Nm
moment limit.
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While best efforts were made at the time of testing to not compress the surrogate
cord when the spine was in a neutral pose, visual inspection of the X-ray images with
colour-coded cord diameters showed that the cord was compressed in the neutral
pose when testing specimens A and C. Both of these specimens showed increased
cord compression when the spine was extended.

3.75Nm moment limit tests with 25% canal occlusion were conducted on only 4 of
the 6 specimens tested (A, B, D, and F) because of limitations of the spine machine.
Specimens C and E were more flexible than the other spines and did not reach the
3.75Nm moment limit within the motion limit of the machine. Due to the increased
moment limit, all specimens moved through an increased ROM. As a result, the
region of interest (area around the surrogate cord near the artificial osteophyte) of
some images was not centred, and pincushion image distortion affected those surrogate
cord diameter measurements. Those test results (Test A-Extension, D-Extension, and
F-Flexion) were excluded from further analysis and are not reported.

During all 3.75Nm moment limit tests with 25% canal occlusion, the surrogate cord di-
ameter changed as the spine moved through its ROM (Figure 3.23a). However, visual
inspection of the X-ray images showed that the artificial osteophyte did not compress
the surrogate cord and all cord diameter changes were due to uniform stretching of
the surrogate cord. These observations are supported by the small surrogate cord
diameter difference values (Figure 3.23b).

3.3.3 Range of Motion

All tests with the same moment limit produced a highly repeatable ROM (Figure
3.24). Repeated tests on the same specimen produced similar results, as were results
across specimens.
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(b) Difference between the surrogate cord diameter near the artificial osteo-
phyte and the overall cord diameter. Negative values indicate the surrogate
cord was narrower near the artificial osteophyte compared to the rest of the
cord. Red line indicates accuracy (± 0.5mm).

Figure 3.23: Quantitative surrogate cord results for all specimens with the artificial
osteophyte at 25% canal occlusion in the neutral posture, tested to a 3.75Nm moment
limit.
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3.4 Discussion

The present study examined the effect of canal occlusion on spinal cord compression
during flexion-extension spine motion. By using a radio-opaque surrogate cord inside
a whole porcine cervical spine with a continuously adjustable artificial osteophyte,
spinal cord deformation was directly observed using X-ray. It was observed that an
artificial osteophyte can compress the surrogate cord when the spine is either extended
or flexed. In extension, cord compression was due to the spinal canal narrowing. In
this posture, the surrogate cord was pinched between the posterior elements of the
spinal canal and the artificial osteophyte. In flexion, cord compression was due to the
cord becoming stretched along the anterior wall of the spinal canal. When the artificial
osteophyte protruded into the spinal canal, it caused longitudinal cord stretching and
local transverse compression.

This study illustrates the importance of observing the spinal cord when studying
cervical spondylotic myelopathy and traumatic SCI in the presence of spinal degen-
eration. Spinal cord compression in flexion may not be apparent from only observing
the spinal canal space and the tissues surrounding the spinal cord. If the spinal canal
is occluded, hyper-flexion due to impact may compress and injure the spinal cord.

Enhancing our understanding of SCI mechanisms can improve prevention and treat-
ment strategies. Informing medical practitioners (such as doctors, nurses, physio-
therapists, first responders) that the spinal cord can be jeopardized in either flexion
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or extension when canal space is occluded, may help prevent SCI during medical
interventions.

3.4.1 Comparisons to Previous Studies

Cervical spondylotic myelopathy and spinal cord biomechanics have been studied
extensively both clinically and experimentally. Clinical studies [17, 39, 40, 52, 104,
126, 139–141, 176, 223] and case reports [42, 90, 91, 104, 111, 168, 188, 197] document
SCIs and neurological deficits due to cord compression in both flexion and extension.
SCI mechanisms in both flexion and extension have also been described in many
review articles [14, 32, 71–73, 78, 156, 166, 191, 210] but experimental research has
primarily focused on spinal canal constriction during extension while often neglecting
stretch-associated SCI that can occur during flexion. [78]

Many different experimental cadaver studies have measured cervical spinal canal di-
ameter change during spine motion. [25, 67, 81, 88, 146, 147, 195] When canal diameter
change was detected, these studies consistently found that canal diameter decreased
as the spine extended. Thus conclusions regarding cord compression could only be
made about canal occlusion in extension. Ivancic et al. [89] found the canal diameter
was reduced a small amount in flexion because they defined their pincer canal diam-
eter opposite to the typical definition. These studies did not detect cord compression
in flexion because the spinal cord or a surrogate were not observed.

Few cadaveric experimental studies have observed the effects of cervical spondylotic
myelopathy on the spinal cord in the canal. Breig et al. [15] observed the spinal cord
in 42 cadaveric cervical spines using air myelograms. By manually flexing and extend-
ing the spines they demonstrated the bow-string spinal cord compression mechanism
during spine flexion in specimens that had a spondylotic ridge. Reid [177] also ex-
amined the behaviour of the spinal cord in cadaveric specimens during flexion and
extension of the head. He simulated the effects of an anterior protrusion into the
canal (such as an osteophyte) by pulling the cord posteriorly 3mm. Based on the
loads applied, he estimated that the pressure on the spinal cord would be sufficient
to cause injury. Taylor [197] observed cervical spinal cord compression due to bulging
of the LF during extension.

Few previous studies have artificially introduced canal stenosis in their experimental
cervical spine models. [62, 195, 198–200] Gooding et al. [62] induced anterior cervical
spinal cord ischemia in vivo to dogs using specially designed screws protruding into
the spinal canal through the vertebral body. They found that the induced ischemia
accounted for observed myelopathy. Subramaniam et al. [195] occluded the spinal
canal of human cadaveric cervical spines during step-wise flexion-extension testing
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using hemispherical craft balls sewn into the canal. In a three-part study using whole
human cadaveric spines, Tencer et al. [198–200] observed the effects of anterior canal
occlusion by pushing a probe into the spinal canal through a hole in the vertebral
bodies of C3, T7, T12, and L3 (but most experiments focused on the T12 level). The
probe displacement was controlled by an linearly variable differential transformer. A
micro-loadcell was mounted at the tip of the probe that contacted the spinal cord.
They found that the transverse force-displacement relationship of the spinal cord in
the canal was not affected by laminectomy or spine shortening. The contact force for
a given amount of transverse displacement was increased by distraction and flexion.
These results indicated that clinical posterior decompression interventions (such as a
laminectomy) would have no effect on an spinal cord that is compressed by an anterior
canal occlusion, such as an osteophyte. Spine flexion and distraction, which are
sometimes applied as therapeutic interventions, could make spinal cord compression
worse. The present work supports these findings as cord compression observed in
flexion did not involve the posterior elements thus posterior decompression would
have no effect.

The biofidelity of all biomechanical studies that test cadaveric spinal cords is limited
because the mechanical properties of the spinal cord change quickly after death, [22,
83, 84, 148] and to mitigate this limitation some authors used a biofidelic surrogate
cord. [11, 171, 185] Pintar et al. [171] instrumented a gelatine surrogate cord with
pressure sensors to quantify the effect of a burst fracture spine injury on a spinal
cord. Bilston et al. [11] used a surrogate cord in a biofidelic mechanical model of the
cervical spine and head to quantify the strain and strain-rate induced in the spinal
cord during traumatic flexion-extension motion. Saari et al. [185] used a surrogate
spinal cord in a cadaveric cervical spine with a surrogate head to quantify spinal cord
deformation during head-first impact. All of the studies used dynamic test conditions
to simulate injury mechanism, and none modelled a stenotic canal. However, results
from Bilston et al. [11] support the findings of the present study as they observed
axial cord stretch in flexion and axial cord compression in extension.

The pincer (in extension) and bowstring stretching (in flexion) spondylotic SCI mech-
anisms can cause complicated stress and strain patterns in the cord that can cause
injury or neurologic dysfunction. [8, 69, 71–73, 105, 156, 191] Previous studies have
related the extent of SCI to cord compression, [21, 51, 57, 74, 106, 152] but the injury
thresholds developed would not directly translate to the complicated loading scenar-
ios in the present work. None the less, some published relationships can offer some
insight into expected neurologic outcomes due to the cord compression observed in
the present study.

The present study observed localized AP surrogate cord diameter change in multiple
specimens, but the extent of cord diameter change never exceeded 1mm (roughly 15%
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diameter change). Cursory bench-top measurements of a surrogate cord with 1mm
of AP compression resulted in a compression ratio (the ratio of the sagittal diameter
to the transverse diameter) of 0.46.

Fujiwara et al. [51] and Hayashi et al. [74] related cord compression ratio to graded
pathological change and neurologic dysfunction respectively. Neurologic dysfunction
was graded using the Japanese Orthopaedic Association (JOA) score. The compres-
sion ratio of the surrogate cord may have resulted in a grade 1 pathological change
according to Fujiwara et al.’s scale and was outside the range of data collected by
Hayashi et al. However, extrapolating Hayashi et al.’s correlation, a compression ra-
tio of 0.46 would predict a JOA score of 10 (out of a maximum score of 17, where 17
indicates no neurologic dysfunction).

SCI criteria developed by Kearney et al. [106] incorporated impactor velocity and cord
compression. The compression measured in the present study is below the range of
compression results reported by Kearney et al. and it was conducted quasi-statically.
However, the constant velocity-compression curves reported by Kearney et al. suggest
even if the compression observed in the present study was applied with a velocity of
up to 7m/s there would likely be full recovery if any cord injury was suffered.

Transverse cord compression has also been related to injury. A clinical study of
magnetic resonance images of patients with a cervical SCI without evidence of boney
injury suggests that cord compression at the narrowest region of the cord is mild and
likely non-injurious if the cord retains at least 2/3 of the cord diameter at C1. [75]
Studies by Galle et al. [57] and Ouyang [152] graded the resulting injury to guinea
pig spinal cords due to transverse crushing. These results suggest that the 15% spinal
cord diameter change observed in the present study would not be injurious.

The present study displayed highly repeatable ROM results. While the intent of using
the 2.5Nm and 3.75Nm moment limits was to produce physiologic and greater-than-
physiologic ROM (respectively), all the results appear to be similar to or less than
normal physiologic ROM results published in previous cadaveric flexibility studies
that applied moments to a human spine (Figure 3.25). One possible explanation
for this difference is the previous studies applied step-wise loading while the present
study applied a continuously varying moment with a constant velocity. Continuous
loading protocols have been shown to produce smaller ranges of motion than step-wise
loading. [61]
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Figure 3.25: Range of motion of the present study compared to previous pure
moment cadaver studies. Error bars indicate standard deviation of average results.
Miura et al. [133] and Panjabi et al. [160] tested whole spine specimens (C2-T1), while
Moroney et al. [137] tested multiple functional spinal units from the lower cervical
spine (C2-T1).

3.4.2 Limitations

Fresh frozen cervical porcine spines were used in this study as a model for living
human cervical spines. Human and porcine spines have many anatomical similarities
that are relevant to this study. Both species have the same number of cervical ver-
tebrae and the vertebrae are similar in size and shape. The cervical spinal AP canal
diameter of porcine specimens is similar but often narrower than a typical human. [19]
Comparison between the canal diameters of the specimens used in the previous study
and previously published human averages, found the same trend (Table 3.2). Fur-
thermore, the differences were less important since canal occlusion was controlled by
the artificial osteophyte.

There are numerous notable differences between human and porcine anatomy. Porcine
vertebral endplates are more flat, while human endplates are more saddle-shaped.
In a neutral pose, porcine spines typically have a greater lordotic curve. (20◦ in
human versus 44◦ in porcine spines.) [19] In the porcine cervical spine, the spinous
processes on C2 and C7 are larger than those found in human vertebrae. [19] The
lower cervical porcine vertebrae have large anterior processes that the human does not
have (Figure 3.26) and in the present study they were removed during preparation.
Facet orientation in the porcine cervical spine is different compared to the human
cervical spine, and more resembles the facet joint orientation found in the human
lumbar spine. [154, 219]
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FIG. 1. Axial and lateral radiographic comDarisons of a human cervical vertebra (left), a porcine cervical vertebra (center), and 
a human lumbar vertebra (right). 

determined. The three-dimensional kinematics of 
the top vertebra with respect to the bottom vertebra 
were calculated using appropriate computer soft- 
ware. For all six degrees of freedom, motion param- 
eters of neutral zone (NZ) and range of motion 
(ROM) were determined. 

High-speed Trauma Production 

A specially designed apparatus was constructed 
to produce the traumatic injuries. The injury-pro- 
ducing component was a free-falling mass that de- 
scended through a Plexiglas cylinder to hit the spec- 
imen. The mass was 14.5 kg and was dropped from 
a height of 1.1 m. To apply different load vectors to 
the specimen, a cylinder (2.5 cm in diameter) was 
attached to the superior surface of the top mount. 
To produce pure compression loading, the cylinder 
was placed directly above the geometric center of 
the top vertebral body. For flexion-compression or 
extension-compression trauma modes, the cylinder 
was translated 1 cm anteriorly or posteriorly, re- 
spectively, from the center position. The specimens 
were distributed among the three different trauma 
modes. In this paper, the results for all three trauma 
modes were pooled. 

A high-speed movie camera monitored the spec- 
imen deformations during the trauma at 1,000 

frame&. The loads of axial compression, anterior- 
posterior shear force, and sagittal plane bending 

moments were measured by a load cell placed be- 
neath the specimen and recorded by a microcom- 
puter at 3,000 reading& 

Anatomic Dissections 

After the high-speed trauma and instability mea- 
surements, each specimen was subjected to a me- 
ticulous anatomic dissection, with the purpose of 
quantifying the specimen injury., This dissection in- 
volved three parts. First, the anatomic components 
on the exterior of the specimen were described: an- 
terior longitudinal ligament (ALL), intertransverse 
ligament (ITL), interspinous and supraspinous liga- 
ments (ISS), facet capsular ligaments (CAP), pedi- 
cles (PED), and lamina and spinous processes 
(SPL). Next, the pedicles were cut in the frontal 
plane such that structures inside the spinal canal 
were observable, these being the posterior longitu- 
dinal ligament (PLL), ligamentum flavum (LF), and 
facet articular processes (FAC). To determine the 
integrity of the end plate/disc/end plate, the disc 
was injected with a dye to a maximum pressure of 
250 kPa (40 psi) or a maximum volume of 1 ml. 
Finally, the vertebral bodies and intervertebral 
discs were cut in the midsagittal plane. Since the 
specimens used in this study were three-vertebrae 
segments, the anatomic structures mentioned above 
were located at three vertebral levels and two inter- 
vertebral levels, with each substructure being re- 
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Figure 3.26: Axial and lateral radiographic comparisons of a human cervical verte-
bra (left), a porcine cervical vertebra (right). Adapted from Oxland et al, 1991. [154]
with permission from John Wiley and Sons.

Despite these differences, many authors have concluded that the porcine cervical spine
is an acceptable surrogate for the human cervical spine. Schmidt et al. [189] repeated
tests on human and porcine cervical spine specimens and found the biomechanical
properties of the two species were very similar in the flexion-extension direction.
However, they also found that the porcine spine is not a suitable model for the
human cervical spine when tested in lateral bending or axial rotation. This is likely
due to the difference in facet joint angle causing different coupled motion. Numerous
authors have used the porcine cervical spine as a biomechanical model for the human
cervical spine in trauma [59, 161, 205] and implant tests. [65, 143, 180]

Using porcine spines reduced the inter-specimen variation usually found when repeat-
ing tests using human cadavers. Using specimens that had no natural degeneration
and an artificial osteophyte allowed the effects of canal diameter to be isolated.

While some authors have found that freezing and thawing may have a small but sig-
nificant effect on the mechanical properties of cadaveric porcine spines, [20, 82] these
storage and handling conditions conformed to previously established recommenda-
tions and should not have adversely affected this study. [214, 215]

Surrogate cord deformations observed in this study were small compared to the reso-
lution of the X-ray images and the image analysis accuracy. While the cord diameter
measurements were accurate within ±0.25mm (1 pixel), this error accumulated when
comparing multiple cord diameter values. Image resolution could have been improved

80



3.4. Discussion

by increasing image magnification, but that would have restricted the image field of
view. Reducing the field of view would have been undesirable, and the image magnifi-
cation used was considered the best available compromise. While the image resolution
and cord deformation measurement accuracy limited the analysis of the present study,
the resolution and accuracy were sufficient to show that the cord deformations pro-
duced would not be expected to injure a living spinal cord. If the surrogate cord had
been compressed a clinically injurious amount, the present analysis would likely have
been able to detect the compression.

ROM results are not from the same period of flexibility testing as the surrogate cord
compression results. The ROM results are from the third cycle of spine flexion-
extension motion while the X-ray images were collected during the last half of the
second cycle and the first half of the fourth cycle. This was necessary to collect
centred images of the surrogate cord during maximum spine flexion and extension.
Thus the ROM results cannot be directly compared to the cord compression results.

The surrogate spinal cord was moulded into an elliptical shape with dimensions
matching average values for human spinal cords [96, 97, 109] in an effort to make the
surrogate cord more biofidelic than previous versions used in this lab. [95, 114, 185]
The minor axis of the cord was aligned with the sagittal plane when the cord was
anchored into place. However, the cord may have twisted during testing which would
have increased the projected AP diameter measured in the X-rays. The cord would
be more likely to twist when it was not in contact with the canal wall or artificial
osteophyte and when the cord was axially compressed due to reduction of the spinal
canal length due to extension. Contact with the artificial osteophyte or the anterior
or posterior canal wall would tend to re-align the minimum diameter of the surrogate
cord with the sagittal plane. Twisting and stretching is a likely explanation for mea-
sured cord diameter changes when the artificial osteophyte was not near the surrogate
cord. The influence of twisting appears to be minimal when cord compression due to
the artificial osteophyte was observed, because the cord diameter never appeared to
be greater than the minor diameter of the surrogate cord mould.

The mechanical environment of the surrogate spinal cord in the present study deviated
from the environment of a biological cord in a living spine. A living spinal cord in the
spinal canal is surrounded by soft tissue including dura mater, and cerebrospinal fluid
(CSF). The living spinal cord is somewhat constrained along its length by nerve roots
and denticulate ligaments branching out of the canal between each vertebral level.
The surrogate spinal cord in the present study was tested in an otherwise empty
spinal canal and was only tethered at the cranial and caudal ends of the specimen.
Tethering along the surrogate cord’s length was rejected as no practical method could
be devised that would resemble the mechanical properties of biological nerve roots.
Introduction of dura mater and CSF was outside of the scope of this study.
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The artificial osteophyte does not have a bar-like shape that is typical of most os-
teophytes observed clinically. However, biological osteophyte shapes vary greatly and
and the shape of the artificial osteophyte used in this study resembles a subset of the
osteophytes observed clinically.

The ARTORG spine machine depends on linear motion of the inferior end of the
spine during pure moment testing to release the translation degree of freedom. Due
to limitations of the range of this linear motion, only four of the six specimens could
be tested with the 3.75Nm moment limit. Excluding the two most flexible specimens
may have biased the results toward spines with a smaller ROM.

3.4.3 Future Work

Future experimental studies investigating cervical spondylotic myelopathy should ad-
dress the limitations of this study. This may include using imaging equipment with
a higher resolution. Many different measures may be taken to remedy the confound-
ing effect of an elliptical surrogate cord shape such as multi-planar X-ray or other
three-dimensional imaging techniques. Adding more biofidelic constraints on the sur-
rogate spinal cord (such as nerve roots or dura mater with simulated CSF) will likely
produce a more biofidelic response and greater amounts of cord compression. The
artificial osteophyte may be refined to more closely resemble the size and shape of
typical osteophytes. Other forms of spinal degeneration may also be simulated to
control and observe the interactions that occur in clinical patients (e.g. damaging
ligaments or discs to induce local excessive spine flexibility, or simulating a bulging
disc). Modifications to the experimental apparatus would allow for continuous X-ray
imaging without the need for realignment and testing up to a greater ROM including
spine failure. This work should be conducted on human spines so that other motion
patterns besides flexion-extension can be studied.

Other extensions of this work may provide a better understanding of cervical spondy-
lotic myelopathy and traumatic injury. Future work may include equipping the tip of
the artificial osteophyte with a load cell so that direct comparison to previous work
by Tencer et al. [198–200] would be possible. This could also provide insight into the
stress and strain induced in the surrogate spinal cord. Using a string coated with
lead-based paint, a thin radio-opaque line could be painted on the anterior and pos-
terior surface of the spinal canal. This would allow sagittal plane X-ray to visualize
soft tissue bulging. Automatic image segmentation would allow video analysis of the
cord compression during testing. Since a stenotic spinal canal (a common feature
of a spondylotic cervical spine) can cause myelopathy when the spine is flexed or
extended, the pincer or bowstring stretch injury mechanism likely play a role during
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low energy traumatic impact injury. To better understand this injury mechanism a
dynamic ex vivo study, using human cadaver specimens outfitted with an artificial
osteophyte and surrogate spinal cord, is needed.

3.5 Conclusions

A new technique for modelling degenerative cervical spinal canal stenosis and quan-
tifying compression of a surrogate spinal cord was developed and evaluated. Canal
stenosis was modelled using a continuously adjustable artificial osteophyte in a porcine
cadaver spine. Surrogate cord compression was quantified using a custom-written im-
age analysis algorithm. The image analysis algorithm accuracy was evaluated and
cord diameter could be measured with an accuracy of ±0.25mm. These techniques
may be applicable to studies simulating spondylosis in dynamic cadaver experiments.

This study quantified the effect of increasing canal stenosis on a biofidelic surrogate
cord during physiologic motion in an ex vivo porcine cervical spine. Canal occlusion
was shown to cause surrogate cord compression in either flexion or extension, depend-
ing on the specimen, only when the osteophyte occluded 50% or all available space
in the canal. While cord compression increased with increasing canal stenosis, the
extent of cord compression was very small. One possible explanation for this result
is the specimens were otherwise free from degeneration. In a typical elderly clinical
patient with cervical spondylotic myelopathy, many types of degeneration are present
(e.g. disc and facet joint degeneration with osteophytes) and the interaction between
these factors likely play a role in the extent to which the spinal cord is compromised.

This study illustrated the typical spondylotic SCI due to flexion: a bowstring stretch-
ing mechanism over an osteophyte protruding from the anterior of the spinal canal.
Few experimental cadaveric studies have observed it and none with a biofidelic spinal
cord.
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Chapter 4

Integrated Discussion

The present work developed and evaluated methods for an ongoing research program
that aims to quantify relationships between spine degeneration, spine motion, and
spinal cord injury (SCI). Two complementary studies were conducted that analyzed
sagittal plane flexion-extension X-ray images of cervical spines.

In the first study (Chapter 2), an image analysis technique was developed that quan-
titatively measured kinematic and degenerative cervical spine features as continuous
variables. Angular range of motion (ROM), anterior-posterior (AP) translation, in-
tervertebral disc height, pincer spinal canal diameter (in flexion, in extension, and the
difference), and osteophyte length were calculated for each functional spinal unit us-
ing manually digitized osseous landmarks. The technique was evaluated using a pub-
licly available sample sagittal plane flexion-extension X-ray image pair. The angular
accuracy and linear precision were found to be ±1.3◦ and approximately ±0.6mm
respectively.

In the second study (Chapter 3), the effects of increasing canal stenosis on the spinal
cord during flexion-extension motion was modelled using an artificial osteophyte and a
surrogate spinal cord in an ex vivo porcine cervical spine. Full flexion, full extension,
and neutral sagittal plane X-ray images of the spine during testing were manually
segmented and analyzed to quantify transverse spinal cord diameter change. Due
to the image resolution, spinal cord diameters could be measured accurately within
±0.25mm and cord diameter differences could be measured within ±0.5mm. The
artificial osteophyte was qualitatively observed to compress the surrogate spinal cord
during either full flexion or full extension in five of the six specimens when the artificial
osteophyte occluded all available space in the spinal canal not taken by the surrogate
cord when the spine was in a neutral pose (maximum canal occlusion). However,
the amount of cord compression was always small and could only be quantitatively
detected above the experimental error in two specimens. Observed cord compression
demonstrated the typical spondylotic SCI mechanisms: bowstring stretching in flexion
and pincer in extension.

The sample results from the first study compare well with the parameters tested in
the second study. The total ROM (from C2-C7) from the first study was 55◦. The
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average total ROM from the second study when the maximum moment limit was
2.5Nm and 3.75Nm were 37◦ and 55◦, respectively. Osteophytes were observed in the
sample X-ray image pair at the C5/C6 and C6/C7 levels. This is typical as C5/C6 is
the most common level for osteophytes to develop [29, 77, 121, 186, 204] and hence
the level where the artificial osteophyte was inserted into the porcine cadaver model.

4.1 Comparisons to Previous Studies

To the best of our knowledge, both studies make new contributions to the methodol-
ogy or results of previous work, and the accuracy performance of each study compares
well with previous studies.

The combination of variables in the first study has not been quantitatively measured
simultaneously as continuous variables in a single population group before. The
present set of variables analyzed were selected because they can all be observed us-
ing plane X-ray and thus by any imaging modality used for biomechanical analysis.
Various subsets of the variables measured in the present work have been analyzed
in past work as continuous or categorical variables. [63, 110, 134–136, 139, 140, 142]
The present image analysis technique produces quantitative, continuous results which
allows regression analysis to test the relationships between all of the kinematic and
degenerative variables studied.

The accuracy and precision of the present methodology is roughly equal to compara-
ble studies. [49, 50, 118, 119] The present method for analyzing ROM, AP translation,
and intervertebral disc height was based on work by Frobin et al. [49, 50] which was
later evaluated by Leivseth et al. [118, 119] The angular accuracy and linear preci-
sion of the present work (±1.3◦, and approximately ±0.6mm, respectively) compares
well to Leivseth et al.’s evaluation of Frobin et al.’s accuracy (±2.4◦ and ±0.78mm,
respectively).

The second study’s methodology includes many improvements over similar past stud-
ies. Less recent cadaver studies that examined the effect of canal stenosis and spine
motion on the spinal cord used the biological cord. [15, 177, 197–200] A three-part
series of studies using whole cadaver spines [198–200] and an in vivo study using
dogs [62] experimentally occluded the spinal canal from the anterior in a manner sim-
ilar to the present work. Since spinal cord material properties change rapidly after
death, [22, 83, 84, 148] results of the cadaver studies would differ from the response
of a living cord. The in vivo study using dogs did not test the effects of spine mo-
tion nor was the dog model meant to simulate the biomechanics of a human spine.
More recent cadaveric studies have quantified cervical spinal canal diameter change
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during spine motion [25, 67, 81, 88, 89, 146, 147] including one study that experi-
mentally introduced an artificial canal obstruction. [195] However, these studies did
not have a spinal cord in the canal, so the bowstring stretch cord injury mechanism
was neglected. The present work used a porcine cadaveric spine and a surrogate
spinal cord with mechanical properties similar to a living human spine [189] and
spinal cord, [95, 114] respectively. The artificial osteophyte and surrogate spinal cord
were directly observed during testing via X-ray and both the bowstring stretching (in
flexion) and pincer (in extension) injury mechanisms were successfully modelled.

The accuracy of the second study’s image analysis technique would be sensitive
enough to detect injurious cord compression based on previously published cord
injury thresholds. [51, 57, 74, 75, 106, 152] The cord compression that was quan-
titatively detected in the present work never exceeded more than 1mm of compres-
sion (roughly 15% diameter change or an AP compression ratio of 0.46) and would
likely not have been injurious even if the compression happened at speeds up to
7m/s. [51, 57, 74, 75, 106, 152]

4.2 Strengths and Limitations

The two studies comprising this thesis have many similar strengths and limitations
since they both depend on plane X-ray image analysis. All analysis was limited to two
dimensions and assumed no significant out-of-plane motion. This was an acceptable
assumption as out-of-plane motion in clinical studies has been shown to be negligible
when following regular procedures, [70] and no out-of-plane motion was observed
during the cadaver testing. Plane X-ray does not effectively image biological soft
tissue, which limited the possible observations and measurements made in each of
the studies. In the first study, the variables analyzed were all based on hard tissue
landmarks visible via plane X-ray. This precluded observation of bulging ligaments
or discs into the canal space, which can significantly compress the spinal cord during
flexion-extension motion. [25, 67] Furthermore, the spinal cord could not be observed.
This limitation was overcome by the second study because the surrogate spinal cord
was radio-opaque and could be directly observed by plane X-ray.

The image analysis technique developed for the first study has many strengths. It
may be applied to any sagittal plane image of the cervical spine and produces a set of
continuous variables that quantify kinematic and degenerative features. This makes
regression analysis of the results possible. By depending on manual segmentation,
even highly degenerated spines can be digitized.

Depending on manual digitization was also a limitation of the first study. Man-
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ual digitization may have limited repeatability, but the small sample of image pairs
(n=1) used to evaluate the methods precluded any repeatability assessment. Manual
segmentation is time consuming and will limit the number of images that can be
analyzed.

Strengths of the second study included the highly reproducible test conditions and
control of the independent variable that were a result of using healthy adult porcine
spines free of age-related degeneration. Test conditions, including applied loading,
specimen preparation and mounting, and positioning of the artificial osteophyte, were
carefully controlled and the ROM results indicate that each spine flexibility test was
similar. Thus the observed cord compression could be directly attributed to the
independently controlled canal occlusion due to the artificial osteophyte.

Using porcine cadaver spines free of age-related degeneration in the second study was
also a limitation. Cervical porcine cadaver spines have similar mechanical properties
to human cervical spines when tested in flexion-extension but are not as biofidelic
as human cadaver spines. The lack of dramatic surrogate cord compression during
testing may have been a consequence of biomechanical differences between human
spines and porcine spines or because the spines tested were otherwise free from age-
related degeneration. Clinical studies report osteophytes typically develop in human
spines as a response to excess spine flexibility, often due to a degenerated disc. [8,
29, 121, 191, 204] Injurious spondylotic spinal cord compression is likely due to the
interaction of many types of degeneration simultaneously affecting the spine.

4.3 Future Work

The methods developed in both studies may be applied in answering many future
research questions.

The image analysis methods from first study can be used to analyze sagittal plane
images using many different imaging modalities and potentially find correlations be-
tween the kinematic (ROM, AP translation, canal diameter change) and degenerative
features (canal diameter, osteophyte size, disc height). Multi-variable regression mod-
els may be the most effective means of predicting clinical risk factors for spondylotic
SCI such as canal diameter change due to flexion-extension motion. Features that
are uniquely visible to some imaging modalities (such as disc degeneration classified
by magnetic resonance imaging) may be correlated to other features visible in other
imaging modalities. Comparisons between young, elderly, myelopathic, post-surgery,
and post-traumatic injury patients may reveal differences that can be used to screen
at-risk patients. Patients found to be at high risk of spondylotic SCI may be able
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to take actions to prevent falls, which are the leading cause of SCI for the elderly
population. [24, 33, 36, 69, 92, 100, 120, 170, 193]

The artificial osteophyte and the surrogate spinal cord are an effective means to
visualize both of the typical spondylotic SCI mechanisms (bowstring stretching and
pincer) in a cadaver spine model. Future cadaver tests may include other forms of
simulated degeneration such as damaging ligaments or discs to induce local excessive
spine flexibility, or simulating a bulging disc. These techniques may be applied to
low energy dynamic impact testing that would simulate the falls that most commonly
injure elderly patients. [24, 33, 36, 69, 92, 100, 120, 170, 193] The surrogate spinal cord
may be improved by including nerve roots (with appropriate tethering), dura mater
and simulated cerebrospinal fluid. Adding a load sensor to the tip of the artificial
osteophyte would provide valuable information about the force applied to the spinal
cord.

Finally, the studies may be combined by using the image analysis methods from
the first study on degenerated cadaveric spine specimens tested with the artificial
osteophyte and the surrogate spinal cord. Future cadaveric specimens will include
spines from elderly people who have extensive age-related degeneration (apart from
any simulated degeneration). Comparison and combination of results from repeated
tests may be difficult if the biomechanics are significantly affected by the age-related
degeneration. Quantitative relationships between spine kinematics and degenerative
features derived from samples of clinical patients may account for differences seen in
the cadaveric specimens. Future studies of clinical images and multi-factor impact
cadaveric experiments that employ the image analysis methods from both of the
present studies are recommended. In such a study, large sample sizes will be required
to maintain statistical significance.

4.4 Conclusions

This thesis analyzed X-ray images to quantify cervical spine kinematic and degen-
erative features (Chapter 2) and to quantify the effect of increasing canal stenosis
during spine motion on a surrogate spinal cord in cadaveric specimens (Chapter 3).
The image analysis techniques developed in both studies were evaluated and found
to be highly accurate and precise.

Results from the second study suggest that increasing canal stenosis causes increased
cord compression in flexion and extension; however, without other degeneration, nor-
mal spine motion is unlikely to injure the spinal cord, even if all available canal
space is consumed by an osteophyte. This study demonstrated the flexion bowstring
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stretching SCI mechanism which has rarely been demonstrated in a cadaveric ex-
perimental study and never with a biofidelic surrogate cord. If interested in spinal
cord compression, it is important to directly observe the spinal cord in the canal.
Observing only the canal is not sufficient.

When evaluating the effects of cervical spondylosis on SCI, the interactions of many
different degenerative features need to be considered. Establishing causal relation-
ships in light of so many confounding factors is difficult. This was demonstrated by
the limited positive results of the second study. The methods developed in the first
study may help guide this research by finding statistical relationships between spine
kinematics, degenerative features, and SCI.
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