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Abstract

Despite potentially devastating outcomes, the injury mechanisms of traumatic subaxial
cervical facet dislocation (CFD) and fracture-dislocation (CFD+Fx) are not well understood and
have not been reliably produced in biomechanical testing. In particular, bilateral CFD (BFD) with
concomitant facet fracture (BFD+Fx) has not been produced experimentally, possibly due to a
lack of neck muscle replication. Muscle activation may impose intervertebral compression and
anterior shear during injury, increasing loading of the facets and preventing isolated dislocation
via intervertebral separation — such separation has been observed during inertially-produced CFD.
The mechanical behaviour of the facets during these scenarios, and the effect of axial distraction
on the risk of facet fracture or dislocation, have not been investigated. The aim of this thesis was
to improve understanding of the epidemiology, clinical outcomes, and injury mechanisms of CFD

and CFD+Fx, and to investigate the biomechanics underlying the injury.

In Study 1, a large-cohort medical record and radiographic review of subaxial cervical
subluxations, dislocations, and fracture-dislocations presenting at an Australian tertiary hospital
over the decade to 2014 was performed. Two primary injury causations were identified: motor
vehicle accidents in younger adults, and falls in the elderly. BFD frequently caused spinal cord
injury (SCI) and concomitant facet fracture was common. The C6/C7 vertebral level was most

commonly involved, and injury to this level most often caused SCI.

In Study 2, the bilateral inferior facets of 31 isolated human cadaver subaxial cervical
vertebrae (6xC3, C4, C5, and C7, 7xC6) were loaded quasi-statically in simulated
supraphysiologic anterior shear and compressive-flexion directions using a materials testing
machine — these motions are thought to be associated with BFD. Facet stiffness and failure load
were significantly greater in the simulated compressive-flexion loading direction, and sub-failure
deflection and surface strains were higher in anterior shear. Facet tip fractures occurred during
anterior shear loading, while failure through the pedicles was most common in compressive-

flexion.



In Study 3, the effect of intervertebral axial separation on human cadaver C6 inferior
facet biomechanics during non-destructive anterior shear, axial rotation, flexion, and lateral
bending motions of twelve C6/C7 functional spinal units (FSUs) was investigated. Axial
compression generally increased facet deflection and strains, when compared to intervertebral

distraction.

In Study 4, a method was developed to reliably apply 20 mm of constrained anterior shear
motion with superimposed intervertebral axial compression or distraction to twelve human
cadaver cervical FSUs in a materials testing machine. The effect of superimposed axial
compression vs distraction on the type of fractures observed was assessed for the subset of
specimens that successfully achieved 20 mm of anterior shear. BFD+Fx was produced in five of
12 specimens, of which three had axial compression superimposed. The mechanical behaviour of
the C6 inferior facets at the point of initial anatomical failure did not appear to be affected by

intervertebral axial separation.

This thesis presents the first large-cohort clinical investigation of CFD and provides
quantitative information about the biomechanical response of the subaxial cervical facets to
simulated traumatic loading. Axial compression generally increased facet surface strains and
deflections when superimposed on intervertebral motions, and constrained intervertebral anterior
shear can produce BFD+Fx. It is anticipated that this thesis will inform the development of

improved preventative measures and provide data for the validation of models of cervical trauma.
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Chapter 1 Introduction
1.1 Overview

Traumatic subaxial cervical facet dislocation (CFD) and fracture-dislocation (CFD+Fx)
are often associated with devastating spinal cord injury (SCI), resulting in tetraplegia in up to
87% of cases (Hadley et al., 1992; Lintner et al., 1993; O'Brien et al., 1982; Payer and Schmidt,
2005; Wolf et al., 1991). In 2014-15, the Australian incidence of traumatic SCI was 12.8 cases
per million population (Tovell, 2018), amounting to annual personal care costs of approximately
AUD$14.6 million (Access Economics Pty Limited, 2009). Despite potentially devastating
outcomes, the injury mechanisms of CFD with or without concomitant facet fracture (CFD£Fx)
have not been replicated in biomechanical testing (Bambach et al., 2013; Foster et al., 2012). In
particular, CFD+Fx has not been reliably produced experimentally. Small-cohort reviews of CFD
report that it is often a result of motor vehicle accidents (MVAs), falls, sporting accidents and
direct head loading, during which the external loading can be complex and highly variable
(Argenson et al., 1988; Brady et al., 1999; Clayton et al., 2012; Cotler et al., 1990; Davidson and
Birdsell, 1989; Dvorak et al., 2007; Hasler et al., 2012; Ivancic et al., 2007; Scher, 1977; Sellin
et al., 2014; Stathoulis and Govender, 1997; Thompson et al., 2009; Yang et al., 2013). Improved
understanding of the complex injury mechanisms leading to CFD is crucial to the development

of preventative measures and improved approaches to treatment.

The importance of further research into the occurrence and prevention of cervical spine
injuries has been highlighted by The United States Department of Transportation’s National
Highway Traffic Safety Administration (NHTSA). The 2011-2015 NHTSA priority plan for
biomechanical research (National Highway Traffic Safety Administration, 2011) identified the
development of anthropomorphic test device (ATD) technology and injury criteria for the
subaxial cervical spine, particularly for dynamic rollover and offset/oblique accident events
which can cause CFD (Foster et al., 2012). Quantitative information about the biomechanical
response of the lower cervical spine to traumatic injury is required to develop improved neck

injury criteria.



This thesis aims to improve our understanding of the epidemiology and injury
mechanisms of CFD+Fx, and to investigate the biomechanics underlying the injury. A thorough
review of literature identified that patient demographics, injury causation and risk factors specific
to CFD have not previously been reported. Furthermore, the mechanical behaviour of the cervical
articular facets, and the effect of axial distraction on the risk of facet fracture or dislocation, have
not been investigated. It is anticipated that the new knowledge documented in this thesis will
improve injury classification methods to assist with early CFD detection and will provide data
for validation of computational and dynamic experimental models of cervical trauma. This
information may assist with the development of better neck injury criteria and ATD design,

leading to improved automotive safety design for reducing the risk of cervical trauma.

This chapter begins with an introduction to cervical spine anatomy and injury
classification. The clinical literature pertaining to CFD is discussed, including epidemiology
reports from small-cohort studies, the association of CFD with SCI, and radiographic features of
this injury. This is followed by a review of the experimental methods that have produced CFD,
and the measurement techniques that have been used to investigate injury mechanisms. Finally,
the specific objectives of the four studies that comprise this thesis are stated. Chapters 2 through
5 report the methods and results of these studies, and the implications of this research are

discussed in Chapter 6.

1.2 Anatomy and functions of the spinal column and spinal cord
This section provides a summary of the anatomy and functions of the cervical spine with

a particular focus on the subaxial cervical facet joints.

1.2.1 Anatomical orientations and terms

Anatomical features and directions of motion and loading of the human body are
described using anatomical planes (Figure 1.1a). The sagittal plane divides the body into left and
right halves, and motions within this plane are described by flexion (forward rotation) and

extension (backward rotation). The coronal plane is perpendicular to the sagittal plane and bisects



the body into ventral (anterior or front) and dorsal (posterior or back) parts (Figure 1.1b). Left
and right lateral bending motions describe movement in the coronal plane. Lastly, the transverse
plane is perpendicular to both the sagittal and coronal planes, in which the motions of axial

rotation (left and right) occur.

Median
(midsagittal)
plane

Frontal
(coronal)
plane

Posterior

|
%—Transverse (dorsal)

(horizontal)
plane

“\ Anterior
(ventral)

l Inferior

a) b)
Figure 1.1: Anatomical (a) planes, and (b) positions and terms of the human body.Image adapted
from Jenkins et al. (2009).1

The terms proximal and distal are used to describe features nearer to and further from the
attachment of a limb or structure, respectively. Superior (or cranial) describes structures closer to
the head, and inferior (or caudal) those nearer the feet. Medial and lateral refer to structures closer

to and further, respectively, from the midline of the body in the coronal plane.

1 Awaiting copyright permissions.



1.2.2 The spinal column

The spinal column spans the length of the human torso, from the base of the skull to the
coccyx. It supports the weight of the body and protects the spinal cord, whilst also allowing
movement and flexibility to assist with locomotion. There are 33 vertebrae in the spinal column
which are classified into five regions (Figure 1.2):

e Cervical (neck) — contains 7 vertebrae;

e Thoracic — contains 12 vertebrae;

e Lumbar — contains 5 vertebrae;

e Sacral — contains 5 fused vertebrae; and,

e Coccygeal — contains 4 fused vertebrae.

Cervical

Thoracic

Lumbar

Saccral

Coccygeal

Figure 1.2: The human spinal column. Image adapted fom Gray (1918).!

Standard anatomical convention dictates that vertebrae are referenced by the first letter

of their region followed by their numeric position in that region, from superior to inferior (i.e. C3

! Copyright expired.



= third vertebrae of the cervical region). The vertebrae in each region present with specific

anatomical and ligamentous structures that act to provide particular functions of the spine.

1.2.3 The cervical spine

The primary role of the cervical spine is to provide a stable and mobile support platform
for the head. Although the movements of the head are executed by muscles of the neck, its
kinematics are determined by the anatomy of the cervical spine vertebrae and the adjacent joints.
The cervical spine can be sub-divided into four regions: the atlas (C1), the axis (C2), the C2-C3
junction, and the subaxial cervical spine (C3-C7) (Bogduk and Mercer, 2000). The morphology
of the vertebrae differ in each region to provide unique contributions to the functions of the neck.
Traumatic injury of the cervical spine occurs most frequently in the subaxial region (Argenson et
al., 1988; Bambach et al., 2013; Burns et al., 2010; Cotler et al., 1990; Du et al., 2014; Goldberg
etal., 2001; Payer and Schmidt, 2005; Piccirilli et al., 2013; Shanmuganathan et al., 1994; Wang
et al., 2013; Wilson et al., 2013; Yoganandan et al., 1989); therefore, the subaxial cervical spine

is the focus of this work.

1.2.4 The subaxial cervical spine

This section describes the skeletal anatomy of a typical subaxial cervical vertebra (Figure
1.3). Anteriorly, the vertebral body (VB) is comprised of a core of trabecular bone with a dense
cortical shell. The anterior column acts as the principal axial load bearing component of the spine.
In the subaxial cervical region the superior and inferior surfaces of the vertebral bodies (known
as ‘endplates’) are angled inferiorly and anteriorly and are slightly concave. The posterior region
of the inferior endplate is slightly convex in the transverse plane and articulates with a
complimentary concavity and the uncinate processes of the adjacent inferior vertebra to form a

saddle-like joint (Bogduk and Mercer, 2000; Penning and Wilmink, 1987).

The pedicles protrude posteriorly from the vertebral body and connect to the laminae to
form the vertebral arch. The vertebral arch and the posterior surface of the vertebral body form

the spinal canal, through which the spinal cord passes. The spinous process projects posteriorly



from the vertebral arch and transverse processes project bilaterally from the pedicles and vertebral
body. Paired superior and paired inferior articular processes (zygapophyses) extend from the
vertebral arch and are angled at approximately 40° to the vertical (Nowitzke et al., 1994);
however, this angle varies by over 10° between levels (Panjabi et al., 1993). They feature smooth,
flat facets which articulate with the corresponding superior and inferior processes of the adjacent

vertebrae, forming the facet (or zygapophysial) joints (Jenkins and Hollinshead, 2009).

Spinous process

Lamina of vertebral arch

Superior articular facet
Foramen of transverse process

Posterior tubercle ——.~ {

T

Anterior tubercle

Uncinate process

Transverse process

Body of vertebra

Inferior articular facet

c) d)
Figure 1.3: (a) Superior; (b) posterior; (c) anterior; and, (d) right lateral views of a human subaxial
cervical spine vertebra. Image adapted from Rickenbacher et al (2013).!

Each pair of adjacent vertebra are stacked together to form a motion segment, or
functional spinal unit (FSU), with two articulating joints: an intervertebral disc (IVD); and, the
bilateral facet joints (Figure 1.4). The IVD is a fibrocartilaginous joint which transmits the
majority of loads in six degrees of freedom between the vertebral bodies whilst also permitting a
small amount of motion. In the subaxial cervical spine the disc is substantially thicker anteriorly
than it is posteriorly (Mercer and Bogduk, 1999). The bilateral facet joints are an important
stabilizing structure of the subaxial cervical spine that resist compression, anterior shear, torsion

and flexion of motion segments (Nowitzke et al., 1994; White and Panjabi, 1990). The articular

1 Image adapted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Applied Anatomy of the Back by Rickenbacher, J., et al. ©1985.
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facets are surrounded by a joint capsule (or capsular ligament) comprised of ligamentous
connective tissue. In the normal spine the inferior facet (f1) of the superior vertebra lies posterior

to the superior facet (f2) of the inferior vertebra (Figure 1.4).

Facet joint

C (YRS
Figure 1.4: Lateral view of a typical cervical functional spinal unit, consisting of two vertebrae, an

intervertebral disc and the bilateral facet (or zygapophysial) joints. Adapted from MedlinePlus
(2011).1

In addition to the capsular ligament, the cervical column is stabilised by five other
ligaments (Figure 1.5). The anterior and posterior longitudinal ligaments run vertically anterior
and posterior to the vertebral bodies. The ligamentum flavum and interspinous ligaments connect
the laminae and spinous processes of adjacent vertebrae, respectively (Gilroy et al., 2012). The
ligamentum nuchae (or nuchal ligament) attaches to the spinous process tips and extends
superficially to partition the lateral muscles of the neck. All these ligaments stabilise and restrict

motion by providing tensile resistance to external loads.

1 Awaiting copyright permissions.
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Figure 1.5: a) Lateral and b) postero-lateral views of the cervico-thoracic spine, illustrating
ligaments and osseous features. Adapted from Moore et al. (2006).

1.2.5 The spinal cord

The spinal cord is an extension of the central nervous system and lies within the spinal
canal. It commences at the foramen magnum and terminates opposite the L1 vertebral body in
the adult. Its primary function is to transmit and receive nerve signals between the brain and the
peripheral nervous system. The spinal cord has an oval cross-section that is largest in the cervical
and lumbar regions (~13x9 mm vs. 10x8 mm in the thoracic region), as they contain additional
cells and fibres for innervating the limbs. The spinal meninges (dura mater, arachnoid mater, and
pia mater) surround the spinal cord to protect it from the osseous and ligamentous features of the
canal (Figure 1.6). Cerebrospinal fluid fills the cavity between the arachnoid mater and the pia
mater, known as the subarachnoid space (Figure 1.6b), to provide additional protection to the

brain and spinal cord. The meninges also carry blood vessels to the spinal cord.

Transverse sectioning of the cord reveals a central, butterfly shaped column of gray
matter surrounded by peripheral white matter (Figure 1.6b). Gray matter consists of nerve cell

bodies and is divided into three columns: the anterior, posterior, and lateral ‘horns’. White matter

! Image adapted by permission from Wolters Kluwer Health: Clinically Oriented Anatomy by
Moore, K.L., et al. © 2006.



is also separated into anterior, posterior and lateral compartments, termed ‘funiculi’, each

containing bundles of motor and sensory nerve fibres.
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Figure 1.6: a) Coronal illustration of the spinal cord and its protective features; and, b) transverse
cross-section of the spinal cord and meninges. Images adapted from Jenkins et al. (2009).

Roots and branches of the spinal nerves exit between adjacent vertebrae (predominately
through the intervertebral foramina) to connect the spinal cord to a majority of the body
(Rickenbacher et al., 2013). Eight paired spinal nerves arise from cervical region of the cord (C1-
C8), each of which has two roots: the posterior (or dorsal) root contains the afferent nerve fibres
that provide sensory function, and the anterior (or ventral) root contains the fibres that conduct
motor function (Chaffee and Greisheimer, 1974). Each paired nerve splits into two primary
branches as they emerge from the intervertebral foramen (Figure 1.6b): the posterior rami
contains the motor and sensory fibres that supply the skin and the longitudinal back muscles,
while the anterior rami form the cervical plexus (C1-C4) and brachial plexus (C5-C8). The
cervical plexus supplies the muscles and skin of the neck and posterior scalp, skin on the anterior
thoracic wall, and (most importantly) the diaphragm (via the phrenic nerve). The brachial plexus

innervates numerous neck and shoulder muscles, and the entire upper limb.

1 Awaiting copyright permissions.



1.3  Traumatic injuries of the subaxial cervical spine

This section provides an overview of traumatic spinal cord and spinal column injuries

that are observed in the subaxial cervical region.

1.3.1 Injury classification systems

Clinically, cervical spine injuries are traditionally categorised based on subjective,
qualitative evaluation of their radiographic appearance. As a result, inconsistencies in injury
classification between (and even within) institutions occur, causing difficulties in communication
and education within the medical community (Vaccaro et al., 2007). This section describes the
standardised injury classification systems that have been developed to establish a uniform method
of communicating the mechanisms and severity of a traumatic spinal column and spinal cord

injury.

The Abbreviated Injury Scale (AIS) is a commonly used anatomically-based system that
was created by the Association for the Advancement of Automotive Medicine with specific codes
relating to cervical trauma, including CFD (Greenspan et al., 1985). AIS scores are used to
categorise injury severity according to body region. Scores range from 1 to 6, where 1 is a minor
injury and 6 is considered “incompatible with life” (Copes et al., 1988). The Injury Severity Scale
(1SS) was developed to quantify injury to the patient as a whole. A single ISS value is calculated
from “the sum of the squares of the highest AIS grade in each of the three most severely injured
areas” (Baker et al., 1974). An ISS of 75 is automatically assigned if any region is assigned an
AIS score of 6, whilst an ISS >15 is considered major trauma. The AIS and ISS classification
systems describe only the anatomical location of traumatic injuries, and their perceived risk of

mortality, and do not provide information about the injury mechanism.

Injury classification systems specific to the subaxial cervical spine have been developed,
and there is some debate about the importance of considering injury mechanism when classifying

these injuries. Comprehensive mechanistic subaxial cervical injury classification systems have
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been developed, but the suggested terminology has rarely been used clinically (Vaccaro et al.,
2007). In the Allen and Ferguson Mechanistic Classification of Subaxial Cervical Injury
(A&FCS) (Allen et al., 1982) injury mechanisms were inferred from a retrospective review of
medical records and radiography of 165 patients who suffered traumatic subaxial cervical
fractures and dislocations. Detailed information regarding neurological injury and injury
mechanism (head-neck posture, and location and direction of external injury vector) was available
for each patient, and radiographs and records were investigated separately to mitigate bias. Cases
that presented with similar radiographic features were grouped and six categories were proposed.
The spectrum of injuries described by each category was termed a “phylogeny”, and each
phylogeny was labelled according to the apparent dominant external injury vector and the posture
of the cervical spine at the time of injury: vertical compression, compressive flexion, lateral
flexion, compressive extension, distractive extension, and distractive flexion. Each category was
sub-divided into ‘stages’ of injury severity that were ordered from least severe to most severe
amount of anatomical damage. For each stage of each phylogeny, bony and soft-tissue injuries
(inferred from radiographs), patient demographics, associated neurological impairment, and
proposed injury mechanisms were described. The A&FCS was the first to attempt to classify
subaxial cervical spinal trauma according to injury mechanism; however, the proposed injury
vectors (especially those that describe CFD) have not yet been validated experimentally. Low
reliability and non-intuitive clinical relevance have led to sparse clinical use of this classification

system (Aarabi et al., 2013; Vaccaro et al., 2007).

In 2007 the Spine Trauma Study Group (Vaccaro et al., 2007) developed the Subaxial
Injury Classification (SLIC) and Severity Scale. The SLIC is a point-based system which
combines assessment of injury morphology, disco-ligamentous injury, and neurological status of
the patient to provide an overall score to guide the treatment of the injury. This classification
system completely disregards injury mechanism and anatomy, placing greater emphasis on injury
morphology. While the reliability of SLIC was reported to be better than the A&FCS (although

the Kappa statistic reported for ‘Total SLIC’ was lower than for A&FCS; 0.39 vs. 0.63) (Vaccaro
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et al., 2007), disagreements on definitions of injury morphology motivated the AOSpine
Knowledge Forum Trauma (which shared several members with the Spine Trauma Study Group)
to develop their own classification system (Schnake et al., 2017; Vaccaro et al., 2016). The
AOSpine Subaxial Cervical Spine Injury Classification System comprised the same assessment
of injury and fracture morphology, disco-ligamentous injury, and neurological status as SLIC,
but the principal indicator of injury severity was categorised mechanistically similarly to the
A&FCS (Schnake et al., 2017). Reliability of the AOSpine System was better than SLIC (Kappa:

0.64 vs. 0.39) but was essentially equivalent to reliability of the A&FCS (Vaccaro et al., 2016).

A reliable, intuitive, and clinically functional system for classifying subaxial cervical
injuries is yet to be developed. This section demonstrates that mechanism of injury is likely an
important clinical consideration when evaluating injury severity, and illustrates that the
relationship between subaxial cervical spine injury mechanism, injury morphology, and injury
severity is ambiguous. Controlled, biofidelic, human cadaver biomechanical testing is required
to improve our understanding of this relationship, and to develop more accurate injury

classification systems.

1.3.2 Spinal column injuries

This section describes the traumatic spinal column injuries commonly observed in the
subaxial cervical spine and their associated injury mechanisms. These injuries include fractures
of the anterior and posterior vertebral columns, and a particular focus on CFD. The described
injuries have been categorised using the naming convention consistent with most modern medical

textbooks (Rickenbacher et al., 2013).

1.3.2.1 Burst fracture

A burst fracture describes multiple fractures of the vertebral body, commonly
characterised by an outward ‘bursting’ appearance of the cortical shell (Figure 1.7). Fractures of
the posterior elements may occur, and the intervertebral disc may migrate through the fractured

endplate into the vertebral body. Retropulsed bony fragments may cause compression of the
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spinal cord resulting in SCI. These injuries are traditionally attributed to pure axial compression,
or combined compressive-flexion injury mechanisms, produced by head-first contact with the
neck in a flexed position. These external force vectors cause excessive loading to be transmitted
through the vertebral bodies, while accompanying distraction of the posterior elements can lead
to disruption of the posterior soft-tissues (Allen et al., 1982; Kwon et al., 2006; Rickenbacher et

al., 2013).

Figure 1.7: a) CT scan of a C5 burst fracture causing substantial canal compromise. b) The
corresponding T2-weighted MRI image shows severe cord compression. Image adapted from Kwon

et al. (2006).:Hyperextension injuries

Fractures of the vertebral arch, the articular pillars, and/or the spinous process are most
likely a result of traumatic hyperextension of the head, especially if accompanied by disruption
of the disc and anterior longitudinal ligament. These injuries are most common in the cervical
region but only account for 8% of subaxial cervical trauma (Rickenbacher et al., 2013; Torretti
and Sengupta, 2007). The consequences of extension injuries are most extreme in the upper
cervical spine (superior to C3) and are usually a result of hanging, or head-to-windshield contact

during a frontal MVA (Figure 1.8). Extension injury in the subaxial cervical region is more

1 Image adapted by permission from Wolters Kluwer Health: Kwon, B.K., et al., 2006. Subaxial
Cervical Spine Trauma. Journal of the American Academy of Orthopaedic Surgeons 14(2), 78-89
(https://journals.lww.com/jaaos/Fulltext/2006/02000/Subaxial_Cervical_Spine_Trauma.3.aspx).
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commonly a result of low-energy mechanisms, such as head-ground contact during a same-level

fall (Torretti and Sengupta, 2007).

Figure 1.8: Illustrations of typical hyperextension injury causation. Image adapted from
Rickenbacher et al. (2013)*.

1.3.2.3 Facet subluxation, dislocation and fracture-dislocation

The A&FCS classified the spectrum of subaxial cervical facet subluxation and CFD
injuries as ‘distractive-flexion injuries’ (DFIs) (Allen et al., 1982). During CFD, the inferior facet
of the superior vertebra (f1) is forced anterior of the adjacent facet (f2) into the spinal canal,
creating a ‘perched’ or ‘locked’ facet (Figure 1.9). Unilateral facet dislocation (UFD) describes a
dislocation of one facet only, whereas bilateral facet dislocation (BFD) involves both facets. On
lateral radiographs, anterior translation of 25% of the antero-posterior (AP) vertebral body width
is indicative of UFD, while greater than 50% translation is commonly used to define BFD (Allen
et al., 1982; Beatson, 1963; Dailey et al., 2009). Translation of fl relative to f2, prior to

dislocation, is termed facet subluxation.

1 Image adapted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Applied Anatomy of the Back by Rickenbacher, J., et al. ©1985.
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Figure 1.9: Lateral view of a facet dislocation creating a “locked” facet and disruption of
surrounding soft-tissue structures. Image adapted from White and Panjabi et al. (1990).1

CFDs are commonly observed following MVA rollovers, falls and sporting accidents,
during which the external loading applied to the neck can be complex and variable. There exists
some debate about the aetiology of these injuries, and they are rarely replicated experimentally
(Foster et al., 2012). It has been proposed that eccentric axial compressive forces applied to the
head (Allen et al., 1982; Cusick and Yoganandan, 2002; Huelke and Nusholtz, 1986; White and
Panjabi, 1990), or inertial motion of the head during high deceleration events (Huelke and
Nusholtz, 1986) may produce BFD, and that loading and anatomical asymmetry likely
superimposes axial rotation and lateral bending onto the injury vector, causing UFD (Allen et al.,
1982; Hodgson and Thomas, 1980; Maiman et al., 1983; Roaf, 1960). As part of their DFI
classification, Allen et al. (1982) stated that intervertebral shear and compressive injury vectors
may be produced at the level of injury, and these observations have been supported by subsequent
biomechanical testing (Hodgson and Thomas, 1980; Ivancic, 2012b; Maiman et al., 1983; Panjabi
etal., 2007; Roaf, 1960). The presence of these intervertebral injury vectors is consistent with the

extent of surrounding soft-tissue injury observed after CFD, resulting in instability of the neck.

During BFD, all ligamentous structures that cross the level of injury are disrupted
(Beatson, 1963; Vaccaro et al., 2001). In the laboratory, compromise of only the ipsilateral facet

capsule, ligamentum flavum and approximately half of the annulus fibrosus are required to

! Image adapted for print version by permission from Wolters Kluwer Health: Clinical
Biomechanics of the Spine by White, A.A., and Panjabi, M.M. ©1990 by J.B. Lippincott Company.
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produce UFD (Beatson, 1963; Ebraheim et al., 2009; Nadeau et al., 2012; Sim et al., 2001). Injury
to both facet capsules following UFD has been observed in some cases (Nadeau et al., 2012;

Vaccaro et al., 2001), suggesting that tissue disruption may occur bilaterally.

Severe vertebral body fractures rarely accompany CFD, but concomitant fracture of the
posterior elements is common (Allen et al., 1982). Fracture of the facet tip of f1 or f2 (Figure 1.9)
is often observed upon clinical presentation (Foster et al., 2012; Piccirilli et al., 2013), suggesting
that high loads are transmitted through the facet joint during the injurious motion. The presence
of a facet fracture may indicate a larger shear component of the injury vector, or an additional
compressive force that restricts f1 from ‘jumping’ over f2. Interestingly, these concomitant
fractures have not been observed during experimentally produced CFDs (Foster et al., 2012),
suggesting that in vivo traumatic loading conditions are not adequately being represented in these

experiments.

1.3.3 Spinal cord injury (SCI)

SClI is often devastating, with sequelae that cause substantial individual and economic
burden. A better understanding of the mechanisms leading to SCI is crucial to developing
improved preventative measures. Traumatic SCI is most often caused by intrusion of vertebrae,
bone fragments, or herniated disc material into the spinal canal, resulting in compression and
spinal cord injury. Spinal cord contusion (or bruising), swelling, partial tearing, or complete
transection (rare) may occur, resulting in partial or complete loss of motor and/or sensory function
below the level of injury. The segmental region of injury and the magnitude of the lesion

contribute to the severity of SCI (Rickenbacher et al., 2013).

1.3.3.1 Neurological grading

The ‘gold standard’ for assessing the functional impairment of a person after spinal cord
injury is the American Spinal Injury Association (ASIA) International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) (Marino et al., 2003). This assessment is

commonly performed before and after spinal cord decompression surgery to assess the restoration
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of neurological function. The motor and sensory response of key myotomes and dermatomes are
rated to determine the ASIA Impairment Scale (ASIA AIS) Grade of the individual, ranging from
Grade A (complete sensory and motor loss) to Grade E (normal neurological function). The
neurological level of injury is defined as the most caudal segment of the cord demonstrating

normal motor and sensory function.

1.3.3.2 Relationship with cervical column injury

Although the incidence of cervical column injury is relatively low amongst trauma
patients (Torretti and Sengupta, 2007) it is most commonly associated with SCI and has a high
rate of early mortality (Hasler et al., 2012). Only one third of traumatic SCIs present with
concomitant bone fracture (Rickenbacher et al., 2013) and there is some evidence that CFD-Fx
is more likely to cause SCI than CFD+Fx, as associated fractures may maintain patency of the
spinal canal (Chakravarthy et al., 2014; Piccirilli et al., 2013); however, this association has not
been confirmed statistically in a large-cohort investigation. In animal models, shear SCI caused
by vertebral dislocation is associated with more severe primary and secondary pathology than
contusion or distraction injuries (Choo et al., 2008; Choo et al., 2007; Fiford et al., 2004), and
there is some epidemiological evidence that dislocations and fracture-dislocations are at higher
risk of causing complete SCI than other vertebral column injuries (Marar, 1974; Sekhon and
Fehlings, 2001; Tator, 1983). The relationship between traumatic cervical column injury and the
severity of associated neurological involvement remains unclear, especially within the context of

CFD.

1.4 Cervical trauma in the clinical setting

This section provides a review of current clinical cervical trauma literature pertaining to

CFD.

1.4.1 Epidemiology of cervical trauma

Epidemiology studies of cervical trauma frequently consider both spinal column and cord

injury. Literature concerning SCI is most common, probably due to the long-term consequences
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and high associated costs (Burns et al., 2010); however, column injury without SCI can result in
significant medical expenses due to long hospital stays (Wang et al., 2009). In the developed
world, the annual incidence of column injury is estimated at 190-880 per million population while
the incidence of SCI is 35-53 per million population per year (Hasler et al., 2012). In Australia,
264 new cases of traumatic SCI were reported in 2014-15, with an estimated 12.8 cases per
million population (Tovell, 2018). A large-cohort study of cervical injury in major trauma patients
reported that males aged 35 years or older are most at risk (Hasler et al., 2012). This is consistent
with the demographics reported within small-cohort studies of traumatic CFD (Doran et al., 1993;

Dvorak et al., 2007; Piccirilli et al., 2013; Rorabeck et al., 1987).

CFD is only observed in a small percentage of patients undergoing radiography for
suspected column injury; however, this proportion rises significantly amongst those presenting
with SCI or admitted after MVA. Studies of medium-to-large cohorts of blunt trauma patients
have reported incidence of cervical spinal injuries from 1.3% to 2.8% (Cadoux et al., 1987,
Davidson and Birdsell, 1989; Hoffman et al., 1992) and an incidence of facet subluxation or
dislocation of between 0.7% (Goldberg et al., 2001) and 2.9% (Brady et al., 1999). In patients
admitted with traumatic cervical SCI, the incidence of CFD increases to between 16% (Scher,
1977) and 32.1% (Wilson et al., 2013). Other studies have observed a rise in the prevalence of
cervical spine injury in trauma patients from 1.3% to 5.5% (Davidson and Birdsell, 1989), and
from 6.7% to 9% (Clayton et al., 2012) amongst those caused by MVAs. These results
demonstrate the high association between CFD and SCI, and the vulnerability of the neck during

car accidents.

Vehicle occupants appear to be at elevated risk of cervical column injury, and specifically
CFD, during rollovers. Studies of United States crash investigation databases report incidence of
cervical spine injury in 12.7% of pure rollovers (Bambach et al., 2013) and 6.5% of cases (of
which CFDs account for 8%) where rollover is the most harmful event (Funk et al., 2012). In 46
pure rollover cases, 50% of occupants had AIS 2 or AIS 3+ cervical fractures (not further

specified) — 9 out of these 23 (39.1%) suffered CFD (Foster et al., 2012). Of the 23 cases with
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cervical column injury, 20 (87.0%) had evidence of loading applied to the head during the injury
event, while 100% of CFDs presented with head/facial injuries. This suggests that cervical spine
injury during MVA rollovers are most often caused by head-contact injury, and that these

scenarios frequently cause CFD.

While high-energy MV As are the most common cause of cervical trauma in the young,
low-velocity injury mechanisms (particularly head-contact injury during falls) are more common
in the elderly (Clark and White, 1985; Kato et al., 2008; Thesleff et al., 2015). An increase in SCI
associated with falls in the elderly has been observed and is thought to be due (in part) to age-
related spondylosis (Kato et al., 2008; Thesleff et al., 2015) which causes narrowing of the spinal
canal and may increase the likelihood of neurological involvement in subaxial cervical spine
trauma (Eismont et al., 1984; Fehlings et al., 1999; Kang et al., 1994; Song et al., 2009). MVAs
and falls are the most common causes of injury in small-cohort reports of CFD (Allen et al., 1982;
Anissipour et al., 2017; Argenson et al., 1988; Cotler et al., 1990; Eranki et al., 2016; Hadley et
al., 1992; Key, 1975; Rorabeck et al., 1987; Scher, 1977; Shanmuganathan et al., 1994; VVaccaro
et al., 1999; Wilson et al., 2013), but there have been no large-cohort investigations (>135
patients) of the epidemiology of DFIs and CFD, or the factors predictive of SCI in this cohort.
Such an investigation is necessary to elucidate the mechanisms and features that are associated

with the severity of these injuries.

1.4.2 Relationship between features of CFD and SCI

Despite relatively low prevalence across all trauma patients, cervical UFD and BFD
result in neurological impairment in over 69% and 89% of cases, respectively (Argenson et al.,
1988; Cotler et al., 1990; O'Brien et al., 1982; Shanmuganathan et al., 1994; Wilson et al., 2013;
Wolf et al., 1991). BFD results in significantly worse neurological outcome, has a diminished
potential for recovery, and results in longer periods of acute hospital stay, than UFD (Cotler et
al., 1990; Hadley et al., 1992; Lintner et al., 1993; Wilson et al., 2013). BFD is also associated
with greater injury severity and higher probability of complications (Cotler et al., 1990; Foster et

al., 2012).
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CFD-Fx may have greater potential to injure the spinal cord and may be more difficult to
reduce, compared to CFD+Fx (Piccirilli et al., 2013). In a recent case review, neurological
integrity was preserved in four cases of BFD due to the substantial concomitant vertebral fractures
at the level of injury which effectively maintained canal patency (Chakravarthy et al., 2014). Of
40 patients with rotational facet injuries, patients presenting with UFD were significantly more
likely to have neurological involvement than patients with subluxation or UFD with concomitant
facet fracture (Shanmuganathan et al., 1994). This supports the findings of Argenson et al. (1988),
who reported a 70% occurrence of neurological impairment in cases of UFD-Fx from traumatic
rotational injury, compared to 30% and 40% in patients with unilateral facet fracture and

UFD+Fx, respectively.

1.4.3 Radiographic features of cervical trauma

Radiographs, computed tomography (CT) and/or magnetic resonance imaging (MRI) are
routinely used to assess the presence and extent of bony and soft-tissue injury in the spine.
Qualitative and quantitative assessments obtained from medical images provide an indication of
the clinical stability of the spine, and the likelihood of associated neurological involvement. This
is particularly important in patients with suspected subaxial cervical spinal column injury for
which rapid intervention is crucial to optimizing patient outcomes (Wilson et al., 2013), and
neurological examination is often complicated by reduced levels of consciousness (Hasler et al.,

2012; Hills and Deane, 1993).

The Spine Trauma Study Group made recommendations (summarised in Table 1.1) for
the most clinically useful radiographic measurements of subaxial cervical trauma by reviewing
all available relevant literature (Bono et al., 2006). In a follow-up investigation of inter-observer
reliability, intervertebral AP translation, kyphosis, and VB height loss (as measured on X-ray)
measurements demonstrated at least moderate reliability (Bono et al., 2011); similar findings
were reported by van Middendorp et al. (2015). Facet apposition measurements were less
reproducible (Bono et al., 2011), while CT-measured spinal canal occlusion (Furlan et al., 2007)

and T2-weighted MRI spinal cord compression measurements (Fehlings et al., 2006) have
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demonstrated moderate to high inter-observer agreement and intra-observer repeatability.
However, these studies performed measurements on medical images from small patient cohorts
with a broad spectrum of cervical trauma. The reliability and repeatability of these measurements

when applied to CFD has not previously been reported.

Table 1.1: A summary of the radiographic measurements of subaxial cervical injury severity
suggested by the Spine Trauma Study Group (Bono et al., 2006).

Measurement method: Description: Modality:

Cobb angle or Sagittal plane intervertebral kyphosis Lateral x-ray
posterior VB tangent angle

VB AP translation Sagittal plane AP intervertebral translation Lateral x-ray or mid-sagittal CT slice
VB height loss Change in sagittal height of fractured VB Lateral x-ray or mid-sagittal CT slice
Facet apposition Articular apposition of subluxed or fractured facet Lateral x-ray or para-sagittal CT slice
Spinal canal occlusion Change in AP diameter of spinal canal Mid-sagittal CT slice

Spinal cord compression Change in AP diameter of spinal cord Mid-sagittal MRI slice

VB, vertebral body; AP, antero-posterior; CT, computed-tomography; MRI, magnetic resonance imaging

Although cervical vertebral alignment is routinely assessed radiographically to indicate
injury severity, it is not known which (if any) of the proposed radiographic measurements are
predictive of neurological deficit when applied to CFD. Measurements of spinal canal occlusion
(Fehlings et al., 1999; Furlan et al., 2011; Kang et al., 1994; Miyaniji et al., 2007) and spinal cord
compression (Fehlings et al., 1999; Furlan et al., 2011; Hayashi et al., 1995; Miyanji et al., 2007;
Rao and Fehlings, 1999) on CT or MRI correlate with the presence and severity of neurological
deficit in subaxial cervical trauma; however, such associations have not been investigated for the

other suggested measurements, or in the context of DFI and CFD.

1.5 Biomechanical testing of the subaxial cervical spine

This section presents a review of the experimental models reported in the current cervical
spine literature, specifically those relating to CFD and subaxial cervical facet biomechanics. This
review is restricted to biomechanical experiments performed using human full-body cadavers

(referred to as postmortem human subjects, PMHS) or spinal segments from human cadavers.
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1.5.1 Experimental production of CFD and CFD+Fx

CFD and CFD+Fx have been experimentally produced to investigate the biomechanical
response of the subaxial cervical spine before, during, and following, the injury event. This
section describes the methods that were used to create these injuries in PMHS, full cervical spines,

and motion segments, and summarises the key findings of these studies.

1.5.1.1 Quasi-static and dynamic mechanical tests

Experimental methodologies within the current biomechanical literature utilise static,
quasi-static and dynamic mechanical tests. Quasi-static testing is conducted at low speed to
permit measurement of the mechanical response of specimens under complex applied loading, in
a controlled environment. These tests assess the contribution of osseoligamentous structures to
resisting applied loads, elucidating the role of these structures during traumatic injury. Dynamic
mechanical testing uses drop-towers, impactors, and acceleration/deceleration sleds to simulate
real-life traumatic injury. This high-rate testing is commonly used to investigate the progression
of tissue failure during an injury event, and to assess the relationship between testing parameters

(loading rate, direction, boundary conditions etc.) on injury type and severity.

Static loading has been used to investigate the mechanics of specific disco-ligamentous
structures in providing stability, mobility and resisting traumatic injury (Ebraheim et al., 2009;
Hedtmann et al., 1989; Sim et al., 2001), as well as the load-bearing role of the facets (Hakim and
King, 1976). While the results of these studies may provide important information about the
progression of CFD and concomitant injuries, the methodologies are outside the scope of this

project and will not be discussed in detail.

1.5.1.2 Motion segment testing

Short spinal segments reduce a specimen to one or two sets of intervertebral joints,
allowing for easier interpretation of the effects of intervertebral loads and motions during
simulated cervical trauma. Several studies have produced CFD by quasi-static and dynamic

loading of motion segments. The earliest of these applied ‘slow’ (rate not specified) compression,
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flexion, extension, lateral bending, and shear loading to cervical FSUs and reported the injuries
associated with each loading direction (Roaf, 1960). Compression was applied using a materials
testing machine, but the methods for applying shear and bending motions were not specified. The
author stated that flexion and extension were applied “about the normal axis of rotation”,
suggesting that constrained intervertebral motions were used. Hyperflexion did not produce
clinically-relevant injuries in these motion segments. A combination of anterior shear, axial
rotation, and flexion loading produced UFD and BFD, and superimposing these motions with
axial compression caused vertebral body and/or facet fractures. UFD has also been produced in
cervical FSUs by applying a lateral bending force and gradually increasing axial rotation until
dislocation occurs, using a mechanical testing machine (Crawford et al., 2002; Nadeau et al.,
2012). Crawford et al. (2002) observed no concomitant facet fractures but Nadeau et al. (2012)
produced UFD+Fx in 3/9 specimens — the authors did not hypothesise why fracture occurred for
some specimens and not others. Although these quasi-static methods reproducibly achieved CFD,
the rate at which they were created is substantially slower than that observed during real-life

trauma.

The only studies to specifically investigate the experimental production of traumatic BFD
used a dynamic sled apparatus (Panjabi et al., 1998a) (Figure 1.10). Incrementally-increasing,

sagittal decelerations were applied to subaxial cervical FSUs until BFD occurred — the
accelerations required to cause BFD ranged between 74.5 and 113.8 Sﬂz (lvancicetal., 2007, 2008;

Panjabi et al., 2007). The head was simulated with a 3.3 kg mass attached to the upper mount,
which was stabilised by passive, bilateral muscle-simulation cables — the weight of the head and
tension in the cables provided an intervertebral compressive preload of 180 N. This model
produced BFD in 10 of 12 FSU’s, and intervertebral kinematics, canal occlusion, and estimated
neck loads during the injury event were reported; however, no BFD+Fx was observed. The
absence of concomitant facet fracture may be an artefact of the incremental injury mechanism, as
rupture of the posterior ligaments during the impacts prior to achieving BFD was observed in all

cases (Panjabi et al., 2007). Compromise of these structures may have permitted excessive
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separation of the facet joints during the final inertial loading, allowing the joint to dislocate with
minimal facet contact. It is unlikely that this inertial injury mechanism is observed clinically, but
a large-cohort investigation of CFD is required to confirm this. Nevertheless, these studies
provide important information about intervertebral kinematics and neck loading that may occur

during inertially-produced, traumatic BFD-Fx.

Mid-sagittal 9
Flag Markers
5} [}

Impact

Figure 1.10: Sled apparatus for producing bilateral facet dislocation through incremental
trauma.lmage adapted from Panjabi et al. (2007).1

1.5.1.3 Complete cervical spine and PMHS testing

Quasi-static and dynamic testing of motion segments provides information about the
intervertebral loads/motions that lead to cervical trauma, but these experimental methods are
unable to elucidate the global loading scenarios that result in neck injuries. The numerous and
intricate joints that comprise the head and neck create complexity when surmising the subaxial
intervertebral loads and motions that result from an external loading vector. Therefore, complete
cadaveric cervical spines and PMHS have been used to investigate the effects of global loading
characteristics (speed, magnitude, direction), head constraints, and spinal posture on the injuries
produced. This section provides a critical summary of the quasi-static and dynamic biomechanical

experiments that have produced CFD in full cervical spines and PHMS.

Bauze and Ardran (1978) applied quasi-static axial compression loads to cervical spines

(without heads) in a ‘natural’ posture (Figure 1.11a) and produced CFD in the lower subaxial

! Image adapted by permission from Springer Nature: Panjabi, M.M., et al., 2007. Cervical facet
joint kinematics during bilateral facet dislocation. European Spine Journal 16(10), 1680-1688.

24



region of 10/12 specimens. The spines were fully constrained at the level of interest by inserting
a steel spindle through the spinal canal, up to the level to be dislocated. The cranial portion of the
spine was permitted to translate in the transverse plane at the interface with the loading plate.
Vertebral kinematics and axial (vertical) load at injury were reported. Compression loading
caused extension of the upper cervical region and flexion of the mid-lower region, creating
intervertebral compression, flexion and anterior shear motions at the level of CFD. The authors
noted that considerable axial rotation and bending motions were occasionally observed, resulting
in UFD. The boundary conditions applied in the lower cervical region were clearly non-
physiological and most likely influenced injury mechanisms, but this was the first study to
experimentally investigate the intervertebral kinematics associated with CFD using a full cervical

spine model.

Maiman et al. (1983) applied quasi-static axial loading (with varying amounts of anterior
eccentricity) to PMHS and cervical spines (partial skull-T3) at rates up to 1.52 m/s using a
materials testing machine. Loading was applied by rigidly fixing the actuator to the partial skull
and driving the skull-piston assembly vertically (with the upper thoracic region embedded and
attached to the base of the test machine), or by impacting the top of the skull of PMHS (with torso
supported) using a platen attached to the piston. BFD occurred at C4/C5 in one PMHS when
impact loading was applied with 2.5 cm anterior eccentricity. Flexion-compression was identified
as the mode of failure; however, the lateral x-ray provided in the manuscript demonstrated a
posterior dislocation, and superior and inferior vertebral body fractures were observed at the level

of dislocation suggesting that this was an uncommon injury mechanism.

In a similar study, quasi-static axial compression loading produced BFD at the C5/C6
level of a complete cadaveric cervical spine tested in a ‘straightened neck’ posture (Pintar et al.,
1989). Loading was applied via an aluminium rod rigidly attached to the skull (Figure 1.11Db).
Six-axis loads were measured cranial and caudal to the specimen throughout testing.
Interestingly, a compression-extension injury mechanism was reported for this specimen and the

axial load at injury was higher than for most other non-dislocated specimens; however, similar
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studies have reported that CFD occurs at a lower axial load than other cervical trauma
(Nightingale et al., 1991; Pintar et al., 1998). An accompanying C2/C3 fracture-dislocation was
reported for this specimen, but injury to multiple cervical levels is not commonly associated with
clinical or experimentally produced CFD (Pintar et al., 1998; Yoganandan et al., 1989). These
results are inconsistent with other similar studies, possibly due to the initial straightened spinal
posture and the axially-aligned compression loading (no anterior eccentricity). This study
produced a unique CFD and demonstrates the effect of external loading direction and spinal

posture on the features of cervical trauma.

Nightingale et al. (1991) demonstrated the influence of head-constraints and torso
trajectory on injury mechanisms during cervical trauma. Quasi-static axial compression loading
reliably produced lower cervical BFD-Fx when head flexion was restricted, but sagittal anterior
translation was permitted (6/6 specimens) (Figure 1.11c). Dislocation was most commonly
observed at C7/T1 and exhibited a substantially lower axial load to failure than specimens with
vertebral body fractures. The final posture of these specimens demonstrated a first-order buckling
mode with an inflection point in the lower cervical region, where dislocation occurred.
Intervertebral kinematics were not reported but it is likely that large anterior shear motions
occurred at this inflection point (Nightingale et al., 2016). Performing these tests at high-speed
with appropriate neck-muscle replication may prevent the cranial region from escaping the weight
of the torso, superimposing a larger axial compression force onto the intervertebral anterior shear
motion and causing BFD+Fx. This proposed injury mechanism is yet to be verified

experimentally.
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Figure 1.11: The test methods that produced cervical facet dislocation by applying quasi-static
loading to full cervical spines. Images adapted from: (a) Bauze and Ardran (1978); (b) Pintar et al.
(1989); and, (c) Nightingale et al. (1991).}

In biomechanical testing, dynamic trauma to the cervical spine following head-first
impact is most often investigated using a drop-test or pendulum apparatus (Huelke and Nusholtz,
1986) (Figure 1.12). Although producing CFD has not been the focus of these studies, subaxial
dislocations are sometimes observed during drop-testing of subaxial or complete cervical spines.
Hodgson and Thomas (1980) applied dynamic head loading to 16 PHMS to investigate the effect
of impact surface, head-torso alignment, and loading direction, on vertebral body and articular
process surface strains, and resultant injuries. Their results suggested that distributed loading on
the top of the head tended to prevent head-flexion, creating lower cervical flexion and causing
BFD=Fx due to intervertebral compression, flexion, and shear. The authors stated that these
intervertebral motions were also produced by global cervical flexion due to concentrated axial
loading with anterior eccentricity, and that loading asymmetry created an additional axial rotation

component, producing subaxial UFD in one specimen.

1 Awaiting copyright permissions.
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Figure 1.12: (a) drop-test, (b) pendulum; and, (c) combined dynamic impact tests. Image adapted
from Huelke and Nusholtz (1986).

UFD=Fx was produced in 6 subaxial cervical spines by applying high-speed, catastrophic
constrained axial rotation (Myers et al., 1991). Destructive torsional loading was initially applied
to the base of the skull of each specimen, creating atlantoaxial dislocation in all 6 cases and
leaving the subaxial region uninjured. Each subaxial spine (C2-T1) was then re-tested using the
same loading regime, producing CFD+Fx in five specimens and CFD-Fx in one. These results
demonstrated that pure head rotation is not responsible for subaxial spinal injury, but global injury

vectors that create constrained intervertebral axial rotation likely produce UFD+Fx.

The only BFD reported during drop-testing of full cadaver cervical spines was described
by Nightingale et al. (1996). Eleven head-neck complexes were attached to a drop-carriage
(including a six-axis load cell) in an inverted posture, with a following “torso” mass of 16 kg.
Specimens impacted a flat steel plate with varied sagittal angle (-15 to +30°) and surface texture
(low friction or padded). The resting lordosis of each specimen was preserved by orienting the
C7/T1 disc at +25° to the transverse plane during embedding of T1-T3, but neither passive nor
active neck muscle replication was applied. A C6/C7 BFD-Fx was produced when the low-
friction impact platen was angled at 15° to the horizontal. This configuration caused ‘pocketing’
of the head (restricting head motion) and high-order buckling occurred initially, followed by first
order buckling that produced BFD. The vertical load at the time of dislocation injury was not
reported, although a time lag between head impact and peak lower cervical loading occurred. The

authors described predominantly extension of the head upon impact, and intervertebral distraction

! Image adapted by permission from Wiley Materials: Huelke, D.F. and Nusholtz, G.S., 1986.
Cervical spine biomechanics: A review of the literature. Journal of Orthopaedic Research 4(2), 232-245.
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and flexion (without shear) were thought to be the primary injury mechanisms in the lower
cervical spine. However, during computational simulations of these experiments, Nightingale et
al. (2016) described intervertebral anterior shear, compression, and flexion as the dominant loads
in the subaxial region. These simulations also demonstrated that active neck muscle forces
substantially increased intervertebral compression and shear forces in the lower cervical spine,
compared to simulations without muscle forces — this may explain why BFD+Fx did not occur in
the in vitro experiments. Subaxial intervertebral loading and kinematics during BFD produced by

head-impact testing are yet to be reported.

BFD-Fx was produced in an un-specified number of specimens by applying axial impact
loading to the anterior skull of 13 head-neck complexes (C1-T2) (Pintar et al., 1998). Dynamic
global cervical flexion was created and local, intervertebral anterior shear, flexion, and axial
compression motions were observed during the injury event. The authors proposed that either a
global flexion-distraction or a flexion-compression injury mechanism may cause BFD if
intervertebral flexion is produced in the lower cervical spine. They also suggested that the lack
of BFD+Fx and/or ‘locked facets’ after the injury event may be due to an absence of muscle
contraction during the experiments, and that the intervertebral axial compression force imposed
by muscle tone may cause additional shear load at the level of injury. This hypothesis was
supported by the results of computational simulations of subaxial cervical trauma with and
without active neck muscle forces (Nightingale et al., 2016). The effect of intervertebral anterior
shear and imposed axial compression on the risk of facet fracture during BFD has not previously

been investigated.

1.5.1.4 Summary

CFD has been produced during quasi-static and dynamic biomechanical testing of
subaxial cervical motion segments and full cervical spines. The external axial loads and
displacements necessary to produce CFD, and intervertebral kinematics during the injury event
have been reported. Intervertebral anterior shear, flexion, compression, and distraction motions

have all been observed during the experimental production of BFD, while an additional axial
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rotation and/or lateral bending component can produce UFD (Table 1.2). Concomitant facet
fracture during CFD is commonly observed clinically but rarely occurs experimentally, perhaps
due to a lack of neck muscle replication. Such muscle activation increases shear and compression
loading in the subaxial cervical spine, which may increase loading through the facet joints and

heighten the likelihood of CFD+Fx. Further experimental work is required to investigate this.
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Table 1.2: Loading modes and intervertebral motions identified likely to cause cervical facet
dislocation and fracture-dislocation.

Author(s) Year Investigation type Loads/motions identified to cause injury
Roaf 1960  Quasi-static mechanical tests, FSU BFD: Anterior shear, axial rotation, flexion
UFD: Axial rotation, flexion
Fx: Imposed compression
Bauze & Ardran 1978  Quasi-static mechanical tests, full BFD: Flexion, anterior-shear
cervical spine UFD: Flexion, axial-rotation, lateral bending
Hodgson & Thomas 1980  Dynamic mechanical tests, full BFD: Anterior shear, compression, flexion
cervical spine UFD: Anterior shear, axial rotation,
compression, flexion
Allen et al. 1982  Retrospective medical record and BFD: Global flexion-distraction
radiographic review
Maiman et al. 1983  Quasi-static mechanical tests, full BFD: Global flexion-compression
cervical spine
Argenson et al. 1988  Retrospective medical record and UFD: Axial rotation, lateral bending
radiographic review
Pintar et al. 1989  Quasi-static mechanical tests, full BFD: Global compression-extension
cervical spine
Myers et al. 1991  Dynamic mechanical tests, subaxial ~UFD+Fx: Constrained axial rotation
cervical spine
Nightingale et al. 1991  Quasi-static mechanical tests, full BFD: Flexion
cervical spine
Nightingale et al. 1996  Dynamic mechanical tests, full BFD: Axial distraction, flexion
cervical spine
Pintar et al. 1998  Dynamic mechanical tests, full BFD: Anterior shear, compression, flexion
cervical spine
Crawford et al. 2002  Quasi-static mechanical tests, FSU  UFD: Axial rotation, lateral-bending
Ivancic et al. 2007  Dynamic mechanical tests, FSU BFD: Anterior shear, axial distraction, flexion,
Panjabi et al. 2007
Ivancic et al. 2008
Nadeau et al. 2012  Quasi-static mechanical tests, FSU  UFD: Axial rotation, flexion, lateral-bending
Nightingale et al. 2016  Computer simulations of dynamic BFD: Anterior shear, compression, flexion

mechanical testing of full cervical
spines (Nightingale et al., 1996)

FSU, functional spinal unit; BFD, bilateral facet dislocation; UFD, unilateral facet dislocation; Fx, fracture
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1.5.2 Measuring vertebral kinematics during cervical trauma

Several different methods are used in biomechanical testing to explore vertebral
kinematics during the experimental production of cervical trauma. These techniques provide
qualitative and/or quantitative information about the intervertebral motions that are associated
with cervical injuries, how these injuries affect normal spinal kinematics, and the extent to which
the spinal canal is compromised. This section discusses the benefits and limitations of each

technique, specifically regarding measurement accuracy and frame rate.

1.5.2.1 High-speed video cameras and cineradiographs

High-speed cameras have been used to investigate vertebral kinematics and injury
progression during dynamic loading and quasi-static axial compression of cadaveric cervical
spine specimens (Hodgson and Thomas, 1980; Maiman et al., 1983; Nightingale et al., 1991,
Nightingale et al., 1996; Pintar et al., 1989; Pintar et al., 1995; Pintar et al., 1998; Van Toen et
al., 2014). A single camera can provide information in a single plane (two-dimensional, 2D),
while two or more cameras can be synchronised to obtain three-dimensional (3D) data. These
cameras are most commonly employed during dynamic impact testing due to the high frame rates
possible (up to 1 million frames per second; i-Speed 726, iX Cameras Ltd., Essex, UK).
Nightingale et al. (1996) demonstrated that the cervical spine may transition between several
complex poses during the first 6 ms following axial head-impact, each of which has the potential
to cause traumatic injury. Therefore, it is important that the kinematics of the spine are adequately
captured during this short period of time, although accurate quantification of these kinematics is

limited by the accuracy of positional measurements derived from high-speed cameras.

High-speed video can also provide qualitative information about changes in spinal pose
and progression of injury during traumatic loading (Maiman et al., 1983; Van Toen et al., 2014).
In the first study to report high-speed video of CFD, embalmed PMHS with protective helmets
were impacted with horizontally propelled masses and the features of cervical trauma were

observed (Hodgson and Thomas, 1980). Resection of the lateral aspects of the specimens was
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required to directly observe the motion of the vertebrae and facet joints, and it is likely that this

altered the injury mechanics.

Intervertebral kinematics can be measured less-intrusively using high-speed video by
tracking reflective markers attached to each vertebrae (Pintar et al., 1989; Pintar et al., 1995;
Pintar et al., 1998), but this technique is limited by the relatively poor measurement accuracy and
resolution of high-speed cameras. Measurement accuracy using high-speed cameras is influenced
by the marker tracking and distance calibration method, out-of-plane motion (during 2D
analysis), lighting, the distance of the camera(s) from the marker(s), the camera resolution, among
other factors. The measurement resolution is inversely related to the field of view (FOV), where
a larger FOV results in a larger pixel size and, therefore, lower measurement resolution. In the
context of tracking spinal motion with an exceptional camera and assuming ideal conditions, a
FOV of 180x135 mm, frame rate of 5000 frames per second, and camera resolution of 2048x1536
pixels, optimum measurement resolution would be approximately 0.09 mm. However, camera
resolution is inversely related to frame rate (due to data storage and transfer limitations) so this

measurement resolution would decrease substantially at higher frame rates for the same FOV.

In one series of experiments, high-speed cameras and lateral radiographs were used to
develop “rigid body” kinematic models of FSUs to quantify facet joint kinematics and spinal
canal occlusion during dynamic BFD (lvancic et al., 2007, 2008; Panjabi et al., 2007). Rigid
marker carriers were secured to the upper and lower mounts of an acceleration sled (Figure 1.10).
Footage from two high-speed digital cameras were used to determine the 3D intervertebral
translations and rotations of each FSU. Geometric relationships between anatomical landmarks
and the markers were measured, both physically and from neutral lateral radiographs, to develop
a 3D model of the FSU. This model was then superimposed onto the first frame of the recording.
From this, dynamic translations of the vertebrae were calculated, and facet joint kinematics and
canal occlusion were determined. Flexion, facet separation and anterior translation were the
primary sagittal motions observed during dislocation. Significant non-sagittal motions also

occurred, indicating that bilateral dislocation may be preceded by unilateral dislocation (Ivancic

33



et al., 2008; Panjabi et al., 2007). Peak canal occlusion was significantly greater than the
occlusion observed post-trauma, suggesting that post-injury imaging may underestimate the
maximum spinal cord compression experienced (lvancic et al., 2007) — this result is consistent
with other experimental investigations of traumatic spinal canal occlusion (Jones and Clarke,
2018). This methodology could be applied to any anatomy of the vertebra which cannot be
tracked directly. However, it is anticipated that deflection of the facets and other posterior
elements (relative to the vertebral bodies) may occur during traumatic dislocation which would

violate the rigid body assumptions.

Cineradiography and fluoroscopy incorporate the techniques of cinematography and
radiography to create a “video x-ray”, allowing for direct visualization of cervical vertebral
motion during mechanical testing. Bauze and Ardran (1978) and Nightingale et al. (1991) used
lateral cineradiography and fluoroscopy, respectively, to qualitatively analyse vertebral
kinematics during quasi-static axial compression loading that produced subaxial CFD in complete
cervical spine specimens. However, the low frame-rates (4 Hz for cineradiography in 1978) and
low image quality did not permit accurate quantitative kinematic analysis using these methods.
High-speed cineradiography (1000 Hz) has been used to measure deformation of a radiodense
surrogate spinal cord during dynamic cervical trauma (Saari et al., 2011), but accurate kinematic
analysis of these images is unlikely due to the low camera resolution (256x240 pixels) and bone

contrast.

1.5.2.2 Infrared motion-capture systems

Active motion tracking systems such as Optotrak (Northern Digital Inc., Canada) have
been used to investigate the kinematics of subaxial cervical spine motion segments during low-
velocity trauma (Van Toen et al., 2014) and to compare stability and mobility before and after
experimental UFD (Crawford et al., 2002; Duggal et al., 2005; Nadeau et al., 2012; Riesenburger
et al., 2012). In these studies, clusters of three or more infrared emitting markers are rigidly
attached to each vertebra, usually by inserting a pin into the vertebral body. The location of each

marker of each cluster is tracked during testing, from which translations and rotations of the
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vertebrae can be calculated using rigid body kinematics principles. This information has been
used to quantify range of motion (ROM) and neutral zone (NZ) before and after cervical trauma
(Crawford et al., 2002; Nadeau et al., 2012; Riesenburger et al., 2012) and after spinal
instrumentation (Duggal et al., 2005; Riesenburger et al., 2012), where ROM is the translation
difference between peak applied moments, and NZ is the translation from the neutral position to
the first instance of spinal resistance (White and Panjabi, 1990). These techniques have not been

used to investigate 3D intervertebral motion during CFD.

In the lumbar spine, motion capture data has been combined with 3D models of spine
segments (generated from high-resolution medical images) to derive the motion of anatomy that
isn’t directly observable due to superficial tissues, such as facet joint articulation (Cook and
Cheng, 2010). The kinematic response to quasi-static loading of a lumbar spine segment (L1-L5)
was recorded using infrared motion capture and the marker locations were registered with
computer models generated from CT scans of the vertebrae. The contact area of each facet joint
was then calculated throughout the ROM of the segment. This technique assumed that the
vertebral body and posterior elements act as a rigid body; however, substantial bending of the
lumbar facets (relative to the vertebral body) has been reported during physiological lumbar
motion (Green et al., 1994) and it is likely that this would affect the facet apposition calculations.
These techniques have not been applied to the cervical spine and do not consider deflection of

the posterior elements that likely occurs during physiological and traumatic cervical motion.

Infrared motion capture systems are highly accurate and reliable (Maletsky et al., 2007),
and provide a ‘simple” method for measuring 3D spinal kinematics, but are limited by their
maximum frame rate. The manufacturers of the Optotrak 3020 system (Northern Digital Inc.,
Ontario, Canada), which is commonly used in biomechanics laboratories, report root-mean-
square in-plane and out-of-plane accuracies of 0.1 and 0.15 mm, respectively, and measurement
precision of 0.01 mm; however, errors as low as 0.03 mm and 0.04° have been reported during
reliability analysis of this system (Maletsky et al., 2007). The maximum frame rate is inversely

related to the number of infrared markers included in the system, as each marker transmits a pulse
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to the cameras during the acquisition cycle. For example, the Optotrak Certus system, when
tracking two rigid bodies (6 markers, the minimum necessary to measure 3D intervertebral
motion), has a maximum frame rate of approximately 630 Hz. This is substantially lower than
the maximum capable by high-speed cameras and is likely inadequate to capture dynamic injury
kinematics; however, these systems are capable of highly accurate kinematic measurements

during quasi-static loading.

1.5.3 Intervertebral loads and displacements during CFD

The tolerance of the spine to traumatic injury can be described by the loads and
displacements observed at the level of injury (Shea et al., 1991). Failure load is commonly
reported as the forces and moments measured (usually via six-axis load cells) at the most inferior
and/or superior vertebra of the tested spinal segment at the time of injury. During drop tests, head
impact forces are also measured with load-cells positioned under the impact platform
(Nightingale et al., 1996; Pintar et al., 1995; Saari et al., 2011). Loads at specific vertebral levels
have been reported using an intervertebral load cell in the lumbar spine (Hakim and King, 1976;
King et al., 1975), but a similar analysis has not been performed during experimentally produced

CFD.

Previous studies that have measured the loads and displacements resulting in CFD are
mostly limited to investigations of the gross biomechanical response of the cadaveric head-neck
complex under dynamic axial loading (Nightingale et al., 1996; Pintar et al., 1995; Pintar et al.,
1998), dynamic axial torsion (Myers et al., 1991), or quasi-static vertical loading (Bauze and
Ardran, 1978; Hodgson and Thomas, 1980; Nightingale et al., 1991; Pintar et al., 1989). In
general, these studies found that CFD-Fx occurs at lower global loads and with larger head-neck
motions than other cervical trauma; however, these studies did not provide information about the

intervertebral (local) load-displacement response at the level of injury.

The only study to report subaxial cervical intervertebral loads during the experimental

production of BFD-Fx used inverse dynamics to estimate inter-facet loading during the injury
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event (lvancic et al., 2008). Intervertebral kinematic data, Newton-Euler equations, and force-
moment data from a six-axis load cell positioned below the FSU were used to estimate inter-facet
six-axis loads during inertially-produced BFD-Fx. An average peak axial compression force of
233.6 N preceded peak anterior shear force of 73.1 N, and flexion moment of 30.7 Nm.
Intervertebral motion was also reported for these specimens — axial distraction, flexion, and
anterior shear were observed during the injury event, followed significantly later by axial
compression after locking of the facets occurred. A similar analysis is required for the injury

vectors that cause BFD+Fx.

One study has reported the axial moments and rotations necessary to reliably produce
UFD-Fx in nine subaxial cervical FSUs (one C4/C5, and eight C5/C6) (Crawford et al., 2002).
The authors maintained a small lateral bending force (magnitude not specified) whilst applying
22.4+4.5° of axial rotation. This combined loading produced UFD-Fx at an average axial torque
of 10.2+2.7 Nm. Similar load-displacement responses during UFD+Fx and BFD+Fx have not

been reported.

The literature reviewed in this section demonstrates that there is a lack of information
regarding the intervertebral loads and displacements that cause CFD, and specifically CFD+Fx.
Mechanical testing of PMHS, full cervical spines, and subaxial cervical FSUs have shown that
local anterior shear, flexion, compression, and distraction motions occur during subaxial CFD,
but there exists little quantitative information regarding the tolerance of the subaxial cervical
spine to these loads and displacements. Such information is crucial for developing improved neck

injury criteria (see Section 1.5.5).

1.5.4 Mechanical behaviour of the facets during inter-facet loading

The facets are important loadbearing structures of the subaxial cervical spine, and inter-
facet contact contributes to intervertebral kinematics observed in this region (Bogduk and Mercer,
2000). Furthermore, CFD often presents with associated facet fracture (Allen et al., 1982; Brady

et al., 1999; Piccirilli et al., 2013; Shanmuganathan et al., 1994) suggesting high joint-reaction
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forces through the facet during trauma (White and Panjabi, 1990). Despite this, quantitative
measures of subaxial cervical facet stiffness, failure load, and fracture location during mechanical
testing have not been reported. These are important parameters for validation of computational
models of cervical trauma and may inform the design of advanced ATD necks and associated
injury criteria. Kinematic measures of cervical vertebrae often assume that the vertebrae act as
rigid bodies; however, bending of the facets may not be negligible during trauma (Green et al.,
1994). Facet deflection has not been measured in the cervical region during sub-injurious loading,

or during CFD.

The mechanical response of the lumbar posterior elements to simulated physiologic and
traumatic loading scenarios has been reported, but the biomechanics of the cervical facets are
understudied. The strain response of the cervical facet capsule during whiplash has been reported
(Cholewicki et al., 1997; Panjabi et al., 1998b; Siegmund et al., 2008; Siegmund et al., 2001);
however, limited strain data is available for the bony cervical facets. Strain gauges have been
used to quantify surface strain of the articular facets during dynamic (Hodgson and Thomas,
1980) and quasi-static (Chang et al., 2007) loading of the cervical spine (Figure 1.13), but these

studies did not investigate the loading directions associated with CFD.
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Figure 1.13: Strain gauges applied to the C5-C7 facet joints, indicated by white circles. Image
adapted from Chang et al. (2007).1

The mechanical behaviour of the posterior elements of lumbar vertebrae has been
quantified during loading of the inferior facets in defined, clinically-relevant directions, but this
has not been investigated in the subaxial cervical spine. In the 1970s, Cyron et al. applied quasi-
static loading to the inferior facets of isolated lumbar vertebrae using a materials testing machine
(Figure 1.14a) and measured cyclic fatigue strength (1978) and fracture failure load (1976) of the
neural arch. The vertebral bodies were fixed to a support apparatus that facets were loaded to
simulate in vivo walking (Cyron and Hutton, 1978). Suezawa et al. (1980) instrumented the
pedicles and pars interarticularis of isolated L5 vertebrae with 15 uniaxial strain gauges and
applied forces to the bilateral articular facet surfaces at varying angles (Figure 1.14b). From this
they determined the mode of loading that produced the largest strains in the pars interarticularis.
A similar investigation is required to investigate the intervertebral loading directions that

distinguish CFD-Fx from CFD+Fx.

! Image reprinted by permission from the JNS Publishing Group: Chang, U.K., et al., 2007.
Changes in adjacent-level disc pressure and facet joint force after cervical arthroplasty compared with
cervical discectomy and fusion. Journal of Neurosurgery: Spine 7(1), 33-39.
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Figure 1.14: Measuring the mechanical response of isolated lumbar facets to simulated in vivo
loading. F = applied force; 0 = angle of applied force. Images adapted from: a) Cyron et al. (1978;
1976) and b) Suezawa et al. (1980).

It is likely that the cervical facets and other posterior elements deflect (relative to the
vertebral body) during traumatic and non-traumatic intervertebral motion, but this has not been
investigated experimentally. During destructive loading of the lumbar facets, Cyron et al.
reported linear displacement of the actuator/facets in excess of 12 mm, indicating substantial
‘bending’ of the posterior elements prior to failure (Cyron et al., 1976). Green et al. (1994)
quantified sagittal bending of the inferior articular processes during physiological flexion and
extension of lumbar FSUs, with and without a 2000 N imposed axial compression. Reflective
markers were fixed to the vertebral bodies, the pars interarticularis, and the facet tips, and angular
deflections of the posterior elements were measured using a two-dimensional motion-capture
system; non-sagittal deflections were not measured. Sagittal deflections of the posterior elements
(relative to the vertebral bodies) in excess of 14° were observed during simulated physiological
intervertebral flexion (Green et al., 1994). One would expect that similar facet deflection to occur
during physiological subaxial cervical intervertebral motion, and prior to CFD+Fx, which would

invalidate the rigid-body assumptions of current models of cervical motion. Quantitative

1 Image adapted by permission from Springer Nature: Suezawa, Y., et al., 1980. The mechanical
response of the neural arch of the lumbosacral vertebra and its clinical significance. International
Orthopaedics 4(3), 205-209.
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information about deflection of the subaxial cervical facets relative to the vertebral body is

required.

Other studies have estimated facet and neural arch load-bearing capacity during dynamic
acceleration (Hakim and King, 1976; King et al., 1975) and compressive loading (Pollintine et
al., 2004); however, these tests were conducted on lumbar spine segments and did not simulate
facet dislocation. The in vivo flexion and extension bending resistance provided by the bilateral
facet joints and capsular ligaments of 19 cervical FSUs (6xC2/C3, 2xC3/C4, 4xC5/C6, 7xC7/T1)
was measured (Przybyla et al., 2007) — this study did not apply shear or non-sagittal bending
motions, and did not measure the inter-facet contact forces. Lumbar facet contact force has been
estimated using extra-articular strain measurements (Zhu et al., 2008) and from finite element
analysis (Schmidt et al., 2009), and facet joint pressure has been measured directly (el-Bohy et
al., 1989; Jaumard et al., 2011a; Jaumard et al., 2011b); however, these methods do not provide
information about the direction or location of facet contact force, and were applied to the lumbar
spine. Further investigation of the mechanical response of the cervical facets during loading is
required. This data could be used to develop CFD+Fx risk curves for anthropomorphic test

devices with instrumented posterior elements.

1.5.5 Anthropomorphic test devices and neck injury criteria

ATDs (or crash-test dummies) simulate the size, proportions and articulations of the
human body and contain instrumentation to measure occupant ATD response to simulated motor
vehicle collisions and biomechanical experiments. The Hybrid 11l ATD (Humanetics, USA) is
often used to investigate neck injury resulting from MVA rollovers, frontal crashes and drop tests
(Bahling et al., 1995; Herbst et al., 1998; Nyquist et al., 1980), and its response has been compared
to cadavers via mechanical testing (McElhaney et al., 1988; Nightingale et al., 1991). The Hybrid
Il neck is rigidly attached to the torso and six-axis load cells can be fixed at the superior and
inferior ends, while the head can be instrumented with up to 15 accelerometers (Humanetics

Innovative Solutions, 2014). The measurements from these load cells and accelerometers during
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simulated neck trauma are used to estimate the likelihood of neck injury for accident scenarios

using neck injury criteria.

Injury criteria for the cervical spine, such as the neck injury criterion (N;;), describe the
association between physical parameters measured during simulated trauma and the occurrence
of a resultant injury, using a mathematical relationship. To develop the Nj;, force and moment
injury tolerances (Table 1.3) were derived from sagittal impact loading of porcine specimens and
ATDs with airbags. The authors of this initial study stated that axial tension and extension
moments at the upper neck load cell should be linearly combined to form an indicator of neck
injury (Prasad and Daniel, 1984) (Equation 1.1). In Equation 1.1, ‘i’ refers to the axial injury
mechanism (compression [C] or tension [T]) and j’ indicates the sagittal bending injury
mechanism (flexion [F] or extension [E]). Fz and My are the measured axial force and sagittal

moment, respectively, and Fi,: and M are the critical force and moment values.

Fz My
N;j= =+ i
i Fo T Moy Equation 1.1

Similarly, peak tension and peak compression Nj limits for the Hybrid 11l ATD (Table
1.3) were derived from simulated frontal-impact MV As containing ATDs (Nyquist et al., 1980).
This study attempted to “calibrate” the ATD to replicate specific injuries in well-defined
traumatic environments and provide better interpretation of test results; however, these tests were
limited to low-energy, frontal impact collisions and did not consider non-sagittal loading. A
number of revisions of the Nj; criterion have been published, although it is still limited to loading

in the sagittal plane (Eppinger et al., 2000).
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Table 1.3: Summary of the limits and critical values for the 50t percentile male Hybrid 111 ATD
(Eppinger et al., 2000; NHTSA, 2005).

Nij Criteria Limit
Critical Intercept Values:
Tension (N) 6806
Compression (N) 6160
Flexion (Nm) 310
Extension (Nm) 135
Peak Tension (N) 4170
Peak Compression (N) 4000

The results of the experimental work discussed in Section 1.5.1, particularly Nightingale
et al. (1991), demonstrate that CFD can occur at peak axial loads that are substantially lower than
the N;; limits for the Hybrid 111 ATD, and that the relationship between a cadaver neck response
to loading versus the ATD depends considerably on external loading factors (i.e. head constraints)
— these factors are not considered when estimating injury risk using the Nj;. In addition, the global
injury vector (measured at the cranial and/or caudal neck load cells of the Hybrid I11) likely does
not correspond with intervertebral or local injury vectors observed at the subaxial cervical spine,
especially when first-order or higher-order buckling would occur in vivo. It is these intervertebral
loads and motions that are indicative of injury risk. Finally, non-sagittal motions likely cause
UFD yet these are not considered in the Nj. In summary, a more biofidelic ATD neck with
‘intervertebral’ instrumentation and improved injury criteria are crucial to developing more
effective injury prevention devices. Further research into the intervertebral injury mechanisms

that lead to CDF+Fx is required, and this information may be used to inform better injury criteria.

1.6 Motivation, aims and hypotheses
The primary aim of this work is to improve understanding of the biomechanics
underlying subaxial cervical facet dislocation and fracture-dislocation. This thesis addresses the

following areas that are understudied in the current cervical spine trauma literature:

1) There have been no large-cohort investigations of cervical facet subluxation, dislocation,
and fracture-dislocation injuries, and it is unknown which epidemiological or

radiographic features of these injuries are predictive of SCI. Such an investigation will
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elucidate the causative factors of CFD£Fx (in the Australian context), and may assist
with associating global and local injury mechanisms with injury severity;

2) The mechanical response of the subaxial cervical facets during intervertebral motion is
understudied. In particular, there exists no published data regarding the effect of
superimposed intervertebral axial compression and distraction (intervertebral separation)
on the mechanical response of the facets during intervertebral shear, bending, and
rotation motions. An improved fundamental understanding of how the facets respond to
loading may elucidate the injury mechanisms that differentiate CFD-Fx from CFD+Fx.
This information is necessary to validate computational and experimental models of
cervical trauma, and may lead to design of better ATD necks and improved neck injury
criteria;

3) A method to reliably produce BFD+Fx in ex vivo cervical spines in the laboratory has not
previously been developed, and the role of constrained anterior shear during the injury
event has not been reported. A substantial anterior shear component of the local injury
vector has been proposed as a likely cause of concomitant facet fracture during BFD, but
this has not been investigated experimentally;

4) The effect of imposed compression and distraction on the mechanical response of the
facets during supraphysiologic anterior shear (leading to BFD) has not been reported.
Local compression and distraction forces at the level of injury have been reported during
experimentally produced CFD in whole cervical spines, and the direction of this imposed

intervertebral axial force may dictate the occurrence of concomitant facet fracture.

Four studies were undertaken to address the gaps identified in the literature. The aims

and hypotheses of these studies are provided below.
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1.6.1 Study 1 (Chapter 2)

The aim of Study 1 was to describe the epidemiology and radiographic features of
subaxial cervical facet subluxation, dislocation, and fracture-dislocation cases (DFIs) admitted
to a single institution over a decade, and to identify which of these parameters were associated
with SCI. Current literature pertaining to DFIs is limited to small-cohort reports of the
radiographic features or clinical outcomes of treatment methods. It was anticipated that this large-
cohort review would provide important information about the injury mechanisms most commonly
associated with CFD+Fx, and would have sufficient statistical power to identify which of these
variables are risk factors for SCI. Furthermore, observer agreement and repeatability of the
proposed quantitative radiographic measures of subaxial spine trauma in the context of DFI were

reported for the first time.

Hypothesis: No hypotheses were proposed for this study due to its exploratory nature.

1.6.2 Study 2 (Chapter 3)

The aim of Study 2 was to measure the biomechanical response of cadaveric subaxial
cervical inferior facets to loading that simulated traumatic in vivo intervertebral compressive-
flexion and anterior shear motions. These motions are thought to occur during BFD£Fx, but the
associated inter-facet loading that is most likely to cause concomitant facet fracture had not
previously been investigated. A novel method of quantifying the mechanical response of isolated
subaxial cervical inferior facets when loaded non-destructively and to failure in these directions,

and the results of these tests, are presented in Chapter 3.

Hypothesis: The biomechanical response of the subaxial cervical inferior facets will differ
between the simulated in vivo intervertebral compressive-flexion and anterior shear loading

directions.

1.6.3 Study 3 (Chapter 4)

The aim of Study 3 was to measure the biomechanical response of the C6 inferior facets

when intervertebral axial compression and distraction were superimposed on non-destructive
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shear, bending, and rotation motions of C6/C7 FSUs. The subaxial cervical facets are important
structures during spinal kinematics and load-bearing, but the in vivo biomechanical response of
the facets during intervertebral motion has not been measured. This response may differ when
intervertebral axial compression (due to neck muscle activation) or distraction (due to head inertia
or eccentric head contact) is superimposed on these motions. The results of this investigation are

reported in Chapter 4.

Hypothesis: Intervertebral axial compression will increase loading of the C6 inferior facets
(when compared to axial distraction, and as measured by deflection and surface strain) when
superimposed on non-destructive anterior shear, axial rotation, flexion, and lateral bending

motions.

1.6.4 Study 4 (Chapter 5)

The aim of Study 4 was to develop a methodology to reliably apply 20 mm of constrained,
destructive anterior shear motion to C6/C7 FSUs, with imposed intervertebral axial compression
or distraction, and to quantify the biomechanical response of the FSU, and particularly the C6
inferior facets, to this combined loading scenario. Intervertebral anterior shear motions occur
during the experimental production of BFD, yet the role of this loading direction during cervical
trauma has not been thoroughly investigated. Superimposing axial compression or distraction on
traumatic anterior shear motion may dictate the occurrence of concomitant facet fracture. Chapter
5 describes an iterative approach to developing this testing methodology and reports preliminary

data regarding the mechanical response of the facets during these tests.

Hypothesis: Intervertebral axial compression will increase failure loads, and loading of the C6
inferior facets (when compared to axial distraction, and as measured by deflection and surface
strain), and will produce CFD+Fx when superimposed on 20 mm of constrained anterior shear

motion.
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Chapter 2 Traumatic subaxial cervical facet subluxation
and dislocation: Epidemiology, radiographic analyses,
and risk factors for spinal cord injury?

2.1  Introduction

Subaxial cervical spinal cord injury (SCI) is one of the most devastating injuries in
medicine (Wiseman et al., 2003). In Australia, 50% of traumatic SCIs reported in a 2008 cohort
resulted in 136 cases of tetraplegia, amounting to annual personal care costs of approximately
AUD$14.6 million (Access Economics Pty Limited, 2009). In cases of subaxial cervical trauma,
patients with facet dislocation present with the most severe neurological deficit (Wilson et al.,
2013), resulting in tetraplegia in up to 87% of cases (Hadley et al., 1992; Lintner et al., 1993;
O'Brien et al., 1982; Payer and Schmidt, 2005; Wolf et al., 1991). Rapid reduction is crucial,
particularly in patients with bilateral facet dislocation and significant neurological deterioration
(Wilson et al., 2013). Despite potentially devastating consequences, the spectrum of traumatic
subaxial cervical facet subluxation and dislocation — herein termed Distractive Flexion Injuries

[DFls], as described by Allen and Ferguson (1982) — is significantly understudied.

Allen and Ferguson describe four radiological stages of DFI: Stage 1 flexion sprain, Stage
2 unilateral facet dislocation; Stage 3 bilateral facet dislocation with up to 50% translation; and,
Stage 4 bilateral facet dislocation with up to 100% translation (Allen et al., 1982). Complete
neurologic injury occurs more frequently following bilateral facet dislocation (Allen et al., 1982),
but by no means is this certain. Newton et al. advocates reduction of cervical facet dislocation
within four hours of injury to prevent permanent neurological damage following low velocity
trauma (Newton et al., 2011). Whilst there is no consensus on the optimal surgical management
of low or high velocity trauma (Arnold et al., 2009; Duggal et al., 2005; Harrington and Park,
2007; Henriques et al., 2004; Kwon et al., 2007; Nassr et al., 2008; Piccirilli et al., 2013;

Ramnarain and Govender, 2008; Razack et al., 2000; Wiseman et al., 2003), in the case of SCI

L A version of Chapter 2 was published in The Spine Journal: Quarrington, R.D., Jones, C.F.,
Tcherveniakov, P., Clark, J.M., Sandler, S.J.1., Lee, Y.C., Torabiardakani, S., Costi, J.J., Freeman, B.J.C.,
2018, 18(3), 387-398. Traumatic subaxial cervical facet subluxation and dislocation: epidemiology,
radiographic analyses, and risk factors for spinal cord injury.

49



prompt assessment and early intervention is crucial to optimise patient outcome (Hadley, 2002;

Hadley et al., 1992; Lee et al., 1994; Newton et al., 2011).

The literature pertaining to DFI comprises only small cohort studies reporting
radiographic features (Allen et al., 1982; Argenson et al., 1988; Doran et al., 1993; Lintner et al.,
1993; Scher, 1977; Shanmuganathan et al., 1994; Vaccaro et al., 1999; Vaccaro et al., 2001), or
the clinical outcomes of surgical or non-surgical treatment methods (Cotler et al., 1990; Dvorak
etal., 2007; Eranki et al., 2016; Grant et al., 1999; Hadley et al., 1992; Key, 1975; Piccirilli et al.,
2013; Rorabeck et al., 1987; Savini et al., 1987; Wilson et al., 2013). Notably, there have been no
large-scale cohort investigations of DFI, with or without concomitant neurological deterioration,
reported. In relation to clinical assessment, the neurological examination of patients with subaxial
cervical injury is often difficult, as patients commonly present with reduced levels of
consciousness (Hasler et al., 2012; Hills and Deane, 1993). Therefore, it is important to establish
potential associations between injury epidemiology and radiographic features, and neurological
involvement. Furthermore, although qualitative radiographic analysis of cervical vertebral
alignment is routinely used to provide an indication of injury severity, it is not known which (if
any) of the proposed quantitative radiographic measures of subaxial spine trauma (Bono et al.,
2006) are predictive of neurological deficit. The inter-observer agreement and intra-observer

repeatability of quantitative radiographic measures has not been reported for DFI.

The primary aims of this study were to describe the epidemiology and radiographic
features of DFI in patients presenting to a major Australian tertiary hospital over a decade, and to
identify which of these variables are risk factors for SCI. A secondary aim was to investigate the
agreement and repeatability of several quantitative radiographic measurements of subaxial

cervical trauma severity in the context of DFI.

2.2  Methods
Ethics approval was granted for this study. All patients aged 15 years and over who were

admitted to the institution with traumatic subaxial cervical facet dislocation or subluxation

50



between January 2003 and December 2013 were identified. Reviews of hard-copy and electronic
medical records were performed and the following patient demographic and injury characteristics
extracted: age at admission, gender, spinal column injury characteristics (dislocation or
subluxation, uni- or bilateral, spinal level of bony injury [LOBI] and incidence of associated facet
fracture), injury causation information (motor vehicle speed, fall height etc.), and the presence of
SCI (determined by the American Spinal Injury Association Impairment Scale [ASIA AlS] or the
International Standards for Neurological Classification of Spinal Cord Injury [ISNCSCI] charts,
or the documented neurological status recorded in the medical records). DFI type (dislocation or
subluxation) was categorised from inspection of medical images and/or description in the medical
records. As suggested in Bono et al. (2006), facet dislocation (uni- or bilateral, including perched
facets) was defined as “no articular surface apposition” while subluxation described a reduction

in apposition, when compared to normal alignment, without facet dislocation.

All available medical images (radiographs, computed tomography [CT] and magnetic
resonance imaging [MRI]) acquired within 24 hours of admission to the Spinal Injuries Unit were
retrieved in DICOM format using eFilm Workstation version 1.5.3 (Merge Healthcare, Illinois,
USA). Radiographic measures of injury severity (Bono et al., 2006) were performed by two
consultant spinal surgeons using a custom MATLAB (Mathworks, Massachusetts, USA)
program, as documented in Table 2.1 and illustrated in Figure 2.1 and Figure 2.2. The medical
image analysis program is described in detail in Appendix A. Several weeks following the initial
analysis, each observer repeated the process on images from a subset of 29 patients (11% of the
cohort) to investigate intra-observer repeatability (Bartlett and Frost, 2008). This subset
comprised those patients with complete medical imaging (X-ray, CT and MRI) and their
demographics matched the study population, but with a higher proportion of dislocation injuries

(75.8% vs. 56.2%).
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Table 2.1: Radiographic analysis anatomical landmarks and measurements.

Measurements Imaging Modality and Orientation  Landmarks

Vertebral translation  Lateral X-ray and midsagittal CT Four corners of adjacent subaxial
Cobb angle slice, re-orientated into anatomical vertebrae at the LOBI

Posterior tangent alignment (if required) and cropped to

angle the subaxial spine

Spinal canal Midsagittal CT (as described above) Anterior and posterior edges of spinal
occlusion canal at the LOBI and the nearest

superior and inferior uninjured levels

Left/right facet Left and right parasagittal CT slices Anterior and posterior ends of

apposition* through the mid-line of the facet at the  opposing articular facet surfaces
LOBI

Spinal cord Midsagittal MRI slice, cropped to the  Anterior and posterior edges of spinal

compression subaxial spine cord at the LOBI and the nearest

superior and inferior uninjured levels
LOBI, level of bony injury; CT, computed tomography; MRI, magnetic resonance imaging.
* Absolute facet apposition at the LOBI was defined as the mean of left and right facet apposition.
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Figure 2.1: Representative diagrams of the radiographic measurements described in Table 1,
where black crosses indicate the anatomical landmarks used to calculate each measure: a)

A o 100; b) Cobb Angle
VBdepth

(degrees) = 0; c) Posterior Tangent Angle (degrees) = a; d) Spinal Canal Occlusion (% of ‘normal’

canal depth) = Crol — % 100; e) Facet Apposition (% of superior facet surface length) =
(Csup+ CINF)+2

‘F;ﬂ X 100, where FAPP is the length of the overlap of FSUP and FINF; and, f) Spinal Cord
SUpP

Vertebral Translation (% of superior vertebral body depth) =

. . dior
C % of ¢ I d d ter) = ———  x 100.
ompression (% of ‘normal’ cord diameter) owrt dine) 2

Statistical analyses were performed using SPSS v22 (IBM, lllinois, USA). Descriptive
statistics were applied to epidemiological data. Mann-Whitney U tests and Fisher’s exact test of
independence analyses (0. = 0.05) were used to compare continuous and categorical variables,
respectively, between SCI and non-SCI populations. Inter-observer agreement and intra-observer
repeatability for radiographic measurements were evaluated using Bland-Altman (B-A) plots and
intra-class correlation coefficients (ICC) (Bartlett and Frost, 2008; Bland and Altman, 1986,
2003); absolute agreement and consistency ICC measures were obtained. ICC values were
interpreted as follows: >0.8 (almost perfect agreement); 0.61-0.8 (substantial agreement); 0.41-
0.6 (moderate agreement); 0.21-0.4 (fair agreement); and, 0-0.2 (slight agreement) (Landis and

Koch, 1977).
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Figure 2.2: Forty-one year old male sustained a C5/C6 unilateral facet fracture-dislocation (DFI
Stage 2) without neurological deficit following a motor vehicle accident. Mid-sagittal computed
tomography (CT) scans (left) demonstrated 13% vertebral translation at C5/C6. No signal change,
and 8% spinal cord compression were identified on T2-weighted magnetic resonance imaging
(right).

Where patients had both CT and X-ray images, B-A plots were used to investigate
whether measurements from the two modalities were equivalent, and could therefore be assigned

to a single variable.

Binary logistic regression models were developed to identify risk factors for SCI. Seven
subgroup regression models were developed that included only those patients with complete data
for the predictor variables of interest. Two models analysed causation: (1) high-velocity motor
vehicle accidents (MVAs), and (2) low velocity falls, respectively. A further five models analysed
the radiographic measurements predictive of SCI for (3) MRI and CT; (4) MRI; (5) CT; (6) X-

ray and/or CT; and, (7) X-ray.

Each subgroup model was developed as follows. Firstly, univariate modelling (SCI vs.
non-SCI) was conducted on each independent variable, and those with p<0.25 were included in
the initial multivariable regression model (Table 2.9). To avoid complete separation, related
classes of categorical variables were combined to eliminate zero cells if they occurred in the
contingency table. The multivariate model was then refined using a backward elimination
approach (Hosmer and Lemeshow, 2000); the Aikaike information criterion (AIC) assessed
model fit at each iterative step. Model refinement was repeated until only significant (p<0.05)

predictors remained, or the AIC increased by >5 points from the initial or preceding model.
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Clinically-plausible two-way main effect interaction variables were sequentially added to the
main effects model. The statistical significance of each addition was assessed using a likelihood

ratio test, and the term was included in the final model if significant (p<0.05).

The Hosmer-Lemeshow goodness-of-fit test assessed the fit of the final model; p>0.05
indicated that the fitted model was significantly different from null model. Area Under the
Receiver Operating Characteristic (AUROC) curves evaluated the discriminatory power of the

model (AUROC>0.5; a = 0.05) (Hosmer and Lemeshow, 2000).

2.3  Results

2.3.1 Demographic analyses

Table 2.2 presents the demographic characteristics of the 226 patients admitted with DFI.
Facet dislocation (56.2%) was observed more frequently than subluxation, 56.3% of DFIs were
bilateral (equivalent to Allen and Ferguson DFI Stage 3 or 4) and concomitant facet fracture was

detected in 57.4%.
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Table 2.2: Demographics and injury variables distributed by neurologic condition.

Variable Total (n=226) SCI (n=75) Non-SCI p-Value
(n=150)
Age
Range (years) 16-93 18-88 16-93
Median (IQR) (years) 40.0 (25.0-59.0) 37.0(24.0-60.0) 41.5(30.0-59.0) 0.186
<65 years old 176 (77.9%) 58 (77.3%) 117 (78.0%)
Gender, n (%) 0.432
Male 163 (72.1%) 57 (76.0%) 106 (70.7%)
Female 62 (27.6%) 18 (24.0%) 44 (29.3%)
Injury type, n (%) <0.001
Dislocation 127 (56.2%) 55 (73.3%) 72 (48.0%)
Subluxation 99 (43.8%) 20 (26.7%) 78 (52.0%)
Bilateral/unilateral,* n (%) <0.001
Bilateral 125 (56.3%) 55 (74.3%) 70 (47.6%)
Unilateralt 97 (43.7%) 19 (25.7%) 77 (52.4%)
Spinal level of injury 0.184
C3/C4 22 (9.7%) 7 (9.3%) 15 (10.0%)
C4/C5 45 (19.9%) 15 (20.0%) 30 (20.0%)
C5/C6 58 (25.7%) 18 (24.0%) 40 (26.7%)
Ce/C7 87 (38.5%) 34 (45.3%) 52 (34.7%)
C7IT1 14 (6.2%) 1(1.3%) 13 (8.7%)
Associated facet fracture,v 128 (57.4%) 42 (56.0%) 85 (57.4%) 1.000
n (%)
Glasgow Coma Scale <0.001
Median (IQR) 15 (15-15) 15 (13-15) 15 (15-15)

L, left; R, right; NS, not specified; SCI, spinal cord injury; IQR, interquartile range.
* Data not available for 4 patients.

7 Total: 44 L, 46 R, 6 NS; SCI: 6 L, 12 R, 1 NS; Non-SCI: 38 L, 34 R, 5 NS.

v Data not available for 3 patients.

After the exclusion of one ambiguous case, 75 (33.2%) patients were identified who had
sustained SCI. For those patients with neurological deficits, 16 manual ISNCSCI worksheets that
had been completed prior to intervention were extracted (16/75 = 21.3%). Of these 81.3% were
ASIA AIS A or B classifications, and the remainder were ASIA AIS C (6.3%), or D (12.5%)
(Kirshblum et al., 2011). The SCI population had similar demographics to the cohort from which
it was drawn (Table 2.2). Facet dislocation and bilateral facet injury were significantly associated
with SCI (both p<0.001), as was reduced GCS (p<0.001) (see Table 2.2). C6/C7 was the most
common level of subaxial cervical injury with neurological deficit (45.3%), followed by C5/C6

(24.0%), collectively representing 69.3% of such cases.

There was an equal number of bilateral and unilateral dislocations (62 cases each, Table
2.3). Bilateral dislocations had a substantially higher proportion of associated SCI (61.3%) than
unilateral dislocations (27.0%), bilateral subluxations (27.0%), or unilateral subluxations (8.8%).
The highest proportion of facet fractures were associated with unilateral subluxations (65.7%)
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and dislocations (64.5%), while over 58% of bilateral dislocations had concomitant fracture

(Table 2.3).

Table 2.3: Combined injury details.

o TR Total* SCIf Facet fracture”
(n=222)  Yes (n=75) No (n=150) | Yes (n=128) No (n=95)
Bilateral dislocation 62 38 (61.3%) 24 (38.7%) 36 (58.1%) 26 (41.9%)
Unilateral dislocation 62 17 (27.0%) 46 (73.0%) 40 (64.5%) 22 (35.5%)
Bilateral subluxation 63 17 (27.0%) 46 (73.0%) 28 (44.4%) 35 (55.6%)
Unilateral subluxation 35 3 (8.8%) 31 (91.2%) 23 (65.7%) 12 (34.3%)

*data not available for 4 patients; “data not available for 5 patients; ¥data not available for 4 patients.

Motor vehicle collisions (MVCs), including motor vehicle/motorcycle accidents and
pedestrian injury, were the most common cause of DFI (59.3%), followed by falls (25.7%) (Table
2.4). A shift in predominant injury causation from MVCs (high velocity) in younger persons (<65
years old) to falls (low velocity) in the elderly was observed (Figure 2.3). Rollovers (51.8%) were
the most common motor vehicle accident, and most MV As occurred at high speed (63.6%). Falls

were most often from heights of less than two metres (70.7%) (Table 2.4).
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Table 2.4: Causal variables distributed by neurologic condition.

Total (n=226)* SCI (n=75) Non-SCI p-Value
(n=150)
Injury cause, n (%) 0.307
MVC 134 (59.3%) 47 (62.7%) 86 (57.3%)
Fall 58 (25.7%) 15 (20.0%) 43 (28.7%)
Sporting/cycling accident 17 (7.5%) 6 (8.0%) 11 (7.3%)
Diving 9 (4.0%) 2 (2.7%) 7 (4.7%)
Assault 4 (1.8%) 2 (2.7%) 2 (1.3%)
Other 4 (1.8%) 3 (4.0%) 1 (0.7%)
MVA details, n (%) 0.326
“Pure” rollover 57 (51.8%) 17 (70.8%) 40 (78.4%)
Frontal impact 11 (10%) 6 (25.0%) 5 (9.8%)
Side impact 5 (4.6%) 1 (4.2%) 4 (7.8%)
Rear impact 2 (1.8%) 0 (0.0%) 2 (3.9%)
Unknown 35 (31.8%) - -
MV A vehicle speed, n (%) 1.00
Low (<60 km/h) 16 (14.5%) 5 (18.5%) 11 (18.6%)
High (>60 km/h) 70 (63.6%) 22 (81.5%) 48 (81.4%)
Unknown 24 (21.8%) - -
MV A seat position, n (%) 1.00
Driver 68 (61.8%) 23 (63.9%) 44 (65.7%)
Front seat passenger 17 (15.5%) 6 (16.7%) 11 (16.4%)
Back seat passenger 19 (17.3%) 7 (19.4%) 12 (17.9%)
Unknown 6 (5.5%) - -
Seatbelt, n (%) 0.610
Worn 59 (53.6%) 23 (76.7%) 35 (70.0%)
Not worn 22 (20.0%) 7 (23.3%) 15 (30.0%)
Unknown 30 (27.3%) - -
Airbag, n (%) 0.262
Deployed 4 (3.6%) 3 (42.9%) 1(11.1%)
Not deployed 12 (10.9%) 4 (57.1%) 8 (88.9%)
Unknown 94 (85.5%) - -
Fall height, n (%) 0.459
<2 metres 41 (70.7%) 9 (69.2%) 32 (80.0%)
>2 metres 12 (20.7%) 4 (30.8%) 8 (20.0%)
Unknown 5 (8.6%) - -

SCl, spinal cord injury; MVA, motor-vehicle accident; MVC, motor-vehicle collision.
* One ambiguous case of neurological deficit was excluded leaving 75 patients with SCI and 150
without SCI.
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Figure 2.3: Causal variables distributed by admission age. A shift in predominant causality from
motor vehicle/motorbike accidents (MVA/MBA) in young adults (<65 years old), to falls in older
adults, was observed.

2.3.2 Radiographic analyses

SCI patients had increased spinal canal occlusion (p<0.001) and increased spinal cord
compression (p=0.008) (Table 2.5). Mean facet apposition was lower for the SCI (p=0.031) and
dislocation (p<0.001) cohorts. Mean vertebral translation was higher (p<0.001) and mean Cobb
Angle and Posterior Tangent Angle (PTA) values demonstrated greater flexion (p=0.008;
p=0.004, respectively) for those with facet dislocations (Table 2.5). In contrast with the
significant negative associations found for facet apposition, other DFI parameters examined did
not associate with neurological deficit. Median anterior vertebral translations of 36% and 20%

were observed for bilateral and unilateral dislocations, respectively (Table 2.6).
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Table 2.5: Radiographic indices distributed by neurologic condition and injury type.

Radiographic indices Neurological condition Injury type
(median (IQR)) Total SCI Non-SCI p-Value | Dislocation  Subluxation  p-Value
Vertebral translation (%)* 13.0 16.2 12.2 0.646 23.0 51 <0.001
(0.0-34.4) (-12.1-57.6) (2.3-26.4) (8.3-47.0) (-3.6-15.5)
Cobb angle (deg)t -5.2 -2.7 -6.0 0.174 -7.4 -2.9 0.008
(-12.3-0.4) (-10.8-0.8) (-13.9--0.1) (-15.9--1.3) (-10.1-3.5)
PTA(deg)t -4.2 -5.7 -4.2 0.823 -7.5 0.4 0.004
(-15.7-6.1) (-20.3-6.7) (-14.4-5.7) (-20.4-2.7)  (-9.5-10.8)
Spinal canal occlusion (%) 5.2 12.3 2.0 <0.001 5.7 3.1 0.171
(-0.8-14.3) (4.4-30.8) (-4.2-8.8) (0.2-16.1) (-2.0-11.2)
Mean facet apposition (%) 56.7 40.8 63.5 0.031 37.9 74.2 <0.001
(33.1-76.9) (18.8-75.1) (37.9-76.7) (20.9-63.8) (53.1-84.3)
Spinal cord compression (%) 16.9 22.1 14.2 0.008 19.8 13.2 0.030
(8.5-29.5) (12.4-44.2) (6.8-24.9) (8.4-37.0) (7.8-20.7)
IQR, interquartile range; PTA, posterior tangent angle.
* Positive values indicate anterior translation.
7 Negative values indicate anterior flexion.
Table 2.6: Radiographic measurements for combined injury details.
Measurement variable Bilateral Unilateral Bilateral Unilateral
(median (IQR)) dislocation dislocation subluxation subluxation
Vertebral translation (%) 36.0 (-2.7-64.7)  20.0 (10.8-34.9) 6.6 (-4.2-17.3) 1.5 (-3.6-15.1)
Cobb angle (deg) -7.2 (-14.6-0.8)  -7.5(-17.4--7.4)  -2.9(-10.2-3.7) -2.8(-9.3-0.9)
PTA (deg) -7.2(-245-3.5)  -7.7(-16.1-1.3) -1.6 (-15.3-10.7) 3.1 (-4.2-12.4)
Canal occlusion (%) 10.8 (4.2-25.2) 4.6 (-1.0-10.4) 6.1 (-1.1-15.4) 0.8 (-2.7-5.7)

Mean facet apposition (%) 34.9 (1.1-62.8)  43.1(25.8-64.6)
Spinal cord compression (%) 25.7 (8.4-50.3)  19.5(7.9-26.9)

72.6 (48.1-82.1)
12.8 (8.9-18.7)

74.2 (59.9-85.7)
17.1 (-0.1-29.4)

IQR, interquartile range; PTA, posterior tangent angle.

Inter-observer agreement and consistency, and intra-observer repeatability, were
“moderate” or better (ICC>0.4) for all radiographic measurements, with most demonstrating
“almost perfect” reproducibility (Table 2.7 and Table 2.8). Spinal canal occlusion and spinal cord
compression demonstrated the lowest levels of inter-observer consistency (ICC = 0.529 and
0.635, respectively) and agreement (ICC = 0.503 and 0.489, respectively) and were the least
repeatable for both observers (Observer 1 ICC: 0.788 and 0.677, respectively; Observer 2 ICC:
0.569 and 0.645, respectively). B-A analyses demonstrated adequate agreement and repeatability
for all measurements, and no rater or measurement bias was observed (Bland and Altman, 1986,
2003) (Figure 2.4, Figure 2.5, and Figure 2.6 in Section 2.5). B-A analysis also indicated
acceptable agreement between corresponding X-ray and CT radiographic measurements of
vertebral translation (Figure 2.7 in Section 2.5). Therefore, all measurements were averaged over

the two observers and single vertebral translation, Cobb angle and posterior tangent angle values
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were assigned for patients who only had one of X-ray or CT images available; where both imaging

modalities were available, values from the earliest acquired image were used.

Table 2.7: Intra-observer repeatability of radiographic indices.

Radiographic measure

Observer 1 repeatability

Observer 2 repeatability

CT — Cobb angle
CT-PTA

CT — Vertebral translation

X-ray — Cobb angle
X-ray — PTA

X-ray — Vertebral translation

Facet apposition

Spinal canal occlusion
Spinal cord compression

0.914 (0.820-0.960)
0.897 (0.785-0.952)
0.917 (0.825-0.962)
0.856 (0.684-0.939)
0.834 (0.641-0.929)
0.912 (0.799-0.963)
0.910 (0.812-0.959)
0.788 (0.591-0.897)
0.677 (0.363-0.854)

0.927 (0.846-0.967)
0.834 (0.666-0.921)
0.956 (0.906-0.980)
0.789 (0.555-0.908)
0.749 (0.484-0.889)
0.864 (0.699-0.942)
0.985 (0.967-0.993)
0.569 (0.245-0.779)
0.645 (0.312-0.838)

PTA, posterior tangent angle of kyphosis.

Table 2.8: Inter-observer consistency and agreement of radiographic measurements.

Radiographic measure

Inter-observer consistency

Inter-observer agreement

CT — Cobb angle
CT -PTA

CT — Vertebral translation

X-ray — Cobb angle
X-ray — PTA

X-ray — Vertebral translation

Facet apposition

Spinal canal occlusion
Spinal cord compression

0.826 (0.726-0.874)
0.862 (0.810-0.901)
0.913 (0.879-0.938)
0.826 (0.743-0.883)
0.735 (0.619-0.820)
0.881 (0.822-0.921)
0.780 (0.702-0.840)
0.529 (0.393-0.643)
0.635 (0.500-0.740)

0.825 (0.760-0.873)
0.863 (0.811-0.901)
0.913 (0.879-0.938)
0.827 (0.745-0.884)
0.729 (0.609-0.816)
0.880 (0.821-0.921)
0.776 (0.695-0.837)
0.503 (0.345-0.629)
0.489 (0.042-0.724)

PTA, posterior tangent angle of kyphosis.

The univariate analysis results for the seven subgroups are presented in Table 2.9, and
the multivariable logistic regression models are presented in Table 2.10. Each multivariable
model was statistically significant and demonstrated acceptable discriminatory power. An
example interpretation is as follows: for the subgroup of patients admitted due to falls (Model 2)
the association between SCI and age was significant when adjusted for the presence of
subluxation or dislocation injury (p=0.026). A one year increase in admission age decreased the
odds of SCI by 4.1% (odds ratio (OR) [95% CI1]=0.959 [0.925-0.995]). When adjusted for age,
patients suffering from facet dislocation were 7.25 times more likely to have SCI than those with

subluxation (p=0.027; OR=7.248 [1.255-41.864]).
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Table 2.9: Initial univariate analysis of predictor variables for regression models.

Model Initial predictor variables p-value Model Initial predictor variables  p-value

1. MVA Vehicle speed 0.604 2. Fall Fall height 0.352
Seatbelt 0.364 Admission age 0.031
MV A position 0.654 Sex 0.589
MVA rollover 0.279 Injury side 0.701
Admission age 0.215 Injury type 0.031
Sex 0.964 Facet fracture 0.866
Injury side <0.001 Spinal level 0.642
Injury type 0.005 GCS 0.194
Facet fracture 0.302
Spinal level* 0.041
GCs 0.040

3. MRI+CT  Admission age 0.997 4. MRI Admission age 0.954
Sex 0.466 Sex 0.960
Injury side 0.360 Injury side 0.141
Injury type 0.287 Injury type 0.376
Facet fracture 1.000 Facet fracture 0.992
Spinal level 0.816 Spinal level 0.686
GCS 0.152 GCS 0.065
Injury causation 0.879 Injury causation 0.686
MRI cord compression 0.184 Cord compression 0.007
CT AP displacement 0.820
CT cobb angle 0.376
CT PTA 0.515
Facet apposition 0.248
CT canal occlusion 0.022

5 CT Admission age 0.951 6. X-ray+CT  Admission age 0.982
Sex 0.845 Sex 0.302
Injury side 0.011 Injury side 0.005
Injury type 0.004 Injury type 0.010
Facet fracture 0.509 Facet fracture 0.482
Spinal level 0.382 Spinal level 0.873
GCS 0.012 GCs 0.001
Injury causation 0.854 Injury causation 0.598
CT AP displacement 0.052 AP displacement 0.209
CT cobb angle 0.508 Cobb angle 0.153
CT PTA 0.632 PTA 0.646
Facet apposition 0.009
CT canal occlusion <0.001

7. X-ray Admission age 0.620
Sex 0.106
Injury side 0.006
Injury type 0.384
Facet fracture 0.790
Spinal level* 0.553
GCsS 0.024
Injury causation 0.949
X-ray AP displacement 0.943
X-ray cobb angle 0.090
X-ray PTA 0.972

MVA, motor-vehicle accident; AP, antero-posterior; GCS, Glasgow Coma Scale; MRI, magnetic resonance imaging;

CT, computed tomography; PTA, posterior tangent angle.

*Complete separation was observed, so variable was not included in the multivariable regression model.
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Table 2.10: Subgroup multivariable binary logistic regression models.

Variables

p-Value

OR (95% Cl)

1. MVA (n=96); H&L = 0.382, AUROC = 0.844 [0.768-0.921], EPV = 11.0

Injury type:
Dislocation

Subluxation (reference)

Injury side:

Bilateral

Unilateral (reference)
GCS

0.003

0

0.024

2. Fall (n=52); H&L = 0.228, AUROC = 0.797 [0.662-0.932], EPV = 7.0*

Admission age

Injury type:
Dislocation

0.026

0.027

5.760 (1.844-17.995)

11.368 (3.445-37.518)

0.799 (0.658-0.971)

0.959 (0.925-0.995)

7.248 (1.255-41.864)

Subluxation (reference) -
3. MRI+CT (n=56); H&L =0.805, AUROC =0.681 [0.541-0.821], EPV = 24.0

Spinal canal occlusion 0.013 1.041 (1.008-1.074)
4. MRI (n=88); H&L =0.533, AUROC = 0.644 [0.525-0.763], EPV = 38.0
Spinal cord compression 0.007 1.035 (1.010-1.062)
5. CT (n=113); H&L =0.411, AUROC =0.804 [0.717-0.890], EPV = 12.7
Injury type:
Dislocation 0.002 5.110 (1.847-14.140)
Subluxation (reference) - -
Injury side:
Bilateral 0.020 3.236 (1.206-8.681)
Unilateral (reference) - -
Spinal canal occlusion 0.001 1.054 (1.021-1.087)

6. X-ray+=CT (n=143); H&L = 0.575, AUROC = 0.783 [0.703-0.863], EPV = 15.7

Injury type:
Dislocation

Subluxation (reference)

Injury side:

Bilateral

Unilateral (reference)
GCS

7. X-ray (n=78); H&L = 0.142, AUROC = 0.809 [0.708-0.910], EPV = 12.0

Injury side:

Bilateral

Unilateral (reference)
GCS

0.002

0.001

0.001

0.006

0.010

4.045 (1.690-9.682)

4.697 (1.928-11.441)

0.696 (0.562-0.862)

7.445 (1.771-31.307)

0.605 (0.412-0.887)

OR, odds ratio; CI, confidence interval; n, number of observations; H&L, Hosmer and Lemeshow goodness-
of-fit p-value; AUROC, area under the receiver operating characteristic; EPV, events per variable; MVA,
motor-vehicle accident; GCS, Glasgow Coma Scale; MRI, magnetic resonance imaging; CT, computed
tomography. Reference category is indicated for categorical variables.
*This model contained less than 10 EPV, so model is at risk of over-fitting. (Hosmer and Lemeshow, 2000)
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DFI characteristics (facet subluxation vs. dislocation, and unilateral vs. bilateral injury)
appeared most frequently across the subgroup models (4 of 7 models) as significant predictors of
SCI. In these models, facet dislocation and bilateral injury increased the risk of SCI at least 4.0-
and 3.2-fold, respectively, when adjusting for all other variables. GCS was a significant predictor
in three models, and a one unit increase in GCS decreased the odds of SCI by more than 20%
when adjusting for other variables (Table 2.10). Spinal canal occlusion associated with SCI in the
subgroups with CT imaging (p=0.001; OR: 1.054 [1.021-1.087]) when adjusted for DFI
characteristics, and in the subgroup with both MRI and CT imaging (p=0.013; OR: 1.041 [1.008-
1.074]). For patients with MRI imaging, a 1% increase in spinal cord compression increased risk
of SCI by 3.5% (p=0.007; OR: 1.035 [1.010-1.062]). No causal characteristic factors (i.e. MVA
Vehicle Speed, Fall Height) were significant predictors for SCI in the subgroup models for

patients admitted due to MVAs (Model 1) or falls (Model 2).

2.4  Discussion

Despite the potential for severe neurological impairment, there have been few large-scale
cohort investigations of subaxial cervical DFIs. Notably, accurate SCI diagnosis through
standardised physical examination is often problematic in DFI cases due to concomitant brain
injury (Hasler et al., 2012; Hills and Deane, 1993). This study addresses an unmet need for
harnessing the predictive value of DFI radiographic data to assess neurological risk. The major
findings indicate that quantitative analyses of routine radiographic data alone, or together with
statistical modelling, show potential for the discrimination of subaxial cervical DFI patients with

neurological involvement.

The patient population studied had similar demographics and injury mechanisms to those
reported in small-cohort investigations of DFI radiographic features (Allen et al., 1982; Argenson
et al., 1988; Doran et al., 1993; Lintner et al., 1993; Scher, 1977; Shanmuganathan et al., 1994;
Vaccaro et al., 1999; Vaccaro et al., 2001), treatment options (Cotler et al., 1990; Dvorak et al.,
2007; Grant et al., 1999; Hadley et al., 1992; Rorabeck et al., 1987; Savini et al., 1987), and

clinical outcomes (Eranki et al., 2016; Key, 1975; Piccirilli et al., 2013; Wilson et al., 2013).
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Although younger (<65 years old; 75.6%) and older (>65 years old; 60%) male patients were
over-represented in this DFI cohort, the proportion of females increased with age (24.4% <65
years old vs. 40% >65 years old). MV Cs and falls have been associated with an increased risk of
cervical spine injury (Clayton et al., 2012; Hasler et al., 2012; Thompson et al., 2009) and were
the two most common causes of injury in this cohort. There was a shift from high-velocity to low-
velocity injury mechanisms observed in the young and elderly, respectively; similar has been
reported for cervical spine injuries (Clark and White, 1985; Kato et al., 2008; Thesleff et al.,
2015) and spinal column fractures in general (Hu et al., 1996). It has been proposed that the
increase in SCI due to low-velocity cervical trauma in the elderly may be attributed, at least in
part, to age-related spondylosis (Kato et al., 2008; Thesleff et al., 2015). Such changes cause
narrowing of the canal and may converge with all-cause falls risk to increase the likelihood of
neurological deterioration consequent to subaxial cervical spine trauma (Eismont et al., 1984;
Fehlings et al., 1999; Kang et al., 1994; Song et al., 2009). Our findings (Model 2) of significant
associations between SCI due to falls when age adjusted for DFI characteristics (dislocation vs.
subluxation; unilateral vs. bilateral) are consistent with, and support the validity of, the conclusion
that radiographic analysis combined with statistical modelling may provide more information

than falls risk analysis, or radiographic analysis, alone.

Anterior vertebral translation of greater than 50% of the antero-posterior vertebral body
width (as measured on lateral radiographs) has been reported as indicative of bilateral dislocation
(Allen et al., 1982; Beatson, 1963; Dailey et al., 2009), while 25% translation is commonly used
to define unilateral dislocation (Dailey et al., 2009). In our study, facet dislocations were observed
in 127 cases, of which 51.2% were unilateral injuries (DFI Stage 2). Our findings of median
vertebral translation of 36.0% (IQR: -2.7-64.7) and 20.0% (IQR: 10.8-34.9) for cases of bilateral
and unilateral dislocation, respectively (Table 2.6) are consistent with previous reports (Allen et
al., 1982; Beatson, 1963; Dailey et al., 2009). In the present study, B-A analysis indicated
acceptable agreement between corresponding X-ray and CT radiographic measurements of

vertebral translation. From this we surmise that radiographic analyses, based upon either imaging
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modality, may provide valuable information about DFI and facet dislocation associated with

neurological involvement (Beatson, 1963).

Neurological deterioration resulting from subaxial cervical injury was recorded at acute
admission in 75 of our 226 DFI cases. Univariate analysis identified significant associations
between increased spinal canal occlusion and spinal cord compression and SCI, and between
decreased facet apposition and SCI (Table 2.5). Multivariable regression analysis confirmed that
facet dislocation (uni- or bilateral) was at least four times more likely to result in neurological
involvement than subluxation. Notably, bilateral facet injury was a significant predictor for SCI,
increasing such risk by over 320% when compared to unilateral facet injury. SCI was observed
in 61.3% of bilateral facet dislocation cases, contrasting markedly with the 25.8% frequency
observed for unilateral facet dislocation (Table 2.3). These values are lower than those previously
reported in smaller case series, with prevalence of SCI resulting from bilateral and unilateral facet
dislocations varying between 87.5% to 100% (Allen et al., 1982; Doran et al., 1993; Hadley et
al., 1992; Lintner et al., 1993; Vaccaro et al., 1999) and 37% to 100% (Allen et al., 1982;
Argenson et al., 1988; Doran et al., 1993; Hadley et al., 1992; Key, 1975; Piccirilli et al., 2013;
Rorabeck et al., 1987; Scher, 1977; Vaccaro et al., 1999). However, these previously reported
data mostly relate to patients identified as potential surgical candidates and may be biased towards
more severe cases. To our knowledge, only two papers have described the frequency of
concomitant SCI in DFI Stage 1 patient-cohorts: 33.3% (Allen et al., 1982) and 81.8% (Lintner
et al., 1993). The cited values again are higher than the 26.7% observed in our large-scale

retrospective study.

It has been suggested that concomitant fracture of the posterior elements at the level of
dislocation may reduce the risk of spinal cord injury by increasing the space available for the
spinal cord (Chakravarthy et al., 2014; Piccirilli et al., 2013). Argenson et al. (1988) and
Shanmuganthan et al. (1994), identified greater neurological involvement in unilateral facet
dislocations without associated fracture. However, “facet fracture” was not identified as a

predictive variable in any of the final regression models in our study; its conspicuous absence in
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our statistical models suggest that relationships between concomitant fracture and spinal canal

dimensions are not predictive of SCI across the spectrum of subaxial cervical DFIs.

Facet fracture was more commonly associated with unilateral than bilateral DFIs, and
65% of unilateral dislocations had a concomitant fracture (Table 2.3). This is consistent with
small cohort clinical reviews of DFIs (Allen etal., 1982; Argenson et al., 1988; Beyer et al., 1991,
Shanmuganathan et al., 1994). The larger proportion of concomitant facet fracture in cases of
unilateral dislocation may be due to less severe injury of the surrounding soft tissue compared to
bilateral dislocation (Allen et al., 1982), which would act to restrict intervertebral separation
during trauma. This may cause increased loading to be transmitted through the facet joint,
resulting in fracture. This proposed mechanism of facet fracture is yet to be experimentally

verified.

DFl is thought to result from a biomechanical insult involving compressive head-contact
sustained during neck flexion (Allen et al., 1982); however, inference remains a major limitation
to meaningful discussion (Table 2.2). Because direct investigation of the association between
concomitant head and facial injuries, and SCI was not possible in our retrospective study, the
GCS was taken as a surrogate marker for head-contact injury. With the caveat that diffuse axonal
injury, and subaxial cervical spine injury, may occur in the absence of head trauma, this clinician-
administered scale has been validated as a tool to monitor patients following head-contact injury
(Jennett, 1994). Admission GCS scores are routinely recorded in tertiary facilities, allowing for
comparisons with other single-centre cohorts and large-scale multi-centre studies. Our finding
that GCS demonstrated sensitivity to predict risk for neurological involvement in a single-centre
DFI cohort implies a mechanistic relationship between head-contact with DFI and concomitant
SCI. GCS consistently has been identified as a risk factor for cervical spinal column (Clayton et
al., 2012; Hasler et al., 2012; Hills and Deane, 1993; Williams et al., 1992) and cord (Hasler et
al., 2012; Williams et al., 1992) injury in major trauma patients; however, investigations of the
correlation between head and/or face trauma and cervical spine injury have produced conflicting

results. Some studies identified only head injury (Hills and Deane, 1993), facial injury (Hasler et
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al., 2012), or neither (Clayton et al., 2012; Davidson and Birdsell, 1989; Williams et al., 1992) as
predictors of cervical trauma, and the reasons for these disparities remain unclear. Although the
current literature is inconclusive, the association of reduced GCS with the presence of SCI in our
DFI population points towards heightened risk of complex neurology following head-contact
injury, and underscores the importance of harnessing the predictive value of quantitative

radiographic data for neurological risk assessment.

Direct radiographic measurements of spinal canal occlusion and spinal cord compression
were the only spine parameters predictive of SCI in our cohort (Table 2.10). This finding supports
previous reports that increased spinal canal compromise (Fehlings et al., 1999; Furlan et al., 2011,
Kang et al., 1994; Miyanji et al., 2007) and spinal cord compression (Fehlings et al., 1999; Furlan
et al., 2011; Hayashi et al., 1995; Miyanji et al., 2007; Rao and Fehlings, 1999), correlate with
the presence or severity of neurological deficit in subaxial cervical trauma. While vertebral
translation and kyphosis measurements can predict the stability of an injured spinal segment, and
are used clinically as indicators for surgery (Bono et al., 2006; Vaccaro et al., 2007; White and
Panjabi, 1990), it is intriguing that these indices of segmental stability were not predictive of
neurological involvement in our cohort. Quantitative measures of facet joint apposition have
limited clinical utility (Bono et al., 2011) and were not represented in our final CT subgroup
regression model (Model 5, Table 2.10). Collectively, these results indicate that vertebral
translations observed on medical images are not predictors of SCI; this has been anecdotally
reported (Barnes, 1948; Durbin, 1957). Given that reliable measurement of spinal canal occlusion
and spinal cord compression are not possible on lateral radiographs (Prasad et al., 2003), our
results also suggest that this image modality is not an appropriate screening tool for SCI in DFI
patients. Spinal canal occlusion measurements obtained from CT are as reliable and repeatable as
those from T1-weighted MRI (Fehlings et al., 2006; Fehlings et al., 1999), and strongly correlate
with T2-weighted MRI measurements of spinal cord compression in patients with acute cervical
SCI (Fehlings et al., 1999). CT spinal canal occlusion measurements alone can indicate the

likelihood of SCI in cases of DFI (Model 5, Table 2.10) and may have an adjunctive role in pre-
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surgical hospitals; however, MRI is the gold standard for assessing acute injury to the spinal cord,
intervertebral discs, ligaments, and surrounding soft tissues (Gold, 2015), all of which are

important in planning appropriate surgical intervention.

Inter-observer agreement of the radiographic measurements in this study, and intra-
observer repeatability of vertebral translation, spinal canal occlusion (as measured on CT) and
T2-weighted MRI spinal cord compression measurements, have been reported for subaxial
cervical trauma (Bono et al., 2011; Fehlings et al., 2006; Furlan et al., 2007; van Middendorp et
al., 2015). To our knowledge, this is the first report of the repeatability of kyphosis angle and
facet apposition for the assessment of DFI. In this study, vertebral translation and kyphosis
measurements from CT and X-ray demonstrated almost perfect agreement and repeatability
(1CC>0.8). Similar to van Middendorp et al. (2015), almost perfect repeatability was observed
for X-ray and CT measurements of vertebral translation, while facet apposition measurements
were over twice as reliable as those previously reported (ICC =0.78 vs. 0.33) (Bono et al., 2011).
In our study, B-A analysis demonstrated acceptable agreement between corresponding X-ray and
CT radiographic measurements of vertebral translation (Figure 2.7 in Section 2.5). This suggests
that single vertebral translation, Cobb angle and posterior tangent angle values can be assigned
for patients who only had one of X-ray or CT images available, and values from the earliest
acquired image modality can be used (Table 2.8). It is intuitively obvious that early imaging
offers predictive advantage allowing for the planning of appropriate surgical intervention, with
the caveat that our inter-observer agreement data are incongruent with those of Bono et al. (2011)
who reported ICC values of agreement as low as 0.44 and 0.2 for Cobb angle and posterior tangent

angle, respectively.

For CT-measured spinal canal occlusion and T2-weighted MRI spinal cord compression
measurements, ICC values for inter-observer consistency and agreement, and intra-observer
repeatability, obtained from our study were similar to those reported by Furlan et al. (2007);
however, repeatability in our study was lower than reported by Fehlings et al. (2006). It has been

suggested that spinal canal occlusion measurements from mid-sagittal CT images provide
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inconsistent results, precluding mid-sagittal imaging from use in the clinical assessment of
cervical trauma (Furlan et al., 2011); however, the findings of the present study showed moderate
to substantial agreement and repeatability, indicating that CT may be appropriate for predicting

risk of neurological compromise.

Overall, ICC values of inter-observer agreement and intra-observer repeatability were
greater than, or comparable to, published values for corresponding measurements. This could be
due to the use of only two observers in this study, compared to 28 in one previous study (Fehlings
et al., 2006). However, our investigation had larger image databases than the previous studies that
assessed inter-observer agreement and as such was adequately powered for analysis. Improved
inter- and intra-observer agreement could also be attributed to the use of the custom analysis
program that was developed for our study. In this program the user was prompted to identify key
anatomical landmarks on each image, and the measurements of interest were automatically and
systematically calculated from these points. This methodology may have lower associated error
than drawing lines to identify anatomy and measure geometry, as is required on medical
workstation software such as eFilm. Also, DFIs may permit more accurate identification of
anatomical landmarks than other cervical trauma, due to the lower incidence of associated

vertebral body fractures, resulting in greater observer agreement.

The inherent limitations of retrospective analyses applied to this study. These were
overcome by developing numerous multivariable subgroup regression models containing only
patients with complete data for the predictors of interest to identify risk factors for SCI. Due to
insufficient documentation (e.g. missing ISNCSCI/AIS charts), together with evidence for
systematic inaccuracies in manually completed ISNCSCI worksheets (Armstrong et al., 2017),
we were unable to reliably stratify neurological condition, so a binary variable for presence of
SCI (neurological deficit vs. no neurological deficit) was assigned to each patient.
Dichotomisation of these data allows for the assessment of the spectrum of neurological
involvement, but introduces assumptions in relation to injury heterogeneity. Thus, further work

will be required to assess the appropriateness of radiographic indices alone, or together with
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statistical modelling, to stratify risk in relation to ISNCSCI/AIS injury grades, and spinal cord
syndromes. Despite thorough interrogation of patient management systems, radiology and
operation notes, some cases where DFI was secondary to more severe injury, such as in cases of
polytrauma or death, may have been missed. Therefore, this population represents the cohort of
traumatic DFIs that required tertiary hospital admission and were a principal cause of patient
discomfort and/or neurological impairment. The repeatability analysis subset was selected to
ensure complete X-ray, CT and MR imaging, and therefore had a higher proportion of facet
dislocations than the study population; however, B-A analyses of inter- and intra-observer
agreement (Figure 2.4, Figure 2.5, and Figure 2.6 in Section 2.5) for the radiographic measures
demonstrated no bias across their spectrum, suggesting that the ICC outcomes were representative

of the study population.

To our knowledge, this is the first large-scale cohort investigation of the epidemiology
and radiographic features of traumatic subaxial cervical facet subluxation and dislocation.
Patients presenting with facet dislocation (vs. subluxation), or bilateral facet (vs. unilateral) injury
and reduced GCS are at high risk of SCI. Spinal canal occlusion (CT) and spinal cord compression
(MRI) measurements at the level of bony injury are the radiographic measures most predictive of
neurological deficit. Despite “moderate” inter- and intra-observer agreement for spinal cord
compression, statistical modelling of indices of spinal canal occlusion alone, or together with

spinal cord compression, may allow for appropriate and timely surgical intervention.
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Chapter 3 Quantitative evaluation of facet deflection,
stiffness, strain and failure load during simulated cervical
spine traumat

3.1 Introduction

Traumatic cervical facet dislocation (CFD) is often associated with devastating spinal
cord injury, resulting in tetraplegia in up to 87% of cases (Hadley et al., 1992; Payer and Schmidt,
2005). CFD may be unilateral or bilateral, with bilateral facet dislocation (BFD) more often
resulting in complete spinal cord injury (Chapter 2) (Allen et al., 1982; Quarrington et al., 2018b).
These injuries occur most commonly, and are most often survived, in the subaxial region (C3-
T1). They are frequently a result of traffic and sporting accidents, and falls (Chapter 2) (Allen et
al., 1982; Quarrington et al., 2018b), during which the external loading applied to the neck can

be complex and variable.

BFD is thought to result from a global, supra-physiologic flexion moment about the
subaxial cervical spine, caused by axial compressive forces applied to the head with large anterior
eccentricity (Allen et al., 1982; Cusick and Yoganandan, 2002; Huelke and Nusholtz, 1986;
White and Panjabi, 1990), or from inertial motion of the head during high deceleration events
(Huelke and Nusholtz, 1986). In head-first impact tests of head-neck specimens, BFDs occurring
in the lower cervical spine have been associated with local intervertebral flexion and anterior
shear motions (Hodgson and Thomas, 1980; Ivancic, 2012b; Nightingale et al., 2016). The inertial
injury mechanism of BFD was validated in one experimental series (lvancic et al., 2007, 2008;
Panjabi et al., 2007) in which incrementally increasing, sagittal decelerations were applied to
cervical motion segments (with a head mass surrogate) until dislocation occurred. Large flexion
angles and anterior shear displacements were the dominant sagittal intervertebral motions
observed during the injury event (Panjabi et al., 2007). Interestingly, no cervical facet fracture-

dislocations have been produced experimentally, yet facet fractures are associated with up to 88%

1 A version of Chapter 3 was published in Journal of Biomechanics: Quarrington, R.D., Costi, J.J.,
Freeman, B.J.C., Jones, C.F., 2018, 72, 116-124. Quantitative evaluation of facet deflection, stiffness, strain
and failure load during simulated cervical spine trauma.
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of clinical CFD cases (Foster et al., 2012). It has been suggested that concomitant fracture may
be due to a large component of anterior shear in the local injury vector (Foster et al., 2012), but

this has not been validated experimentally.

Studies that investigated the kinematics of cervical vertebrae during dynamic spinal
motion have assumed that the anterior and posterior anatomy act as a rigid body (Ivancic et al.,
2007, 2008; Panjabi et al., 2007). However, the high incidence of facet fracture associated with
CFD would suggest that large loads are transmitted through this joint during the injurious
motions, and one could expect substantial bending of the facets to occur prior to mechanical
failure. In addition, sagittal bending of the facets in excess of 14°, relative to the vertebral body,
was observed in a lumbar specimen during replicated physiological intervertebral flexion (Green
et al., 1994). The magnitude of facet deflection and the mechanical response of the subaxial
cervical facets during loading to simulate supra-physiologic anterior shear and flexion motions

have not been reported.

The mechanical response of the cervical facet capsule during simulated trauma has been
well characterised, particularly regarding soft-tissue strains during ‘whiplash’ events (Cholewicki
etal., 1997; Panjabi et al., 1998b; Siegmund et al., 2008; Siegmund et al., 2001); however, strain
data is not available for the bony facet. Investigations of the load-bearing capacity (Hakim and
King, 1976; King et al., 1975; Pollintine et al., 2004), failure mechanisms (Cyron et al., 1976),
fatigue strength (Cyron and Hutton, 1978) and surface strain response (Schulitz and Niethard,
1980; Shah et al., 1978; Suezawa et al., 1980) of the lumbar facets and neural arch have been
performed, but similar analyses have not been reported for the subaxial cervical spine, or during
simulated facet dislocation. Quantitative measures of the mechanical response of the cervical
facets to simulated traumatic loading may be important for validation of computational models
of cervical trauma and to inform design of advanced anthropomorphic test device (ATD) necks

and associated injury criteria.
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The aim of this study was to quantify the sagittal deflection, apparent stiffness, surface
strain and failure load of subaxial cervical inferior facets under loads simulating the proposed

injury vectors of supraphysiologic in vivo compressive-flexion and anterior shear motions.

3.2  Methods

3.2.1 Specimen preparation

Thirty-one functional spinal units (FSUSs); six C2/C3, six C3/C4, six C4/C5, seven C5/C6
and six C6/C7, were dissected from fourteen fresh-frozen human cadaver cervical spines (mean
donor age 69 years, range 48-92; eight male). Radiographs and high-resolution computed
tomography (CT) scans (Toshiba Aquilion ONE, Otawara, Japan; 0.5 mm slice thickness, 0.3
mm in-plane resolution) were obtained and each specimen was screened for excessive
degeneration, injury and disease by a senior spinal surgeon. Average volumetric bone mineral
density (vBMD) was quantified from CT using a calibration phantom (Mindways Software Inc.,
Texas, USA) and ‘FIJT’ image analysis software (1.51p, ImageJ, Maryland, USA) (Schindelin et
al., 2012) (Figure 3.1a). Vertebral endplate depths and sagittal facet angles were measured using

FIJI (Figure 3.1b&c).

Figure 3.1: Measurements obtained from high-resolution computed tomography images: a)
average volumetric bone mineral density; b) vertebral body depth; and, c) sagittal facet angle.

Specimen musculature was removed and the vertebral disc and bilateral facet joint
capsules were preserved (Figure 3.2a). The vertebral bodies of each FSU were embedded in
polymethylmethacrylate (PMMA; Vertex Dental, Utrecht, Netherlands) using a custom
adjustable mold (Figure 3.2b). To assist with fixation a wood screw was inserted through the
vertebral bodies and disc, and steel wire was wrapped around the vertebral bodies and through
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the transverse foramen (Figure 3.2a); excess wire and the screw-tip protruded from the superior
endplate of the superior vertebra into a rectangular embedding cavity approximately 50 mm in
length. The FSU was placed in the mold which was then filled with PMMA. A support bar was
positioned within the spinal canal along the posterior surfaces of the vertebral bodies and was
fixed to the PMMA block (Figure 3.2b and c). Three types of support bars, accommodating
variation in specimen geometry, were used to prevent embedding failure: 1) 90x20x1.5 mm

aluminum; 2) 90x20x5 mm steel; and, 3) 90x10x5 mm steel.

C

Figure 3.2: Specimen preparation: a) cervical functional spinal unit dissected of soft-tissue, with
wood-screw and steel wire attached to the vertebral bodies; b) the specimen was positioned in a
custom mold with the spinous processes pointing vertically, perpendicular to the base, such that the
posterior surfaces of the vertebral bodies aligned with the top surface. The lateral anatomy was
pressed into plasticine to hold the specimen in the desired orientation, and to prevent the facets
being embedded. The mold was then filled with PMMA and a support bar was fixed to the
posterior surfaces of the vertebral bodies; c) a lateral radiograph of the embedded specimen.

3.2.2 Mechanical loading

Each specimen-PMMA assembly was rigidly mounted to the base of a biaxial materials
testing machine (8874, Instron, High Wycombe, UK) via a custom support apparatus attached to
a rotary table (VU150, Vertex, Taichung City, Taiwan) (Figure 3.3). Using the rotary table, the
inferior articular facet surfaces of the inferior vertebrae were positioned relative to the actuator
to simulate the loading vectors applied by the opposing facets during in vivo, supraphysiologic
compressive-flexion and anterior shear motions (Figure 3.3). A 10 N pre-load, and then three
cycles of sub-failure loading to 100 N (a non-destructive load determined from pilot testing), was
applied bilaterally to the geometric centre of each articular facet surface at 1 mm/s using 6 mm
diameter hemispherical loading pins, in each loading direction. These loading directions were

deduced from close inspection of the subaxial cervical facet joint anatomy and their load-bearing
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role during intervertebral anterior shear and compressive-flexion motions. Anterior shear motion
causes the bilateral facet joints to engage so loading was applied to the bilateral inferior articular
facet surfaces in a postero-anterior direction, parallel to the inferior vertebral endplate. During
physiological subaxial cervical flexion motion the subaxial cervical facets are unloaded (Jaumard
et al., 2011a); however, this study aimed to simulate inter-facet loading during supraphysiologic
compressive-flexion-compression motion. The centre of rotation of compression-flexion is likely
further anterior and inferior than occurs during physiological flexion, causing the facet joints to
engage rather than separate. This scenario was simulated by applying loading to the bilateral

facets that was directed perpendicular to the articular facet surfaces (Figure 3.3).

The posterior elements of the superior vertebra provided a physiological boundary
condition for the loaded inferior facets. Uniaxial strain gauges (FLA-1-23-1L, TML, Tokyo,
Japan) were attached to the loading pins to ensure that symmetrical loading was applied to the
bilateral facets at the start of each test. Following completion of the sub-failure testing, each
specimen was loaded to failure in one of the two directions (randomly assigned) at 10 mm/s. The
non-destructive and destructive loading rates chosen were the maximum possible to obtain

sufficient motion-capture data.
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Figure 3.3: Lateral schematic of the mechanical testing setup used to apply the proposed facet
loading vectors experienced during supra-physiologic a) anterior shear (AS; red arrow), and b)
compressive-flexion (blue arrow) motions. Loading was applied to the inferior facets of V2 via
bilateral loading pins which simulated the opposing facets at the level of interest (superior facets of
V3in c¢). V1is the superior vertebra adjacent to the level of injury and was included to provide a
physiological boundary condition for the posterior elements of V2. Displacement of the loading pin
was calculated from the Instron actuator linear variable differential transducer.

3.2.3 Instrumentation and data collection

The inferior vertebra of each specimen was instrumented to measure the mechanical
response of the bilateral inferior facets to loading. Tri-axial rosette strain gauges (FRA-1-23-1L,
TML, Tokyo, Japan) and custom light-weight motion capture marker-carriers (Optotrak Certus,
Northern Digital Inc., Ontario, Canada) were fixed to the bilateral inferior facet bases and tips,
respectively (Figure 3.4). A third marker-carrier was attached to the inferior vertebral body via a
K-wire (Figure 3.4). Anatomical landmarks were digitised using a 1 mm diameter spherical probe

tip (Figure 3.5).
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Strain gauges Optotrak marker carriers

Figure 3.4: Specimens instrumented with tri-axial rosette strain gauges (left) and Optotrak
marker-carriers (right).

Anterior

Posterior
Figure 3.5: A schematic of the inferior view of a cervical vertebra, where the red circles indicate the
anatomical landmarks that were digitised. The local coordinate systems are illustrated, with x-axes
in red, z-axes in blue, and the origins in green. The origin of the vertebral body was defined as the
sagittal midpoint of the posterior edge of the inferior vertebral endplate. The origin of the facets
were defined as the geometric centre of the articular surfaces. VB = vertebral body, RF = right
facet, LF = left facet.

Loads and actuator position were measured by a biaxial load cell (Dynacell £25 kN,
Instron, High Wycombe, UK) and an internal linear variable differential transducer (LVDT),
respectively (Figure 3.3). A six-axis load cell (MC3A-6-1000 +4.4 kN, AMTI, Massachusetts,
USA) was connected in series to measure off-axis loads and moments. Failure tests were recorded

at 100 Hz using a high-speed camera (i-Speed TR, Olympus Corporation, Tokyo, Japan).
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3.2.4 Data processing

Data were processed using custom MATLAB code (R2015a, Mathworks, Massachusetts,
USA). Strain gauge, LVDT, load cell, and motion capture data were filtered using a second-order,
two-way Butterworth low-pass filter. A cut-off frequency of 100 Hz was used for all except the

motion capture data (30 Hz).

The aforementioned 4.4 kN six-axis load cell was used to monitor the 10 N pre-load, and
the 25 kN biaxial load cell controlled the 100 N load-limit for each test; however, a substantial
‘shear’ load (perpendicular to the direction of the applied load) occurred during the simulated
anterior-shear tests, due to the inclined angle of the facets in this specimen orientation. This off-
axis load appeared to cause mechanical cross-talk in the biaxial load cell, as 100 N of applied
load (through the axis of the loading pins) was not consistently measured by the six-axis load cell
during anterior-shear tests. Therefore, to ensure the outcome measures for each specimen were
obtained at an equivalent load, values corresponding to an applied load of 47 N (the highest load
reached by all specimens), measured by the six-axis load cell, were determined. This load is
comparable to physiological cervical facet joint forces (Jaumard et al., 2011a; Kumaresan et al.,

2001).

Load-displacement plots were generated for the sub-failure tests, and apparent facet
stiffness (N/mm) was determined from the slope of the linear region (Figure 3.6). Maximum
principal and shear strains were calculated from the output of each rosette gauge. Local
anatomical coordinate systems, consistent with International Society of Biomechanics’
recommendations for spinal joints (Wu et al., 2002), were defined for the vertebral body and
facets using the anatomical landmark coordinates illustrated in Figure 3.5. Angular deflection of
the facets relative to the vertebral body (in degrees) was calculated by solving for Euler angles
using a z-y-x sequence (Robertson et al., 2013); facet deflections were only appreciable in the
sagittal plane (about z). For the destructive tests, the instant of initial failure (of either one or both
facets, defined as a distinct reduction in load and confirmed using high-speed camera footage)

was identified (Figure 3.6), and the applied load, facet deflection and surface strains were
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determined at this point. The failure mode of each specimen was determined from viewing the

high-speed camera footage and by visual inspection of the specimen.
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Figure 3.6: An example filtered load-displacement plot for a destructive test in the flexion loading
direction with the instant of initial failure indicated (red X). The load-displacement plot for the
corresponding non-destructive test is also shown (inset). The red lines represent the linear region,
from which the apparent facet stiffness was calculated.Data from the last cycle of each non-

destructive test were used for statistical analyses. Where anatomical asymmetry led to loading

asymmetry, the larger of the two strain and deflection values were used.

3.2.5 Statistics

Statistical analyses were performed using SPSS v22 (IBM, lllinois, USA). Eight linear
mixed-effects models (LMM) were developed to identify if loading direction was significantly
associated with the following outcome measures: non-destructive 1) facet stiffness, 2) maximum
principal strain, 3) maximum shear strain and 4) sagittal deflection; and, 5) applied load, 6)
maximum principal strain, 7) maximum shear strain, and 8) sagittal deflection at failure. Each

model was developed as follows. Firstly, Shapiro-Wilk and Levene tests were performed to assess
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normality and homogeneity of variance of the dependent variables, respectively. If required,
statistically significant outliers were removed and/or data was log-transformed to meet these
criteria. The effect of test direction was assessed in all models, and this effect was adjusted for
spinal level, the interaction of spinal level with test direction, donor demographics, specimen
bone quality and geometry, and the type of support bar. As multiple specimens from the same
donor were used in this study, a random effect of spinal level, nested within cadaver 1D, was
included. Each model was refined using a manual backward step-wise approach until only

significant predictors remained (0=0.05).

3.3 Results

Donor and specimen details, and failure outcomes, are provided in Table 3.1. One C3/C4
specimen (Test #1) was omitted from all analyses due to technical difficulties during testing.
Failure data was not available for a further six specimens due to: inadequate fixation of the
specimen in the embedding material (N=2; #13 and #16); poor bone quality resulting in loading
pins puncturing the facets or fracture occurring at the bone-screw interface (N=3; #2, #12 and

#17); and, slipping of the rotary table (N=1; #4).
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Table 3.1: Donor and specimen details, and failure test outcome measures. vVBMD = volumetric
K2HPO4 equivalent bone mineral density (mg/cm?®). Dashes indicate that failure data was not
available. Test 1 was omitted due to technical difficulties.

Test# Specimen Spinal Sex Age Average Failure direction Failure load Failure

ID level vBMD (N) location
2 H023 C6é M 92 -27.3 - - -
3 HO001 C3 M 48 192.2 Anterior shear 226.4 Facet tips
4 H001 C5 M 48 293.5 - - -
5 HO001 c7 M 48 212.9 Anterior shear 473.6 Facet tips
6 HO027 C4 F 64 177.7 Anterior shear 336.3 Facet tips
7 HO012 C3 F 67 434.7 Flexion 822.7 Pedicles
8 HO027 C6 F 64 142.2 Anterior shear 330.8 Facet tips
9 HO012 C5 F 67 140.2 Anterior shear 327.2 Facet tips
10 HO012 Cc7 F 67 118.5 Anterior shear 292.3 Facet tips
11 HO17 C5 F 86 27.6 Anterior shear 123.5 Facet tips
12 HO017 C3 F 86 34.3 - - -
13 H006 C4 M 57 238.5 - - -
14 H032 Cc7 M 65 161.0 Flexion 573.1 Facet tips
15 HO032 C3 M 65 161.0 Anterior shear 316.4 Facet tips
16 H006 C6é M 57 207.4 - - -
17 H032 C5 M 65 171.9 - - -
18 HO045 C6 F 74 121.6 Anterior shear 416.6 Facet tips
19 HO045 c4 F 74 136.6 Anterior shear 405.9 Facet tips
20 H039 Cc7 F 86 92.9 Flexion 873.5 Facet bases
21 HO039 C5 F 86 156.3 Flexion 1073.1 Facet bases
22 HO039 C3 F 86 194.2 Anterior shear 382.5 Facet tips
23 HO18 C5 M 84 207.6 Flexion 1109.1 Pedicles
24 HO018 C7 M 84 179.1 Anterior shear 562.8 Facet tips
25 HO018 C3 M 84 209.2 Flexion 878.6 Pedicles
26 H026 C6 M 74 145.0 Anterior shear 391.5 Facet tips
27 H026 C4 M 74 140.4 Flexion 790.1 Pedicles
28 H021 c4 F 61 216.2 Flexion 658.4 Pedicles
29 HO021 C6 F 61 179.6 Flexion 1203.4 Facet bases
30 HO044 c7 M 62 118.7 Flexion 743.8 Pedicles
31 HO028 C6 M 50 127.2 Flexion 542.1 Facet tips

The eight final multivariable LMMs are presented in Table 3.2 and Table 3.3 in Section
3.5. A significant interaction between test direction and specimen level was associated with
apparent facet stiffness (p=0.007), when adjusted for vBMD and support bar type (Table 3.2).
Post-hoc analysis demonstrated that specimens were significantly stiffer when loaded in the
compressive-flexion direction compared to the anterior shear direction for all spinal levels (Figure
3.7, Table 3.4 in Section 3.5), but this difference was less pronounced in the lower levels (C6 and
C7) compared to the upper levels (C3-C5). In the anterior shear loading direction, stiffness was
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significantly higher for C6 and C7 vertebrae compared to C5 (Table 3.5: C5 vs. C6, p=0.006; C5
vs. C7, p=0.010), while the inverse relationship tended towards significance for the compressive-

flexion loading direction (Table 3.5: C5 vs. C6, p=0.152; C5 vs. C7, p=0.099) (Figure 3.7).
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Figure 3.7: Mean measured apparent facet stiffness for the anterior shear and flexion loading
directions, grouped by the spinal level of the tested vertebra. p-Values for post-hoc analysis of the
final multivariable linear mixed-effects model (¢=0.05) are shown.
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Lower stiffness measurements for the anterior shear loading direction corresponded with
significantly larger maximum principal strains (p<0.001), shear strains (p<0.001), and sagittal
facet deflections (p=0.009) compared to specimens loaded under simulated compressive-flexion,
when adjusted for gender and vertebral body depth, gender, and vBMD, respectively (Figure 3.8,

Table 3.2).
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Figure 3.8: Mean measured maximum (a) principal strain, (b) shear strain, and (c) sagittal facet
deflection measured at 47 N in the non-destructive tests. p-Values from the respective final
multivariable linear mixed-effects models (¢=0.05) are shown.

Failure load was significantly higher in simulated compressive-flexion than for
specimens failed in anterior shear (p=0.001), when adjusted for vBMD and support bar type
(Figure 3.9, Table 3.3). Sagittal facet deflection at initial failure was also larger in compressive-
flexion (p=0.001). The highest failure load was 1.2 kN, and deflections ranged from 1.15° to
5.58° (mean = 2.60+0.34°) for anterior shear and from 2.55° to 10.24° (mean = 5.75x0.73°) for
compressive-flexion. There was no statistical difference between the maximum principal
(p=0.566) and shear strains (p=0.164) observed at failure for the two loading directions (Figure
3.9, Table 3.3). Principal and shear strains ranged from 815 to 7,394 microstrain (ne) and 2,676
to 16,897 ue for anterior shear, and from 852 to 5,858 ue and 739 to 8,545 pe for the compressive-

flexion loading direction, respectively.
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Figure 3.9: Mean measured a) failure load, b) sagittal facet deflection, ¢) maximum principal
strain, and d) maximum shear strain at initial failure for simulated anterior shear and flexion
loading. p-Values from the respective final multivariable linear mixed-effects models (¢=0.05) are
shown.

Two distinct fracture locations were identified (Figure 3.10). All specimens that were
loaded destructively in the anterior shear direction failed through the inferior facet tips (13/13
specimens; Table 3.1). Of the eleven specimens tested to failure under simulated compressive-
flexion, six fractured through the pedicles, three through the facet bases, and two through the

facet tips (Table 3.1).

Figure 3.10: Fracture through the facet tip occurred for all specimens tested to fallure in the
anterior shear direction (left), while specimens failed under simulated compressive-flexion typically
fractured through the pedicles (right).
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3.4 Discussion

Despite the potentially devastating consequences of CFD, very little published data exists
regarding the biomechanics underlying this injury mechanism. The mechanical response of the
subaxial facets, which are often fractured during CFD (Allen et al., 1982; Foster et al., 2012),
have not previously been investigated. In this present study, bilateral loading was applied to the
inferior facets of subaxial cervical vertebrae in directions that replicate traumatic anterior shear
and compressive-flexion; these motions are thought to be associated with CFD (Allen et al., 1982;
Cusick and Yoganandan, 2002; Hodgson and Thomas, 1980; Ivancic, 2012b; Nightingale et al.,
2016; White and Panjabi, 1990). Facet stiffness was higher in compressive-flexion, which
corresponded to higher sagittal deflections and sub-failure surface strains when compared to the
anterior shear loading direction. The strain and stiffness responses differed between the upper
and lower cervical regions. Failure load was higher in compressive-flexion, and distinct failure

locations were observed for the two loading directions in most cases.

There is little published data regarding cervical facet biomechanics with which to
compare our results. Wang et al. (2012) measured average C3 and C4 inferior facet uniaxial
strains of 42 and 38 microstrain (ue), respectively, at 20° of flexion applied to four-vertebrae
FSUs from sheep; they did not apply anterior shear. These values are lower than, but comparable
to, the maximum principal strains measured during non-destructive compressive-flexion testing

in the present study (69+8 e, Figure 3.8a).

Maximum principal and shear strains were both significantly larger (at 47 N of applied
load) during non-destructive simulated anterior shear motion than for simulated compressive-
flexion motion (Figure 3.8). The strain response and apparent stiffness of the facets were
significantly different in the upper and lower regions of the subaxial cervical spine. Maximum
shear strains were significantly higher at the lower spinal levels than at C3 and C4, for both
loading directions (p=0.001, Table 3.2). Interestingly, no significant differences in strains were
observed at failure between loading directions or between spinal levels (Figure 3.9, Table 3.3).

This was unexpected, given that the failure locations were distinctly different between loading
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direction groups; however, strain measurements of bone are highly dependent on the anatomical
location of the gauge, which was remote to the fracture sites. A difference in strain response may

have been observed if gauges were positioned on the pedicles and facet tips.

Apparent facet stiffness was significantly higher in the simulated compressive-flexion
loading direction than anterior shear at all spinal levels, but this difference was less pronounced
for the C6 and C7 vertebrae (Figure 3.7, Table 3.4). We hypothesise that this is due to the change
in facet and pedicle orientation observed at the lower cervical levels (Panjabi et al., 1991; Panjabi
et al., 1993), although facet angle was not a significant predictor in the final multivariable model.
‘Facet stiffness’ is a difficult parameter to interpret as the axis about which the facet deflects will
be different for the two tested orientations. This will alter the contributions from the other
posterior elements in resisting the applied loads — the term ‘apparent facet stiffness’ was used to
reflect this. It is likely that larger stiffness values observed in the compressive-flexion testing
orientation are, in part, due to increased contributions from the pars interarticularis and the

pedicles.

Sagittal angular deflections of the cervical facets (relative to the vertebral body) at the
time of failure were significantly larger in compressive-flexion than for anterior shear loading
(Figure 3.9), with one specimen demonstrating facet deflection in excess of 10°. Our results
indicate that the vertebral body and posterior elements are unlikely to be well represented as a
single rigid body during simulated cervical trauma. This should be considered during kinematic
analyses of motion segment injury involving the posterior elements by modelling the anterior and
posterior anatomy of each vertebrae as separate rigid bodies and measuring their motions

independently.

The mechanism of failure was generally different for the two simulated loading modes,
and this difference was associated with significantly different failure loads (Figure 3.9). Bending
of the facets during simulated anterior shear loading caused the point of load application to

translate inferiorly towards the facet tip. We hypothesise that this may be representative of the
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change in facet articulation contact during in vivo anterior shear motion (Figure 3.11). As this
translation occurred, the volume of bone beneath the loading pin decreased until fracture occurred
through the facet tip (13/13 specimens) (Figure 3.11). This fracture location is consistent with
that described in radiographic reports of CFD (Allen et al., 1982). In contrast, for most specimens
(6/11) that were failed in the simulated compressive-flexion orientation, the point of contact of
the loading pin remained constant, and failure occurred through the pedicles or the facet base
(Figure 3.11, Table 3.1). In the two specimens that fractured through the facet tip in the
compressive-flexion loading direction, substantial translation of the loading pin was observed
(similar to that observed for the anterior-shear loading mode), and the corresponding failure loads
were lower than the other compressive-flexion specimens. The failure loads for pedicle fractures
observed in the present study were considerably lower than those recorded for the lumbar spine
(Cyronetal., 1976), likely due to the smaller size of the cervical vertebrae. No similar data exists
for the cervical posterior elements, or for facet tip fractures. Facet tip, and facet base and pedicle
fractures are commonly observed clinically, and correspond to AOSpine subaxial cervical spine

facet injury classifications F2 and F3, respectively (Vaccaro et al., 2016).
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Figure 3.11: lllustrations of the failure mechanisms observed for the anterior shear (a & b) and
flexion (e & f) test directions, and the proposed equivalent in vivo loading environments (¢ & d, and
g & h, respectively). In both testing orientations, the initial point of contact was the geometric
centre of the articular surface, to replicate the centre of pressure in the normal facet joint (blue
dots; a, ¢, e & g). During testing in the simulated anterior shear direction the facets deflected away
from the load vector (angle B, b) and the point of contact translated inferiorly towards the facet tip
(red dots, b & d) until fracture occurred. In contrast, the contact location remained constant for a
majority of specimens tested to failure under simulated compressive-flexion, causing bending to
occur about the pedicles (angle ¢, f) through which fracture occurred for 6 specimens (f & h). AS =
anterior shear.

The information presented in the current study may assist with developing improved
computational models of cervical spinal motion and trauma. The non-destructive results suggest
that the stiffness and strain responses of the posterior elements in the upper and lower subaxial
regions should be considered independently when modelling the cervical spine. For example, the
final multivariable LMM (Table 3.2) indicates that maximum principal strains observed at the C6
and C7 facet bases during sub-failure loading will be significantly larger than those experienced

in the upper cervical spine. Gender, vertebral size, or vBMD were significant variables in six of
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the eight LMMs (Table 3.2 and Table 3.3), indicating that these specimen-specific parameters are
important to consider when developing and validating computational models concerned with the

cervical facets.

Substantial off-axis shear loads were observed during the anterior shear tests, due to the
inclined angle of the facets in this specimen orientation. We chose to define outcome measures
for each loading direction at an equivalent applied load (disregarding the off-axis loads), as this
may be most useful for validation of computational models; however, the presence of these shear
loads may be important to describe the dynamic facet loads experienced during cervical trauma.
The off-axis loads recorded at the non-destructive analysis time-point, and at the point of initial
failure, are reported in Table 3.6 in Section 3.6. Additionally, the non-destructive analysis was
repeated using outcome measures determined at an equivalent resultant sagittal load (\[axial load?
+shear load?]) of 60 N (the highest resultant load reached by all specimens). The results of this
analysis were the same for all outcome measures except maximum principal strain, in which the

test direction*spinal level interaction was significant (Table 3.8 in Section 3.6).

Physiological boundary conditions are an important consideration of biomechanical
testing. ‘Support bar type’ was significant in 50% of the final LMMs and was associated with
three of the four destructive outcome measures (Table 3.2 and Table 3.3), demonstrating that
minor variations in boundary conditions significantly influenced the measured facet response.
This ex vivo model included the superior adjacent vertebra to provide a boundary condition for
the loaded posterior elements. Pilot testing demonstrated that facets were stiffer, and deflections
were smaller, when the superior adjacent facets were present, rather than resected. However, we
did not apply a boundary condition to the inferior vertebral endplate to replicate the opposing
vertebral body at the level of injury. We believe that such a boundary condition may influence
the failure mechanisms, as the vertebral body and intervertebral disc may restrict large flexion

motions (Allen et al., 1982).
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To permit the same loading method for both test directions, hemispherical loading pins
were used to apply quasi-static point loads to the facets; however, this may not be not
representative of in vivo facet loading conditions. Point loading may have induced higher stresses
at the point of application leading to the ‘punctured’ facets that occurred in three specimens (these
specimens were excluded from failure analysis), although two of these specimens also had the
lowest vBMD values. The quasi-static loading rates applied in this study are lower than the 3 m/s
thought necessary to cause cervical injury due to head-impact loading (McElhaney et al., 1979;
Nightingale et al., 1996; Van Toen et al., 2014); however, these rates permitted accurate control
of the test machine during non-destructive testing, and ensured that sufficient motion capture data
was acquired during the failure tests. Importantly, clinically relevant fractures were observed for

most specimens.

This study provides information about the mechanical response of the subaxial cervical
inferior facets when loaded in directions that simulate the injury mechanisms of bilateral facet
dislocation. When loaded in compressive-flexion, apparent stiffness and failure load of the
cervical facets were greater, which corresponded to larger sagittal angular deflections and higher
sub-failure surface strains when compared to the anterior shear loading direction. The stiffness
and strain responses differed between the upper and lower subaxial cervical regions, and most
outcome measures were significantly associated with donor gender, specimen size or bone
quality. Facet fractures occurred in all specimens that were loaded to failure in anterior shear,
while fractures through the pedicles were most common for the destructive compressive-flexion
tests. The data reported may be used to validate and inform computational models of cervical
trauma, and could assist with developing cervical injury tolerances for ATDs with instrumented

posterior elements.
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3.5  Supplementary material — Final linear mixed-effects models and post-
hoc analysis results

Table 3.2: Final multivariable linear mixed-effects models for non-destructive test outcomes.

Log-transformed apparent facet stiffness (N/mm):

Estimated Marginal Means (95% ClI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test Direction? * Spinal level 0.007
C3 83.68 (60.70, 115.24) 304.60 (221.19, 419.47) 0.134  0.51(0.29, 0.91)
C4 82.76 (58.56, 116.98) 293.54 (207.68, 414.88) 0.204  0.52(0.28, 0.96)
C5 66.35 (48.91, 89.92) 312.00 (230.21, 422.84) 0.099  0.39(0.22, 0.70)
C6 119.70 (89.84, 159.33) 231.13 (173.64, 307.97) 0.773  0.96 (0.55, 1.67)
C7t 117.80 (86.92, 159.49) 217.89 (160.93, 295.30) - -
vBMD o a 0.043 1.0014 (1.0000,
1.0028)
Support bar type 0.002
Type 1 a a 0.004  0.62 (0.46, 0.84)
Type 2 o a 0.570  0.91 (0.64, 1.29)
Type 37 a o - -

8Reference = flexion, T indicates reference category, o indicates purposely empty Estimated Marginal Mean (EMM)
cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its interactions.

Log-transformed maximum principal strain (pe):

Estimated Marginal Means (95% CI) Exp. estimate
Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test direction? 100 (80, 126) 58 (46, 73) <0.001 1.74 (1.39, 2.16)
Gender® o o 0.012 1.77 (1.15, 2.73)
Vertebral body o o 0.017 1.15 (1.03, 1.28)

depth

aReference = flexion; PReference = Male; a indicates purposely empty Estimated Marginal Mean (EMM) cell. EMMs
are only presented for the a priori independent variable ‘Test direction’ or its interactions.

Log-transformed maximum shear strain (ue):

Estimated Marginal Means (95% CI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test direction? 149 (118, 188) 79 (62, 99) <0.001 1.90 (1.59, 2.26)
Spinal level 0.001

C3 109 (67, 178) 57 (35, 94) 0.016 0.42 (0.21, 0.84)

Cc4 58 (33, 99) 31 (18, 52) 0.000 0.22 (0.11, 0.46)

C5 182 (112 297) 96 (59 157) 0.300 0.70 (0.35, 1.40)

Cé 248 (157, 391) 131 (83, 206) 0.888 0.96 (0.49, 1.85)

C7t 259 (158, 425) 137 (83, 224) - -
Gender® o a 0.006 1.89 (1.22, 2.94)

aReference = flexion; "Reference = Male; + indicates reference category; o indicates purposely empty Estimated
Marginal Mean (EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its
interactions.
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Sagittal facet deflection (°):

Estimated Marginal Means (95% CI)

Variable Anterior shear Flexion p-Value Estimate (95% CI)
Test direction? 0.203 (0.177,0.230)  0.163(0.136, 0.189) 0.009 0.041 (0.011, 0.070)
vBMD o o 0.022 -4.26E-4 (-7.84E-4, 0.000)

@Reference = flexion; « indicates purposely empty Estimated Marginal Mean (EMM) cell. EMMs are only presented
for the a priori independent variable ‘Test direction’ or its interactions.

Table 3.3: Final multivariable linear mixed-effects models for failure test outcomes.

Log-transformed failure load (N):

Estimated Marginal Means (95% CI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp 95% CI)
Test direction? 415.30 (341.38, 505.22)  735.83 (617.08, 877.43)  0.001 0.56 (0.42, 0.75)
vBMD o o 0.009 1.002 (1.001, 1.004)
Support bar type 0.011

Type 1 o o 0.004 0.57 (0.40, 0.82)

Type 2 o o 0.147 0.79 (0.57, 1.10)

Type 3f x o« - -

aReference = flexion; 7 indicates reference category; « indicates purposely empty Estimated Marginal Mean
(EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its interactions.

Maximum principal strain (pe):
Estimated Marginal Means (95% Cl)

Variable Anterior shear Flexion p-Value Estimate (95% CI)
Test direction? 2556 (1522,3591) 2878 (1928, 3828)  0.566 -321.85 (-1513.64, 869.94)
vBMD o o 0.043 8.48 (0.30, 16.65)
Support bar type 0.042
Type 1 o o 0.949 -57.86 (-1925.91, 1810.20)
Type 2 o o 0.039  -1531.88 (-2971.66, -92.10)
Type 3F o o - -

Reference = flexion; " indicates reference category; « indicates purposely empty Estimated Marginal
Mean (EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its
interactions.

Maximum shear strain (ne):
Estimated Marginal Means (95% CI)

Variable Anterior shear Flexion p-Value Estimate (95% CI)

Test direction? 6041 (4057,8025) 4632 (2722,6541) 0.164 1409.07 (-669.13, 3487.27)

Support bar type 0.007
Type 1 bt o 0.560 984.89 (-2496.40, 4466.18)
Type 2 o o 0.018  -3288.13 (-5913.03, -663.24)
Type 3° x o« - -

Reference = flexion; " indicates reference category; « indicates purposely empty Estimated Marginal
Mean (EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its
interactions.
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Estimated Marginal Means (95% CI)

Variable Anterior shear Flexion p-Value Estimate (95% CI)
Test direction? 2.961 (1.790, 4.132) 5.260 (4.017, 6.502) 0.001 -2.299 (-3.516, -1.082)

aReference = flexion; « indicates purposely empty Estimated Marginal Mean (EMM) cell. EMMs are only
presented for the a priori independent variable ‘Test direction’ or its interactions.

Table 3.4: Post-hoc analysis of the test direction*spinal level interaction identified in the final
multivariable linear mixed-effects model for log-transformed apparent facet stiffness — comparison
between test directions at each spinal level.

Cc3 -1.292 (-1.701, -0.883) <0.001
c4 -1.266 (-1.715, -0.818) <0.001
c5 -1.549 (-1.958, -1.139) <0.001
Cc6 -0.659 (-1.038, -0.280) 0.001
c7 -0.616 (-1.025, -0.206) 0.005

*Based on Estimated Marginal Means.
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Table 3.5: Post-hoc analysis of the test direction*spinal level interaction identified in the final
multivariable linear mixed-effects model for log-transformed apparent facet stiffness — comparison
between spinal levels for each test direction.

Test direction  Spinal level (I)  Spinal level (J)  Mean difference 1-J (95% CI)*  p-Value
Anterior shear  C3 c4 0.011 (-0.440, 0.462) 0.961
C5 0.232 (-0.198, 0.662) 0.283
C6 -0.358 (-0.787, 0.072) 0.100
C7 -0.342 (-0.784, 0.100) 0.126
C4 C3 -0.011 (-0.462, 0.440) 0.961
C5 0.221 (-0.230, 0.672) 0.329
C6 -0.369 (-0.822, 0.084) 0.108
C7 -0.353 (-0.818, 0.112) 0.133
C5 C3 -0.232 (-0.662, 0.198) 0.283
C4 -0.221 (-0.672, 0.230) 0.329
C6 -.590 (-1.005, -0.175) 0.006
C7 -.574 (-1.003, -0.146) 0.010
C6 C3 0.358 (-0.072, 0.787) 0.100
C4 0.369 (-0.084, 0.822) 0.108
C5 .590 (0.175, 1.005) 0.006
C7 0.016 (-0.394, 0.426) 0.939
C7 C3 0.342 (-0.100, 0.784) 0.126
C4 0.353 (-0.112, 0.818) 0.133
C5 574 (0.146, 1.003) 0.010
C6 -0.016 (-0.426, 0.394) 0.939
Flexion C3 c4 0.037 (-0.414, 0.487) 0.870
C5 -0.024 (-0.454, 0.406) 0.909
C6 0.275 (-0.154, 0.705) 0.203
C7 0.334 (-0.107, 0.776) 0.134
C4 c3 -0.037 (-0.487, 0.414) 0.870
C5 -0.061 (-0.512, 0.390) 0.786
C6 0.239 (-0.214, 0.691) 0.294
C7 0.298 (-0.167, 0.762) 0.204
C5 c3 0.024 (-0.406, 0.454) 0.909
C4 0.061 (-0.390, 0.512) 0.786
C6 0.300 (-0.115, 0.715) 0.152
C7 0.359 (-0.070, 0.788) 0.099
Cé c3 -0.275 (-0.705, 0.154) 0.203
C4 -0.239 (-0.691, 0.214) 0.294
C5 -0.300 (-0.715, 0.115) 0.152
C7 0.059 (-0.351, 0.469) 0.773
C7 C3 -0.334 (-0.776, 0.107) 0.134
C4 -0.298 (-0.762, 0.167) 0.204
C5 -0.359 (-0.788, 0.070) 0.099
C6 -0.059 (-0.469, 0.351) 0.773

*Based on estimated marginal means.
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3.6  Supplementary material — Off-axis ‘shear’ loads

Table 3.6: Off-axis ‘shear’ loads observed at 47 N of nominal applied load during non-destructive
tests, and at point of initial failure during destructive tests. Vertebral body (VB) depth, average left
and right facet angle measurements, and the type of support bar used are also shown. Dashes
indicate that failure data was not available. Test 1 was omitted due to technical difficulties.

Off-axis shear load
(Non-destructive tests, N)

Test Specimen Spinal VB depth Meanfacet Support Failure test Anterior Flexion Fail. shear
# ID level (mm) angle (deg) bar direction shear load (N)
2 H023 C6 21.24 138.61 1 - 19.96 -4.84 -

3 H001 C3 18.29 121.90 1 AS 24.03 1.75 -168.93
4 H001 C5 22.62 138.99 1 - 21.55 2.08 -

5 H001 Cc7 20.15 119.59 1 AS 9.81 -1.89 -139.68
6 H027 C4 15.00 124.54 1 AS 30.17 5.12 -234.25
7 H012 C3 22.67 133.61 1 Flexion 31.08 0.36 -110.43
8 H027 C6 16.60 125.84 1 AS 14.16 1.82 -75.80
9 H012 C5 20.21 134.51 1 AS 21.31 2.13 -129.45
10 H012 Cc7 19.66 125.88 1 AS 8.53 2.99 -79.88
11 HO017 C5 17.38 140.13 1 AS 34.12 7.97 -77.91
12 HO017 C3 17.26 138.94 1 - 36.60 2.43 -

13 H006 C4 16.23 137.15 1 - 32.28 4.16 -

14 HO032 Cc7 17.19 137.37 1 Flexion 41.24 4.06 -152.90
15 H032 C3 17.19 133.01 1 AS 27.88 5.29 -215.56
16 H006 C6 17.38 134.08 1 - 18.70 5.82 -

17 H032 C5 17.52 147.97 2 - 41.62 0.74 -

18 H045 C6 16.64 126.87 1 AS 11.53 0.45 -123.37
19 H045 C4 15.61 132.34 2 AS 20.87 1.19 -220.63
20 H039 Cc7 16.78 134.28 3 Flexion 7.38 -2.29 -25.87
21 HO039 C5 15.57 146.56 3 Flexion 23.32 -1.03 -17.15
22 H039 C3 16.02 131.14 2 AS 23.10 2.34 -236.74
23 HO18 C5 17.10 145.41 2 Flexion 43.99 1.03 -55.37
24 H018 Cc7 18.86 122.30 2 AS 12.15 -1.54 -198.51
25 HO18 C3 18.52 131.14 2 Flexion 8.29 -1.22 -45.47
26 H026 C6 18.43 132.82 3 AS 12.82 4.44 -61.32
27 H026 C4 18.58 142.66 2 Flexion 23.64 0.09 -91.02
28 H021 C4 17.09 132.65 2 Flexion 17.91 -0.07 -53.61
29 H021 C6 17.85 124.92 3 Flexion 5.59 -1.09 -46.68
30 H044 Cc7 20.35 133,51 3 Flexion 9.58 -0.32 -28.21
31 H028 C6 19.71 125.17 2 Flexion 24.77 7.34 -101.46

AS = anterior shear.
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Table 3.7: Sagittal load angle (relative to direction of nominal applied load) at non-destructive

resultant load analysis time-point (60N).

Sagittal resultant load angle (deg)

Test#  Specimen ID  Spinal level Anterior shear Flexion
2 H023 C6 22.0 -4.8
3 HO001 C3 27.2 2.5
4 HO001 C5 25.1 2.9
5 HO001 C7 12.1 -1.8
6 H027 C4 32.1 6.3
7 HO012 C3 33.1 0.4
8 H027 C6 16.7 2.2
9 HO012 C5 24.2 2.7
10 H012 Cc7 10.8 3.8
11 HO017 C5 35.2 10.1
12 HO017 C3 37.8 3.1
13 HO006 C4 34.2 51
14 H032 Cc7 40.9 54
15 H032 C3 29.9 6.6
16 HO006 C6 21.9 7.3
17 H032 C5 42.3 0.9
18 H045 C6 13.9 0.7
19 H045 C4 23.8 1.6
20 H039 C7 8.5 -2.8
21 H039 C5 25.1 -1.1
22 H039 C3 26.2 2.7
23 H018 C5 43.2 1.4
24 HO018 C7 15.6 -1.7
25 H018 C3 10.2 -1.6
26 H026 C6 15.8 6.2
27 H026 C4 255 0.5
28 HO021 C4 21.0 0.0
29 H021 C6 7.8 -1.4
30 H044 C7 11.3 -0.3
31 H028 C6 27.3 8.8
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Table 3.8: Final multivariable linear mixed-effects models for outcomes from the non-destructive
resultant sagittal load analysis (60N).

Log-transformed apparent facet stiffness (N/mm):

Estimated Marginal Means (95% CI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test direction?* Spinal level 0.010
C3 80.96 (57.69, 113.64) 300.37 (214.01, 421.58) 0.021 0.50 (0.28, 0.89)
C4 90.20 (62.55, 130.06) 292.66 (202.96, 422.00) 0.069 0.57 (0.31, 1.05)
C5 70.25 (50.96, 96.83) 307.97 (223.41, 424.54) 0.005 0.42 (0.23, 0.75)
C6 127.61 (94.35, 172.60) 235.57 (173.99, 318.62) 0.994 1.00 (0.57, 1.76)
crt 117.80 (85.54, 162.23) 217.02 (157.43, 298.87) - -
vBMD o o 0.042 1.0015 (1.0001, 1.0030)
Support bar type 0.002
Type 1 o a 0.004 0.59 (0.43, 0.83)
Type 2 o o 0.455 0.87 (0.60, 1.27)
Type 3° o « - -

aReference = flexion; 7 indicates reference category; « indicates purposely empty Estimated Marginal Mean (EMM) cell.
EMMSs are only presented for the a priori independent variable ‘Test direction’ or its interactions.

Log-transformed maximum principal strain (ne):

Estimated Marginal Means (95% CI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test direction?* Spinal level 0.043

C3 63 (40, 102) 77 (48, 124) 0.031 0.51 (0.28,0.94)

C4 97 (56, 167) 64 (37, 110) 0.846 0.94 (0.50, 1.77)

C5 142 (88, 227) 71 (44, 113) 0.458 1.25 (0.68, 2.28)

C6 180 (116, 278) 98 (64, 152) 0.650 1.14 (0.64, 2.04)

c7t 145 (90, 234) 90 (56, 145) - -
Gender® o o 0.003 1.95 (1.30, 2.93)
Vertebal body depth o o 0.034 1.13 (1.01, 1.26)

aReference = flexion; "Reference = Male; " indicates reference category; « indicates purposely empty Estimated Marginal
Mean (EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its interactions.

Log-transformed maximum shear strain (ue):

Estimated Marginal Means (95% CI) Exp. estimate

Variable Anterior shear Flexion p-Value (Exp. 95% CI)
Test direction? 178 (140, 225) 106 (83, 134) <0.001 1.68 (1.40, 2.02)
Spinal level 0.001
C3 o o 0.012 0.39 (0.19, 0.80)
C4 o o <0.001 0.22 (0.10, 0.46)
C5 o o 0.236 0.66 (0.33, 1.34)
C6 o o 0.930 0.97 (0.49, 1.91)
crt o « - -
Gender® o o 0.006 1.93 (1.23, 3.02)

aReference = flexion; PReference = Male; " indicates reference category; « indicates purposely empty Estimated Marginal
Mean (EMM) cell. EMMs are only presented for the a priori independent variable ‘Test direction’ or its interactions.
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Estimated Marginal Means (95% Cl)

Variable Anterior shear Flexion p-Value Estimate (95% CI)
Test direction®*  0.250 (0.219, 0.281)  0.211 (0.180, 0.241) 0.024 0.040 (0.006, 0.074)
vBMD o o 0.017 -5.25E-4 (-9.49E-4, 0.000)

@Reference = flexion; « indicates purposely empty Estimated Marginal Mean (EMM) cell. EMMs are only
presented for the a priori independent variable ‘Test direction’ or its interactions.
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Chapter 4 The effect of axial compression and
distraction on cervical facet mechanics during anterior
shear, flexion, axial rotation, and lateral bending
motions?

4.1 Introduction

The primary function of the cervical spine is to support and orientate the head. This
function is facilitated by the anatomy of the vertebral body and facet joints, and the surrounding
ligaments and musculature. In the subaxial cervical spine, intervertebral kinematics are
predominantly dictated by the facet joints, where contact between articulating facets prevents
excessive axial rotation, lateral bending and anterior shear (Bogduk and Mercer, 2000). The
geometry of the cervical facets is responsible for coupled motions in axial rotation and lateral
bending, and is related to the instantaneous axes of rotation observed in the subaxial cervical
spine (Bogduk and Mercer, 2000; Nowitzke et al., 1994). In addition, the facet joints bear up to
64% of the axial load in the neutral cervical spine (Pal and Sherk, 1988) and this proportion
increases during physiological motion (Panzer and Cronin, 2009). Facet fracture is frequently
associated with other cervical injuries (Dvorak et al., 2007), suggesting that high loads are

transferred through these joints during trauma.

Despite their important role in cervical kinematics and load-bearing, little is known about
the mechanical response of the cervical facets during physiological or non-physiological
intervertebral motion. Facet surface strains have been measured during non-traumatic anterior
shear motion of cervical functional spinal units (FSUs) (Cripton, 1999), but have not been
reported for other intervertebral motions. In a recent study, surface strain, deflection, stiffness
and failure load of the subaxial inferior facets were quantified during uni-axial loading that
simulated physiologic intervertebral flexion and anterior shear motions (Quarrington et al.,

2018a) (Chapter 3); however, point loads were applied to the articular facet surfaces, which may

L A version of Chapter 4 has been accepted for publication in Journal of Biomechanics.
Quarrington, R.D., Costi, J.J., Freeman, B.J.C., Jones, C.F. The effect of axial compression and distraction
on cervical facet mechanics during anterior shear, flexion, axial rotation, and lateral bending motions.
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not accurately represent in vivo conditions. The response of the cervical facets to axial rotation
and lateral bending has not been investigated. Such measures are required for the validation of
computational models of physiological cervical spine motion and to improve fundamental

understanding of cervical spine biomechanics.

The biomechanics of the cervical facets during non-physiological cervical motion have
not been investigated. Facet fractures are associated with up to 70% of cervical facet dislocations
(CFD) (Anissipour et al., 2017; Dvorak et al., 2007); however, facet fracture has not been reported
during the experimental production of CFD in cadavers. This may be due to a lack of muscle

forces, restricting intervertebral separation (Foster et al., 2012).

CFD was produced in FSUs by applying incrementally increasing sagittal decelerations
(Ivancic et al., 2007, 2008; Panjabi et al., 2007). Rupture of the posterior ligaments and facet
capsules prior to the final impact event was required, which may have permitted excessive
separation of the intervertebral joints and allowed the facets to dislocate with minimal contact. A
similar mechanism for producing dislocation without facet-fracture is commonly reported, in
which local intervertebral distraction and flexion of the posterior elements is produced by global
axial compressive forces with large anterior eccentricity (Allen et al., 1982; Cusick and
Yoganandan, 2002; Huelke and Nusholtz, 1986; White and Panjabi, 1990). Such a mechanism
would cause early failure of the posterior ligaments, permitting dislocation of the facets without
fracture. Non-physiological intervertebral distraction may reduce loading of the facets during the
intervertebral motions commonly associated with CFD, reducing the likelihood of concomitant

facet fracture, but this is yet to be investigated experimentally.

CFDs have also been produced in the lower cervical spine during head-first impact tests.
These injuries were associated with local compressive, rather than distractive, axial forces
(Hodgson and Thomas, 1980; Ivancic, 2012a; Nightingale et al., 1996), but no facet fractures
were created. This may be due to an absence of neck muscle replication (Foster et al., 2012; Hu

et al., 2008). Neck muscle activation prior to a potentially injurious event (i.e. bracing for impact)
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may impose an additional intervertebral compressive load during injury that restricts pathological
flexion and intervertebral distraction, causing increased loading of the facets. Such muscle forces
increase peak compressive and shear forces in the lower cervical spine, when compared to no
muscle activation, in computer simulated head-impact tests (Nightingale et al., 2016). The effect
of axial compression versus distraction on loading of the facets during intervertebral motion has

not previously been reported.

The aim of this study was to quantify the mechanical response of the C6 inferior facets
in C6/C7 FSUs during constrained, non-destructive, quasi-static anterior shear, axial rotation,
lateral bending, and flexion motions (within physiological limits), and to determine the effect of
intervertebral axial distraction and compression when imposed on these motions. We hypothesise
that axial compression will increase loading of the facets (as measured by deflection and surface

strain) when superimposed on shear, bending and rotation motions.

4.2  Methods
4.2.1 Specimen preparation

Cervical motion segments (C5-T1 or C6/C7) were dissected from twelve fresh-frozen
human cadavers (mean donor age 70+13 vyears, range 46-88; nine male) and non-
osteoligamentous tissue was removed. High-resolution computed tomography (CT) scans
(SOMATOM Force, Siemens, Erlangen, Germany; 0.23x0.23x0.4 mm voxel size) were obtained
and each specimen was screened for excessive degeneration, injury or disease by a senior spinal
surgeon. Mean volumetric bone mineral density (vBMD) of the anterior third of the C6 and C7
vertebral bodies was determined using a calibration phantom (Mindways Software Inc., Texas,
USA) and image analysis software (FIJI 1.51p, ImageJ, Maryland, USA) (Schindelin et al., 2012).

Vertebral endplate depths, and facet heights and sagittal angles, were also measured using FIJI.

For Tests #1-5, the distal levels of C5-T1 motion segments were augmented with
screws/wire to assist with fixation in blocks of polymethylmethacrylate (PMMA; Vertex Dental,

Utrecht, Netherlands). For Tests #6-12, the exposed endplates and posterior elements of C6/C7
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FSUs were similarly augmented, and the distal third of each vertebra were embedded with the
disc orientated horizontally and the centre aligned with the geometric centre of the mold. All
C6/C7 joints and disco-ligamentous tissues were maintained. A more detailed description of the

embedding methods, and justification for changing these methods, is provided in Section 5.2.1.

A custom alignment jig ensured that specimens were consistently aligned during
embedding, with 22 mm of separation between the molds and 8 mm between the inferior mold
and the centre of the C6/C7 intervertebral disc (Figure 4.1); this ensured that the centre-of-rotation
(CoR) of the flexion-extension axis of the test machine coincided with the CoR of C6/C7 flexion
(Penning, 1960), and that the shear force and moment distribution across the intervertebral joints

was consistent for all specimens.

4.2.2 Mechanical loading

Each specimen was fixed to a six-axis materials testing machine (8802, Instron, High
Wycombe, UK) in an inverted posture (Figure 4.1). The mold containing the inferior vertebra
was fixed to the upper flexion-extension actuator, and the superior vertebra was secured to a six-
axis load cell (MC3A-6-1000 +4.4 kN, AMT]I, Massachusetts, USA) mounted on a motorised X-

Y table on the base of the testing machine.

Each specimen underwent constrained, non-destructive shear and bending motions under
three axial loading conditions. The ‘neutral’ condition replicated physiological in vivo loading
(due to head-weight only) by applying a 50 N axial compression force (Bell et al., 2016; DiAngelo
and Foley, 2004). For the ‘compressed’ condition, a 300 N compression force was applied to
simulate the loading experienced due to neck muscle bracing; muscle activation can produce
intervertebral axial compression forces between 100-1400 N (Bell et al., 2016; Chancey et al.,
2003; Cripton et al., 2001; Hattori, 1981; Newell et al., 2014; Pospiech et al., 1999). The 300 N
load did not produce off-axis loads exceeding the design limits of the test machine. Finally, 2.5
mm of axial distraction (relative to the neutral position) mimicked the largest non-destructive

intervertebral separation previously reported for cervical motion segments (Shea et al., 1991).
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Figure 4.1: Lateral schematic of the embedded specimen attached to the six-axis testing machine in
an inverted posture (left) and an oblique photo of the test setup (right). The position of the superior
mold was held constant and axial rotation, flexion, and lateral bending motions were individually
applied to the inferior mold by their respective rotary motors. Anterior shear motion was applied
to the superior mold by the motorised X-Y table. Each motion was combined with either neutral,
compressed, or distracted intervertebral separation, which was applied by the axial actuator. Six-
axis forces and moments were recorded by the load-cell to which the superior mold was attached.
VB = vertebral body, MC = marker carrier.

Prior to testing, the axial actuator position corresponding to 10 N of axial load and 0 N
or Nm off-axis loads (‘unloaded position’), and for each axial condition (50N, 300N, 2.5mm
distraction), were recorded. The vertical actuator position of each axial condition was maintained
while the specimen underwent three repetitions of constrained anterior shear (1 mm, 0.1 mm/s),
flexion (10°, 1 °/s), right axial rotation (4°, 1 °/s) and left lateral bending (5°, 1 °/s); the

displacement/rotation limits were based on in vivo ranges of motion (Lin et al., 2014; Penning
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and Wilmink, 1987; Salem et al., 2013; Wu et al., 2007). The displacement rates were selected to
optimise motion-capture frame rate. The order of application of the axial conditions and the
motions were block randomised for each specimen. A two-second “hold” was applied at the peak
of each rotation/displacement and between each motion. Specimen hydration was maintained
using saline-soaked gauze and saline spray. Following completion of this non-destructive testing,
each specimen was tested to failure in anterior shear in either the compressed or distracted axial

condition (described in Chapter 5).

4.2.3 Instrumentation and data collection

The bases of the bilateral inferior facets of C6 were instrumented with tri-axial strain
gauges (FRA-1-23-1L, TML, Tokyo, Japan). The infero-lateral corners of the C6 inferior facets
were exposed by resecting a small section of the facet capsule (<3x3 mm) and light-weight
motion capture marker-carriers were attached to the bone surface using cyanoacrylate adhesive
(Loctite 401, Henkel, Dusseldorf, Germany) (Figure 4.2). Marker-carriers were attached to the
C6 and C7 vertebral bodies with K-wires, and to the superior and inferior molds (Figure 4.1).
Anatomical landmarks on the vertebral bodies and the C6 inferior facets were digitised (Figure
4.3). Loads, actuator positions, and strain gauge data were collected at 600 Hz using a data
acquisition system (PXle-1073, BNC-2120 & PXle-4331 (x2), National Instruments, USA).
Motion capture data were acquired at 200 Hz (Optotrak Certus, Northern Digital Inc., Ontario,

Canada; system bias < 0.09°, precision = 0.006°).
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Optotrak marker carriers  Strain gauge
Figure 4.2: The C6 bilateral inferior facets were instrumented with triaxial rosette strain gauges
and Optotrak marker-carriers prior to embedding the inferior anatomy and screw/wire constructs.

Figure 4.3: Schematics of the inferior (left) and right lateral (right) views of a C6 vertebra and
C6/C7 FSU, respectively. The red circles indicate the anatomical landmarks that were digitised.
The local coordinate systems are illustrated, with x-axes in red, z-axes in blue, and y-axes in green.
The origin of the vertebral body was defined as the sagittal midpoint of the anterior edge of the
inferior vertebral endplate. The origins of the facets were defined as the geometric centre of the
articular surfaces. X indicates an axis directed into the page, while O indicates an axis directed out
of the page. VB = vertebral body, RF = right facet, LF = left facet.

4.2.4 Data processing

Data were processed using custom MATLAB code (R2015a, Mathworks, Massachusetts,
USA). Load, position, and strain data were filtered using a second-order, two-way Butterworth
low-pass filter with a cut-off frequency of 100 Hz. Motion capture data were filtered similarly,

with a cut-off frequency of 30 Hz.

Peak load (force/moment), maximum (tensile) and minimum (compressive) principal
strains, shear strains, and angular facet deflections were calculated at the position limit of the last
repetition, for each axial condition. Local vertebral body and facet coordinate systems were

defined (Figure 4.3) (Wu et al., 2002). Sagittal, transverse, and coronal angular deflection of the
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bilateral facets, relative to the vertebral body, were calculated by solving for Euler angles using

a z-y-x sequence (Robertson et al., 2013).

425 Statistics

Statistical analyses were performed using SPSS v24 (IBM, lllinois, USA). For each
motion, seven linear mixed-effects models (LMMs) were developed to identify if axial condition
was significantly associated with the following outcome measures: 1) peak load; 2) maximum
principal strain; 3) minimum principal strain; 4) maximum shear strain; 5) sagittal facet
deflection; 6) transverse facet deflection; and, 7) coronal facet deflection. The effect of axial
condition was assessed in all models, and this effect was adjusted for facet side (left vs. right),
donor demographics, specimen bone mineral density, vertebral body size, facet height and angle,
order of test condition and imposed axial condition, and the type of specimen (four- vs. two-
vertebrae). A random effect of facet side, nested within cadaver 1D, was included. Shapiro-Wilk
and Levene’s tests evaluated normality and homogeneity of variance of the dependent variable
for each model, and statistically significant outliers were removed and/or data was log-
transformed to meet these criteria. Each model was refined using a manual backward step-wise
approach until only significant predictors remained (0=0.05). Bonferroni-adjusted post-hoc
comparisons of estimated marginal means (EMMs) were performed for significant categorical
predictors. A post-hoc power analysis confirmed that these models were suitably powered

(Section 4.6.1).

4.3  Results

Demographic information and geometric measurements for the 12 specimens are
provided in Table 4.1, and average load-displacement plots for each axial condition and test
direction are illustrated in Figure 4.4. The neutral and compressed conditions corresponded to
mean intervertebral axial compressions (relative to the unloaded position) of 0.13+0.01 and
0.62+0.06 mm, respectively, while 2.5 mm of distraction applied a mean tensile force of
456.661£50.54 N. Off-axis loads for each test direction are illustrated in Figure 4.8 to Figure 4.11

in Section 4.5. A summary of the final multivariable LMMs is presented in Table 4.2; the final
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number of specimens per group, EMMs and p-values from post-hoc comparisons are provided

in Table 4.3 to Table 4.6 in Section 4.6.

Table 4.1: Specimen details and geometry. VB = vertebral body. vBMD = volumetric K2HPO4
equivalent bone mineral density.

1 HO10 M 71 Four vertebrae 16.7 138.8 9.1 9.9 1141 1140
2 HO13 M 58 Four vertebrae 15.6 115.0 7.8 5.1 1256 1314
3 HO14 M 58 Four vertebrae 174 83.6 54 9.7 136.0 139.1
4 HO003 M 46 Four vertebrae 15.6 142.9 8.0 7.3 138.3 135.6
5 HO002 F 62 Four vertebrae 16.1 216.7 8.9 11.2 | 1354 1331
6 H004 F 75 Two vertebrae 16.2 99.0 94 115 | 129.1 1233
7 HO036 M 58 Two vertebrae 17.2 125.5 10.3 8.1 130.2 1103
8 HO009 M 85 Two vertebrae 19.1 223.5 9.7 8.5 130.4 131.6
9 H041 M 82 Two vertebrae 15.7 74.1 6.9 8.9 1175 132.0
10 HO020 M 76 Two vertebrae 16.9 105.2 9.0 111 | 126.3 1214
11 HO033 F 88 Two vertebrae 16.6 117.1 8.6 5.7 130.9 1285
12 HO043 M 81 Two vertebrae 175 164.4 7.1 7.0 130.5 128.3
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Figure 4.4: Average load-displacement/rotation plots for the loading region of each motion in each
axial condition. The shaded regions indicate +1 standard error. Superimposed axial compression
increased anterior shear force and right axial rotation moment but didn’t affect flexion or lateral
bending moments. This may be because shear and axial rotation motions occur in the transverse
plane, so axial separation is constant throughout, whereas flexion and lateral bending (with fixed
CoR) inherently cause distraction/compression of the posterior/anterior and

contralateral/ipsilateral anatomy, respectively.
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Table 4.2: Summary of the final multivariable linear mixed-effects models for each motion.
Significant p-values (¢=0.05) for the axial condition variable are bolded.

Outcome variable: AX';'_\S;:L c(i;:tlon Significant covariates:
Anterior shear

Peak load <0.001

Maximum principal strain 0.664

Minimum principal strain 0.025

Maximum shear strain 0.004 Gender, axial condition order
Sagittal facet deflection <0.001 Facet side, age
Transverse facet deflection 0.366 Gender, vBMD, age
Coronal facet deflection 0.742

Flexion

Peak load 0.298

Maximum principal strain 0.529 Axial condition order
Minimum principal strain <0.001

Maximum shear strain 0.039 Facet side, vBMD, axial condition order
Sagittal facet deflection 0.447 vBMD, Facet height
Transverse facet deflection 0.026

Coronal facet deflection 0.168

Axial rotation

Peak load <0.001

Maximum principal strain 0.074 Facet side

Minimum principal strain 0.776 Facet side, gender
Maximum shear strain 0.002 Age

Sagittal facet deflection 0.178 Facet side

Transverse facet deflection 0.388 Facet side, gender
Coronal facet deflection 0.868 Facet side

Lateral bending

Peak load 0.604

Maximum principal strain 0.277

Minimum principal strain <0.001

Maximum shear strain 0.016

Sagittal facet deflection 0.034 Facet side, axial condition order
Transverse facet deflection 0.946

Coronal facet deflection 0.947

Axial condition was significantly associated with peak load for the anterior shear and
axial rotation motions (Table 4.2). During these motions, peak loads were largest for the
compressed condition, lower for the neutral condition, and lowest for the distracted condition
(Figure 4.5). No significant association was found between axial condition and peak load for

flexion and lateral bending.
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Figure 4.5: Mean (£1 SE) measured peak: a) anterior shear load; and, b) bending moments for the
compressed, neutral, and distracted axial conditions. Outliers that were omitted from statistical
analysis are not displayed. Significant differences between axial conditions for each motion, as
determined by Bonferroni-adjusted post-hoc analysis of the final multivariable linear mixed-effects
models (0=0.05), are indicated.

Intervertebral distraction and compression did not significantly affect maximum (tensile)

principal facet strains but were associated with a difference in minimum (compressive) principle

strains for all motions except axial rotation, when adjusted for gender (Table 4.2). Tensile strains

were significantly greater for the ‘unloaded’ right facet during right axial rotation, while

compressive strains were largest for the left facet (Figure 4.6). Shear strains were greatest during

the tests with imposed compression for anterior shear (when adjusted for gender and axial order),

axial rotation (when adjusted for age) and lateral bending (Table 4.2). This difference was

observed during flexion for the left facets only (Figure 4.6).
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Figure 4.6: Mean (1 SE) measured: a) & b) maximum principal strains; ¢) & d) minimum
principal strains; and, e) & f) maximum shear strains for the compressed, neutral, and distracted
axial conditions. Outliers that were omitted from statistical analysis are not displayed. Left and
right facet measurements are grouped for those outcomes with no significant difference between
sides. Significant differences between axial conditions for each motion, as determined by
Bonferroni-adjusted post-hoc analysis of the final multivariable linear mixed-effects models
(0=0.05), are indicated.

Sagittal facet deflections differed significantly between the left and right facets for all
motions except flexion (Table 4.2). For anterior shear, the magnitude of negative sagittal
deflections (anticlockwise about the z-axis and away from the vertebral body) were significantly
larger for the compressed and neutral axial conditions when compared to the distracted state and
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adjusted for facet side and age (Figure 4.7). A significant difference in sagittal deflections for the
neutral versus distracted conditions was also observed during lateral bending, when adjusted for
facet side and loading order. The largest magnitude sagittal facet deflections occurred for the left

facets during compressed axial rotation (mean: -1.68+0.23°).

Transverse facet deflections were only appreciable during flexion and axial rotation
motions. They were significantly higher when compression and neutral axial loads were imposed
on flexion motions, compared to the distracted condition, and were larger for the left facet during
axial rotation (when adjusted for gender). Coronal deflections were not appreciable for any

load/motion combination.
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Figure 4.7: Mean (£1 SE) measured: a) — d) sagittal; e) & f) transverse; and, g) coronal facet
deflections for the compressed, neutral, and distracted axial conditions, for each motion. Negative
angles indicate left transverse and coronal deflections, and sagittal deflections away from the
vertebral body. Outliers that were omitted from statistical analysis are not displayed. Left and
right facet measurements are grouped for those outcomes with no significant difference between
sides. Significant differences between axial conditions for each motion, as determined by
Bonferroni-adjusted post-hoc analysis of the final multivariable linear mixed-effects models
(0=0.05), are indicated.
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4.4  Discussion

The facets are important load-bearing structures of the subaxial cervical spine, yet their
mechanical response during physiological motion is understudied. During cervical trauma, axial
compression or distraction can be imposed on pathological intervertebral motions. This may alter
facet mechanics and influence the occurrence of concomitant facet fracture (Foster et al., 2012).
In the present study, axial compressions (50 and 300 N) and distraction (2.5 mm) were
superimposed on C6/C7 FSUs during constrained intervertebral motions, and the mechanical
response of the C6 bilateral inferior facets was measured. In general, the axial compression

conditions caused increased loading of the facets, but this was dependent on test direction.

Peak loads were comparable to those observed at corresponding intervertebral
displacement/rotation of subaxial cervical FSUs (King Liu et al., 1982; Moroney et al., 1988;
Shea et al., 1991). Cripton et al. (1999) observed an increase in overall shear stiffness when a
compressive preload of 200 N was imposed on anterior shear motion (111.7+13.6 vs. 90.9+10.9
N/mm without axial preload). This is consistent with the current study, as significantly larger
peak anterior shear loads were observed at 1 mm displacement for the compressed compared to

neutral condition (166.7£17.2 vs. 130.0£15.3 N, Figure 4.53).

The magnitude of minimum principal strains was significantly larger for the compressed
and neutral conditions, compared to the distracted state, for all motions except axial rotation.
However, maximum principal strains were not significantly affected by axial condition, and their
magnitudes were generally lower than the compressive strains (Figure 4.6). The increase in strain
magnitude with axial compression is likely a result of greater facet contact, indicating that the
posterior inferior facet bases experience predominantly compressive stresses during facet

articulation.

Maximum principal and shear facet strains (for the neutral condition) were larger than
those observed during loading of isolated subaxial facets that simulated non-destructive anterior

shear motions (Maximum: 216£39 vs. 124+16 pe; Shear: 602+121 vs. 206+29 pe) and
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compressive-flexion rotations (Maximum: 33672 vs. 7048 pe; Shear: 712+144 vs. 109+15 ue)
(Quarrington et al., 2018a) (Chapter 3). Maximum and minimum principal strains during anterior
shear translations were also generally larger for the current study compared to during
unconstrained anterior shear (Cripton, 1999), despite larger intervertebral shear displacement
(mean 2 mm) in the latter study. In the latter, the lack of constraints permitted flexion of up to 2°
which may have transferred load from the facets to the intervertebral disc, reducing strain on the
posterior elements. The difference in facet principal strain measurements demonstrates the
importance of constrained versus unconstrained intervertebral motion and may provide insight

into how facet fractures are associated with dislocation injuries.

The constrained shear motion that was applied in the current study may simulate the
mechanisms of bilateral CFD due to first-order buckling caused by compressive forces to the
head. During first-order buckling, the flexion rotation that is physiologically coupled with
anterior shear motion is restricted by the lordotic posture of the superior cervical levels, which
creates a constrained, uncoupled shear motion (Nightingale et al., 1991; Nightingale et al., 1996;
Nightingale et al., 2016). In contrast, the unconstrained methodology implemented by Cripton et
al. (1999) more closely represents intervertebral anterior shear motion that precedes inertially-
produced CFD (Panjabi et al., 2007). Interestingly, an imposed axial compression force to
simulate neck bracing muscle activation did not significantly increase principal strain magnitudes
in either the current study (when compared to “neutral”) or that reported by Cripton et al. (1999).
However, the compressive forces imposed in these studies are at the lower end of those estimated

for muscle activation.

During left lateral bending, compressive strains were significantly different between each
axial condition, and shear strains were significantly larger for the compressed condition compared
to the distraction condition (Figure 4.6d&f). Despite being an asymmetric motion, no significant
difference between facet sides was observed for any strain measurements. In contrast, the
principal strain responses of the left and right facets were significantly different during right axial

rotation, and the effect of axial condition was not significant (Figure 4.6a&c). Tensile strains
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were larger for the ‘unloaded’ right facets, presumably due to the facet capsule restricting joint
separation, whilst compressive strains were of greater magnitude for the loaded left facets due to
bony contact (when adjusting for gender). Adjusting for age, maximum shear strains associated
with axial rotation were significantly larger for the compressed and neutral conditions, compared
to distraction (Figure 4.6f, Table 4.2). This result was independent of facet side, demonstrating
that the strains experienced by the ‘loaded’ facet due to bony contact are comparable to those

experienced by the contralateral facet due to the capsule.

Sagittal facet deflections were significantly asymmetric throughout all motions except
flexion (Figure 4.7a-d). The left facet deflected more than the right during anterior shear (when
adjusting for age), although this significant difference may be an artefact of performing repeated
experiments on a small number of specimens. It was hypothesised that this anomaly may be due
to sidedness of facet geometry, but these measurements were not significant covariates in the
final LMM (Table 4.2). The magnitude of the sagittal deflections during combined compression-
flexion were comparable to those reported by Quarrington et al. (2018a) (0.25+0.18° vs.
0.1740.01°) (Chapter 3); however, the sagittal deflections observed during compression-imposed
anterior shear were substantially larger (L&R averaged = 0.44+0.11° vs. 0.20+0.02°), probably
due to the relatively low load (47 N) applied to the facets in that study. Larger deflections during
anterior shear displacement with axial compression are consistent with higher compressive and
shear strain magnitudes for these tests, supporting the conclusion that the facets experience

greater loading in this condition, compared to the distracted condition.

Right axial rotation produced the largest sagittal deflections; the (loaded) left facets
experienced deflections that were greatest during compression, whilst the ipsilateral right facets
deflected 0.17+0.30° towards the vertebral body when rotation was superimposed with axial
distraction. Positive sagittal deflection of the ‘unloaded’ facet, combined with the large tensile
principal strains observed at the facet base, suggests that the capsular ligaments have a substantial

impact on cervical facet mechanics during axial rotation.
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Axial condition did not significantly affect sagittal or transverse deflections during axial
rotation; however, this could be due to the use of Euler angles for calculating deflections. The
nature of this method may have caused deflections to be inconsistently distributed between the
sagittal and transverse planes for each specimen, due to differences in vertebral geometry.
Therefore, a consistent difference in deflections was not associated with axial condition.
However, both sagittal and transverse deflections for the compressed and neutral conditions were
larger than for the distraction condition, so it is likely that axial compression caused larger

resultant left facet deflections.

The motions applied in this study were fully constrained, with a fixed CoR. The flexion,
lateral bending, and axial rotation motors were aligned with the average physiological CoR of
each motion for C6/C7 FSUs (Anderst et al., 2015; Penning, 1960), but the testing machine used
in the current study was unable to alter the axis-of-rotation throughout the motion, as occurs in
vivo. In addition, physiological cervical motions are coupled with off-axis translations and
rotations (Lin et al., 2014; Wachowski et al., 2009; Wu et al., 2007). However, motion segments
do not exhibit physiological kinematics during cervical trauma (lIvancic et al., 2008; Nightingale
etal., 1996; Nightingale et al., 2016; Panjabi et al., 2007), and it is important to obtain quantitative
information about the mechanical response of cervical FSUs and the facets during constrained

intervertebral motions to develop improved injury tolerance levels.

Approximately one-third of the superior and inferior anatomy of C6 and C7, respectively,
were embedded in PMMA. Therefore, the boundary conditions for each vertebra are likely not
representative of the in vivo environment, and this may have affected the mechanical response of
the posterior elements. However, repeated measures analysis was used to determine the effect of
axial condition on this response, and great care was taken to ensure that each specimen was

prepared in a consistent manner.

This study provides quantitative information about the mechanical response of the C6

inferior facets during constrained shear and bending motions of C6/C7 FSUs under three axial
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loading conditions. The response was dependent on test direction, but compressive and shear
strains, and sagittal deflections, were generally largest in the compressed conditions. This
information may assist when validating computational models of cervical spinal motion and

improves our understanding of cervical facet biomechanics.
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45  Supplementary material — Off-axis load plots
The average load-displacement plots for the six forces and moments associated with the
constrained anterior shear, axial rotation, flexion, and lateral bending motions, and for each axial

condition, are presented in the following figures.
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Figure 4.8: Average off-axis load-displacement plots for the loading region of anterior shear motion
imposed with each axial condition. The shaded regions indicate +1 standard error.
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Figure 4.9: Average off-axis load-displacement plots for the loading region of axial rotation motion
imposed with each axial condition. The shaded regions indicate 1 standard error.
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Figure 4.11: Average off-axis load-displacement plots for the loading region of lateral bending
motion imposed with each axial condition. The shaded regions indicate 1 standard error.
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4.6  Supplementary material — Final linear mixed-effects models

Table 4.3: Final multivariable linear mixed-effects models for each outcome parameter during the

anterior shear tests.

Peak load (N):

Variable: EMMs (95% CI): p-Value: Estimate (95% Cl):
Axial state <0.001
Compressed 166.67 (136.68, 196.67) 0.048 36.65 (5.44, 67.85)
Distracted 78.38 (48.39, 108.38) 0.006 -51.65 (-82.85, -20.45)
Neutral* 130.03 (100.03, 160.02) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per
group.

Max principal facet strain (pe):

Variable: EMMs (95% ClI): p-Value: Estimate (95% Cl):
Axial state 0.664
Compressed 217 (130, 304) 1.000 1.52 (-100.12, 103.16)
Distracted 256 (169, 343) 0.855 40.28 (-61.36, 141.92)
Neutral* 216 (129, 303) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. N > 10 per

group.

Min principal facet strain (ue):

Variable: EMMs (95% ClI): p-Value: Estimate (95% Cl):
Axial state 0.025
Compressed -398 (-507, -289) 1.000 14.39 (-122.91, 151.68)
Distracted -236 (-347, -124) 0.028 176.76 (37.61, 315.92)
Neutral* -412 (-521, -304) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per

group.

Log-transformed max shear facet strain (ue):

Variable: EMMs (95% CI): p-Value: Exponentiated estimate (95% CI):
Axial state 0.004
Compressed 623(449, 864) 0.335 1.31 (0.89, 1.94)
Distracted 315 (227, 437) 0.078 0.66 (0.45, 0.98)
Neutral* 475 (342, 659) - -
Gender 0.002
F 792 (480, 1309) 3.06 (1.59, 5.87)
M* 259 (193, 348) - -
Axial order 0.01

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per
group.
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Sagittal facet deflection (°):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):

Axial state <0.001
Compressed -0.441 (-0.627, -0.255) 0.960 -0.09 (-0.33, 0.16)
Distracted 0.146 (-0.040, 0.332) <0.001 0.50 (0.26, 0.74)
Neutral* -0.356 (-0.541, -0.170) - -

Facet side 0.013
L -0.388 (-0.568, -0.209) -0.34 (-0.60, -0.08)
R* -0.045 (-0.234, 0.144) - -

Age - 0.021 -0.01 (-0.02, 0.00)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. Negative
values indicate a deflection of the facet away from the posterior surface of the vertebral body.
EMMs evaluated at age = 71.32. N > 11 per group.

Transverse facet deflection (°):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial state 0.366
Compressed -0.150 (-0.273, -0.027) 0.556 -0.05 (-0.14, 0.04)
Distracted -0.161 (-0.284, -0.039) 0.371 -0.06 (-0.16, 0.03)
Neutral* -0.099 (-0.222, 0.024) - -
Gender 0.01
F -0.300 (-0.503, -0.098) -0.33 (-0.56, -0.09)
M* 0.027 (-0.083, 0.137) - -
vBMD - 0.027 0.002 (0.000, 0.004)
Age - 0.037 -0.008 (-0.016, -0.001)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. EMMs
evaluated at age = 72.8, vBMD = 144.09. N > 10 per group.

Coronal facet deflection (°):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial state 0.742
Compressed 0.039 (-0.163, 0.242) 0.938 -0.06 (-0.22, 0.10)
Distracted 0.086 (-0.117, 0.288) 1.000 -0.01 (-0.17, 0.15)
Neutral* 0.097 (-0.106, 0.300) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison
of estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per
group.
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Table 4.4: Final multivariable linear mixed-effects models for each outcome parameter during the
flexion tests.

Peak load (Nm):

Variable: EMMs (95% CI): p- Estimate (95% CI):
Value:
Axial state 0.298
Compressed -2.89 (-6.13, 0.35) 1 -0.58 (-3.67, 2.50)
Distracted -0.59 (-3.90, 2.73) 0.545 1.72 (-1.46, 4.89)
Neutral* -2.30 (-5.61, 1.01) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per group.

Log-transform of max principal facet strain (ug):

Variable: EMMs (95% CI): p- Exponentiated estimate (95% CI):
Value:
Axial state 0.529
Compressed 308 (210, 423) 0.561 1.14 (0.90, 1.44)
Distracted 288 (196, 398) 0.830 1.10 (0.87, 1.39)
Neutral* 234 (149, 337) - -
Axial order 0.024

* indicates reference category. #To permit log-transformation a constant of 300 was added to each
measured value to ensure they were non-negative; therefore, the exponentiated estimates correspond
to the transformed data. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per group.
Min principal facet strain (ue):

Variable: EMMs (95% CI): p- Estimate (95% ClI):
Value:
Axial state <0.001
Compressed -884 (-1105, -663) 0.669 -117.99 (-361.78, 125.80)
Distracted -175 (-399, 50) <0.001 591.16 (343.84, 838.47)
Neutral* -766 (-983, -548) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per group.
Log-transformed max shear facet strain (ue):

Variable: EMMs (95% CI): p- Exponentiated estimate (95% ClI):
Value:

Axial state 0.039
Compressed 588 (412, 840) 0.2 1.46 (0.93, 2.31)
Distracted 326 (228, 465) 0.721 0.81(0.51, 1.28)
Neutral* 402 (281, 573) - -

Facet side 0.009
L 586 (417, 825) 1.90 (1.20, 3.01)
R* 309 (219, 434) - -

vBMD 0.034 0.99 (0.98, 1.00)

Axial order 0.009

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons.EMMs were
evaluated at vBMD = 133.81. N = 12 per group.
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Sagittal facet deflection (°):

Variable: EMMs (95% CI): p- Estimate (95% CI):
Value:

Axial state 0.447
Compressed -0.245 (-0.503, 0.012) 0.439 -0.18 (-0.47, 0.11)
Distracted -0.191 (-0.449, 0.066) 0.775 -0.13 (-0.42, 0.17)
Neutral* -0.065 (-0.323, 0.192) - -

vBMD 0.002 -0.007 (-0.011, -0.003)

Facet height 0.008 0.19 (0.06, 0.32)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. Negative values
indicate a deflection of the facet away from the posterior surface of the vertebral body.EMMs
evaluated at vBMD = 135.82, Facet Height = 8.78. N > 11 per group.

Transverse facet deflection (°):

Variable: EMMs (95% CI): p- Estimate (95% CI):
Value:
Axial state 0.026
Compressed 0.272 (0.081, 0.463) 1 -0.03 (-0.25, 0.20)
Distracted -0.001 (-0.196, 0.195) 0.028 -0.30 (-0.53, -0.07)
Neutral* 0.297 (0.107, 0.488) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per group.

Coronal facet deflection (°):

Variable: EMMs (95% CI): p- Estimate (95% CI):
Value:
Axial state 0.168
Compressed -0.082 (-0.223, 0.059) 0.131 -0.09 (-0.19, 0.01)
Distracted -0.052 (-0.196, 0.092) 0.45 -0.06 (-0.17, 0.04)
Neutral* 0.011 (-0.130, 0.152) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per group.
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Table 4.5: Final multivariable linear mixed-effects models for each outcome parameter during the
axial rotation tests.

Peak load (Nm):

Variable: EMMs (95% ClI): p-Value: Estimate (95% CI):
Axial state <0.001
Compressed 8.228 (6.480, 9.976) 0.016 1.75 (0.51, 2.99)
Distracted 4.159 (2.411, 5.907) 0.002 -2.32 (-3.56, -1.08)
Neutral* 6.480 (4.732, 8.228) - -

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple
comparisons. N = 12 per group.

Max principal facet strain (ne):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial state 0.074
Compressed 1000 (720, 1280) 1.000 19.03 (-221.97, 260.02)
Distracted 748 (468, 1028) 0.115 -233.23 (-474.23, 7.76)
Neutral* 981 (701, 1261) - -
Facet side 0.042
L 652 (301, 1003) -515.72 (-1011.79, -19.65)
R* 1168 (817, 1518) - -

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple
comparisons. N = 12 per group.

Min principal facet strain (pe):

Variable: EMMs (95% CI): p-Value: Estimate (95% ClI):

Axial state 0.776
Compressed -1053 (-1357, -749) 1.000 -86.92 (-462.40, 288.57)
Distracted -926 (-1194, -658) 1.000 39.95 (-316.44, 396.34)
Neutral* -966 (-1258, -674) - -

Facet side 0.002
L -1296 (-1584, -1009) - -458.88 (-868.66, -49.09)
R* -667 (-925, -410) - -

Gender 0.030
F -1211 (-1570, -853) - -629.28 (-984.79, -273.77)
M* -752 (-956, -549) - -

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple
comparisons. N > 7 per group.

Max shear facet strain (ne):

Variable: EMMs (95% ClI): p-Value: Estimate (95% CI):
Axial state 0.002
Compressed 2194 (1736, 2652) 1.000 114.84 (-366.99, 596.68)
Distracted 1353 (895, 1810) 0.008 -726.38 (-1208.21, -244.55)
Neutral* 2079 (1622, 2537) - -

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple
comparisons. N > 10 per group.
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Sagittal facet deflection (°):

Variable: EMMs (95% CI):
Axial state
Compressed -0.777 (-1.133, -0.421)
Distracted -0.385 (-0.741, -0.029)
Neutral* -0.722 (-1.078, -0.366)
Facet side
L -1.408 (-1.761, -1.055)
R* 0.152 (-0.218, 0.522)

p-Value:
0.178
1.000
0.279

<0.001

Estimate (95% CI):

-0.05 (-0.51, 0.40)
0.34 (-0.11, 0.79)

-1.56 (-2.07, -1.05)

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple
comparisons. Negative values indicate a deflection of the facet away from the posterior

surface of the vertebral body. N = 12 per group.

Transverse facet deflection (°):

Variable: EMMs (95% CI):
Axial state
Compressed -0.503 (-0.659, -0.348)
Distracted -0.396 (-0.558, -0.233)
Neutral* -0.493 (-0.653, -0.332)
Facet side
L -0.612 (-0.787, -0.437)
R* -0.316 (-0.499, -0.133)
Gender
F -0.705 (-0.925, -0.485)
M* -0.223 (-0.369, -0.077)

p-Value:
0.388
1
0.521

0.021

Estimate (95% CI):

-0.01 (-0.18, 0.16)
0.10 (-0.08, 0.27)

-0.30 (-0.54, -0.05)

-0.48 (-0.75, -0.22)

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple

comparisons. N > 9 per group.

Coronal facet deflection (°):

Variable: EMMs (95% ClI):
Axial state
Compressed 0.222 (-0.026, 0.469)
Distracted 0.145 (-0.102, 0.393)
Neutral* 0.190 (-0.063, 0.443)
Facet side
L 0.376 (0.111, 0.641)
R* -0.005 (-0.282, 0.272)

p-Value:
0.868
1.000
1.000

0.051

Estimate (95% ClI):

0.03 (-0.26, 0.33)
-0.04 (-0.34, 0.25)

0.38 (0.00, 0.76)

* indicates reference category. Sub-category p-values were determined from post-hoc
comparison of estimated marginal means, using Bonferonni correction for multiple

comparisons. N > 10 per group.
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Table 4.6: Final multivariable linear mixed-effects models for each outcome parameter during the
lateral bending tests.

Peak load (Nm):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial state 0.604
Compressed 0.349 (-1.510, 2.208) 0.785 -0.89 (-3.00, 1.22)
Distracted 1.252 (-0.607, 3.111) 1.000 0.01 (-2.10, 2.13)
Neutral* 1.237 (-0.622, 3.096) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N = 12 per group.
Maximum principal facet strain (ne):

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial state 0.277
Compressed 218 (99, 337) 1.000 18.68 (-138.20, 175.57)
Distracted 316 (199, 432) 0.276 116.53 (-38.88, 271.94)
Neutral* 199 (80, 318) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 11 per group.
Log-transformed minimum principal facet strain (ne):

Variable: EMMs (95% CI): p-Value: Exponentiated estimate (95% CI)?:
Axial state <0.001
Compressed -592 (-715, -457) 0.008 0.89 (0.83, 0.96)
Distracted -76 (-245, 102) 0.008 1.13 (1.04, 1.23)
Neutral* -357 (-498, -208) - -

* indicates reference category. # To permit log-transformation a constant of 2500 was added to each
measured value to ensure they were non-negative; therefore, the exponentiated estimates correspond
to the transformed data. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per group.
Log-transformed max shear facet strain (ue):

Variable: EMMs (95% ClI): p-Value: Exponentiated estimate (95% ClI):
Axial state 0.016
Compressed 588 (400, 862) 1 1.15 (0.69, 1.90)
Distracted 294 (205, 420) 0.052 0.57 (0.35,0.93)
Neutral* 512 (355, 740) - -

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 10 per group.
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Sagittal facet deflection (°):

Variable: EMMs (95% CI):
Axial state
Compressed 0.139 (-0.050, 0.329)
Distracted 0.156 (-0.021, 0.333)
Neutral* -0.134 (-0.311, 0.044)
Facet side
L -0.106 (-0.282, 0.070)
R* 0.214 (0.029, 0.399)

Loading order

p-Value:

0.034

0.016

0.043

Estimate (95% CI):

0.273 (0.023, 0.523)
0.290 (0.063, 0.516)

-0.320 (-0.571, -0.068)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. Negative values
indicate a deflection of the facet away from the posterior surface of the vertebral body. N > 10 per

group.

Transverse facet deflection (°):

Variable: EMMs (95% CI):
Axial state
Compressed 0.015 (-0.118, 0.149)
Distracted 0.030 (-0.107, 0.166)
Neutral* 0.042 (-0.091, 0.175)

p-Value:

0.946
1.000
1.000

Estimate (95% CI):

-0.027 (-0.190, 0.137)
-0.012 (-0.179, 0.154)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per group.

Coronal facet deflection (°):

Variable: EMMs (95% ClI):
Axial state
Compressed 0.120 (-0.120, 0.361)
Distracted 0.108 (-0.132, 0.348)
Neutral* 0.152 (-0.088, 0.393)

p-Value:

0.947
1.000
1.000

Estimate (95% CI):

-0.032 (-0.313, 0.249)
-0.044 (-0.325, 0.236)

* indicates reference category. Sub-category p-values were determined from post-hoc comparison of
estimated marginal means, using Bonferonni correction for multiple comparisons. N > 9 per group.
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4.6.1 Post-hoc power analysis

A post-hoc power analysis was performed to ensure that the LMMS were suitably
powered. In biomechanical experiments of human cadaver material, 6 specimens per group are
generally sufficient to detect significant differences, so great care was taken to ensure that the
events-per-variable did not fall below 6 for any model. Model convergence was evaluated at each
step to ensure the statistical integrity of each model was acceptable. After consultation with a
statistician, a post-hoc power analysis determined that this study was suitably powered (Power =
1.00). A one-way, post-hoc ANOVA power calculation was performed using the G*Power
software (Faul et al., 2007), in a deflated sample size was used (to account for variance inflation

of LMMs) based on a minimum of 6 specimens per group.
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Chapter 5 Towards a methodology to produce cervical
bilateral facet dislocation and investigate the roles of axial
compression and distraction on failure load and
mechanism

5.1 Introduction

Traumatic subaxial cervical bilateral facet dislocation (BFD) and fracture-dislocation
(BFD+Fx) often cause tetraplegia (Hadley et al., 1992; Payer and Schmidt, 2005), typically
resulting in lifetime personal care costs of approximately US$3 million (DeVivo et al., 2011).
BFD=+Fx of the subaxial region (C3-T1) occurs most frequently at C6/C7 and is often caused by
traffic accidents and falls (Quarrington et al., 2018b) (Chapter 2). During these injury events,
eccentric axial compressive forces applied to the head (Allen et al.,, 1982; Cusick and
Yoganandan, 2002; Huelke and Nusholtz, 1986; White and Panjabi, 1990), or inertial motion of
the head during high deceleration events (Huelke and Nusholtz, 1986), create an external bending

moment about the subaxial cervical spine (Pintar et al., 1998).

It has traditionally been accepted that during BFDxFx external loading produces a
distractive-flexion or compressive-flexion injury vector at the level of injury (Allen et al., 1982;
Beatson, 1963; Pintar et al., 1998). These proposed injury mechanisms were ascertained from
retrospective analyses of radiographic images and medical records, and from quasi-static
manipulation (to dislocation) of functional spinal units (FSUs). However, global flexion moments
alone do not cause BFDxFx when applied to whole cervical spines (Nightingale et al., 1991;
Pintar et al., 1998). Intervertebral anterior shear motions are also observed in the lower cervical
spine during the experimental production of BFD (Hodgson and Thomas, 1980; lvancic, 2012b;
Maiman et al., 1983; Panjabi et al., 2007; Roaf, 1960), yet the role of this loading direction during

cervical trauma has not been thoroughly investigated.

In a recent computational study of the response of the cervical spine to axial compression
impact loading, intervertebral anterior-shear loads as high as 3000 N were observed in the lower

cervical spine due to first-order buckling, causing forward translation of C6 on C7 (Nightingale
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et al., 2016). However, these simulations were unable to model failure of anatomical structures
so it could not be confirmed that dislocation would have occurred. Cripton (1999) noted that the
facet joints of subaxial cervical FSUs were close to dislocation even when applying non-traumatic
unconstrained anterior shear loads (200 N), so it is likely that the loads observed by Nightingale
et al. (2016) would have produced BFDxFx. Developing a better understanding of the response
of cervical FSUs to intervertebral anterior shear is crucial in elucidating the injury mechanisms

of BFD and BFD+Fx.

Only one published experimental series has reliably produced dynamic BFD (lvancic et
al., 2007, 2008; Panjabi et al., 2007). In this study, incrementally increasing sagittal decelerations
were applied to C3/C4, C5/C6, and C7/T1 FSUs (with a head mass surrogate attached) until
dislocation occurred. Intervertebral motion primarily comprised flexion, anterior shear, and
distraction, and peak inter-facet separation (perpendicular to the sagittal plane of the inferior
facet) of up to 8 mm was observed during the first half of the injurious motion (Panjabi et al.,
2007). No BFD+Fx were produced despite the fact that concomitant facet fractures are commonly
associated with clinical BFD (Foster et al., 2012). This could be an artefact of the incremental
inertial injury mechanism, as rupture of the posterior ligaments was observed during the impact
immediately preceding BFD for all specimens. Compromise of these structures may have
permitted excessive distraction or unconstrained subluxation of the facet joints, allowing the joint

to dislocate without high inter-facet loads.

The occurrence of BFD+Fx has also been absent during head-first impact tests of
cadaveric specimens. In these tests, BFDs occurring in the lower cervical spine were preceded by
local intervertebral flexion and anterior shear motions, but with associated local axial
compression rather than distraction (Hodgson and Thomas, 1980; Ivancic, 2012; Nightingale et
al., 2016). Others have suggested that the lack of BFD+Fx observed during head-impact tests
may be due to an absence of muscle force replication, either passive (maintaining normal neck
posture) or to simulate neck bracing prior to impact (Foster et al., 2012). Muscle activation may

impose an additional intervertebral compression load during injury that restricts pathological
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flexion and intervertebral distraction, causing increased loading of the facets and potentially
leading to fracture. Nightingale et al. (2016) reported that including muscles in head-impact
simulations substantially increased intervertebral compressive and shear loads when compared to
simulations without muscles, especially when first-order buckling occurred. The magnitude of
intervertebral distraction or compression that is superimposed on the injury vectors leading to
BFD may dictate the loading that is transferred to the cervical facets and is important in

determining the risk of BFD+Fx.

The biomechanical response of the subaxial facets during cervical trauma is significantly
understudied. In a recent study hemispherical loading pins applied point loading to subaxial
inferior cervical facets to simulate destructive intervertebral anterior shear motions, during which
facet surface strain, deflection, stiffness and failure load were quantified (Quarrington et al.,
2018a) (Chapter 3); however, point loading is unlikely to fully represent in vivo conditions,
especially when compression or distraction are superimposed on the shear motion. Elucidating
the mechanical response of the facets during intervertebral anterior shear motion, with axial
compression or distraction, will improve fundamental understanding of how axial loading

contributes to BFD and BFD+Fx.

The role of anterior shear during cervical BFD, and the effect of compression/distraction
on the mechanical response of the facets and the risk of BFD+Fx, have not previously been
investigated. Therefore, the aim of this study was to develop an experimental method to reliably
apply constrained, destructive anterior shear motions to C6/C7 FSUs with imposed intervertebral
axial compression or distraction, and to investigate the effect of axial condition on the

biomechanical response and injury patterns of the facets.

5.2 Methods
5.2.1 Specimen preparation and embedding
Donor information, screening, handling and medical imaging measurement details for

the twelve cervical motion segments used in this study are described in Section 4.2.1. Initially,
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the distal levels of five C5-T1 motion segments were augmented with screws/wire (Figure 5.1a)
to assist with fixation in blocks of polymethylmethacrylate (PMMA; Vertex Dental, Utrecht,
Netherlands). The C5 and T1 vertebrae were included to provide a larger surface area to assist
with fixation within the PMMA. However, the large coupled flexion moment associated with the
applied supraphysiological anterior shear motions caused failure of the specimen-PMMA
assembly during testing, either due to motion at the embedded levels (Specimens #1 and #3-5) or
fracture at the embedded vertebra/screw interface (Specimen #2). Iterative improvements to the
augmentation and embedding protocols were made for each specimen, but it became apparent
that motion at the C5/C6 and C7/T1 levels, or techniques implemented to restrict this motion,
were responsible for the embedding failure. Therefore, C6/C7 FSUs were used for the remaining
tests (N=7). Screw/wire constructs were attached to the exposed vertebral endplates and posterior
elements were embedded along with the distal third of each vertebra (Figure 5.1b). All C6/C7
joints and disco-ligamentous tissues were maintained. The first specimen embedded in this
manner (Specimen #6) fractured through the vertebral body at the specimen/PMMA interface due
to poor bone quality (Table 5.1); however, five of the remaining six specimens achieved BFD

without embedding failure (embedding failure of C7 occurred for Specimen #12).
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Figure 5.1: Specimen preparation: Screws and wire were used to assist with fixation of a) six C5-
T1; and, b) six C6/C7 motion segments in blocks of polymethylmethacrylate. A C6/C7 specimen
with the superior anatomy and screw/wire construct embedded is shown in c).

5.2.2 Mechanical loading

Each specimen was mounted on a six-axis load cell (MC3A-6-1000 4.4 kN, AMTI,
Massachusetts, USA) fixed to the base of a six-axis materials testing machine (8802, Instron,
High Wycombe, UK). Either 300 N of axial compression or 2.5 mm of distraction was applied
(randomly assigned). As detailed in Chapter 4, the ‘compressed’ condition simulated the loading
experienced due to neck muscle activation (Bell et al., 2016; Chancey et al., 2003; Cripton et al.,
2001; Hattori, 1981; Newell et al., 2014; Pospiech et al., 1999), while axial distraction created
intervertebral separation of similar magnitude to that observed by Panjabi et al. (2007) during
inertially induced experimental BFD. Specimens were fixed in the compressed or distracted
condition by fastening locking struts to the exterior surface of the molds (Figure 5.2). The

specimens were then removed from the six-axis material testing machine and transferred to a
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biaxial material testing machine (8874, Instron, High Wycombe, UK) for destructive anterior

shear testing.

Locking struts

Inferior
mold

R0 WC6/C7
specimen

N &\ \
Mold MCs

Figure 5.2: Photo of a specimen fixed in the compressed or distracted position by fastening locking
struts to the exterior surface of the embedding molds. Motion capture marker carriers (MCs) are
also pictured. VB = vertebral body.

The superior vertebra was fixed to the axial actuator of the biaxial test machine such that
quasi-static anterior shear (1 mm/s) could be applied (Figure 5.3). The inferior vertebra was
secured to the base of the test machine via an adjustable support apparatus intended to maintain
the compressed or distracted state of the specimen throughout testing. Forces and moments were
recorded by a six-axis load cell (MC3A-6-1000, AMTI, Massachusetts, USA) attached to the
actuator as a displacement of 20 mm was applied. This displacement was slightly greater than the
average endplate depth of the C6/C7 vertebrae (Panjabi et al., 1991) to ensure that a ‘Stage 4’
dislocation injury could be achieved (Allen et al., 1982). During testing, large off-axis forces
(perpendicular to the axis of the actuator) occurred as the facet joints engaged. This produced
some off-axis (axial) deflection of the actuator, causing the molds to separate by an additional

2.05+0.25 mm for the compressed specimens, and 1.64+0.38 mm for the distracted specimens.
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Figure 5.3: Lateral schematic of the embedded specimen attached to the biaxial testing machine
(left) and corresponding photograph (right). Anterior shear motion was applied to the superior
mold by the actuator and six-axis forces and moments were recorded by the load-cell.
Intervertebral separation corresponding to 300 N of compression or 2.5 mm of distraction was
imposed throughout the test by the support plates. Motion capture marker carriers (MCs) are
pictured. VB = vertebral body.

| Inferior support plate

5.2.3 Instrumentation, data collection and processing

The bilateral inferior facets of C6 were instrumented with rosette strain gauges (FRA-1-
23-1L, TML, Tokyo, Japan) and motion capture marker-carriers (Optotrak Certus, Northern
Digital Inc., Ontario, Canada), and all data (including load cell and position data) were collected
and processed as described in Chapter 4. Each test was video-recorded at 400 Hz using a high-

speed camera (i-Speed TR, Olympus Corporation, Tokyo, Japan). Following completion of
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testing, Specimens #6-12 were fixed in their final position using locking struts, removed from the
testing machine, and attached to a radiolucent support fixture (Figure 5.4). The specimens then
underwent high-resolution computed tomography (CT) scans (SOMATOM Force, Siemens,
Erlangen, Germany; 0.4 mm slice thickness, 0.23 mm in-plane resolution) and the presence and

features of vertebral fractures were determined.

Rl

¢ Superior |

C7 spinous

process

- »v'

Figure 5.4: A photo of a specimen fixed in the final, post-test position (top) and the corresponding
sagittal computed tomography image (bottom).

5.2.4 Supraphysiologic anterior shear analysis point

All twelve specimens achieved at least 2.19 mm of supraphysiologic anterior shear prior
to exhibiting motion within the PMMA embedding. Therefore, the change (from unloaded) in
shear and axial load, maximum (tensile) and minimum (compressive) principal strains, maximum
shear strains, and angular facet deflections were calculated at 2.19 mm of applied anterior shear
(Figure 5.5). Linear mixed-effects models (LMMSs) were developed to identify if axial condition

(compressed vs. distracted) was significantly associated with these outcome measures. Using
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SPSS v24 (IBM, lllinois, USA), the normality and homogeneity of variance of each dependent
variable was assessed using Shapiro-Wilk and Levene tests, respectively, and statistically
significant outliers were removed to meet these criteria if required — this was only necessary in
4/8 models, and at most 2/24 observations were removed. The effect of axial condition was
assessed in all models, and this effect was adjusted for facet side (left vs. right), donor
demographics, specimen bone mineral density, vertebral body size, facet height and angle, and
the type of specimen (four-vertebrae vs. two). Because measurements from the left and right
facets of each specimen were included as separate observations, a random effect of cadaver ID
was included. Each model was refined using a manual backward step-wise approach until only

significant predictors remained (a=0.05).

5.2.5 Initial anatomical failure analysis point

Shear load-displacement plots were generated for the five specimens that achieved 20
mm of shear motion without embedding failure (Figure 5.5). The instant of initial anatomical
failure (defined as a distinct reduction in shear load and confirmed using high-speed camera
footage) was identified (Figure 5.5), and the aforementioned outcome measures (Section 5.2.4)
were determined at this point. This component of the study was underpowered to perform

statistical analyses due to the small number of successful tests; descriptive statistics are reported.
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Figure 5.5: A typical filtered anterior shear load-displacement plot. The instant of initial failure
(red O) and the position at which the supraphysiologic shear analysis was performed (dashed lines)
are indicated.

53 Results
Donor and specimen details are provided in Table 5.1. Strain data from the left facet of
Specimen #7 was omitted from all analyses as the readings were unreliable due to technical

difficulties.
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Table 5.1: Donor and specimen details. vBMD = volumetric K2HPO4 equivalent bone mineral
density.

Test # Specimen ID  Sex Age M(er;a;g /\éﬁﬂl’;/)lD Specimen type
1 HO10 M 71 138.8 Four vertebrae
2 HO13 M 58 115.0 Four vertebrae
3 HO014 M 58 83.6 Four vertebrae
4 HO003 M 46 142.9 Four vertebrae
5 H002 F 62 216.7 Four vertebrae
6 H004 F 75 99.0 Two vertebrae
7 HO036 M 58 125.5 Two vertebrae
8 HO09 M 85 223.5 Two vertebrae
9 H041 M 82 74.1 Two vertebrae
10 HO020 M 76 105.2 Two vertebrae
11 HO033 F 88 117.1 Two vertebrae
12 H043 M 81 164.4 Two vertebrae

5.3.1 Supraphysiologic anterior shear
The eight final multivariable LMMs from the supraphysiologic anterior shear (i.e. 2.19
mm) analyses are presented in Table 5.4 in Section 5.5 — a summary of these models is provided

in Table 5.2.

Table 5.2: Summary of the final multivariable linear mixed-effects models for supraphysiologic
anterior shear motion. Significant p-values (a=0.05) for the axial condition variable are bolded.

Outcome variable: Axial condition p-value:  Significant covariates:
Shear load 0.200

Axial load 0.002

Maximum principal strain 0.312 Facet height

Minimum principal strain 0.916 Facet side, facet angle
Maximum shear strain 0.050

Sagittal facet deflection 0.031

Transverse facet deflection 0.642 Facet side, specimen type
Coronal facet deflection 0.213

For most specimens (3/5), the supraphysiologic anterior shear analysis point was >49%
of the displacement that was required to cause initial anatomical failure (Figure 5.5). There was
a significantly larger increase in axial load at the supraphysiologic anterior shear analysis point
for the compressed specimens, compared to the distracted specimens. No association with shear

load was observed (Figure 5.6).
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Figure 5.6: Mean (x1 SE) measured anterior shear and axial load for the compressed and
distracted axial conditions at the supraphysiologic anterior shear analysis point. Significant
differences between the compressed and distracted axial conditions, as determined by the final
multivariable linear mixed-effects models (¢=0.05), are indicated.

There were no significant differences in maximum (tensile) or minimum (compressive)
principal strains between axial conditions (Figure 5.7); however, compressive strains were larger
for the left facets than the right across both conditions. Maximum shear strains were significantly

larger for the compressed group.
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Figure 5.7: Mean (£1 SE) measured: a) maximum principal; b) maximum shear; and, ¢) minimum
principal strains for the compressed and distracted axial conditions at the supraphysiologic
anterior shear analysis point. Outliers that were omitted from statistical analysis are not displayed.
Left and right facet measurements are grouped for outcomes with no significant difference between
sides. Significant differences between the compressed and distracted axial conditions, as
determined by the final multivariable linear mixed-effects models (¢=0.05), are indicated by
numbers 1, 2, and 3.

Facet deflections at 2.19 mm of anterior shear motion were significantly larger for the

distracted specimens, compared to the compressed specimens (Figure 5.8). In these plots,

negative angles reflect: (a) sagittal deflections away from the vertebral body; (b) left coronal

deflections (away from the vertebral body for the right facet, towards for the left); and, (c) left

transverse deflections (away from the vertebral body for the left facet, towards for the right).

Transverse deflections were significantly different for the left compared to the right facets (Table

5.2), but there was no effect of axial condition.
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Figure 5.8: Mean (x1 SE) measured: a) sagittal; b) coronal; and, c) transverse facet deflections for
the compressed and distracted axial conditions at the supraphysiologic anterior shear analysis
point. Outliers that were omitted from statistical analysis are not displayed. Left and right facet
measurements are grouped for those outcomes with no significant difference between sides.
Significant differences between the compressed and distracted axial conditions, as determined by
the final multivariable linear mixed-effects models (¢=0.05), are indicated by numbers 1, 2, and 3.

5.3.2 Fracture-dislocation specimens

Five specimens (three compressed, two distracted) successfully underwent 20 mm of
constrained anterior shear motion, producing BFD+Fx in all cases. Six-axis load-displacement
plots for each successful test are presented in Section 5.5. Fractures of the C6 inferior facet(s)
occurred for all specimens, and 4/5 were bilateral; C7 superior facet fractures also occurred for 3
specimens (1 bilateral) (Table 5.3). Fractures through the facet tip (8 occurrences), articular pillar
(5 occurrences), spinous process (1 occurrence), and vertebral body (1 occurrence) were
observed. There did not appear to be any correlation between axial condition and the type of

fractures observed.
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Table 5.3: Outcome measures for each test. Dashes indicate that failure data was not available.

Test#  Axial Supra. shear BFD+Fxshear Initial failure C6 Fx locations C7 Fx locations
condition load (N) load (N)

1 Distracted 461.38 - - - -

2 Compressed 583.24 - - - -

3 Distracted 316.85 - - - -

4 Distracted 149.88 - - - -

5 Compressed 515.99 - - - -

6 Distracted 145.96 - - - -

7 Compressed  771.64 1409.67 Bilateral facets ~ Bilateral facet tip None

8 Distracted 882.26 1095.77 Right facet Bilateral facet tip None

9 Distracted 700.32 793.80 Right facet Right articular pillar;  Left facet tip
Spinous process;
Left facet tip

10 Compressed  939.17 1766.52 Left facet Left articular pillar; Bilateral articular pillar
Right facet tip

11 Compressed  408.90 571.98 Right facet Right facet tip Left articular pillar

12 Compressed  630.50 - - - -

BFD, bilateral facet dislocation; Fx, fracture.

Initial failure was most often unilateral, and forces at this analysis point were generally

higher for the compressed specimens. Unilateral facet fracture occurred first for 4/5 specimens,

3 of which involved the right facet; bilateral fracture was observed for one specimen (Table 5.3).

Compressed specimens exhibited larger shear displacement (5.57+0.58 vs. 3.11+0.22 mm), shear

load (1249.39+354.02 vs. 944.78+150.98 N), and axial load (233.18+15.60 vs. 78.82+30.91 N)

at initial failure compared to the two distracted specimens (Figure 5.9a-c). On average, maximum

principal (2696+1014 vs. 11194288 pe), minimum principal (-1109£770 vs. -668+484 png), and

maximum shear (3805£1117 vs. 1786+639 pue) strains were also generally larger for the

compressed specimens at the point of initial failure. Minimum principal strains tended to be larger

in magnitude for the left facet than the right facet, regardless of which facet failed at this analysis

point (Figure 5.9d-f).
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Figure 5.9: The measured (a) shear displacement, (b) shear load, and (c) axial load at the point of
initial failure for each specimen (grouped by axial condition) is displayed, along with the measured:
(d) maximum principal; (¢) minimum principal; and, (f) maximum shear facet strains at this
analysis point. Strain data from the left facet of Specimen #7 is omitted due to technical difficulties.
* indicates the facet(s) that failed at this instance. L = left; R = right.

Facet deflection data is presented in Figure 5.10; data for Specimen #10 was unavailable

due to technical difficulties. The mean change in sagittal deflection was comparable for the

compressed and distracted specimens (-3.69+1.57 vs. -3.77+1.17°). However, the magnitudes of

coronal and transverse deflections away from the vertebral body were generally larger for the

compressed specimens.
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Figure 5.10: Measured: a) sagittal; b) coronal; and, c) transverse facet deflections for the
compressed and distracted specimens at the point of initial failure. Data for Specimen #10 was not
available due to technical difficulties. * indicates the facet(s) that failed at this instance. L = left; R
= right.

5.4  Discussion

Intervertebral anterior shear motion is associated with traumatic subaxial cervical BFD
(Hodgson and Thomas, 1980; Ivancic, 2012b; Maiman et al., 1983; Panjabi et al., 2007; Roaf,
1960). It has been proposed that shear motion imposed with axial compression may cause
BFD+Fx (Foster et al., 2012), but the mechanical response of the facets during this
motion/loading combination has not previously been reported. In the present study, a
methodology was developed to reliably apply 20 mm of constrained anterior shear to C6/C7 FSUs
combined with imposed axial compression or distraction. Twelve specimens achieved 2.19 mm
of supraphysiologic intervertebral anterior shear motion, and BFD+Fx was produced in the five
specimens that successfully underwent 20 mm shear without embedding failure. Shear and axial
forces, and the mechanical responses of the bilateral C6 inferior facets, were determined at 2.19
mm of shear (for all specimens) and at the point of initial failure (for the successful experiments).
In general, the compressed specimens experienced higher forces, facet strains and non-sagittal

deflections at both analysis points.

Change in shear and axial loads were larger for the compressed specimens at the
supraphysiologic shear analysis points, but this was only statistically significant for axial load. A
significantly larger change in axial load for the compressed group may support the theory of

increased facet engagement for these specimens, as the off-axis forces were likely caused by the
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inclined sagittal angle of the subaxial cervical facets. For the successful failure tests, shear and
axial loads, and shear displacement at the initial anatomical failure analysis point tended to be
larger for the compressed group. Interestingly, the lowest shear failure load occurred for a
compressed specimen (#11), probably due to its small vertebral size (Table 4.1). As with the
supraphysiological shear results, the differences observed at point of failure were likely due to

altered facet engagement caused by the changes in axial separation.

Sagittal facet deflections (away from the vertebral body) at 2.19 mm of anterior shear
were significantly larger for the distracted specimens, while transverse deflections tended to be
larger for the compressed specimens. For transverse deflections, a significant difference between
facet sides was observed because deflections for both facets were calculated in the vertebral body
coordinate system. Using the ‘right-hand rule’, transverse rotations about the y-axis (superior-
inferior) directed away from the vertebral body (as would be expected to occur during
supraphysiologic anterior shear) were negative for the left facet and positive for the right facet.
Transverse deflections were larger in magnitude for the compressed specimens for both facets,
but this was not statistically significant (Table 5.2). It is likely that the ~10° angle that the inferior
C6 facets make with the coronal plane (Panjabi et al., 1993) would result in large transverse
deflections during supraphysiologic anterior shear, and these deflections would be greater for the

compressed specimens where the articulating facets are fully engaged.

Sagittal facet deflections up to 7.5° were observed at the point of initial anatomical
failure; however, an effect of axial condition was only apparent for non-sagittal deflections. The
sagittal deflections for the fractured facets were slightly larger than those reported for isolated C6
inferior facets in Chapter 3 (5.23+0.82° vs. 3.43+0.08°) (Quarrington et al., 2018a), perhaps due
to the different facet loading mechanisms. Coronal and transverse deflections away from the
vertebral body were generally larger for the compressed group and, as previously suggested, it is
likely that the magnitude of non-sagittal deflections would be greater for these specimens due to

larger facet articulation compared to the distracted condition.
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In general, the larger overall deflections for the compressed specimens corresponded with
higher maximum principal and shear strains at the facet bases, compared to the distracted group.
Maximum principal strains at point of facet failure (when averaged across all specimens) were
comparable to those reported for the simulated anterior shear C6 specimens in Chapter 3
(2517+1030 vs. 2370+1014 pe), but shear strains tended to be lower (27824943 vs. 65953157
ue) (Quarrington et al., 2018a). This possible difference in shear strains could be due to the
different loading methods implemented in the two studies, as the point-loading pins used in Study

2 may have produced more shear deformation than the C7 superior facets.

Large variation in strain values, both between specimens and between facets for the same
specimen, were observed. This is common for these types of studies, as surface strain
measurements of bone are highly dependent on the quality and structure of the underlying bone,
and on the anatomical location of the strain gauge. The use of full-field strain measurement
techniques, such as digital image correlation, could be used in future experiments to obtain
principal and shear strains at the fracture location (if soft tissue is removed to reveal the bony
surface); however, in the current study, visualization of the bony facet tip (where fracture most

commonly occurred) was occluded by the capsule.

The facet fractures observed in this study are clinically relevant and correspond to
AOSpine subaxial cervical spine facet injury classifications F2 and F3 (Vaccaro et al., 2016).
There did not appear to be a difference in the number of fractures between groups, perhaps
because the imposed axial compression and distractions were at the low-end of those estimated
for neck muscle forces (Bell et al., 2016; Chancey et al., 2003; Cripton et al., 2001; Hattori, 1981,
Newell et al., 2014; Pospiech et al., 1999) and inertial intervertebral separation (Panjabi et al.,
2007), respectively. The magnitudes of these conditions were restricted by the design limits of
the six-axis materials testing machine (distraction) and were consistent with those applied in
Study 3 (Chapter 4). Intervertebral axial forces may be much higher during traumatic in vivo
BFD£Fx — peak compression forces of over 4000 N (due to muscle forces and external loading)

were estimated during computer simulations of first-order buckling of the cervical spine
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(Nightingale et al., 2016). Combining destructive anterior shear motion with supraphysiologic
axial compression or distraction may cause different injury patterns between groups and further
elucidate the effect of axial separation on the risk of facet fracture. This could be achieved in
future experiments by adding an independent, horizontal actuator and load cell to the test setup
that can apply substantially larger axial compression and distraction loads to the specimen, while
applying constrained, destructive anterior shear motion using the Instron 8874 axial actuator

(Figure 5.11).
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Figure 5.11: Lateral schematic of the proposed modified test setup, which includes a horizontal
linear actuator and six-axis load cell to apply supraphysiologic axial compression and distraction
during destructive anterior shear testing.

Surrounding muscle tissue was dissected from all specimens, but several of the muscles
that span the C6/C7 motion segment (including longissimus and intertransversarii) have origins

and insertions at the respective transverse processes (Bakkum and D. Cramer, 2013). Therefore,
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the absence of these muscles may influence failure loads and fracture locations. Future
experiments could attempt to maintain or simulate these muscles to produce a more biofidelic

experimental model of BFD+Fx.

In the subaxial cervical spine, physiological intervertebral anterior shear motion is
coupled with flexion rotation (Panjabi et al., 1986), presumably due to the inclined sagittal angle
of the facet joints; however, intervertebral kinematics are non-physiologic during cervical trauma
(Ivancic et al., 2008; Nightingale et al., 1996; Nightingale et al., 2016; Panjabi et al., 2007). When
cervical “buckling” occurs, the flexion rotation that is physiologically coupled with anterior shear
motion is restricted by the lordotic posture of the superior cervical levels, which may cause
constrained, uncoupled shear motion to occur in the subaxial cervical region (Nightingale et al.,
1991; Nightingale et al., 1996; Nightingale et al., 2016). This constrained motion likely prevents
“unloading” of the facets via intervertebral separation, or through unrestricted facet subluxation
(due to intervertebral flexion), leading to BFD+Fx. Therefore, the magnitude of intervertebral
separation (compression or distraction) that is superimposed on constrained anterior shear motion
may contribute to the risk of BFD+Fx. To investigate this, a method to apply constrained,
supraphysiologic intervertebral anterior shear motion (with superimposed compression or

distraction) to C6/C7 FSUs was developed.

The challenges associated with applying constrained, supraphysiologic anterior shear to
cervical FSUs highlights the strength of the structures that resist this motion and may indicate
why BFD+Fx has not been produced experimentally during drop-testing of whole cervical spines.
In this study, large axial forces (Figure 5.6, Figure 5.9c) and flexion moments (see Section 5.5)
occurred due to the inclined sagittal orientation of the C6/C7 facets, causing embedding failure
in 7/12 specimens. These off-axis loads also caused horizontal deflection of the actuator
(perpendicular to the axis of applied motion), permitting unwanted intervertebral distraction (the
magnitude of which was similar for both groups). Our results suggest that, for BFD+Fx to occur
in vivo, the adjacent superior and inferior spinal levels must resist these coupled, off-axis loads,

and the local injury vector must have a substantial shear component. This loading scenario may
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occur if acompressive preload (such as that provided by passive or active neck muscles) is present
during first-order cervical buckling (producing local intervertebral shear). To our knowledge, this

has not been replicated experimentally.

This is the first study to investigate supraphysiologic and traumatic constrained
intervertebral anterior shear in subaxial cervical FSUs, and the first to experimentally produce
BFD+Fx. Change in axial load, and shear strain at the C6 inferior facet base, were both larger for
the compressed specimens at the supraphysiologic and failure analysis points, while shear
displacement and load also tended to be larger at failure for these specimens. Sagittal facet
deflections were significantly larger for the distracted group at 2.19 mm of shear, and were similar
to the compressed specimens at failure, but non-sagittal deflections were generally larger for the
compressed specimens at both analysis points. Clinically relevant facet fractures were created
during the five successful experiments, demonstrating that intervertebral anterior shear motion
contributes to BFD+Fx. Increasing the magnitude of superimposed axial compression and
distraction to supraphysiologic levels may further elucidate how intervertebral separation

contributes to the risk of BFD+Fx during traumatic anterior shear.
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5.5  Supplementary material — Six-axis load-displacement plots

Test #07 — H036 — Compressed — Load-displacement plots
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Figure 5.12: Six-axis load-displacement plots for 20 mm anterior shear applied to Specimen #7 with
300 N of imposed compression.
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Test #08 — H009 — Distracted — Load-displacement plots
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Figure 5.13: Six-axis load-displacement plots for 20 mm anterior shear applied to Specimen #8 with
2.5 mm of imposed distraction.
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Figure 5.14: Six-axis load-displacement plots for 20 mm anterior shear applied to Specimen #9 with
2.5 mm of imposed distraction.
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Test #10 — H020 — Compressed — Load-displacement plots
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Figure 5.15: Six-axis load-displacement plots for 20 mm anterior shear applied to Specimen #10
with 300 N of imposed compression.
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Figure 5.16: Six-axis load-displacement plots for 20 mm anterior shear applied to Specimen #11
with 300 N of imposed compression.
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5.6  Supplementary material — Final linear mixed-effects models

Table 5.4: Final multivariable linear mixed-effects models for each outcome parameter at the
supraphysiologic anterior shear analysis point.

Variable: EMMs (95% Cl): p-Value: Estimate (95% CI):

Axial State 0.2
Compressed -641.58 (-869.62, -413.53) -198.80 (-521.30, 123.70)
Distracted* -442.77 (-670.82, -214.73)

* indicates reference category; N=12.

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial State 0.002
Compressed -108.26 (-142.89, -73.62) -88.89 (-137.87, -39.91)
Distracted* -19.37 (-54.01, 15.26)

* indicates reference category; N=12.

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial State 0.312
Compressed 870 (416, 1324) 307 (-341, 956)
Distracted* 563 (103, 1022)
Facet Height 0.031  93(11,174)

* indicates reference category. EMMs evaluated at Facet Height = 8.41 mm; N=23.

Variable: EMMs (95% Cl): p-Value: Estimate (95% CI):
Axial State 0.916
Compressed -595 (-852, -338) 17 (-340, 375)
Distracted* -613 (-879, -346)
Facet Side 0.001  -976 (-1400, -551)
L -1092 (-1447, -736)
R* -116 (-342, 110)
Facet Angle 0.013  32(8,56)

* indicates reference category. EMMs evaluated at Facet Angle = 128.11 deg; N=23.

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial State 0.05
Compressed 1334 (928, 1739) 601 (-1, 1202)
Distracted* 733 (287, 1179)

* indicates reference category; N=22.
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Variable: EMMs (95% CI): p-Value: Estimate (95% CI):

Axial State 0.031
Compressed -0.537 (-1.157, 0.084) 0.951 (0.110, 1.791)
Distracted* -1.487 (-2.054, -0.921)

* indicates reference category. Negative values indicate a deflection of the facet away from the posterior surface
of the vertebral body; N=24.

Variable: EMMs (95% CI): p-Value: Estimate (95% CI):
Axial State 0.642
Compressed -0.101 (-0.426, 0.223) 0.091 (-0.343, 0.524)
Distracted* -0.192 (-0.487, 0.102)
Facet Side 0.009  -0.968 (-1.637, -0.299)
L -0.631 (-1.080, -0.181)
R* 0.337 (-0.025, 0.700)
Specimen Type 0.041  -0.459 (-0.892, -0.025)

* indicates reference category; N=24.

Variable: EMMs (95% CI): p-Value: Estimate (95% ClI):
Axial State 0.213
Compressed -0.356 (-0.886, 0.174) -0.420 (-1.126, 0.286)
Distracted* 0.064 (-0.404, 0.531)

* indicates reference category; N=23.
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Chapter 6 Summary and integrated discussion
6.1  Overview

This thesis presents four studies that were undertaken to improve fundamental
understanding of the injury mechanisms and biomechanics underlying traumatic subaxial cervical
facet dislocation (CFD) and fracture-dislocation (CFD+Fx). In Study 1, a hard-copy medical
record review of ‘distractive flexion injuries’ (DFIs — including subluxations, dislocations, and
fracture-dislocations) of the subaxial cervical spine (Allen et al., 1982), admitted to the Royal
Adelaide Hospital over a decade was performed to describe the epidemiology and radiographic
features of these patients, and to identify which of these variables are risk factors for spinal cord
injury (SCI). Custom software was developed to provide surgeons with a systematic method of
quantifying subaxial cervical injury severity from radiographic images using recommended
measurement techniques, and the inter- and intra-observer agreement of this method was

evaluated.

In Study 2, the bilateral inferior facets of isolated subaxial cervical vertebrae were loaded
in directions to simulate traumatic in vivo compressive-flexion and anterior shear motions, as
these motions are thought to be associated with bilateral facet dislocation (BFD) and fracture-
dislocation (BFD+Fx). The mechanical response of the facets during non-destructive testing, and

at the point of anatomical failure, were quantified.

In Study 3, intervertebral axial compression and distraction were superimposed on non-
destructive shear, bending and rotation motions of C6/C7 functional spinal units (FSUs) to
investigate how intervertebral axial separation affected the mechanical response of the C6 inferior

facets.

The same FSUs were used in Study 4 to develop a methodology to reliably apply 20 mm
of constrained anterior shear motion with superimposed intervertebral axial compression or
distraction (in the hope of producing BFDzFx). The effect of axial condition on the

biomechanical response of the C6 inferior facets at 2.19 mm of supraphysiologic anterior shear
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were determined, and preliminary data from the point of initial anatomical failure was obtained.

Injury patterns of the facets were investigated.

6.2 Summary of findings
6.2.1 Studyl

Study 1 is the first clinical study of traumatic subaxial cervical facet subluxation and
dislocation in a cohort of 226 patients presenting to a single institution over a 10 year period.
Epidemiology, radiographic analyses, and risk factors for SCI were reported (Quarrington et al.,
2018b). Most patients (56.2%) sustained unilateral (51.2%) or bilateral facet (48.8%) dislocation.
Facet fracture was more commonly associated with unilateral than bilateral DFIs, and 65% of
unilateral dislocations had a concomitant fracture. The C6/C7 vertebral level was most commonly
involved (38.5%) and injury to this level had the highest proportion of neurological involvement
(45.3%); this result informed the decision to study the C6/C7 level in Studies 3 and 4. Younger
adults (< 65 years) were over-represented amongst motor vehicle accidents, whilst falls
contributed to the majority of DFIs sustained by older adults. Greater vertebral translation,
together with lower facet apposition, distinguished facet dislocation from subluxation. Patients
presenting with facet dislocation (vs. subluxation), bilateral facet (vs. unilateral facet) injury, and
reduced GCS, were most likely to have an associated SCI. Spinal canal occlusion (measured on
CT) and spinal cord compression (measured on MRI) measurements at the level of bony injury
were the radiographic measures most predictive of SCI. All radiographic measurements
demonstrated at least “moderate” inter- and intra-observer agreement, with most demonstrating

“almost perfect” reproducibility.

6.2.2 Study 2

The mechanical response of the inferior facets of subaxial cervical vertebrae differed
significantly between quasi-static loading that simulated non-traumatic anterior shear motion, and
that which simulated compressive-flexion. Facet stiffness and failure load were significantly
greater in the compressive-flexion loading direction, and deflection and surface strains were

higher in anterior shear at the non-destructive analysis point (47 N applied load). The non-
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traumatic strains and stiffness responses differed between the upper and lower subaxial cervical
regions. Facet deflections greater than 10° were observed at the point of failure, demonstrating
that the vertebral body and posterior elements are unlikely to be well represented as a single rigid
body during simulations of cervical trauma. Fracture occurred through the facet tip during
anterior shear loading, while failure through the pedicles was most common in compressive-
flexion. The difference in fracture location occurred due to translation of the loading pins as the
facets deflected in the anterior shear testing orientation. In contrast, the point of contact remained
constant during the compressive-flexion tests, and this corresponded with significantly larger
failure load for the specimens that were failed in the simulated compressive-flexion test direction.
Specimen-specific variables such as spinal level, gender, and vertebral size, were significantly
associated with most outcome measures, indicating that these parameters are important
considerations during the development and validation of computational models involving the

cervical facets.

6.2.3 Study 3

Simulated head-weight loading (50 N) and neck muscle bracing (300 N) generally
increased loading of the inferior facets of C6 (as measured by deflection and surface strain),
compared to 2.5 mm of axial distraction, when imposed on quasi-static, constrained, anterior
shear, axial rotation, flexion, and lateral bending motions of C6/C7 FSUs. Minimum principal
and maximum shear strains were largest in the compressed condition for all motions, except for
minimum principal strains during axial rotation. For right axial rotation, maximum principal
strains were significantly larger for the ‘unloaded’ right facets (presumably caused by the capsule
restricting inter-facet separation), and minimum principle strains were larger in magnitude for the
left facets (due to bony facet engagement), regardless of axial condition. Sagittal deflections were
largest in the compressed conditions during anterior shear and lateral bending motions, when

adjusted for facet side.
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6.2.4 Study 4

A method to apply constrained, supraphysiologic intervertebral anterior shear with
superimposed axial compression or distraction to C6/C7 FSUs was iteratively developed. For the
first time, BFD+Fx was experimentally produced in 5/12 specimens — 3 specimens were
superimposed with 300 N compression, while 2 were superimposed with 2.5 mm of axial
distraction. All 12 specimens achieved 2.19 mm of supraphysiologic anterior shear prior to
embedding failure. Change in axial load (disregarding the imposed axial compression/distraction
forces), and shear strain at the C6 inferior facet base, were both larger for the compressed
specimens at the supraphysiologic and failure analysis points, while shear displacement and load
were also generally larger at failure for these specimens. Sagittal facet deflections were
significantly larger for the distracted group at 2.19 mm of shear and were similar to the
compressed specimens at failure. Non-sagittal deflections were generally larger for the
compressed specimens at both analysis points, probably due to the inclined angle of the C6/C7
facet joint relative to the coronal plane and the increased facet engagement for the compressed
specimens. Clinically relevant facet fractures were created during the five successful experiments,

demonstrating that intervertebral anterior shear motion contributes to BFD+Fx.

6.3 Epidemiology and radiographic features of CFD

The demographics and injury mechanisms of the large-scale cohort investigation of
subaxial cervical subluxation, dislocation, and fracture-dislocation injuries were consistent with
small-cohort studies of DFIs and comparable to reports of cervical trauma as a whole. Young
males in high-velocity motor vehicle accidents, and elderly individuals suffering head-contact
during falls, were the most common demographics in this cohort. Although it is difficult to
confirm without detailed information regarding mechanism of injury, it appears unlikely that any
of the CFD=xFx cases occurred without contact to the head (i.e. inertial injury mechanism) — CFD
cases with concomitant injuries reported in the case-notes generally described associated
head/facial injuries, and this sub-cohort had lower mean GCS than other DFIs (13.85+£2.98 vs.

14.07+2.38). This agrees with Foster et al. (2012) who noted that concomitant head/facial injury
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occurred for all cases of CFD reported in the NHTSA Crash Injury Research and Engineering
Network (CIREN) database. Collectively, this suggests that CFD+Fx is rarely caused by inertial
motion of the head during high deceleration events and is most often due to a compressive force

applied to the head.

SCI was most commonly associated with BFD and was present in over 60% of cases,
although this is lower than the prevalence reported in the literature (Allen et al., 1982; Doran et
al., 1993; Hadley et al., 1992; Lintner et al., 1993; Vaccaro et al., 1999). This discrepancy may
be due to selection bias towards more severe cases, as most studies that report the incidence of
SCI in cases of BFD relate to surgical candidates. Others have reported an association between
concomitant facet fracture and reduced neurological involvement (Argenson et al., 1988;
Chakravarthy et al., 2014; Piccirilli et al., 2013; Shanmuganathan et al., 1994) but this was not

observed in the current study, perhaps because SCI was not stratified by ISNCSCI/AIS score.

Facet fractures were associated with over 60% of CFDs and occurred more frequently in
cases of UFD than BFD. This is consistent with previous small-cohort reviews of DFIs (Allen et
al., 1982; Argenson et al., 1988; Beyer et al., 1991; Shanmuganathan et al., 1994). This may be
due to the primary injury vector associated with UFDxFx, and less severe soft-tissue damage
associated with these injuries. Axial rotation is traditionally thought to be associated with
UFD=Fx (Hodgson and Thomas, 1980; Maiman et al., 1983; Roaf, 1960), and UFD-Fx has been
created when quasi-static axial rotation, combined with small amounts of flexion and lateral
bending, was applied to cervical FSUs (Nadeau et al., 2012). In Study 3, 4° of constrained, non-
destructive axial rotation produced the largest deflections of the contralateral ‘loaded’ facet, and
highest surface strains of both facets (regardless of imposed axial loading) of all the directions
tested. In addition, clinical UFDxFx cases often present with less severe injury of the surrounding
soft tissue compared to BFDxFx (Allen et al., 1982) — these structures likely restrict intervertebral
separation during trauma. Reduced intervertebral axial separation resulted in significantly higher
shear strains at the base of the engaged facet, and larger (but not significant) facet deflections, in

Study 3. These experimental findings seem to support the theory that maintaining surrounding

173



soft-tissue structures during UFD will increase the loading transmitted to the facets, possibly

resulting in fracture.

6.4  Measuring the mechanical response of the subaxial cervical facets
during defined loading

The results of Study 1 support the findings of small-cohort studies that facet fractures are
commonly associated with CFD, especially UFD (Allen et al., 1982; Argenson et al., 1988; Beyer
etal., 1991; Shanmuganathan et al., 1994). However, facet fractures are rarely created during the
experimental production of CFD in human cadaver cervical spines. This may be due to an absence
of muscle force replication (either passive or to simulate neck bracing) which may produce a
larger component of anterior shear in the local injury vector (Foster et al., 2012; Nightingale et
al., 2016). For nearly 60 years, biomechanical investigations of cervical trauma have postulated
that intervertebral anterior shear loads and motions are likely associated with CFDzFx (Cripton,
1999; Hodgson and Thomas, 1980; Ivancic, 2012b; Maiman et al., 1983; Nightingale et al., 2016;
Panjabi et al., 2007; Roaf, 1960), but the effect of this loading direction on cervical facet
mechanics has not been thoroughly investigated. Understanding the biomechanics of the subaxial
cervical facets during supraphysiologic and traumatic anterior shear motions is crucial to

understanding the mechanisms of CFD+Fx.

The mechanical response of the lumbar facets to simulated physiologic and traumatic
loading scenarios has been reported, and the strain response of the cervical facet capsule during
whiplash is well understood, but this thesis reports the first series of experiments to investigate
the biomechanics of the subaxial cervical facets during replicated supraphysiologic and traumatic
motions. Most research towards understanding subaxial cervical trauma has involved dynamic,
drop/impact testing of whole cervical spines (with or without heads) during which the applied
intervertebral loading is relatively uncontrolled. These experiments have not produced clinically
relevant CFD+Fx. Therefore, the overall aim of Studies 2, 3, and 4 was to obtain information
about the response of individual anatomical units (including the facets) when loaded in the

directions traditionally associated with cervical trauma — namely anterior shear, flexion, axial
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rotation, and lateral bending. Improving fundamental understanding of how the facets respond to
these defined loading directions may elucidate the mechanisms of CFD+Fx, and the quantitative

information obtained can be used to validate computational models of cervical trauma.

6.4.1 Testing methods

In Study 2, angular deflections, apparent stiffness, surface strains, and failure load of
isolated subaxial cervical bilateral inferior facets were measured during loading that simulated
the proposed injury vectors of supraphysiologic in vivo compressive-flexion and anterior shear
motions. These intervertebral motions have been observed in the lower cervical spine during
experimentally produced BFD (Hodgson and Thomas, 1980; Ivancic, 2012b; Nightingale et al.,
2016; Panjabi et al., 2007), but the individual contributions to facet loading, and risk of associated
facet fracture, of each motion are not well understood. Loading was applied directly to the
bilateral articular facet surfaces using custom hemispherical loading pins attached to the actuator
of an Instron materials testing machine. Specimens were subjected to non-destructive loading in
each direction by orientating the articular facet surfaces relative to the actuator to simulate the
loading vectors applied by the opposing facets during each motion (Figure 3.3). This testing
methodology was informed by studies that investigated the mechanical response of the posterior
elements of isolated lumbar vertebrae (Cyron and Hutton, 1978; Cyron et al., 1976; Suezawa et

al., 1980).

The loading directions used to simulate each motion were deduced from close inspection
of the subaxial cervical facet joint anatomy and their load-bearing role during intervertebral
anterior shear and compressive-flexion motions (Figure 3.3). Intervertebral anterior shear motion
occurs in the sagittal and transverse planes, with the superior vertebra translating anteriorly
relative to the inferior vertebra. This motion causes the bilateral facet joints to engage due to their
inclined, overlapping sagittal orientation. Therefore, loading was applied to the bilateral inferior
articular facet surfaces in a postero-anterior direction, parallel to the inferior vertebral endplate
(Figure 3.3). During physiological subaxial cervical flexion motion the subaxial cervical facets

are unloaded (Jaumard et al., 2011a); however, this study aimed to simulate inter-facet loading
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during supraphysiologic compressive-flexion motion, such as that caused by a global axial
compression with large anterior eccentricity — this loading scenario was proposed as a likely cause
of BFD+Fx by Allen et al. (1982). Such a scenario may force the centre of rotation of
intervertebral flexion further anterior and inferior than occurs physiologically, causing the facet
joints to engage rather than separate. This scenario was simulated by applying loading to the

bilateral facets that was directed perpendicular to the articular facet surfaces.

Axial rotation is commonly associated with UFDxFx (Hodgson and Thomas, 1980;
Maiman et al., 1983; Roaf, 1960), but it was not possible to investigate the mechanical response
of the facets to unilateral inter-facet loading using the Study 2 testing methodology. The line of
action of the axial rotation ‘injury’ vector passes through the vertebral body, making it impractical
to load the inferior articular facet surface in this direction using a loading pin. However,
investigating the mechanical response of the facets during intervertebral axial rotation, as well as

anterior shear, flexion, and lateral bending motions, was achieved in Study 3 by using FSUs.

Facet deflection and surface strain measurement methods were developed in Study 2 and
were modified as needed for Study 3 and Study 4. Angular deflection (or ‘bending’) of the facets
and posterior elements relative to the vertebral body was first described by Cyron et al. (1976)
during destructive testing of lumbar vertebrae. Green et al. (1994) measured sagittal deflections
exceeding 14° during physiological flexion of lumbar FSUs using an infrared motion-capture
system; however, this two-dimensional system did not measure non-sagittal deflections. A similar

analysis had not previously been reported for the cervical spine.

6.4.2 Angular facet deflections

For the first time, 3D deflections of the subaxial cervical facets were measured in Studies
2, 3, and 4 by rigidly fixing custom, light-weight, motion capture marker-carriers to the bilateral
facets and to the vertebral body. The three-camera Optotrak Certus HD motion-capture system
(Northern Digital Inc., Ontario, Canada) captured the 3D co-ordinates of these marker-carriers

during each test, from which sagittal, transverse, and coronal angular deflections of the facets
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were calculated by solving for Euler angles. Accuracy and repeatability of this system was

deemed adequate to capture these deflections (Appendix B)

Non-sagittal deflections were negligible during non-destructive and destructive
simulated anterior shear and compressive-flexion loading in Study 2, but were considerable
during axial rotation in Study 3 and at the two supraphysiologic anterior shear analysis points in
Study 4 (2.19 mm and initial anatomical failure). It is unsurprising that sagittal deflections were
larger than transverse and coronal deflections during non-traumatic anterior shear motion (as
reported in Studies 2 and 3) given the largely coronal orientation of the subaxial cervical facet
joints. Transverse and coronal C6 inferior facet deflections were negligible at the point of failure
in Study 2 (0.45£0.31° and 0.23%0.26°, respectively); however, in Study 4 transverse and coronal
deflections were consistently larger for the compressed than the distracted specimens, and their
magnitudes were comparable to the sagittal deflections. The discrepancy between the results of
Studies 2 and 4 is likely due to the difference in load-application methodology and the anatomical
orientation of the C6/C7 facet joints (discussed in detail in Section 6.5.2). The significance of
these ‘off-axis’ deflections demonstrates the importance of obtaining 3D kinematic data during

biomechanical experiments, even during ‘planar’ motions.

Interpreting 3D angular deflections of the facets proved challenging. Solving for Euler
angles conveniently compartmentalised the deflections into anatomically-relevant planes, but
anatomical differences (both inter- and intra-specimen), or small misalignments when assigning
co-ordinate systems, may have caused deflections to be distributed inconsistently between these
planes, especially during asymmetric motions. This was observed in Study 3, where the difference
in sagittal and transverse deflections between the compressed conditions (50 and 300 N), and the
distracted condition, was not statistically significant for right axial rotation despite clear evidence
of a trend for both the left and right facets. The standard errors for this test direction were larger
than the other motions, supporting our theory that the facet deflections observed during axial
rotation were primarily ‘sagittal’ for some specimens but had a larger component in the

‘transverse’ plane for others. It is likely that ‘resultant’ facet deflections would have been
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significantly different between axial condition groups during axial rotation; however,
representing a change in 3D angulation as a single value is difficult, especially for variations that
are small in magnitude. Use of the helical axis of motion to characterise the deflection of each
facet, relative to the vertebral body, as a translation along and a rotation about this axis was

investigated, but this method has large associated errors for angles <5° (Metzger et al., 2010).

6.4.3 Principal and shear surface strains

Tri-axial rosette strain gauges were fixed to the bilateral inferior facet bases, slightly
superior to the insertion point of the inferior facet capsule, of each specimen tested in Studies 2-
4 to quantify maximum and minimum principal surface strains, and maximum shear surface
strains during loading. There is very little published experimental cervical facet strain data with
which to compare. Maximum and minimum principal strains during non-destructive, constrained
anterior shear motions in Study 3 were generally larger than during unconstrained anterior shear
applied to subaxial cervical FSUs (Cripton, 1999), despite larger shear displacement (mean 2
mm) in the latter study. Maximum principal strains at the point of facet failure during simulated
anterior shear loading of the isolated C6 specimens reported in Study 2 were comparable to the
successful tests in Study 4, but shear strains were lower. This difference in shear strains may be
due to different loading methods in the two studies. In Study 4, the conforming angled C7 superior
facets may have produced less shearing deformation at the facet bases than the rigid, point-

loading pins used in Study 2.

The principal strain responses of the left and right facets were significantly different
during right axial rotation in Study 3. Despite typically being considered ‘unloaded’ during this
motion, maximum principal (tensile) strains at the right facet bases were similar in magnitude to
the minimum principal (compressive) strains measured for the ‘loaded’ left facets. It is likely that
the tensile principal strains observed at the right facets were caused by the facet capsule restricting
inter-facet separation, whilst the compressive strains of the left facets were due to bony contact.
This hypothesis is supported by the corresponding facet deflection results, which demonstrated

large deflections of the left facets away from the vertebral body (as would be expected to occur
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for the inferior facets during facet joint compression), whilst the right facets demonstrated
bending towards the vertebral body (and towards the opposing C7 superior facet) which could
only be caused by the capsular ligament. These results suggest that the facet capsules have a
substantial impact on cervical facet mechanics during axial rotation and should be modelled

appropriately during computational simulations of cervical motion.

In Study 3 and 4, strain gauges could not be attached to the bony surface of the facet tip
without disrupting the C6/C7 facet capsules, so the strain response at the fracture site was not
measured. Full-field strain measurement techniques, such as digital image correlation, could be
used to quantify strains over the entire posterior surface of inferior subaxial cervical facets, but
this would require resection of the capsule and other surrounding soft-tissue. Compromising these
structures may change the biomechanical response of the facets to loading. Further work is

required to develop methods that can quantify in vivo surface strains of the cervical facets.

Occasionally, large variations in strain magnitudes, both between specimens and between
facets for the same specimen, were observed in Studies 2-4. Surface strain measurements of bone
are highly dependent on the quality and structure of the underlying bone, and on the anatomical
location of the strain gauge. Therefore, intra- and inter-specimen anatomical variability, and
difficulties in replicating strain gauge placement, likely contributed to the variation in strain
readings. The effect of this variation was mitigated by using linear mixed-effects models (with a
random effect of facet side nested within cadaver ID) to evaluate within-specimen differences
between groups. In accordance with the assumptions of these statistical models, any significant

outliers were omitted from each analysis.

6.4.4 Failure mechanisms

Fractures of the facet tip, articular pillar, spinous process, and laminae (usually of the
superior vertebra), and occasionally vertebral body fractures of the inferior vertebra, are
associated with CFD (Allen et al., 1982). The mechanisms leading to each of these fracture types

are not well understood and had not previously been observed experimentally. In Study 2,
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clinically relevant facet fractures (Vaccaro et al., 2016) were produced and the mechanical
response of the subaxial cervical facets to simulated traumatic inter-facet loading was directly
observed. For all 13 specimens failed under simulated anterior shear, the point of load application
translated inferiorly towards the facet tips as the facets deflected away from the line of action of
the loading pins. As this translation occurred the volume of bone beneath the loading pins
decreased until fracture occurred through the facet tips. In contrast, fracture through the pedicles
was observed for most specimens failed in the compressive-flexion direction (6/11). The point of
contact of the loading pin did not translate for these specimens, and the axis of rotation of the
facet deflections appeared to be about the pedicles (Figure 3.11). Failure through the pedicles was
associated with significantly higher failure loads than fracture through the facet tips, probably

due to this region having a higher proportion of dense cortical bone.

The fractures observed during constrained, destructive intervertebral anterior shear in
Study 4 (due to facet-on-facet contact loading) were generally consistent with those observed
during the simulated anterior shear loading in Study 2. C6 inferior facet tip fractures occurred
during all five successful tests, regardless of the axial condition imposed. Direct visualization of
the exact mechanisms leading to failure were not possible due to the presence of surrounding soft
tissue, but the comparable fracture patterns to those of the anterior shear tests of Study 2 suggest
a similar response of the C6 inferior facets in the FSU model. A spinous process fracture occurred
for one specimen, but no such fractures were observed in Study 2. This fracture was probably
caused by the nuchal ligament restricting anterior translation of C6, or interference of the C6 and
C7 spinous processes. Neither the nuchal ligament nor the C7 vertebra (including the spinous
process) were present in Study 2, and these different boundary conditions should be considered

when interpreting the results of these studies.

6.4.5 Specimen-specific parameters

Specimen-specific parameters including spinal level, gender, age, vertebral size, facet
geometry, and vBMD were significantly associated with the outcome measures in Studies 2-4.

This information may help to develop improved computational models of cervical spinal motion
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and trauma, as many simulations use generic cervical-spine segment models. The anatomical
geometry and material properties of these models are usually derived from average measurements
of numerous cadaveric specimens (such as Panjabi et al. (1991) and (1993)), disregarding
demographic and individual variation that may significantly alter the mechanical response of the

facets during loading.

In Study 2, the interaction of test direction (anterior shear or compressive-flexion) and
specimen level was significantly associated with facet stiffness, and specimen level was
significantly associated with maximum shear strain (Section 3.5). Post-hoc analysis demonstrated
that the stiffness and strain response differed between the upper (C3-C5) and lower (C6-C7)
levels of the subaxial cervical spine. Facet stiffness was greater at the lower than the upper levels
for anterior shear, but the opposite was true for compressive-flexion. This difference is likely due
to the change in facet and pedicle orientation observed at the lower cervical levels (Panjabi et al.,
1991; Panjabi et al., 1993) as this angle will alter the contributions from the other posterior
elements in resisting the applied loads. Maximum shear strains were significantly higher at the
lower levels than at C3 and C4, regardless of test direction. Smaller facet size in the lower cervical
spine (Panjabi et al., 1993), and the aforementioned variations in facet angle between the upper
and lower regions, probably cause this difference in surface strains. As such, the upper and lower
regions of the subaxial cervical spine should be considered independently when modelling

cervical motion and trauma.

Gender, vertebral size, and facet geometry, were significantly associated with facet
surface strains at non-destructive analysis points in Studies 2-4. As discussed in Section 6.4.3,
surface strain measurements from strain gauges are highly dependent on the region of bone on
which they are fixed, so anatomical variations (both within and between specimens) are likely to
affect these measurements. The significant association between specimen-specific parameters
and surface strain measurements in our experiments demonstrate that such parameters should be
used (wherever possible) when developing and validating computational models of the cervical

spine.
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6.5 The effect of imposed axial compression and distraction during
intervertebral anterior shear of cervical FSUs

6.5.1 Load-displacement response

Facet contact, intervertebral disc pressure, and elongation of surrounding soft-tissue
structures contribute to the load-displacement (or “stiffness”) response of cervical FSUs (Cripton,
1999; Hartman et al., 2016; Rasoulinejad et al., 2012), and their relative contribution to this
response is likely affected by intervertebral axial separation. In Study 3 and Study 4, the loads at
peak anterior shear displacement and at the supraphysiologic shear/failure analysis point,
respectively, were used as a surrogate measure for stiffness — the shear load-displacement plots
for each axial condition had distinctly different linear regions, so traditional stiffness

measurements were not performed.

In Study 3, peak anterior shear loads were comparable to those observed at corresponding
intervertebral anterior shear displacement of subaxial cervical FSUs (Cripton, 1999; King Liu et
al., 1982; Moroney et al., 1988; Shea et al., 1991). Cripton (1999) observed an increase in overall
shear stiffness when a compressive preload of 200 N was imposed on anterior shear motion
(111.7£13.6 vs. 90.9+10.9 N/mm without axial preload). This is consistent with those observed
in Study 3, as significantly larger peak anterior shear loads were observed at 1 mm displacement
for the compressed compared to neutral condition. Axial condition was also associated with peak
axial moments in Study 3. Superimposed axial compression caused the largest axial moments,
followed by the neutral and then distracted axial conditions, but no such association was observed
for the flexion or lateral bending motions. Anterior shear and axial rotation motions occur in the
transverse plane, so (in principle) intervertebral axial separation should not change throughout
constrained motion, whereas flexion and lateral bending (with fixed CoR) inherently cause
distraction/compression of the posterior/anterior and contralateral/ipsilateral anatomy,
respectively. This may explain why imposed axial distraction/compression significantly altered

the ‘stiffness’ response in anterior shear and axial rotation, but not in flexion and lateral bending.
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In Study 4, the change in axial and shear loads (from unloaded) at 2.19 mm of
supraphysiologic anterior shear motion tended to be larger for the compressed specimens, when
compared to the distracted specimens. The significant difference in axial force between axial
condition groups was expected, as these forces are likely due to facet engagement which is
affected by axial separation. The load-bearing proportion of the subaxial cervical facets increases
substantially under high axial compression loads (Teo and Ng, 2001), indicating increased facet
engagement, whereas intervertebral axial distraction causes separation of the articulating facets
(Figure 6.1). Applying 2.19 mm of constrained anterior shear to the compressed specimens
caused further engagement (compression) of the facet joints, further increasing the initial inter-
facet loads. For the distracted specimens, a region of low-stiffness was observed at the beginning
of each axial load-displacement trace (Figure 5.13 and Figure 5.14 in Section 5.5), suggesting
that no facet engagement occurred initially. Upon engagement of the facet joints (presumably
articulation of the facet tips due to the superimposed distraction, Figure 6.1d), a smaller change
(compared to the compressed specimens) in axial and shear forces was produced. This difference
was significant for the change in axial force, but not for the difference in shear force. This may
suggest that the resistance to shear motion for the distracted specimens, presumably due in part
to elongation of the surrounding ligaments, is comparable to the resistance provided
predominantly by facet contact for the compressed specimens. The significantly larger change in
distractive axial load for the compressed group supports the theory that these specimens
experienced greater facet engagement, as the off-axis forces would primarily be caused by the
inclined sagittal angle of the subaxial cervical facets — such off-axis forces occurred during the

simulated anterior shear loading of isolated facets in Chapter 3.
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300 N Compression .

2.19 mm

Initial Anterior Shear

- ;
2.5 mm Distraction

Figure 6.1: Illustrations of facet contact and proposed inter-facet loads when 300 N of axial
compression (b) and 2.5 mm of axial distraction (d) are superimposed on 2.19 mm of constrained
anterior shear motion. (a) Intervertebral axial compression engages the articulating facets,
producing initial axial (Fa) and shear (Fs) inter-facet loads due to the inclined angle of the C6/C7
facet joints. (b) Constrained anterior shear motion further compresses the facet joint, increasing
inter-facet loads. (c) Intervertebral distraction initially unloads the facet joints. (d) Constrained
anterior shear motion causes only the facet tips to engage (after a low-stiffness region suggesting no
inter-facet loading), producing a smaller change in Fa and Fs than for the compressed specimens.
Intervertebral motions and force arrows have been exaggerated for illustration purposes.

In general, larger shear and axial loads, and shear displacements, were observed at the
point of initial facet fracture for the specimens in the compressed group, compared to the
distracted specimens. The difference in shear displacement is probably due to differences in the
initial location of facet contact. For the compressed specimens, the initial centre of facet contact
would have coincided with the approximate geometric centre of the articular facet surfaces. As
the facets deflected during the anterior shear motion, the centre of facet contact likely translated
towards the facet tips until the volume of articulating bone was insufficient to withstand the inter-
facet loads, and subsequent fracture occurred. This mechanism of facet fracture associated with

anterior shear motion is described in Chapter 3 (see Figure 3.11). For the distracted specimens,
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the centre of contact upon initial facet engagement would have been closer to the facet tips (Figure

6.1d), so less shear displacement and load was required to produce a facet fracture.

6.5.2 Angular facet deflections

In Study 3, sagittal facet deflections were significantly larger when axial compression
(either 50 or 300 N) was imposed on 1 mm of anterior shear motion, compared to when the
specimen was distracted. Larger deflections for the compressed specimens were associated with
higher surface strains, supporting the conclusion that the facets experience greater loading in this

condition, compared to the distracted condition.

During supraphysiologic and traumatic anterior shear motions the compressed specimens
almost always exhibited larger non-sagittal facet deflections than the distracted group, and this
is likely due to differences in facet engagement area. The articulating plane of the C6/C7 facet
joints is (on average) orientated at approximately 10° to the coronal plane, with the lateral facet
‘edges’ angled slightly anteriorly (Panjabi et al., 1993). Therefore, during supraphysiologic and
traumatic constrained anterior shear motions it is likely that transverse deflections would occur
and would be greater for the compressed specimens in which the articulating facets are fully
engaged. In contrast, if the facet engagement area is lower for the distracted specimens (i.e. only
the tips are in contact) then the coronal orientation of the articulating surfaces would be less likely
to cause off-axis facet deflections. This may explain why, at 2.19 mm of shear, sagittal facet
deflections were significantly lower for the distracted specimens despite strain magnitudes being
comparable or smaller than the compressed specimens, as three-dimensional ‘resultant’ facet

deflections would likely be similar between groups.

Sagittal facet deflections at the point of facet failure in FSUs (Study 4; average of the
compressed and distracted specimens = 3.76°) was comparable with those measured for the
isolated C6 specimens that were failed in the simulated anterior shear direction (Study 2; 3.43°).
The similarity in sagittal deflections suggests that the point loading applied to the isolated facets

in Study 2 was not substantially dissimilar to in vivo facet loading conditions; however, non-
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sagittal deflections were substantial in Study 4 (particularly for the compressed specimens) but
were negligible in Study 2. The rigid loading pins applied a point force in a constant, defined
direction, causing the facets to deflect in the sagittal plane during simulated anterior shear. In
contrast, the superior facets of C7 are angled by up to 11° relative to the coronal plane (Panjabi
et al., 1993) and likely deflect as they engage with the inferior C6 facets. The angled loading

surface likely produces non-sagittal facet deflections during traumatic anterior shear.

6.5.3 Principal and shear surface strains

The larger facet deflections observed for the compressed conditions in Studies 3 and 4
generally corresponded to higher surface strains (compared to the distracted condition). This
difference was statistically significant for minimum principal and maximum shear strains at 1
mm of anterior shear, and for minimum principal strains at the supraphysiologic shear analysis
point (2.19 mm). In Study 3, minimum principal strains magnitudes were approximately twice
that of the maximum principal strains for the compressed groups, indicating that the facet bases
were primarily experiencing compressive load in this axial condition; however, tensile principle
strains were larger for the distraction tests. Minimum principal strains differed significantly
between the left and right facet bases at the supraphysiologic analysis point in Study 4, making
interpretation difficult. This difference may be due to anatomical asymmetry, as ‘facet angle’ was
a significant covariate in the final LMM. Within-specimen facet angle asymmetry was 5.4+5.9°
(range: 0.1 —19.9°), and an average difference in facet height of 2.0+1.1 mm was measured. Such
asymmetry of the subaxial cervical facet anatomy has previously been described (Panjabi et al.,
1993). Correlation between this anatomical asymmetry and the large difference in compressive

strain magnitudes is difficult to decipher.

In contrast to the sub-failure results, maximum principal and shear strains were generally
larger for the compressed group at point of failure, and minimum principal strains were similar
for the two groups (excluding one outlier in the compressed group). With the exception of one
specimen (#10), the fractured facet experienced maximum principal strain magnitudes that were

consistently larger than minimum principal strains. This demonstrates that the C6 inferior facet
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bases experience high tensile loading during supraphysiologic anterior shear displacement and

may be at risk of failure.

6.6  Limitations of the mechanical testing

In Studies 2-4, quasi-static loading was applied to isolated subaxial cervical facets, and
intervertebral motions were applied to C6/C7 FSUs, at rates that are substantially lower than those
estimated to occur during cervical trauma. A minimum global impact velocity of 3 m/s is generally
thought necessary to produce clinically relevant injuries during head-impact testing of full
cervical spines (McElhaney et al., 1979; Nightingale et al., 1996; Saari et al., 2013) and it is likely
that in vivo loading rates are considerably higher than this during high-speed MV As or falls (~6
m/s assuming same-level fall height of 1.8 m) leading to CFD (Quarrington et al., 2018b)
(Chapter 2). However, dynamic head-impact testing of whole cervical spines has not produced
CFD+Fx, and generally results in uncontrolled intervertebral motion and loading. The overall aim
of Studies 2-4 was to obtain information about the response of individual anatomical units,
specifically the inferior facets, when loaded in defined, consistent directions that are traditionally
associated with CFD+Fx, and to investigate the injury mechanisms that may differentiate

CFD+Fx from CFD-Fx.

6.6.1 The use of functional spinal units

Short spinal segments such as FSUs have been used in biomechanical laboratory
experiments for decades (Edwards, 1998). Where full cervical spines can respond unpredictably
to applied loading, due in part to anatomical variations in their many biological components,
FSUs can be manipulated to simulate the intervertebral motions observed during trauma.
However, the use of FSUs has its own limitations such as non-physiological boundary conditions.
To reliably apply defined intervertebral motions to the FSUs in Studies 3 and 4, approximately
one-third of the superior and inferior anatomy of C6 and C7, respectively, were embedded in
PMMA - this included the joining superior/inferior facets of the bilateral articular pillars, and

some of the spinous processes, of each vertebra.
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It is likely that the non-physiologic boundary conditions in Studies 3 and 4 affected the
mechanical response of the C6 posterior elements and inferior facets. Embedding the adjoining
superior facet of the C6 articular pillars effectively applied a fully-constrained condition at these
locations, which likely prevent some deflection of the C6 posterior elements (including the
inferior facets). As such, the C6 inferior facet deflections measured in these studies are likely an
underestimate of the deflections that occur in vivo during C6/C7 intervertebral motions. It is
difficult to hypothesise how these boundary conditions may have affected the facet surface strains
as this is likely influenced by the altered deflection of the posterior elements, and end-effects of
the constrained anatomy. To account for the effect of these boundary conditions, repeated
measures analysis was used to determine the effect of axial condition on within-specimen facet
loading (in Study 3), and great care was taken to ensure that each specimen was prepared in a
consistent manner. When using this data to validate subject-specific computational models of

cervical FSUs, it is important to incorporate these boundary conditions.

6.6.2 Quasi-static loading rates

Quasi-static loading rates were necessary to maintain accurate control of the materials
testing machines so that non-destructive load and displacement limits weren’t exceeded. During
non-destructive testing in Studies 2 and 3, pre-determined load and displacement limits ensured
that the specimen was not unintentionally damaged. This enabled testing of each specimen in
multiple directions/conditions so that within-specimen comparisons could be performed. Due to
the test setup in Study 2 it was also necessary to limit the travel of the axial actuator, otherwise
the loading pins would contact and damage the support apparatus after failing the specimen
during the destructive tests. In Study 4, the 20 mm displacement limit ensured that a Stage 4
dislocation injury (Allen et al., 1982) was created — dislocation injuries with anterior translation
greater than ~20 mm are rarely observed clinically (Allen et al., 1982), and trauma of this severity
was outside the scope of this investigation. Limiting destructive anterior displacement allowed
for investigation of the features of associated fractures using post-test CT with the specimenin a

clinically-relevant, injured pose. To ensure that none of the aforementioned load or displacement
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limits were exceeded, quasi-static displacement rates were required due to the control limitations

of the Instron WaveMatrix software.

Quasi-static loading rates also ensured that adequate motion capture data (at maximum
frame rate) was collected. The Optotrak motion-capture system that was used to measure facet
deflections could collect no faster than 300 Hz for Study 2, and 200 Hz for Studies 3 and 4, due
to the number of motion-capture markers necessary to conduct these experiments. The loading
rates chosen were the maximum possible to ensure at least 100 samples per loading cycle were

obtained to appropriately capture the response of the facets.

The displacement rates applied in Studies 2-4 are probably substantially slower than
those observed by the complete cervical spine in vivo, but it is unlikely that these quasi-static
rates drastically affected the mechanical response of the subaxial cervical facets. During pilot
testing for Study 2, increasing displacement rate by an order of magnitude (from 0.1 to 1 mm/s)
was found to have no discernible effect on the mechanical response (stiffness, surface strain, or
sagittal deflection) of the inferior facets of two isolated subaxial cervical vertebrae (see Appendix
C). This result is consistent with the tensile behaviour of cortical bone at strain-rates up to
1/second, and beyond this point elastic modulus increases by only a factor of two as loading rate
is increased by over three orders of magnitude (1500/second) (McElhaney, 1966). It is difficult
to relate purely tensile, cortical strain rates to in vivo facet loading, but relatively slow subaxial
cervical intervertebral loading velocities are likely observed during real life trauma as the global
loading rate is distributed across all levels of the cervical spine (Edwards, 1998). As such, the
mechanical response of the facets reported in Studies 2-4 is likely similar to that which occurs in
vivo. The quantitative data obtained from these experiments provide an indication of how the
facets are loaded during the intervertebral motions associated with CFD, regardless of the loading

rate, and will be important for validating computational models of cervical trauma.
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6.7 Recommendations and future work
This thesis has identified areas of research relating to CFD that are significantly
understudied. In this section, recommendations are made for future investigations into the

biomechanics underlying CFD.

6.7.1 Prospective investigation of CFD

A large-cohort prospective investigation is required to further elucidate the injury
mechanisms of CFD. Study 1 provides new data concerning epidemiology, injury causation, and
radiographic features of DFIs, and the association of these injury features with the occurrence of
SCI, but is restricted by the inherent limitations of retrospective analyses. Detailed medical
information (including evidence of head contact injury, associated spinal fractures etc.) combined
with engineering evidence from accident investigation reports (similar to the CIREN program)
would provide crucial evidence to improve our understanding of the external loading

environments that cause CFD+Fx.

Such an investigation could also provide higher fidelity information about the predictive
value of radiographic analyses to assess neurological involvement. The DFI medical image
analysis program developed in Study 1 (described in detail in Appendix A) could be distributed
to clinicians to provide them with real-time, quantitative information regarding DFI severity, and
the association of these measurements with patient outcomes (both long-term, and at admission)

could be evaluated.

6.7.2 Improving the destructive anterior shear experiments

Further experimental studies of the mechanical response of the subaxial cervical facets
when axial compression and distraction are superimposed on destructive anterior shear motion is
required. Supraphysiologic compression/distraction loads were not applied to the specimens in
Study 4 due to the limitations of the six-axis materials testing machine and to be consistent with
the axial forces applied in Study 3. However, axial compressive forces as high as 4000 N

(Nightingale et al., 2016) and inter-facet separations up to 8 mm (Panjabi et al., 2007) have been
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calculated during cervical trauma. The injury mechanisms that distinguish CFD+Fx from CFD-
Fx may be elucidated if more extreme axial loading is superimposed on traumatic, constrained
anterior shear. Future experiments could supplement the constrained anterior shear testing
configuration from Study 4 with an independent, horizontal actuator that applies larger axial
compression and distraction loads to the specimen (Figure 5.11). This test setup would also

prevent deflection of the axial actuator that occurred due to off-axis loading in Study 4.

6.7.3 Computational modelling of cervical intervertebral motion

The inability to directly visualize inter-facet engagement and the response of the facets
to this loading, due to the surrounding soft-tissue, was a limitation of Study 3 and Study 4.
Visualization of the bone during testing could be achieved using fluoroscopy, but this method
may be limited by the low-resolution and accuracy of x-ray measurements. Alternatively,
specimen-specific computational simulations of these experiments could be generated by
combining high-resolution, pre-test CT images and motion capture data. Such models could be
used to indirectly visualize inter-facet engagement and facet apposition/contact area, and could

be used for specimen-specific finite element analysis (FEA).

Cook and Cheng (2010) used 3D anatomical models of in vitro testing to quantify the
change in facet apposition, or “contact area ratio” (CAR), during flexion and extension
mechanical testing of cadaveric lumbar spines. During preparation of complete lumbar segments
(L1-sacrum), three fiducial markers (3 mm aluminium spheres) were rigidly fixed to each
vertebral body prior to CT-scanning. Vertebrae and fiducial markers were then segmented from
the CT data to generate 3D hard-tissue models. Prior to mechanical testing, the 3D co-ordinates
of each fiducial marker were registered relative to the motion-capture marker-carrier attached to
the corresponding vertebral body (Figure 6.2a) so that the locations of these markers could be
tracked during each test. The 3D models of each vertebra could then be transformed from the CT
co-ordinate system to the motion-capture co-ordinate system by co-registering the locations of
the fiducial markers, resulting in 3D, specimen-specific representations of vertebral kinematics

during each biomechanical test. The CAR of each facet joint was then calculated as the ratio of
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the area of opposing facet surfaces that were within an “articulating distance threshold” (2 mm)
of each other, to the total articular facet surface area of the joint in a “neutral” posture, at each

level during global lumbar flexion-extension motion (Figure 6.2b).
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Figure 6.2: (a) Digitisation of fiducial markers on a complete human cadaver lumbar spine
segment. (b) Distance map for a 3D computational model of a left, L1/L2 facet joint, where hotter

colours illustrate greater distance between articular facet surfaces. Image adapted from Cook and
Cheng (2010).!

A similar investigation of facet articulation during constrained intervertebral motion may
elucidate the injury mechanisms of CFDxFx. Of particular interest is how axial separation affects
facet engagement during constrained, traumatic anterior shear, as this may dictate the presence
and features of facet fractures associated with CFD. Similar methods to those described by Cook
and Cheng (2010) could also be employed to generate specimen-specific FEA models of cervical
trauma to investigate the regions of highest stress and strain during traumatic and non-traumatic

intervertebral motions. The quantitative information gained in Studies 2-4 would be important

for validation of such models.

! Image adapted by permission from ASME: Cook, D.J. and Cheng, B.C., 2010. Development of

a model based method for investigating facet articulation. Journal of Biomechanical Engineering
132(6):064504.
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6.7.4 Experimental production of UFDxFx

UFD is commonly associated with SCI and more frequently presents with associated
facet fracture than BFD (see Section 1.4.2 and Section 2.3), but the injury mechanisms of
UFD<+Fx are not well understood. Intervertebral axial rotation and lateral bending have produced
UFD+Fx in cervical FSUs (Crawford et al., 2002; Nadeau et al., 2012; Roaf, 1960) and full
cervical spines (Bauze and Ardran, 1978; Hodgson and Thomas, 1980; Myers et al., 1991), but
these studies did not describe the loading mechanisms that distinguish UFD-Fx from UFD+Fx

and did not investigate the mechanical response of the facets.

In Study 3, axial compression significantly increased facet shear surface strains (when
compared to distraction) during quasi-static, constrained, non-destructive axial rotation and
lateral bending motions (Figure 4.6). This suggests that reduced intervertebral axial separation
increases the loading applied to the ipsilateral facet during these asymmetric motions, which may
lead to UFD+Fx. Future experimental work could investigate this further by superimposing
intervertebral axial compression and distraction on supraphysiologic axial rotation and lateral
bending motions (using a methodology similar to that developed in Study 4) and measure the

mechanical response of the facets using the methods described in Studies 2-4.

6.7.5 Dynamic head-impact model of CFD

A dynamic, full cervical spine, head-impact model of CFD, is required to formulate
injury risk curves for CFD+Fx. The preliminary results from Study 4 demonstrate that constrained
intervertebral anterior shear produces BFD+Fx in the subaxial cervical spine, when applied at
quasi-static displacement rates. Nightingale et al. (1991) produced large intervertebral shear loads
in the lower subaxial region (Nightingale et al., 2016) during quasi-static, axial compression
testing of six full cervical spines for which head-flexion was restricted, but sagittal anterior
translation was permitted (Figure 6.3) — this testing configuration reliably produced BFD-Fx.
Active neck muscle replication was not performed in these experiments, which may explain why

BFD+Fx did not occur.
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Figure 6.3: Schematic of the experimental apparatus and final cervical posture for the mechanical
tests that reliably produced BFD-Fx (Nightingale et al., 1991). The local anterior shear (AS) force
vector produced in the lower cervical spine is shown.?

Future experiments could perform similar tests at higher speed (up to 3 m/s) and include
neck muscle simulation to try to produce dynamic BFD+Fx in complete cervical segments.
Dynamic impact speeds may prevent the cranial region from escaping the weight of the torso,
which, when combined with active neck muscle replication, would impose a larger axial
compression force onto the subaxial intervertebral anterior shear motion. The results of Study 4
suggest that this loading combination will cause BFD+Fx in full cervical spines. If successful,
testing parameters such as impact velocity and angle, head-constraints, spinal posture etc. could
be varied to develop injury risk curves for BFD+Fx, leading to better neck injury criteria for
ATDs. Further dynamic impact experiments could also investigate the role of asymmetric global
loading in producing intervertebral axial rotation and lateral bending to further explore the injury

mechanisms of UFD+Fx.

1 Awaiting copyright permissions.
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6.8  Contributions
This thesis has made the following novel contributions to basic science and clinical

research relating to cervical spine trauma:

e In Chapter 2, the first large-cohort investigation of the epidemiology and radiographic
features of DFI (including CFD), and the risk-factors for SCI in these patients, is documented.
Younger adults were over-represented amongst MV As, whilst falls contributed to a majority
of DFIs sustained by older adults. The C6/C7 vertebral level was most commonly involved,
and there was a similar incidence of UFDs and BFDs. UFDs more commonly presented with
associated facet fracture, but this was not indicative of SCI. Dislocation, bilateral injury,
reduced Glasgow Coma Scale, spinal canal occlusion and spinal cord compression were
predictive of neurological deficit. The inter- and intra-observer agreement of radiographic
measurements of DFI were evaluated for the first time, and were found to be highly
reproducible;

e Chapter 3 presents the first study to measure the mechanical response of isolated subaxial
cervical facets when loaded in directions that simulate the intervertebral motions commonly
associated with BFD — anterior shear and compressive-flexion. Substantial deflections of the
posterior elements, relative to the vertebral body, were observed during non-destructive and
failure tests, suggesting that the subaxial vertebrae should not be assumed to act as a rigid-
body during computational simulations of cervical motion. The mechanical response varied
between the upper and lower regions of the cervical spine, and distinct failure mechanisms
were observed for each loading direction;

e The effect of superimposed axial compression versus distraction on the mechanical behaviour
of the C6 inferior facets during constrained intervertebral anterior shear, axial rotation,
flexion, and lateral bending motions, was reported in Chapter 4. In general, imposed axial
compression increased surface strains and facet deflections, but this was dependant on the
motion direction. The significant influence of the facet capsule on facet mechanics during

axial rotation was observed;
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e For the first time, BFD+Fx was produced experimentally by applying 20 mm of constrained
anterior shear to C6/C7 FSUs. Clinically-relevant concomitant facet fractures were created
when axial compression and distraction were imposed on this motion. Axial compression
generally increased shear and axial loads, shear surface strains, and coronal and transverse

facet deflections at the point of facet fracture, when compared to the distracted condition.

6.9 Conclusions

Despite the devastating consequences of traumatic subaxial CFD, the mechanisms that
cause this injury are significantly understudied. This lack of understanding hinders the
development of improved preventative devices and better treatment methods. Traditionally, BFD
is thought to result from a global flexion moment about the subaxial cervical spine, caused by
axial compressive forces applied to the head with large anterior eccentricity or from inertial
motion of the head during high deceleration events, while UFD is thought to have an additional
axial rotation component to the injury vector. However, there is limited clinical evidence to
support the proposed inertial injury mechanism, and global distractive flexion motions applied to
whole cervical spines do not produce CFD. Intervertebral anterior shear motion is observed in
the lower cervical spine during the experimental production of BFD, but the role of shear during
cervical trauma has not been thoroughly investigated. Anterior shear has also been associated
with concomitant facet fracture, but CFD+Fx had not previously been produced experimentally.
This thesis presents a series of studies that improve understanding of the clinical presentation and

the biomechanics of CFD.

A large-cohort investigation of DFIs admitted to a single centre over a decade was
performed. Hard-copy medical records and radiographs were reviewed, and patient epidemiology
and radiographic features were obtained — the association of these features with SCI was
investigated. Patient epidemiology was similar to that previously reported for non-specific
cervical trauma, and the C6/C7 level was most commonly affected. Facet dislocation (vs.

subluxation), bilateral injury (vs. unilateral), reduced Glasgow Coma Scale (a surrogate for head-
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contact injury), spinal canal occlusion, and cord compression were predictive of neurological

deficit.

A series of biomechanical experiments were performed to investigate the mechanical
response of the subaxial cervical facets during intervertebral motions that are thought to cause
CFD. Principal and shear posterior facet surface strains, 3D deflections of the posterior elements
relative to the vertebral body, and load-displacement characteristics were quantified during point-
loading of isolated subaxial facets that simulated the inter-facet loading during supraphysiologic
and traumatic intervertebral anterior shear and compressive-flexion motions. The same
measurements were obtained for the C6 inferior facets during non-destructive, constrained
anterior shear, axial rotation, flexion, and lateral bending motions of C6/C7 FSUs. These motions
were imposed with 50 N (head-weight) and 300 N (neck muscle bracing) of axial compression,
and 2.5 mm of axial distraction (inertial separation) to investigate their effect on facet mechanics.
Finally, a method was developed to apply 20 mm of constrained anterior shear, imposed with
either 300 N compression or 2.5 mm of distraction, to the same C6/C7 specimens from Study 4.
The mechanical behaviour of the C6 inferior facets was measured at 2.19 mm of supraphysiologic

anterior shear, and at the point of initial anatomical failure.

Anterior shear produced inferior facet fractures similar to those observed in clinical cases
of CFD during both the isolated facet and FSU testing. Imposed axial compression generally
increased surface strains and deflections of the inferior C6 facets, but this was dependant on test
direction and did not influence the type of fractures observed during traumatic anterior shear
motion. The facet capsule, and the presence of other surrounding soft-tissue structures, seemed
to influence the mechanical response of the facets, especially during axial rotation. This response
differed between the upper (C3-C4) and lower (C5-C7) subaxial regions and was often dependant
on specimen-specific parameters such as donor demographics and vertebral geometry. It is
anticipated that the information gained in this thesis will lead to improved detection of SCI

associated with CFD, assist with the development and validation of computational and dynamic
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experimental models of cervical trauma, and lead to improved injury prevention devices and neck

injury criteria.
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Appendix A Medical image analysis program
Overview

This appendix provides a summary of the medical image analysis program (MIAP) that
was developed in MATLAB (R2012a, Mathworks, Massachusetts, USA). This program was
developed to assist surgeons with performing the radiographic measures of subaxial cervical
spine injury severity suggested by the Spine Trauma Study Group (STSG) (Bono et al., 2006).
All available medical images (radiographs, computed tomography [CT] and magnetic resonance
imaging [MRI]) acquired within 24 hours of admission for the patients with distractive-flexion
injuries (DFI) (Allen et al., 1982) were retrieved in DICOM format. The following de-identified
image slices were prepared and exported as high-res BMP images for analysis using ‘FIJT” image

analysis software (1.51p, ImageJ, Maryland, USA) (Schindelin et al., 2012):

e Lateral radiograph;
e Mid-sagittal CT;
e Parasagittal CT through the mid-sagittal plane of the left and right facets; and,

e Mid-sagittal MRI.

DICOM image stacks were re-orientated using FIJI if the patient was non-anatomically
aligned. CT/MRI slices were taken through the mid- or parasagittal plane of the level of injury,
as suggested by the STSG. The final BMP images for each patient were stored in a database with
specific folder hierarchy. The MIAP was compiled and provided, along with the database, to two

spinal surgeons. Details and functionality of the MIAP are described below.

Program description

The MIAP prompts the user to identify specific anatomical features on a database of
sagittal and para-sagittal cervical spine medical images from DFI patients at the RAH. Using
these landmarks, measurements of anterior vertebral translation, Cobb angle, posterior tangent
angle, facet apposition, spinal canal occlusion, and spinal cord compression are calculated. The

user is prompted to identify anatomical landmarks at all levels of the subaxial cervical spine, so
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these measures can be calculated between any two vertebrae. By default, the most ‘injured’
intervertebral level is automatically displayed and the measurement parameters for this level are

exported for analysis.

Program functionality

The functionality of the MIAP is outlined below:

1) The user can create an account to start a new analysis or continue a previous analysis using
the graphical user interface (GUI). They are then prompted to analyse the next undefined

image, begin from the first image in the database, or choose a specific image of interest.
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Figure A.1: The MIAP graphical user interface.

2) Sagittal images (x-ray and/or CT, if available) are loaded and the user is prompted to identify
the four corners of each vertebral body (C3-T1). The user can flag if there is anything
abnormal about the anatomy. For mid-sagittal CT images the user is also prompted to identify

the landmarks necessary to calculate spinal canal occlusion.
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Figure A.2: Mid-sagittal CT images with anatomical landmarks identified: (a) corners of C3-T1
vertebral bodies; (b) canal space at the level of injury, and the superior and inferior uninjured
levels.

3) The next available image is automatically presented to the user. For para-sagittal CT images
at the level of dislocation (both left and right, through the mid-sagittal plane of facet
articulation) the user is prompted to identify the anterior and posterior ends of the articular

surface of the opposing facets, from which facet apposition is calculated.

Figure A.3: Para-sagittal CT image used to calculate facet apposition.

4) Mid-sagittal MRI slices are used to measure spinal cord compression.
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Figure A.4: Spinal cord compression landmarks identified on mid-sagittal MRI. Sagittal cord
diameter at the superior and inferior uninjured levels is measured to calculate cord compression as
a percentage of the normal cord diameter.

5) Using these landmarks, the radiographic measures of cervical spine injury severity suggested
by the STSG are automatically calculated (Figure 2.1) and are displayed in post-processing
section of the GUI.

6) The MIAP automatically displays these measures for the ‘most injured’ level (as defined by
the magnitude of anterior vertebral translation) of the currently selected patient but can be
viewed across any level for which the landmarks were defined. Super-imposed diagrams of
how each measurement was calculated (specific to that image) can be generated using the
“Show on image” buttons. All measurement values for the selected levels are exported by
pressing the “Collate” button.

7) The co-ordinates of the landmarks are automatically saved after each click, so the MIAP can
be exited at any time without losing information. The user can then re-start the MIAP and

continue their analysis from the same point at a later time.
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Figure A.5: Measurements calculated from the landmarks identified on a mid-sagittal CT image
are displayed.
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Figure A.6: Measurements calculated from the landmarks identified on a para-sagittal CT image
are displayed.

Inter- and intra-observer analysis

Several weeks after completing the initial analysis, each surgeon repeated the process on
images from a subset of 29 patients (11% of the DFI cohort) to investigate intra-observer
repeatability (Bartlett and Frost, 2008). This subset comprised those patients with complete
medical imaging (X-ray, CT and MRI) and their demographics matched the study population.

Inter-observer agreement and intra-observer repeatability for radiographic measurements were
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evaluated using Bland-Altman (B-A) plots and intra-class correlation coefficients (ICC) (Bartlett
and Frost, 2008; Bland and Altman, 1986, 2003); absolute agreement and consistency ICC

measures were obtained. The results of this analysis are provided in Section 2.3.2.

Summary
The MIAP was developed in MATLAB to provide surgeons with a simple method of
quantifying DFI severity from radiographic images. The measurements were included in

statistical models to investigate their association with the occurrence of concomitant SCI.
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Appendix B Optotrak Certus motion-capture system
accuracy and repeatability investigation

Overview

The in-plane and out-of-plane accuracy and repeatability of the Adelaide Spinal Research
Group’s (ASRG) Optotrak Certus HD infrared motion-capture system (Northern Digital Inc.,
Ontario, Canada) was quantified to ensure that it could adequately capture the facet deflections
anticipated during Studies 2-4. There was limited published data available to indicate the
magnitude of facet deflections that would occur, or how this would differ between testing
directions (Study 2) or axial conditions (Studies 3 and 4), but Green et al. reported average lumbar
facet sagittal deflections of 3.25+3.07° during simulated in vivo flexion. Average sagittal
deflections of 0.45° and 0.7° were observed at 80 N of simulated flexion and anterior shear
loading, respectively, during pilot testing for Study 2 (described in Appendix C). Therefore,

angular deflection accuracy of <0.1° was deemed necessary for comparisons.

Northern Digitial Inc. report positional accuracy of 0.1 mm and resolution of 0.01 mm
for the Optotrak Certus HD, but (to the author’s knowledge) this has not been verified
experimentally by a third party. Translational and angular measurement errors as low as 0.03 mm
and 0.04° have been reported during reliability analysis of the earlier Optotrak 3020 system
(Maletsky et al., 2007), but a similar analysis has not been performed for the Certus HD. It is also
likely that accuracy and repeatability differs between systems, so evaluation of the system that

was to be used in the experiments was deemed necessary.

Methods
Optotrak rigid-body marker-carriers with three infrared-emitting diodes were rigidly
fixed to a highly accurate robot arm (Katana4D, Neuronics AG, Zurich, Switzerland) and to the

table on which the robot arm was mounted (Figure B.1).
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Robot arm

Optotrak
marker carriers

Fig B.1: Photograph of the test setup for measuring accuracy and repeatability of the Optotrak
Certus HD using the Katana robot arm. Angular motion of the rigid-body marker carrier attached
to the robot arm was calculated relative to the stationary marker carrier fixed to the table.

The robot arm was programmed to perform three repetitions of the following rotation

motions, firstly in the plane of the Optotrak cameras and then out-of-plane:

e £0.5°in0.1° steps;
e +5°in 1° steps; and,

e +30°in 10° steps.

Each change in angular position (step) occurred over 2 s, and the robot arm held each
position for 5 seconds. The Optotrak camera tower was located 2.2 m away from the robot arm
(Figure B.2) so that the motion of the marker-carrier occurred within the optimum measurement
distance, as specified by the manufacturer and determined by Maletsky et al. (2007). Motion

capture data was recorded throughout each motion at 100 Hz.
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Fig B.2: The Optotrak Certus HD camera tower was position 2.2 m from the ro

bot arm. Motion-
capture position data during each motion was recorded by the data acquisition (DAQ) PC.

The change in angle of the robot arm relative to the stationary marker-carrier was
calculated at each frame by solving for Euler angles using a z-y-x sequence (Robertson et al.,
2013); raw position data used in these calculations was unfiltered. The angle at each position hold
was averaged over 50 frames (0.5 seconds) for comparison with the expected values (Table B.1).
For in-plane and out-of-plane motions, the mean difference between the measured and expected
values gave the accuracy (bias) of the system, whilst the standard deviation of this difference

gave the repeatability.
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Table B.1: Expected and measured values for each step of the Optotrak accuracy and repeatability

analysis.
Expected values (deg): Measured values (deg):
Test # Step 1 Step 2 Step 3 Step 4 Step 5 Step 1 Step 2 Step 3 Step 4 Step 5
1 0.1 0.2 0.3 0.4 0.5 -0.106 -0.211 -0.319 0420  -0.528
2 0.1 0.2 0.3 0.4 0.5 -0.102 -0.208 -0.318 0420  -0531
+05°at |3 0.1 0.2 0.3 0.4 0.5 -0.103 -0.203 -0.319 0420  -0.531
0.1°steps §4 0.1 0.2 03 04 05 0.095 0.203 0.303 0396  0.497
5 0.1 0.2 0.3 0.4 0.5 0.099 0.204 0.305 0.399 0.492
6 0.1 0.2 0.3 0.4 0.5 0.095 0.203 0.302 0.399 0.491
-1 2 -3 -4 5 -1.002 -2.011 -2.975 -4.010  -4.985
il 2 -3 -4 5 -1.003 -2.009 -2.968 4011 -4.978
In-plane s50at1° |9 -1 ) -3 -4 5 -0.999 -2.007 -2.968 -4.010  -4.982
steps 10 1 2 3 4 5 0.977 1.993 2.956 3.982 4,950
1 1 2 3 4 5 0.978 1.995 2.957 3.984 4.952
12 1 2 3 4 5 0.975 1.993 2.955 3.984 4.952
13 -10 -20 -30 9997  -19.979  -29.921
14 -10 -20 -30 9992  -19.978  -29.914
+30° at 10° | 15 -10 -20 -30 9993  -19.986  -29.918
steps 16 10 20 30 9.956 19.966 29.935
17 10 20 30 9.949 19.970 29.941
18 10 20 30 9.954 19.975 29.942
19 0.1 0.2 0.3 0.4 0.5 0.101 0.217 0.311 0.394 0.484
20 0.1 0.2 0.3 0.4 0.5 0.123 0.236 0.329 0.407 0.493
0508t 122 0.1 0.2 0.3 0.4 0.5 0.118 0.230 0.321 0.395 0.488
0.1°steps | oo -0.1 0.2 -0.3 04 -0.5 0120  -0.206 0283 -0.371  -0471
23 0.1 0.2 0.3 0.4 05 -0.121 -0.209 -0.285 -0.366  -0.481
24 0.1 0.2 0.3 0.4 0.5 -0.121 -0.215 -0.293 -0.366  -0.483
25 1 2 3 4 5 0.999 1.982 2.957 3.978 4.965
26 1 2 3 4 5 1.008 1.981 2.956 3.993 4.963
Out-of- s5eat1e |27 1 2 3 4 5 1.021 2.009 2.986 4,010 4,981
plane steps 28 -1 -2 -3 -4 5 -0.973 -2.024 -2.973 -4.042  -4.986
29 -1 2 -3 -4 5 -0.980 -2.032 -2.980 -4.045  -4.985
30 -1 -2 -3 -4 5 -0.983 -2.033 -2.977 -4.050  -4.991
31 10 20 30 10.011  20.043 30.052
32 10 20 30 10.016  20.059 30.056
+30° at 10° | 33 10 20 30 10.021  20.070 30.081
steps 34 -10 -20 -30 9.966  -19.962  -30.072
35 -10 -20 -30 -9.966  -19.958  -30.023
36 -10 -20 -30 9977  -19.978  -30.042
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Results and discussion

The ASRG Optotrak Certus HD was accurate to <0.1° for both in-plane and out-of-plane
motions; the largest mean difference was 0.082° surprisingly occurring for in-plane motion
(Table B.2). Optotrak repeatability better than 0.01° for all tests except out-of-plane +30° (Table
B.1). The bias of this system during £10° step motions was slightly better than that reported for

the Optotrak 3020 (0.04° vs. 0.07°) (Maletsky et al., 2007).

Table B.2: Bias and repeatability values for in-plane and out-of-plane rotational motion.

In-plane (deg): | Out-of-plane (deg):
Bias: 0.082 0.006
Repeatability: 0.002 0.009

These results are likely an underestimate of the accuracy and repeatability of this system,
as there was probably some out-of-plane motion due to camera misalignment relative to the
motion of the robot arm, and uncertainty regarding the exact reliability of motion of the robot
arm itself. Despite this, this investigation demonstrated that the ASRG’s Optotrak Certus HD has

suitable accuracy and repeatability to measure subaxial cervical facet deflections.
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Appendix C Study 2 pilot tests: the effect of loading rate
and the presence of a superior adjacent vertebra on
isolated subaxial cervical inferior facet mechanics

Overview

This appendix describes the pilot testing of Study 2. The aims of this pilot testing were
to develop a test setup to measure the mechanical response of the subaxial cervical facets during
loading that simulated anterior shear and flexion motions, and to investigate the effect of loading
rate and the presence of the superior adjacent facet joint on this response. It was hypothesised
that loading rate would not substantially effect the mechanical response, but resecting the adjacent

facet joint would increase facet deflection and surface strains for both testing directions.

Methods

Two human cadaver subaxial cervical functional spinal units (FSUs; C2/C3 and C4/C5)
were dissected from a 94 year old female donor. Specimens were prepared as described in Section
3.2.1 and were clamped by a custom support apparatus attached to a rotary table, fixed to the base
of a mechanical testing machine (Instron 8874). Using the rotary table, the articular surfaces of
the inferior facets of the inferior vertebra (C3 or C5) were angled relative to the actuator to
simulate inter-facet loading during in vivo intervertebral flexion and anterior shear motion. Three
cycles of uniaxial loading were applied bilaterally using 6 mm diameter loading pins, in each
loading direction, and for each specimen condition (Pilot 1) or loading rate (Pilot 2). Three-
dimensional angular deflections of the loaded facets, relative to the vertebral body, were
measured using a motion capture system (Optotrak Certus HD, Northern Digital Inc., Ontario,
Canada). Maximum and minimum principal strains at the base of the bilateral articular pillars
were calculated from the output of tri-axial rosette strain gauges (FRA-1-23-1L, TML, Tokyo,
Japan). Apparent facet stiffness was determined from the linear region of load-displacement data

(Figure 3.6).
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Pilot 1: Effect of superior adjacent facet joint

Testing was first performed on the intact C4/C5 FSU at a rate of 0.1 mm/s from 10 to
150 N, in each loading direction. The posterior elements of C4 were then removed by resecting
the pedicles (Figure C.1), and testing was repeated to investigate the effect of the presence of
superior adjacent facets on the mechanical response of the C5 inferior facets. The specimen was

then tested to failure in the anterior shear loading direction at the same rate.

a)
Figure C.1: a) Photo of the C4/C5 specimen positioned for simulated flexion testing of the C5
inferior facets in Pilot 1. b) Posterior view of the specimen following resection of the posterior
elements of C4. The red circles indicate the exposed superior articular facet surfaces of C5.

Pilot 2: Effect of loading rate
The C2/C3 specimen underwent three cycles of loading from 10 to 80 N at 0.1, 0.5, and
1 mm/s, in each loading direction. Destructive testing was performed in the flexion test direction

at 0.1 mm/s.

Descriptive statistics

Facet deflections and surface strains at the peak load for the non-destructive and failure
tests of both pilot studies were determined. Deflections were comparable for the left and right
facets, so this data was pooled. SPSS v22 (IBM, lllinois, USA) was used to obtain descriptive
statistics (mean£SD) for the three cycles of the non-failure test in each loading direction, and

each specimen condition (Pilot 1) or loading rate (Pilot 2).
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Results and discussion

Pilot 1 — Non-destructive data

Apparent facet stiffness was greater in flexion than in anterior shear, both with and
without adjacent superior facets (Figure C.2). Facet deflections were only appreciable in the
sagittal plane and bending up to 1.4° away from the vertebral body was observed for one specimen
during anterior shear testing. Resection of the adjacent superior facets appeared to increase
maximum sagittal facet deflection compared to the intact specimen, especially in anterior shear,
and this corresponded with a reduction in apparent stiffness. This reduction in stiffness following
resection of C4 was particularly evident for the flexion test direction, which was expected as the

loading vector was orientated in the direction of the superior adjacent facet joint.
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Figure C.2: Mean measured apparent facet stiffness (left) and peak sagittal facet rotation (right)
for the C5 inferior facets of the C4/C5 functional spinal unit (FSU) and the isolated C5 vertebra,
for each test direction during Pilot 1.

Maximum (tensile) and minimum (compressive) principal strains were generally similar
for the left and right facets (Figure C.3), indicating that symmetrical loading and strain gauge
placement was achieved. The base of the articular pillars were under compression during anterior
shear, and in slight tension during flexion, for both the FSU and isolated conditions. Resection of
the C4 posterior elements did not appear to have a substantial or consistent effect on the peak

surface strains — compressive strains increased by ~20% following resection during anterior
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shear, whilst a slight reduction in maximum and minimum principal strains was observed for the

simulated flexion tests.
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Figure C.3: Mean measured peak maximum (positive, tensile) and minimum (negative,
compressive) principal strains for the left and right inferior C5 facets of the C4/C5 functional
spinal unit (FSU) and the isolated C5 vertebra, for each test direction during Pilot 1.

Microstrain

Pilot 2 — Non-destructive data

Apparent facet stiffness values in Pilot 2 (Figure C.4) were similar to those observed for
the FSU in Pilot 1 (Figure C.2). Increasing displacement rate by an order of magnitude (0.1 to 1
mm/s) increased stiffness by ~17% for the flexion tests, but a similar trend was not observed

during simulated anterior shear.
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Figure C.4: Mean measured apparent facet stiffness of the C3 inferior facets for the anterior shear
and flexion test directions at each loading rate during Pilot 2.

As expected, sagittal angular facet deflections were substantially lower at the 80 N peak
load point in Pilot 2 (Figure C.5), compared to at 150 N in Pilot 1 (Figure C.2). Deflections were
again larger for the anterior shear tests, but there was no clear effect of loading rate for either test

direction.
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Figure C.5: Mean measured sagittal angular facet deflection of the C3 inferior facets for the
anterior shear and flexion test directions at each loading rate during Pilot 2.

Asymmetry in the principal strain results was observed in Pilot 2 (Figure C.6). During
the flexion tests the minimum principal strains for the left facet were in tension, while the right
facet minimum principal strains were in compression (as would be expected). This unexpected
result could have been caused by the loading vector of the loading pin being coincident with the
location of the left strain gauge, causing the bone underneath the gauge to “bulge” radially and
leading to tensile maximum and minimum principal strains. Therefore, the location of the strain
gauge relative to the loading vector is an important consideration during instrumentation of each
specimen. A slight increase in compressive strains with increasing loading rate occurred at both
facet bases for the anterior shear test direction, but no such trend was observed for tensile strains,

or for principal strain measurements during simulated flexion.
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Figure C.6: Mean measured peak maximum (positive, tensile) and minimum (negative,
compressive) principal strains for the left and right inferior C3 facets for the anterior shear and
flexion test directions at each loading rate during Pilot 2.

Failure data

Peak failure load was higher in the simulated flexion test direction (Pilot 2, 379.4 N) than
for anterior shear (Pilot 1, 202.8 N). This corresponded with distinct failure mechanisms for each
loading direction — in flexion, failure occurred through the pedicles, whilst fracture through the

facet tips occurred during anterior shear.

Summary

This appendix describes pilot testing that investigated the effect of loading rate and the
presence of the superior adjacent facet joints on the mechanical response of subaxial cervical
inferior facets during loading to simulate that experienced during intervertebral flexion and
anterior shear motions. Resecting the superior adjacent facet joints reduced apparent facet
stiffness, and increased sagittal deflections and compressive strain magnitudes. Increasing
loading rate increased apparent stiffness during flexion, and slightly increased compressive strain
magnitudes during anterior shear, but had no discernible effect on sagittal deflections in either
testing direction. Peak failure load was higher for simulated flexion, and distinct failure

mechanisms were observed for each test direction. These results demonstrate that a one
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magnitude change in quasi-static loading rate has a marginal effect on the mechanical response

of the inferior facets, and that the adjacent joints are important to consider.
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