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Abstract

The Dynesys, a dynamic posterior stabilization system that provides an alternative to fusion,
is designed to preserve intersegmental kinematics and reduce loading at the facet joints. Previ-
ous biomechanical investigations have analyzed kinematic behaviour using translations and/or
rotations about a primary axis. The objective of this study was to conduct a comprehensive
biomechanical evaluation to determine the effect of the Dynesys system on kinematic behaviour
and load transfer and to examine the effect of variation in the length of the Dynesys spacer.

Ten cadaveric lumbar spine segments (L2-L5) were subjected to pure moments of 7.5 Nm in
three loading directions with and without a compressive follower preload of 600 N. The flexibility
tests were performed on the specimens under nine different conditions. Intervertebral positions
were measured using an optoelectronic camera system, from which range of motion’ (ROM),
neutral zone (NZ), and helical axis of motion (HAM) were calculated. Pressure sensors were
placed inside the joint capsules to measure facet contact loads and custom needle pressure
transducers were used to measure intradiscal pressures. Statistical significance was determined
using repeated measures multivariate analysis of variance (MANOVA) (p < 0.05).

The Dynesys resulted in a reduction in ROM to 16%, 30%, 25%, and 88% that of intact ROM
in flexion, extension, lateral bending, and axial rotation. The device caused a posterior shift of
the HAM in flexion-extension and axial rotation as well as a change in the orientation of the
HAM. There was an increase in facet load in flexion with the Dynesys, an initial load created
at the facet joints by installation of the system, and the anterlor column load in the neutral
position and axial rotation was reduced.

In all three loading directions there was an increase in ROM with the long spacer and decrease
with the short spacer compared to the standard spacer, with the largest difference seen in axial
rotation. The long spacer resulted in a smaller posterior shift in the position of the HAM in
axial rotation. Also evident was a reduction in the initial load at the facet joints and a decrease
in facet load during flexion and lateral bending.

The Dynesys created compression of the posterior elements and an asymmetric stiffness that
both altered the kinematic behaviour and load transfer through the segment, and may have
important clinical implications. The Dynesys reduced the large ROM that resulted after injury
and allowed a ROM that was similar or greater than that of rigid fixation. However, with
the emerging dynamic stabilization systems where motion is preserved, it becomes prudent to
consider the complete motion pattern and load transfer through the segment when examining
the efficacy of the device. :
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Chapter 1

Introduction

1.1 Clinical Importance

Low back pain is a significant problem that affects 70-85% of all people at some point in
their lifetime [8, 74]. The annual prevalence of low back pain is between 15% and 45%, with
point prevalences averaging 30% [8, 90, 137]. In many cases, low back pain can be an extremely

debilitating condition, resulting in physical pain, limitations, psychological problems, disability,

“and significant economic impact on society. Chronic low back pain, defined as pain that persists

for longer than three months [35], results in large costs to society, which have been reported
to lie between 0.5% and 2% of the gross national product in the United States [15]. Methods
to improve the quality of life for chronic low back pain sufferers are desirable to diminish or

eliminate pain and disability, as well as to reduce the cost to society.

It has been well established that chronic low back pain is a common condition affecting the
general population, but the exact causes of low back pain remain somewhat unknown. A large
contributor to the problem of chronic low back péin is of a mechanical nature and coined clinical
spinal instability [88]. Although the definition of clinical instability is widely debatable, White

and Panjabi [139] use it to describe

the loss of the ability of the spine under physiologic loads to maintain its pattern of
displacement so that there is no initial or additional neurological deficit, no major

deformity, and no incapacitating pain.

" There are many causes of clinical instability, of which a few will be discussed later in this

chapter (Section 1.4.2). For the purpose of this study, stability will be used to describe a state

1




Chapter 1. Introduction

in which the degree and direction of motion are controlled such that abnormal displacement
of the spine is reduced to a level of or below that of a healthy spine. In addition, stability
will also include the capability of the motion segment to support physiologic loads. Techniques
that stabilize the lumbar spine in this context, could therefore imprové the degree of low back
pain experienced by an individual. Before delving into some of the causes of low back pain, it
becomes necessary to highlight the anatomical features of the lumbar spine that are important
for clear understanding of treatment options, functions and objectives of specific devices, and

their outcomes.

1.2 Anatomy

The spine is an important structure of the body that serves three\primary biomechanical func-

tions:
.o allows movemenf between the head, trunk, and pelvis;
e transfers weight and forces between the head, trunk, and pelvis; and
. 'protects the spinal éord from harmful motions and forces.

The human vertebral column consists of 33 vertebrae in five different regions: seven cervical
vertebrae; twelve thoracic vertebrae; five lumbar vertebrae; five fused sacral segments; and
four fused coccygeal segments (Figure 1.1). In the frontal plané, the spinal column is usually
fairly straight. In the sagittal plane, there are four curves in the normal spiﬁe, which provide
mechanical advantages like increased flexibility, while still providing stiffness and stability. The
primary curves, which develop during the fetal period, are kyphotic (convex posteriorly) in
the thoracic and sacral regions. The secondary curves of the cervical and lumbar regions are
lordotic (convex anteriorly) and develop after birth. This study focuses strictly on the lumbar

spine since that is the area that is most severely affected by back pain.

The spine is a highly complicated system consisting of bones (vertebrae), connected by inter-
vertebral discs and ligaments, and supported and controlled by muscles. Each region of the

spine possesses unique characteristics. A description of the vertebrae, intervertebral discs, and
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ligaments of the lumbar region follows, including the important biomechanical functions and

properties.
1.2.1 Vertebrae

The five lumbar vertebrae are numbered superiorly
to inferiorly from L1 through to L5. A vertebra
consists of a vertebral body and neural arch, from
which the posterior elements arise (Figure 1.2).
The anterior portion of each vertebra is the verte-
bral body and it supports the majority of the load
through the spinal column. The vertebral bodies
are composed mainly of cancellous bone with a thin
cortical shell and are kidney-shaped when viewed

from superior.

The neural arch surrounds the neural elements that
run through the vertebral column. It consists of two
pedicles that project posteriorly from the vertebral
body and a lamina that extends from each pedicle
towards the midline. The pedicles are thick-walled
cylinders, while the lamina is a flat plate fused in
the midplane. The architecture of the pedicles en-
ables them to function as weight-bearing compo-
nents that are strong in compression and bending.

The pedicles are the sole connection between the

cervical (

thoracic

lumbar

—

sacral

coceyx [

Figure 1.1: Regions of the vertebral col-
umn. Seven cervical vertebrae, twelve tho-
racic vertebrae, five lumbar vertebrae, five
fused sacral segments, and coccyz (four
fused coccygeal segments).

posterior elements and the vertebral body, and thus are able to transfer the load between the

two. The lamina serves to protect the neural components within the vertebral canal, as well as

transmitting forces between the posterior elements and the vertebral body. Extending posteri-

orly from the lamina is the spinous process. This is the bony surface that you can palpate as
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you run your hand down your back. Projecting laterally on each side from the pedicle-lamina
junction is a transverse process. The spinous and transverse processes provide points for liga-
ment and muscle attachments and form levers that accentuate the action of the ligaments and

muscles.

Each vertebra consists of four articular processes. Two inferior and two superior articular
processes are masses of bone that develop inferiorly and superiorly from the lamina. On the
medial surface of the right and left superior articular processes and the lateral surface of the
right and left inferior articular processes is a smooth area of bone known as the articular facet.
The inferior and superior facets of adjacent vertebrae articulate with one another to form the
facet joints (also known as zygapophysial joints), whose function will be discussed in further

detail in Section 1.2.4.

The space that is surrounded by the neural arch and the posterior aspect of the vertebral body
is the vertebral foramen. The series of vertebral foramen at each level collectively form the
vertebral canal that runs longitudinally through the spinal column and transmits the spinal
cord, nerve roots, and vessels. Superior and inferior notches are present above and below each

pedicle. The notches of adjacent vertebrae face each other and form another space, known

superior notch lamina

transverse

\ superior facet
il g
/% /

transverse A\ process | ~
process o / S

~ I vertebral T ) neural arch
pedicle | foramen ‘

pedicle

3 }“ //‘a\ vertebral

spinous body

process |
inferior notch

inferior facet B

A

Figure 1.2: Anatomy of a typical lumbar vertebra. Viewed A) laterally from the right and B)
from the top. Figure modified from Bogduk, 1997.
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as the intervertebral foramen, which provides a passage for the spinal nerve roots and blood

vessels.
1.2.2 Intervertebral Discs

The largest avascular structures in the body, the intervertebral discs, lie between adjacent
vertebral bodies. The vertebral body and intervertebral disc are separated by cartilaginous
endplates composed of hyaline cartilage and fibrocartilage. Intervertebral discs are composed
of a fibrous outer ring known as the annulus fibrosus and a gelatinous centre called the nucleus
pulposus (Figure 1.3). The annulus fibrosus consists of concentric lamellae of collagen fibres that
surround the nucleus pulposus. Within each lamella, the collagen fibres are arranged parallel to
one another, but at an angle of 65-70° from the vertical [10]. The angle of inclination alternates
with each successive lamella. The nucleus pulposus is composed of a network of fibrous strands
that lie in a mucoprotein gel containing various mucopolysaccharides. It is a semi-fluid mass
with a water content of 70-90% [139]. The nucleus pulposus is pressurized, analagous to air in
a car tire. The principal functions of the intervertebral disc are to enable movement between
vertebral bodies and to transmit load between adjacent vertebrae. The disc is a viscoelastic
and anisotropic structure, and as such, its mechanical properties and behaviour are time and

direction dependent. The disc exhibits a non-linear stiffness and provides greater resistance to

Nucleus

Pulposus ——

Fibrosus

Figure 1.3: Anatomy of a lumbar intervertebral disc. Figure modified from White and Panjab,
1990.
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displacement as the load magnitude increases. Therefore the disc allows flexibility at low loads

and stability at high loads.
1.2.3 Ligaments

Ligaments primarily resist tensile forces and stabilize the spinal column. While there are many

spinal ligaments, only a portion will be highlighted here (Figure 1.4).

The anterior longitudinal ligament is a strong fibrous band that covers and connects the antero-
lateral aspect of the vertebral bodies and intervertebral discs and helps prevent hyperextension
of the column. The posterior longitudinal ligament lies within the vertebral canal along the
posterior aspect of the vertebral bodies and discs. It helps prevent hyperflexion of the spinal

column and disc herniation.

The ligamentum flavum is short and thick and bilaterally connects the laminae of adjacent verte-

brae. This ligament aids in restoring the flexed spine to its extended position. The interspinous

\ Anterior
Q4 Longitudinal
4 Ligament

Interspinous
Ligament

Supraspinous
Ligament

Ligamentum
Flavum

Posterior
Longitudinal
Ligament

Figure 1.4: Sagittal section with laminectomy showing the ligaments of the lumbar spine.
Figure modified from Bogduk, 1997.
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and supraspinous ligaments are the other two posterior ligaments. Interspinous ligaments are

weaker than their strong supraspinous counterparts. Both connect adjacent spinous processes.
1.2.4 Triple Joint Complex

A functional spinal unit or single motion segment is made up of two adjacent vertebrae, one
intervertebral disc that lies between them, and the intervening non-muscular soft tissues. Adja-
cent vertebrae join together by means of a triple joint complex: the two facet joints, posteriorly;

and the intervertebral disc, anteriorly (Figure 1.5).

The facet joints are gliding synovial joints
and as such, are composed of articular car-
tilage, capsule, and synovial fluid. The size

of the articulating surface of the facets is ap-

Intervertebral Proximately 16 mm in height and 14 mm

i in width, with a surface area of about
160 mm? [10, 103]. The size, shape, and incli-
nation of the facets vary with level. Towards
the lower levels, the facets are larger and the
facet inclination with the sagittal plane de-

creases [103]. The facet joint articulations

are oriented approximately perpendicular to

Figure 1.5: Sagittal view of lumbar triple joint
complex. It consists of two adjacent vertebrae
and the interlying intervertebral disc. Figure ation in facet shape among individuals. In
modified from Bogduk, 1997.

the transverse plane. There is a lot of vari-

some the facet articulation is flat, whereas in
others, a varying degree of curvature can be
exhibited from a ‘C’ to a ‘J’ shaped superior facet articulating with an appropriately matched
curved inferior facet surface [10]. Each facet is covered with cartilage that is an average of
1.5 — 1.9 mm thick in a healthy spine [25]. The thickness is not uniform and varies over the

facet surface, with maximum depth typically found near the centre of the facet. The function of
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the facet joints is to control motion, mainly by resisting forward displacement and rotation, and
to transfer a small portion of the total load through the vertebral column, mainly in extension

and axial rotation [4, 68, 127].

The intervertebral disc forms a secondary cartilaginous joint (symphysis) and is the third joint
in the triple joint complex. It is designed for strength and 'weight—bearing functions. The
structure and properties, especially the non-linear stiffness, of the disc allow it to be strong
enough to sustain large forces, while being deformable to permit the physiologic movements of

the spine.

1.3 Current Treatment of Low Back Pain

A wide variety of treatment optfbns exist to address the problem of chronic low back pain. Treat-
ment for chronic low back pain and instability usually first consists of non-operative treatment.
This can include bedrest, therapeutic exercise like stretching, flexion-extension exercises, and
core strengthening, acupuncture, drug therapy, manipulation, or external bracing. As a last
resort, after non-operative treatments ha\}e failed, spine surgeons may perform fusion surgery
(arthrodesis). The indications for surgical treatment, however, are still controversial [85, 87, 89].
Fusion is considered by some to be the standard and most effective surgical intervention for
treatment of chronic low back pain [34]. In 1990, there were 46 500 lumbar fusions, equivalent
to 26 per 100 000 adults, performed in the United States [8]. In comparison, there were 21
fusions per 100 000 adults performed in 1990 in Canada [37]. The number of fusions done for
low back pain is rapidly increasing. Over an 11 year period, from 1979 to 1990, the number
of operations among adults for low-back pain in the United States increased by 55% with the
largest increase for fusions (100%) [8]. Although, there are large variations that exist across the

country, compared with other developed nations, the surgical rates in the USA are on average

40% higher [8, 17].

Different surgical techniques can beused to achieve fusion depending on various factors includ-

ing surgeon preference and the predicted source of pain. PQstérolateral fusion involves placing
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bone over decorticated transverse processes and facet joints and is preferred if pain is believed
to stem from the facet joints. Posterior or anterior lumbar interbody fusions (PLIF or ALIF)
consist of removal of the disc and insertion of a bone transplant or synthetic implant into_ the
void. This is commonly used when pain appears to be presented in the disc. If the pain comes
from both the disc and the posterior elements, a 360° fusion may be perfprme_d to provide
maximum stability. All of these techniques may be supplemented with internal fixation, which
allows for immediate stability, increases the fusion rate, and makes rehabilitation easiér. The

complication rate increases when internal fixation is used [154].

Fusion of two or more vertebrae results in complete loss of motion at the selected levels. The
goals of fusion are to reduce pain and decrease disability [34, 139]. It has been suggested that
fusion may actually acéelerate degeneration at adjacent levels [29, 64, 119} due to compensation
for the eliminated segmental motion. Biomechanical and radiographic studies have shown an
increase in forces, motidﬁ, and intradiscal pressure in adjacent segments following a lumbar
fusion [29]. Pathologically, these changes are often presented as facet joint osteoarthritis and
spinal stenosis [64]. For this reason, alternative treatments that aim to maintain some degree

of mobility at the indicated level, such as dynamic stabilization, may be advantageous.

1.4 What is Dynamic Stabilization?

Dynamic stabilization is an alternative to fusion for the treatment of degenerative problems in
the lumbar spine. Unlike in fusion where the goal is to eliminate motion, dynamic stabilization
is a surgical procedure used to provide stability by ‘controlling the motion. Some devices also
strive to reduce the loading at the facet joints. These systems can be either anterior or posterior

in nature.

Dynamic anterior stabilization is a category made up of artificial discs and prosthetic nuclei.
Some examples of these devices include the Link SB IIT Charité total disc prosthesis (Link Inc.),

ProDisc modular total disc (Spine Solutions Inc.), the AcroFlex lumbar disc prosthesis (Depuy-

AcroMed Inc.), PDN prosthetic disc nucleus (RayMedica Inc.), and polyurethane spirals for
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nucleoplasty (Sulzer Medica Inc.) (Figure 1.6). It involves alteration of the anterior portion of

Figure 1.6: Anterior dynamic stabilization devices. From left to right, top to bottom: PDN
Prosthetic disc nucleus (RayMedica Inc.), polyurethane spiral (Sulzer Medica Inc.), Acroflex
(Depuy-AcroMed Inc.), SB III Charité (Link Inc.), and ProDisc (Spine Solutions Inc.).

the vertebral column. The main concerns of intervertebral disc prostheses are a preservation of
disc height, lumbar lordosis, and a partial restoration of local kinematics, to achieve a regional
biomechanical compromise between replicating the viscoelasticity and load-bearing behaviour
of the disc and simulating the intersegmental motion [65]. Dynamic anterior stabilization will

not be discussed in significant detail in this work.

Dynamic posterior stabilization consists of those devices that are geared towards the poste-
rior elements. Examples of these systems are soft system stabilization (Graf Ligaments), the
Wallis system (Spine Next), and the dynamic neutralization system for the spine (Dynesys)
(Zimmer GmbH) (Figure 1.7). Dynamic posterior stabilization involves implantation of a de-
vice into the posterior aspect of the spinal column without disrupting the anterior components
(ligaments, soft tissue) and intervertebral disc. The various systems can be classified into four
main categories: i) inter-spinous distraction devices; ii) inter-spinous ligament devices; iii) liga-
ments across pedicle screws; and iv) semi-rigid metallic devices across pedicle screws [123]. The

Dynesys system was part of the third group and was the focus of this study.
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Figure 1.7: Posterior dynamic stabilization devices. From left to right: Wallis system (Spine
Next), Graf Ligaments, and Dynesys system (Zimmer GmbH).

1.4.1 The Dynesys System

The Dynesys dynamic neutralization system (Zimmer GmbH, Winterthur, Switzerland) is a
dynamic posterior stabilization device that is designed to preserve the intersegmental kinematics
and reduce the loading at the facet joints. It was created by Dr. Gilles Dubois in France and
implanted in a human for the first time in 1994 [27]. The Dynesys is a bilateral device that
consists of titanium alloy (TiAlI6Nb7) pedicle screws and polycarbonate urethane (PCU) spacers
that surround tensioned polyethylene terephthalate (PET) cords (Figure 1.8). The spacers
support compressive loads while the tensioned cords stabilize the system and act against tensile

loads and flexion moments. It can be utilized as a uni-segmental or multi-segmental system.

The first multi-centre clinical study using the Dynesys was published in 2002 [132]. A total
of 83 patients received Dynesys instrumentation for stabilization instead of fusion. The study
suggested that the Dynesys was a safe and effective procedure for stabilizing the lumbar spine.
The largest complication related to the implant was screw loosening. The mid-term results, in

terms of pain and function, were comparable to those of fusion.
1.4.2 Indications

There are many indications that render a spinal column unstable. Causes of instability gen-
erally can be classified into several broad categories, including degenerative, traumatic, post-

traumatic, congenital, and iatrogenic. The focus in this work was mainly on degenerative

11
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instability.

Indications of low back pain that may
make a patient a suitable candidate for
the Dynesys system include all forms
of degenerative disc disease [92] and
conditions requiring lumbar spinal sta-
bilization. Pathological conditions for
selection include early stages of de-
generative disc disease resulting from

spinal stenosis, which is a narrowing

of the spinal canal often with impinge-

Figure 1.8: Components of the Dynesys system. Tita- ment of neural elements, and spondy-
nium alloy pedicle screws and polycarbonate urethane
(PCU) spacers that surround polyethylene terephtha-
late (PET) cords.

lolisthesis, a forward movement of the
body of one of the lower lumbar verte-
brae on the vertebra below it (grade 1,
25% slippage). Also included are disc bulging, protrusion, and rupture. The Dynesys may also

be used in some cases of post traumatic instability [79].

Exclusion criteria include higher grades of spondylolisthesis, isthmic spondylolisthesis, spinal
tumours and infections, trauma, vertebral fractures, osteoporosis, and gross degenerative insta-

bility [56, 79, 92.
1.5 Biomechanical Testing

The objective of biomechanical testing of spinal implant systems is to confirm that a device
accomplishes its functional objectives and to compare the performance of different devices [75].
The biomechanical flexibility, or stability, test is a single part of a comprehensive evaluation of
a spinal stabilization system, which additionally includes both strength and fatigue testing [97,

98]. A maximum strength test involves applying a load of increasing magnitude until failure

12
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of the device occurs. This generatés é load-displacement curve that provides information on
stiffness of the structure, eﬁergy absorption, failure mechanism, and failure load. In fatigue
teéting, a device is loaded_ cyclically at a magnitude significantly below the failure load until
the device fails. This can be donevat different ‘loading rates to generate a fatigue curve relaying
information about the longevity of the device. Both thle strength and fatigue tests can be
conducted on either the device in isolation or as part of a spinal construct and in each case, the
testing is destructive. A flexibility test is non-destructive and for that reason can be used to
test a range of loads (magnitude or direction), under a wide variety of conditions. The testing
is usually performed on a spinal construct, loads are of a physiologic magnitudé, and motion

at the site of interest is measured.

The requirements for biomechanical testing of spinal fixation devices have already been fairly
well established (1,97, 98, 144]. The primary goal of fusion is to stabilize a segment by eliminat-
ing motion at the particular level, and as such, it seems fundamental that the critical component
of an évaluation of the device is a kinematic analysis to investigate to what degree the motion is
removed. There has aléo been some attempt at vstandardizing the protocol for testing of fixation
devices [1, 97, 98, 144] so that comparisons cah be performed across studies and conclusions
drawn. The important aspects address specimen selection, testing apparatus and procedure,
and analysis of data. To some degree, these concepts can also be applied to the evaluation of
dynamic devices, but compose only a portion of the necessary biomechanical testing. The goals
of dynamic stabilization systems are more complex than those of fixation devices and therefore,

a more rigorous investigation must be implemented (further details in Section 1.6).
1.5.1 Specimen Selection

Specimens are excluded from biomechanical studies if there is evidence, radiographic or macro-
scopic, of injury or tumors. The specimen length has been shown to have a significant effect on
segmental motion behaviour [59], and for testing, there should be at least one free segment on

either end of the area of interest [59, 144]. The most relevant in vitro results, as compared to

human in vivo behaviour, stem from human cadaveric testing, although due to limited avail-
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ability in some instances, testing on other species, is acceptable [141, 144]. The specimens are
fresh-frozen between —20 and —30°C, and thawed at room temperature, which has been shown
. to have negligible effect on the behaviour of the disc and bone [100]. Soft tissue and muscula-
ture arve carefully dissected and the superior and inferior vertebrae potted to allow attachment
to the loading device. One end remains fixed to a base while loads are applied to the other,
free, end [97]. Biomechanical testing of injured specimens is common since often the purpose
of the fixation device is to stabiiize an injured segment. The injury must be reproducible and

closely model the in vivo injury that is to be simulated [97, 144]."
1.5.2 Testing Apparatus and Procedure

Duration of spinal testing should not exceed 20 hours, since exposure to room temperature for
a period longer than this can lead to changes in the properties of the specimen [140]. Effort
should be exercised to protect the specimen from drying out by conducting tests in a humidity
chamber, wrapping the specimen in a moistened wrap, or periodically spraying the specimen

with saline.

There are two methods of experimentally testing a construct to determine its biomechanical
behaviour. In the stiffness approach, a displacement of a pre-determined magnitude is applied
to the free end of the specimen in a particular direction while the resulting forces, moments, and
motion are recorded. In contrast, in the flexibility method, a defined load such as a pure moment
is applied to the top vertebra, at a constant rate to a pre-determined maximum moment. The
motion of each of the segments is recorded. There has been some controversy in the past
regarding the advantages and disadvantages of load cdntrolled versus displacement controlled
analysis [41, 97, 144]. On the load controlled side, supporters believe that the load controlled
method is easier to standardize and allows a constant load to be applied at all levels regard}ess
of the stiffness of the specimen and changes in the specimen condition (ie. injury, stabilization,
etc.). Displacement control creates additional complex loads due to the coupling behaviour
of the spine and with multi-segmental testing, it becomes a challenging task to determire the

resulting loads that are applied to each segment. On the other hand, with displacement control,
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translation and rotation can be applied based on motion of the vertebrae, but to specify and
apply motion in six degrees of freedom is difficult. The load controlled method has become
widely accepted, largely due to the fact that in vivo motion can be reproduced in vitro in most

cases and the resulting motion of each vertebra can be easily measured.

A number of requirements for a spinal loading simulator arose based on Wilke’s recommen-
dations [144] and the work of others. The loading device should allow unconstrained three-
dimensional movement of the specimen. Differences in kinematic behaviour have been observed
between constrained and unconstrained testing methods in axial rotation [45]. The magnitude
of rotation was found sensitive tb the position of the loading axis in a constrained approach.
An unconstrained method allowed the specimen to move freely about its helical axis of motion,
thereby permitting natural coupling of vertebral motion. Rotations produced in each of the
two methods were distinctly different. Arguments supporting constrained testing suggest that
loading is more repeatable since the axis of motion remains constant. For in vitro biomechanical
studies, however, the condition 6f the specimen is often altered with implantation of a spinal
device or simulation of an injury, for example, which leads to changes in the helical axis of
motion of the segment. A constrained approach to testing inhibits migration of the helical axis,
thus obviating a portion of the changes in kinematic behaviour that would normally accom-
pany an injury or stabilization. An unconstrained method of load application is therefore more

desirable.

The loading apparatus should be able to apply a pure moment in each of the six directions:
flexion; extension; right and left lateral bending; and right and left axial rotation. It is important
that the loads applied to the specimen be of a constant magnitude along the entire length so
that weak points in a construct can be identified [97]. Application of a pure moment to the
top vertebra results in a constant bending moment at each cross section along the lengfh of
the specimen [97]. The load magnitude suggested for testing in the lumbar spine is +7.5 Nm,
since this has been shown to replicate motions of physiological mégﬁitude [144]. There are
a wide variety of load scenarios that have been applied to cadaveric spines for biomechanical

testing. These have included pure moments [14, 26, 61, 104, 120, 151], compressive or shear
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forces 133, 70, 82|, or eccentric compressive loading [2, 133]. Some researchers argue that
complex loading provides a better simulation of in vivo conditions [1]. However, application of
shear or eccentric compressive forces generates a non-uniform loading profile through the length

of the spine that is undesirable for evaluation of spinal devices [97].

By Wilke’s recommendations,. the load can be eifcher a continuous or stepwise load applied
in the positive and negative directions successively to produce the full cycle of motion [144].
A recent study, however, has shown that stepwise and continuous loading protocols generate
differing spinal behaviours [43]. The continuous loading protocol produced significantly smaller
rotations (both range of motion and neutral zone), likely because there was cumulative creep of
the specimen during the stepwise test which resulted in a larger range of motion. Historically,
a stepwise load was used because it was considered to be the most repeatable technique in
flexibility testing since loads were generally applied using pulleys and weights. Lately, more
advanced actuation éystems make continuous loading possible, which better represents in vivo

motion.

At least three complete load-unload cycles should be performed, two of which serve to precon-
dition the specimen [97, 98, 144]. It is impbrtant to precondition the construct in this manner
to minimize the viscoelastic effects of the specimens. The spine itself is viscoelastic, and there

may also be settling at the bone-screw interface or of other hardware components.

Because stability testing is non-destructive, a variety of specimen conditions can be evaluated.
Where possible, if testing implants, the order should be randomized [144]. In addition, a device
commonly used clinically should be included in the testing to provide a relative measure of the

efficacy of the newer implant system.
1.5.3 Analysis of Data

The most important measurements when performing an analysis of the stabilizing effect of a
spinal fixation device have been the motions at the fusion site. As mentioned previously, the

goal of fusion is to eliminate motion, so ideally minimal motion is sought. In addition, motion
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at other critical locations may be of interest to analyze the behaviour of the implant or motion

at adjacent segments.
Kinematic Behaviour ;

Movement of the spine is relatively complicated. In response to an applied load, the behayiouf
of the spine is non-linear and viscoelastic >[139]. In other words, the flexibility, defined as the
ratio of the displacement produced to the load applied, varies with the magnitude, direction,
and rate of the applied load. At small loads the spine deforms quite easily with lesser resisténce'
than at larger loads. The motion of the spine can be divided into two distinct phases: the
neutral zone (NZ) and the elastic zone (EZ) (Figure 1.9). The NZ is a measure of the low
stiffness behaviour of the spine and is the displacement at low loads from the neutral point,
whereas the EZ represents the displacement from the end of the neutral zone to the maximum

physiological load [139]. The range of motion (ROM) is the displacement from the neutral point

to the maximum load and is the sum of the NZ and EZ.

There are three primary directions of movement for the spine: flexion-extension; lateral bending;
and axial rotation. Movement is typically coupled, meaning that motion about a secondary axis
will ofteﬁ accompany the primary motion. The degree of coupling depends on intervertebral
level, posture, and direction of motion [95]. In a neutral posture, axial torque produced lateral
'bending, whereas lateral bending caused axial rotation [95, 110]. The strongest coupling pattern
is tﬁe lateral bending that results from axial rotation [80, 139]. A small degree of coupled flexion
was also observed in both lateral bending and axial rotation. There was little coupled motion

(less than 1°) seen in flexion-extension, however translation in the sagittal plane was prominent.

The normal range of motion for a lumbar spine segment is between 12° and 17° in flexion-
extension, 3° to 8° for lateral bending to one side, and 1° to 2° for axial rotation to one
side [139]. In vitro, under a pure moment of 10 Nm, the average NZ was 1.5° in flexion and

extension, 1.4°'in left and right lateral bending, and 0.5° in left and right axial rotation [151].

In terms of evaluating the stability created by a spinal fixation device, the kinematic parameters
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mentioned may all be obtained from the load-displacement curve. The NZ for a specimen
subjected to continuous loading is determined baséd on the difference between the ldading
and unloading curves at zero applied moment [43] (Figure 1.9), The EZ is the displacement
measured from the end of the NZ to the maximum load. ROM is then the sﬁm of the NZ
and EZ. Of the three parameters, ROM is the most commonly reported result, followed by
NZ. >[24, 26, 30, 33, 61, 65, 66, 67, 81, 105, 116, 120, 133, 151].

The three-dimensional motion of the spine encompasses six degrees of freedom, represented
for example by three rotations and three translations [97]. For each of these six degrees of
freedom, there is a NZ and EZ. Typically, rotation is investigated about the primary axis only.
Translation is occasionally reported when quantifying kinematic behaviour of the spine [33, 40,
104, 151], but its occurrence is not as frequent in the literature. The translation between two
points can be of inferest in answering specific questions regarding the function or behaviour of

an implant.

Figure 1.9: Ezplanation of kinematic parameters. Depicted graphically are the neutral zone
(NZ), elastic zone (EZ), and range of motion (ROM) for one full loading cycle (third cycle).
ROM is the sum of the NZ and EZ. -
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1.6 New Trends in Biomechanical Testing

The biomechanical testing to date has been largely concentrated on evaluation of spinal fixation
devices, which aim primarily to elirninate segmental motion to provide an appropriate mechan-
ical envifonment for fusion, and investigation of their effects on ROM and NZ at the level of
interest. The standardized biomechanical test protocols that have been developed previously
focus on the evaluation of devices of this sort. With the more recent introduction of dynamic or
flexible instrumentation for achieving spinal stability, the mechanical objectives have changed.
Devices néw not only control the rotational motion and attempt to preserve a degree of in-
tersegmental motion, but also modify segmental load transfer through the intervertebral disc,
posterior elements, or both. Evaluation of the efficacy of these systems requires additional
methods to fully describe the behaviour as well as employment of loading techniques that more
closely simulate physiological loading. The protocol for testing of dynamic systems/has not
been clearly established and previous work in the area appears to overlook important aspects -

necessary to form a comprehensive biomechanical characterization.
1.6.1 Existing Dynamic Stabilization Evaluations

The existing biomechancial evaluations of dynamic stabilization systems in the literature are
fairly sparse, but not entirely unheard of. There are substantially more investigations performed
on anterior devices than posterior ones, likely due to the fact that historically anterior devices

. were introduced earlier and there is a wider variety of anterior devices than posterior devices.

The majority of biomechanical tests of anteri_or devices were in vitro studies using human
cadavers [13, 24, 26, 30, 65, 66, 67], cadaveric sheep [57, 61, 78], or other species [24, 138].
In addition, there were several finite element modéls created to evaluate the behaviour of
an vimplanted spinal segment [26, 62, 65, 78] and some testing reported on the implant in

isolation [13, 61].

There has been a lot of variation in the loading protocol between studies, with no two studies

the same. The work was done using either a pure compressive load {13, 26, 57, 78], application
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of a moment in flexion-extension, lateral bending, and/or axial rotation [24, 30, 57, 61, 65, 66,
67], or combined compression and rotation [26, 57, 62, 67]. None of these studies were done
with a compressive “follower” load, however a few were conducted in the presence of an axial

compressive load consistent with that expected in vivo [26, 62, 67].

The‘ evaluated parameters for the anterior devices most commonly consisted of an analysis
of the ROM and/or stiffness [24, 26, 30, 57, 61, 65, 66, 67]. One study of the SB Charité
disc mentioned the centre of rotation, its important role in kinematic behaviour, and that the
SB Charité mimics the natural movement well since the implant is an unconstrained three-
"dimensional system [66]. A quantitative analysis of the centre of rotation or helical axis of
motion appeared to be lacking. In contrast, a few studies looked at very specific parameters
like the direction of annular bulging [78], stresses at the bone-implant interface [65], and facet

loads [26].

Test protocols for investigation of posterior devices spanned a very wide spectrum. One group
created a simplified model to test an elastic stabilization system in flexion [14]. In this case,
the internal actions and moments were measured, as well as the stresses and deformations of
the intervertebral discs. Construct tests were conducted on polyester braids [63] to evaluate
a critical mechanical component of the systerﬁ. " The behaviour of polyester braids was also
assessed in vitro [91, 105] and using ultra high molecular weight polyethylene (UHMWPE)
models based on ASTM standards [63). In these studies, the loading was not of a physiological
nature. In one of the in vitro studies, facet loads and disc bulge were also recorded. Graf
ligaments have undergone a greater deal of biomechanical testing than some of the other pos-
terior systems, including in vitro calculation of the location of a balance point, compressive
compliance, ROM, and flexibility [133]. Two studies looking at the Dynesys system [33, 120]
were cadaveric investigations that applied a load to the specimen and measured the resulting
rﬁagnitude of motion (flexibility protocol). The earlier in vitro study by Freudiger et al. [33]
-employed a uniqlie loading protocol for testing in the sagittal plane. A combination of bend-
ing, compressive, and shear loads were simultaneously applied to the spine segments to model

the trunk bendingunder its own weight. The average applied loads were large compared with
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other studies. Rotations as well as anterior-poster'i(_)r and inferior-superior displacements were
rﬁeasured. In a more recent biomechanical evaluation of the Dynesys system [120], cadaveric
specimens were loaded with pure moments of 10 Nm in flexion-extension, lateral bending, and
axial rotation with no compressive preload. ROM and NZ were measured and compared for
intact, injured, stabilized with the Dynesys system, and stabilized with pedicle screw fixation

conditions.

The lack of congruity among existing biomechanical evaluations of dynamic st.abilization Sys-
tems reflects the need for a standardized protocol to test these particular devices in a manner
that will verify that the system meets its functional goals, adequately stabilizes a segment,
and allows for comparisons between different studies and devices. In contrast to rigid fixation
systems, the objectives of dynamic stabilization devices are often different from one another '
and thus may require additional test modules on top of a standard test procedure. Since dy-
namic stabilization devices modify or attempt to preserve the natural mechanics of the spine,
it becomes critical that a biomechanical evaluation of such a dévice simulates physiological
loading conditions [75]. Specifically, this means that a compfessive follower preload should be
included [109] and that loading should be applied to produce motions similar to those observed -
in vivo in a healthy spine. It is also important to study the full kinematic behaviour, not simply
the magnitude of the motion. Furthermore, investigation into the loading patterns through the
posterior elements and anterior column would contribute invaluable information in terms of

device functionality.
1.6.2 Follower Preload

Compressive loading has very little effect on the segmental rotation with rigid fixation de-
vices {116], and so while im.portant, the use of compressive preloads was not as critical with
evaluation of fusion systems as it is with dynamic stabilization devices. Non-rigid systems can
deform under compressive loading, which changes the mechanical behaviour bf the device [75],
so it becomes prudent to incorporate physiological compressive loads and muscle forces into the

loadirig' protocol.
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A preload is a “static, continuous, azial compressive load” on the motion segment [55]. The
purpose of a.follower preload (note that there is a difference between strictly a preload andv a
folloWer preload) is to simulate physiologic compressive loading in an in vitro spine study [109].
It has been estimated that compressive loads on the lumbar spine can be as high as 1000 N
during standing and walking and can increase to several thousand Newtons (3 — 5 kN [121])
during other activities [84]. Previous studies have incorporated physiologic axial compressive
preloads on testing of single motion segments and discovered that compressive preloads increase
the bending and shear stiffness of the specimen [55, 102]. When these physiologic conditions
wefe imposed on the whole lumbar spine during in vitro testing, the spine buckled at loads
that were much lbwer than physiologic loads [21, 22] If a compressive loéd is applied to
the ,spiné along a vertical path, bending moments are created due to the curvature of the
spine, which in turn alters the curvature of the specimen. This can lead to buckling of long
specimens and damage to the soft tissue or bony structures [21]. During in vitro testing, for
the sﬁine to sustain the large compressive loads seen in vivo, the resultant internal compressive
load must be tangent to the curve of the spiné and pass through the centres of rotation of
the vertebrae [109] (Figure 1.10). Caution must be used when devising the methodology for
application of a compressive folloWér préldad. Cripton et al. [20] compared the reaction moments
and forces resulting at the intefvertebral disc and kinematic behaviour for four different preload
application techniques on a single motion segment. The degree of constraint on the preload
vector was varied. High artefact moments and low shear forces were created in unconstrained
preload méthods, while constrained preload methods displayed the opposite trend. The results
favour the use of a constrained type preload for flexion, extensioh, and lateral bending and a

relatively unconstrained type for axial rotation.
1.6.3 Additional Kinematic Parameters

Previous studies looking at posterior dynamic stabilization have analyzed kinematic behaviour
using intersegmental translations and/or rotations about a primary axis. Few studies report
more than one degree of freedom per functional spinal unit, even though six degrees of freedom

are required to completely describe the motion. A potentially useful technique to fully portray
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_.. Centre of Rotation

Follower Load

Figure 1.10: Schematic of compressive follower preload on the lumbar spine. The follower
preload passes through the centre of rotation of each segment so that at each level, a pure
compressive load is applied. Figure modified from Patwardhan et al., 1999.

the six degree of freedom intersegmental movement is the helical axis of motion (HAM). This is
important in evaluations of dynamic stabilization systems that attempt to restore not only the
ROM, but all other aspects of motion as well, like the direction of motion, centre of rotation,

and degree of coupled motion, all of which are described by the HAM.

At any instant, the HAM is the unique axis about which a body rotates and parallel to which
it translates [101] (Figure 1.11). It is the three-dimensional equivalent of the two-dimensional
centre of rotation. The HAM is specified by six quantities: four that describe the position and
orientation of the axis; one defining the amount of rotation about the axis; and one defining
the translation along the axis [139]. Typically, the HAM is represented by an orientation in
two planes and as a point of intersection with either the sagittal, transverse, or coronal plane.
The HAM has been used to specify motion at other joints in the body and the methods are
conveyed in detail in the literature [60, 101, 131]. The HAM was utilized to describe kinematics

of the lumbar spine in vitro [45, 72, 96, 101] and the canine lumbar spine in vivo [118]. None of

23




Chapter 1. Introduction

the existing dynamic stabilization investigations included an evaluation of the motion pattern,

described by the HAM, as an assessment of kinematic behaviour.

Although there have been differences established in the position and orientation of the HAM,
and extent of rotations and translations along the axis at different lumbar vertebral levels [96],
a general description of the HAM in the healthy lumbar spine can be discussed. In flexion and
extension, the HAM was found to typically intersect the mid-sagittal plane around the centre
of the superior endplate of the caudal vertebra [96, 139] (Figure 1.12). The orientation of the
HAM was to the left in flexion and to the right in extension. In right lateral bending, the
HAM typically intersected the frontal plane in the mid-intervertebral disc to the left of the
mid-sagittal plane and was oriented anteriorly, to the left, and slightly cranially. The HAM
was similar for left lateral bending, except the axis intersected the frontal plane to the right
of the mid-sagittal plane and was oriented posteriorly, to the left, and slightly caudally. In

axial rotation, the HAM intersected the transverse plane anterior to the posterior wall of the
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Figure 1.11: Representation of a helical azis of motion (HAM). A) Intersegmental motion
can be specified by a single rotation (R) about and translation (t) along the HAM. The HAM
is identified by its position and orientation. Figure modified from Panjabi et al., 1981. B)
Depiction of HAM between vertebral bodies in left axial rotation. Figure modified from Haberl
et al., 2004.
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vertebral body and the orientation varied depending on the lumbar level, implying a change in

coupling patterns.

To fully evaluate the kinematic behaviour of a non-fusion system, the HAM becomes a key in
determining the extent that the system restores normal intersegmental kinematics. In addition,

it illustrates the entire three-dimensional motion pattern in a clear and concise manner.
1.6.4 Load Transfer

To thoroughly evaluate the efficacy of non-fusion systems which are intended to alter the load
transfer mechanism through vertebrae, it becomes necessary to quantify the loads and load
patterns through both the anterior column and posterior elements. This is a large area of
investigation that has not been addressed in most previous studies of posterior dynamic stabi-

lization systems.

C

Figure 1.12: Approzimate locations of the centre of rotation (COR), the 2-D analog of the 3-D
HAM, in the intact lumbar spine. A) flexion-extension (F-E), B) lateral bending, and C) azial
rotation. L and R indicate the location of the COR in left and right motions. Figure modified
from White and Panjabi, 1990, and Panjabi et al., 1981.

25




Chapter 1. Introduction
Anterior Column Load

Anterior column loads have been measured for a considerable period of time. In 1959, Nachem-
son inserted needle bressure transducers into the intervertebral discs to measure the pressures
within ‘the cadaveric disc [83] (Figure 1.13). Knowing the surface area of the disc from ra-
diographs and the intradiscal pressure, the total load on the disc could be calculated. This
method is well established and is still essentially the same technique that is currently used to

measure anterior column loads. It is widely accepted that the majority of a compressive load

is transferred through the anterior column [139].

Although a more difficult task, in vivo measurements were first conducted by Nachemson and
Morris {86] to gain an understanding of the normal loading in the anterior column. Larger
pressures and loads were observed in,the disc when the subject was sitting, as opposed to in

standing or reclining positions. Loads on the discs were examined for different postures of

the body ~[84}. The L3-L4 disc experienced. a load of approximately twice body weight in a

AMPLIFIER PRESSURE

TRANSDUCER

,5\' P

Figure 1.13: Schematic of the transducer and method used for measuring intradiscal pressure
within the intervertebral disc. The transducer is inserted into the centre of the disc. Figure
modified from Nachemson, 1966.
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.sittiﬁg position and up to four times body weight sitting in a 20° flexed position holding a
20 kg load with the arms. Stress profilometry was used to determine the pressure distributions
within the intervertebral disc [6, 76, 77). The stress distribution in a normal healthy disc
under compression was bvery uniform and isotropic (Figure 1.14). Under eccentric loading, a
non-degenerated disc exhibited a similar uniform stress distributiofx as that witnessed in pure
compressive loading [53]. Thﬁs, the stress distribution across the disc was always constént, and
lateral bending or flexion simply increased the mean value of the compressive stress, whereas
extension decre@sed it. In another study, the intradiscal pressure increased from that in a

neutral position as flexion angle increased and also increased as extension angle increased. The

intradiscal pressure magnitude was greater in flexion than in extension [76].

Knowledge of intradiscal pressure has been
particularly useful in determining phys-

iological loading conditions for in vitro

©
biomechanical testing and for verifying the % 2T
loading method that is utilized. In ad- e

N
dition, for dynamic stabilization systems, g 14

w

intradiscal pressures provide an indication

of the effect the device has on loading be- - ; ; ;

0 10 20 30 40
Position (mm)

haviour within the spine.- The results can
be compared to those from an intact spec-
imen.

Figure 1.14: Stress profile across a healthy in-
Facet Loads tervertebral disc during axial compression. The
K ‘ difference between vertical and horizontal stresses

The lumbar facet joints provide the other was insignificant. Figure modified from McNally
et al., 1996.

important path through which loads within

the spine are transmitted. The facet joints

play a critical role in both kinematic behaviour and load transfer through the spinal column.

Laboratory tests have shown that the facet joints contribute to the stability of the spine and

27



Chapter 1. Introduction

that they may restrict motion between vertebrae, specifically in axial rotation, extension, and

translation in the antero-posterior direction [152].

Facet loads have been measured in intact loaded cadaver specimens using both indirect and
direct techniques. Indirect methods to estimate facet‘ loads have included insertion of pressure
transducers [3, 5, 83, 113] or intervertebral load cells [152] into the intervertebral disc to quantify
anterior column load. The load in the facet joints was then inferred from the difference between
the measured intradiscal load and the total applied axial compressive load. Facet loads have also
been measured by placing strain gauges on the superior articular processes [12] (.Figure 1.15).
This technique was reported to be highly sensitive to the placement and orientation of the
gauges [71]. In addition, calibration of the gauges is destructive because the motion segment
must be disarticulated. Finite element modeling is another indirect method to study facet
loads [26, 125,.126, 127, 129]. Models are typically verified with in vitro experiments and
are then utilized to replicate numerous conditions, while rotation, displacement, strain, stress,
contact area, forces, and other parameters can be recorded. Difficulties arise in replicating
loading conditions and constraints, and modeling the material properties of different structures

of the spinal column.

Direct measurement of facet loads using pressure sensitive film is invasive, in that the joint

capsule must first be sectioned in order to accomodate insertion of the film. Fuji Prescale Film
has been inserted into the joint space to statically measure facet loads in pure and eccentric
compressive loading [28, 52, 68, 118]. This method is limited to measuring the peak force only

and does not provide a dynamic loading profile.

Based upon previous studies, the magnitude of the facet loads was found to range between 3
and 25% of a total axial compressive load in a neutral position and was largely dependent on

posture [58]. Facet loads increased in magnitude with disc space narrowing and as extension

~ increased [68].

There is a lot of variability in results of facet load measurement in the literature. Questions still

surround the contact mechanism that occurs within the facet joints. Some groups quantified
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Figure 1.15: Strain gauge method to determine facet loads. A) photograph showing strain
gauge placement on the right L3 inferior facet surface. B) schematic illustrating bilateral strain
gauge placement on inferior facet surfaces.

contact area using Fuji film [68] and movement of the contact location under different loading
directions was qualitatively examined in some studies as well [125, 128]. A sound understanding
of the contact area patterns within the facet joints would provide a useful stepping stone towards

fully understanding the contact mechanism in these joints.

Recently, the accuracy and repeatability of thin film electoresistive pressure sensors (I-scan,
Tekscan Inc. South Boston, MA, USA) (Figure 1.16) have been assessed for measurement of
contact pressure in the facet joints [146], in a similar fashion to previous work assessing the
validity of measurements in the patellofemoral joint [145] and tibiofemoral joint [51]. These
sensors measure force distribution dynamically over a grid of sensing elements. The accuracy
for facet load measurement was 18% =+ 9%, 35% =+ 7%, and 50% =+ 9% for compressive forces of
100 N, 50 N, and 25 N, respectively [146]. In the knee, the accuracy and repeatability were
found comparable to that of Fuji Prescale Film, but the Tekscan sensor is advantageous for its

dynamic capabilities, electronic data acquisition, and ease of use.
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Figure 1.16: Tekscan sensors for direct force measurement. Sensor is inserted within the joint
between the two articulating surfaces.

1.6.5 Results of Dynamic Stabilization Evaluations

Focusing on the Dynesys dynamic posterior stabilization system specifically, there are two
biomechanical evaluations in the literature. Freudiger et al. applied a combination of loads
to produce motion in the sagittal plane [33]. The average applied loads were large compared
with other studies, with an average of 18.3 Nm moment, 2296 N compression, and 458 N
anterior shear load in flexion and 12.5 Nm moment, 667 N compression, and 74 N posterior
shear load in extension. The study found that the Dynesys system reduced rotations and
horizontal translations, but increased vertical translations compared to the intact spine. In a
more recent biomechanical evaluation of the Dynesys system, cadaveric specimens were loaded
with pure moments of 10 Nm in flexion-extension, lateral bending, and axial rotation with no
axial preload [120]. The Dynesys produced greater intersegmental motion than pedicle fixation
in all three loading directions. In extension, ROM was similar to that of the intact spine, but
in flexion the Dynesys created a similar stiffness to that of pedicle fixation. In lateral bending
and axial rotation, the Dynesys allowed greater intersegmental motion than pedicle fixation,
but in lateral bending was still much stiffer than the intact spine. The Dynesys and pedicle

fixation both reduced the NZ in lateral bending and flexion to a level below that of the intact

spine.
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In general,; both of these studies obser‘ved that the Dynesys system increased the stiffness of
the specimen. However, the functional objectives of the Dynesys are to preserve intersegmental
kinernaﬁcs and reduce the loading at the facet joints. Implantation of a posterior device will
affect not only the magnitude of rotations, but also the direction of rotation as given by the
HAM. It also remains unclear how the Dynesys system affects the loading at the facet joints.
Neither of the existing biomechanical studies addressed changes in the pattern of motion or

facet joint contact loads.

Presumably, the length of the Dynesys spaéer is an important parameter that directly influences
both intersegmental motion and loading since it determines the segmental position. This in-
cludes disc height, facet joint position, and tension of the ligaments. The previous studies have

not evaluated the effects of variation in spacer length.
1.7 Motivation

This stﬁdy was motivated by a desire to understand the biomechanical behaviour of dynémic
posterior stabilization. Primarily of interest was the Dynesys system due to its increasing
clinical prevalence and lack of important biomechanical data. None of the previous studies
have examined the effect of the Dynesys on the complete kinematic behaviour of the spine,
including the HAM. There has also been no indication as to the effect that the Dynesys system
has on load transfer through thé spine, despite the fact that one objective of the device is
to reduce the loading at the facet joints. These are all critical areas to explore in order to
gain a more complete understanding of the biomechanical behaviour of the Dynesys syster\n to

determine its efficacy in the treatment of lumbar spinal instability.

The methodology behind this study will be useful in helping to determine an acceptable stan-
dardized protocol for testing of dynamic stabilization systems so that all critical aspects are

evaluated and results of studies are comparable with one another.

Due to the high variablity surrounding the facet joint contact loads, this study was also inspired

by an avidity to evaluate the contact mechanism within the facet joints in an attempt to gain
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a clearer picture as to the precise function of the facets. This is important for the evaluation of
vspinal.implants and may eventually be useful clinically as an indicator or guide for treatments

of chronic low back pain.
1.8 Objective

The primary objective of this study was to conduct a three-dimensional investigation of the
Dynesys system to determine the effect of dynamic posterior stabilization on the biomechanical
behaviour of the lumbar spine.

This was accomplished with the specific goals to:

e determine the effect on kinematic behaviour at the implanted level;
o determine the effect on load transfer through the implanted level,

e determine the effect of the length of the Dynesys spacer on the kinematic behaviour at

the implanted level;

e determine the effect of the length of the Dynesys spacer on the load transfer through the

implanted level; and

e explore the feasibility of a new technique to quantify the contact area in the facet joints

of the lumbar spine.

1.9 Project Scope

This study focused on the biomechanical changes created by dynamic postérior stabilization of
the lumbar spine. The project was limited to investigation with a sipgle device, the Dynesys,
at the L3-14 level. The study incorporated testing of ten specimens under nine different
conditlions, including three Dynesys spacer lengths- to evaluate the contribution of the length of

the spacer on kinematic behaviour and load transfer through the implanted level.

Flexibility testing was conducted solely at one constant rate of load application. This neglects

the viscoe\lasticl' behaviour of the spine and therefore was only an evaluation of the elastic spine.
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A pure moment was applied and the custom spine testing machine allowed the specimen to
move in an unconstrained three-dimensional fashion. The magnitude of the applied moment
was £7.5 Nm and was applied in all three primary directions of loading (flexion-extension,
" lateral bending, and axial rotation). It was deemed an adequate load to generate motions of

physiologic magnitude.

Testing was done with and without a compressive follower preload of 600 N. A follower preload
was used to generate physiologic compressive loading in this in vitro spine study. Biomechanical -
testing with a follower preload is being performed more frequently, but only within the last
decade. In this study, flexibility tests were conducted without a follower preload as well to
provide a basis for comparison with some of the work that has been done by other groups and

with historical data.

The focus of this study was limited to kinematic behaviour and load transfer solely at the
segment of interest, and did not take into consideration effects at adjacent levels. The evalua-
tion included intersegmental range of motion, neutral zone, translation, helical axis of motion,

intradiscal pressures, and facet contact loads.
1.10 Contribution

This study was part of a large evaluation conducted in our lab and hence the involvement of
other individuals in many aspects of the work must be acknowledged. The group consisted of
myself, Qingan Zhu, and Derek Wilson, with myself acting as the project leader. In addition,

the assistance of spine surgeon Dr. Ory Keynan is also recognized.

It is important to clarify what my exact role was in this project and to highlight our individ-
ual contributions. The three main investigators were all involved in the experimental design,
establishment of the testing protocol, in vitro testing, and data acquisition. Qingan and myself"

prepared the specimens for testing.

Derek primarily was responsible for the Tekscan sensors, including their preparation, acquiring

force measurements using the sensors, and processing of the facet loads. He also designed and
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carried out a study to evaluate the validity of using Tekscan sensors to measure facet loads.

Qingan’s main focus was on using strain gauges to measure facet loads (not included in this
thesis). I assisted with the measurement, but Qingan was solely responsible for processing and

analyzing the strain gauge data. He also was responsible for processing the HAM.

My role, specifically, in this project focused on processing and analysis of the ROM, NZ, trans-
lations, and intradiscal pressures. I conducted the analysis of the HAM and facet loads as
determined using the Tekscan. All aspects of the facet joint imaging exploratory study, from
the ﬁroposal, experimental design, construction of the loading device, specimen preparation,

coordination of scans, and processing and analysis of the data were my responsibility.
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Methods

2.1 Specimen Selection

Ten fresh-frozen cadaveric lumbar spine specimens from L2-L5 were tested. The specimens
were selected based upon lack of radiographic evidence of fractures to the spinal column or the
presence of bony diseases. The age of the specimens ranged from 70 to 88 years, with a mean

age of 77 years (Table 2.1). There were six males, three females, and one unknown gender.

" The spines were prepared by dissecting the musculature while preserving the remaining soft
tissue, most importantly the facet joint capusles. For fixation in the spine testing machine, the
L2 and L5 vertebrae were embedded in dental stone mounts. Steel wires wrapped around the
pedicles and screws that were partially inserted into the vertebral bodies of L2 and L5 were
incorporated into the dental stone-to obtain additional mechanical advantage. To standardize
orientation of the specimens, the potting was done such that the L3-1.4 disc space remained

horizontal since that was the level of interest (Figure 2.1).
2.2 Test Protocol

Three-dimensional flexibility tests were conducted on each of the specimens under nine different

conditions:
i) Intact
ii) Infact with Dynesys (standard spacer length)
iii) Sectioned facet joint capsules
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Table 2.1: Summary of Specimen Gender and Age

Specimen Age Gender

H1092 75 F

H1062 87 M
H1113 76 M
H1107 81 M
H1005 70 M
H1094 7 M
H1109 88 ?
H1106 74 M
H1112 71 F
H1111 73 F
Average 77

Figure 2.1: Fully prepared lumbar specimen dissected of musculature and potted in dental stone
mounts. A) Anterior view. B) Lateral view.
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iv)‘ Injury (nucleotomy and sectioped ‘posterior ligaments)
v) Injury wi‘lch Dynesys (standard spacer length)
vi) Injury Wiph ]jynésys (long spacer length)
vii) Injury with Dynesys (short spacer length)
viii) Inj.ury with rigid fixation
ix) Post test (implants removed)

The testing order of conditions v) through viii) was randomized using a Latin Squares random-

ization to eliminate variability due to test sequence.
2.2.1 Explanation of Test Conditions

The ten specimens were subjected to flexibility testing under the conditions highlighted at the
beginning of Section 2.2. In the intact condition, all ligaments and interverteb;al discs of the
specimen remained unaltered. The standard length Dynesys system was then installed at L3-L4
of the intact specimen. Injury of the specimens was performed by a spine surgeon in two stages.
The first stage involved sectioning of the facet joint capsules at L3-1.4, which was required for
insertion of thin film sensors into the facet joint. The second stage of the injury was a severe'
injury that was created to simulate instability in the specimen [32]. It involved section?ng of the
posterior ligaments (supraspinous and interspinous), as well as cutting through the ligamentum
flavum to perform a posterolateral nucleotomy with removal of as much nuclear material as

possible (Figure 2.2). The injured specimen was stabilized with three Dynesys spacer lengths.

The Dynesys (Zimmer GmbH, Winterthur, Switzerland) was installed using the manufacturer’s
recommended operative procedure. Two sizes of pedicle screws were utilized, 6.0 x 45 mm and
6.4 x 50 rﬁm, of which the appropriate size was determined by a spine surgeon. The pedicle
screws were inserted into the L3 and L4 pedicles and cemented in place using polymethyl-
methacrylate (PMMA) to prevent loosening at the bone-screw interface. The PCU spacer was

cut to a length that just fit between the pedicle screws as was determined by a spine surgeon
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Figure 2.2: Injury of spine ligaments. Sagittal section of the lumbar spine with laminectomy,
showing the major ligaments. The injury involved sectioning of the facet joint capsules and
sectioning of the interspinous and supraspinous ligaments, as well as the ligamentum flavum
(sectioning represented by lines through ligament) and a posterolateral nucleotomy at L3-LJ.
Figure modified from Bogduk, 1997.

so that a neutral position of the spine was maintained. The average standard spacer length
was 25.9 = 5.6 mm and 25.2 £ 5.3 mm for the left and right sides, respectively. Spacer lengths
that were 2 mm longer and 2 mm shorter than this standard length were also investigated
(Figure 2.3). The material properties of the spacer are temperature dependent. The spacers
were therefore manufactured with a modified stiffness to eliminate material property differences
that would occur because of testing in an environment other than that of body temperature.
There was 300 N of preload applied to the tensioned cord during implantation. The order of

implantation was alternated between the left and right sides.

The rigid fixation system was also supplied by Zimmer GmbH (Winterthur, Switzerland) and

was a rigid rod and interconnect that was adapted for use with the Dynesys pedicle screws.
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Figure 2.3: Three lengths of Dynesys polycarbonate urethane (PCU) spacers: short, standard,
and long. Length differs by 2 mm between each case. Also shown on the right is the Dynesys
system implanted at L3-L4, viewed posteriorly.

Transition pieces were fit to the Dynesys pedicle screws to place the rod in a more lateral
position. Clinically, the placement of the rod should be more medial, but in this case, lateral
placement was used so as not to interfere with the thin film sensors (Figure 2.4). This was

expected to have a negligible effect on the stiffness of the construct.

A post test was performed as the very last test condition, in which all implants were removed.
This situation was a replication of test condition iv, the injury, and as such was compared to

ensure that the specimen did not experience significant degradation over the course of testing.

Figure 2.4: Rigid fization system and as installed at L3-L4.
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2.2.2° Spine Testing Machine

A custom spine testing machine was used to apply a continuous pure moment of £7.5 Nm to the
top vertebra while the specimen Was“ allowed to move in an unconstrained three-dimensional
fashion [43]. The spine testing machine was built out of ‘modular aluminum exttusions and
was driven by a servo motor and planetary reduction gearbox, which was connected to an
articulating arm (Figure 2.5). The arm applied the moment to the specimen and included two
universal joints and a ball spline which allowed linear translation of the arm during application
of the moment. A load cell was attached between the articulating arm and an aluminum fixture
at the superior aspect of the specimen to measure the torque. The inferior vertebra was rigidly
attached to the frame of the spine machine. The motor and articulating arm could be placed in
three different positions to apply a moment about the three axes of motion: flexion-extension,
lateral beﬁding, and axial rotation. The weight of the articulating arm, fixture, and superior
dental stone mount was balanced with a’counterweight. A second counterweight was attached
via a threaded rod in the aluminum fixture block to balance the static mofnent created by the

weight of the arm.

The servo motor was controlled by a motion control card and LabVIEW programming (National
Instruments, Austin, Texas, USA). Operation of thé spine machine éould be done either in a
torque or angular controlled fashion. For this study, the spine machine was operated in torque
control mode. The specimen was rotated at a rate of approximately 1.3° /second to a maximum
applied moment of £7.5 Nm in all three primary directions of loading, namely flexion-extension, -
lateral bending, and axial rotation. The load was applied for three completely reversed loading
cycles. The first two cycles were merély conditioning the specimen and all measurements for

analyses were based on the third load cycle, unless otherwise noted.
2.2.3 Follower Preload

All tests were conducted with and without the presence of a compressive follower preload of
600 N based on a method described by Patwardhan et al. [109]. (Figure 2.6). The magnitude of

the follower preload was chosen as 600 N since this falls within the range of loads that the lumbar
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Figure 2.5: Schematic of the custom spine machine. A pure moment was applied to the top
vertebra while the specimen was allowed to move in an unconstrained, three-dimensional fashion.
Figure modified from Goertzen et al., 2004.

spine is subjected to, as was determined in vivo based on intervertebral disc pressures (84, 142].
It was shown that load on the spine segments varies depending upon posture, physical activity,
and mass of the individual. A 70 kg subject, for instance, experienced a 250 N compressive
force in the L3-L4 disc when lying supine and a force of nearly 2000 N when sitting in a slightly

flexed position [84]. These values are fairly consistent in the literature [142].

Custom stainless steel frames were attached non-invasively to each of the L3 and L4 vertebral
bodies. The follower load frames were attached bilaterally at the pedicles and supported by

the anterior aspect of the body (Figure 2.7). The path of the follower preload was optimized
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Follower load !
frame on L3

Figure 2.6: Follower load path. Looking laterally from the left at specimen under a flexion
moment.

in the neutral position to minimize rotation in the mid-sagittal plane upon application of the
preload. The follower preload should be applied at the centre of rotation of each segment [109].
The path of the applied compressive load was fine-tuned by adjusting the components of the
frames to alter the anterior-posterior position of the cable at each level. The follower load
was applied from beneath the specimen using a 1 kN servohydraulic linear actuator (A591-5,
Instron, Canton, MA, USA) (Figure 2.8). The load was applied using three pre-conditioning
cycles at 0.1 Hz with a magnitude of 80% (480 N) of the maximum load while the specimen
was in a neutral position to minimize the viscoelastic effects of the specimen. Immediately
following the pre-conditioning cycles, 100% (600 N) of the compressive load was applied at a
rate of 193 N /s and held through the duration of the flexibility test. After the flexibility test

was completed, the compressive load was released (Figure 2.9).
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Figure 2.7: Stainless steel follower load frame on vertebra. Viewed A) superiorly and B)
anteriorly.

e

Follower load
cable

Follower load
linear actuato

Figure 2.8: Application of compressive follower preload. A servohydraulic linear actuator was
used to apply the load from below the specimen.
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Figure 2.9: Follower load profile. Compressive preload vs. time curve for application of fol-
lower preload. The load was applied using three preconditioning cycles at 80% of the load,
ramped up .to 100% of the load, held for the duration of the flexibility test, and then ramped
down.

2.3 Data Acquistion

During flexibility tests, a wide variety of information was recorded. The data collected can be

separaAted into three general categories:
1. Intervertebral kinematics
2. Facef joint forces
3. Intradiscal pressures

2.3.1 Intervertebral Kinematics

The position of each vertebra was monitored by rigidly attaching four non-collinear infrared

light emitting diodes (LED) to each vertebra. An optoelectronic camera system (Optotrak

.3020, Northern Digital, Waterloo, Ontario, Canada) was used to measure the three-dimensional

coordinates of the markers (Figure 2.10). The frequency of data collection was 20 Hz and
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the optoelectronic camera system measures three-dimensional position of each LED to within
0.10 mm in plane and 0.15 mm out of plane. To determine the position of a body in three-
dimensional space, the coordinates of at least three non-collinear points on that body are
required [136]. As described previously, the movement between two rigid bodies with six degrees
of freedom can be fully described by three rotations and three translations or by a unique axis
of motion about which the body rotates and parallel to which it translates. In either case, a
transformation matrix, consisting of a rotation and translation component, representing the
motion between two vertebrae is required and will be described in detail in Section 2.4. The

accuracy of the rotational measurement was within 0.1° [50].

Figure 2.10: Optoelectronic camera system (Optotrak 3020, Northern Digital, Waterloo, On-
tario, Canada) used to measure the three-dimensional position of the markers.

Six points were digitized for each vertebral body for anatomical reference and for use in the

kinematic analsyis (Figure 2.11). These points were at the

1. anterior aspect of the vertebral body just superior to the junction between the body and
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the follower load frame,
2. left follower load eyelet,
3. left pedicle-superior vertebral body junction,
4. tip of the spinous process,
5. right pedicle-superior vertebral body junction, and
6. right follower load eyelet.

2.3.2 Facet Joint Forces

Facet loads were measured directly using thin film electroresistive sensors (Tekscan 6900 Quad
sensor) and I-Scan software (Tekscan Inc., South Boston, MA, USA). The sensors are thin
flexible printed circuits with 121 individual sensing elements that are located in rows and
columns. The sensor behaves like a variable resistor in an electrical circuit, with a high resistance

when unloaded [135]. The output voltage is converted to a digital value between 0 and 255.

The sensors were an invasive method of dynamic facet load measurement, and as such, were

inserted within the sectioned facet joint capsule. Forces within the facet joints were measured

/
follower load follower load
eyelet eyelet

Figure 2.11: Digitization of points. A calibrated probe (as shown on the left) was used to
digitize siz points for each vertebral body as shown in the superior view on the right.
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and recorded for all remaining test conditions succeeding capsule sectioning (test conditions
iii through ix). The frequency of data collection was 5 Hz. The sensor consisted of four
independent fingers each with a sensing matrix size of 14 mmx 14 mm and a maximum range of
7.6 MPa (Figure 2.12). One finger of the sensor was inserted into each of the left and right facet
joints (Figure 2.13). To reduce shear forces experienced by the sensor, the sensor was coated
with surgical lubricant prior to insertion and was not rigidly attached to the facet surface. The
sensors were supported externally by wires to reduce the likelihood of extrusion from the joint

during flexibility tests.

Conditioning and calibration of the sensors followed manufacturer recommendations and method-

N

rooY

Figure 2.12: Tekscan 6900 Quad thin film electroresistive sensor. Sensor consists of four
independent sensing fingers, of which one finger was inserted into each of the left and right
facet joints. Also shown is a sample of Tekscan force maps that were generated.
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ology presented in previous studies [51, 145, 146]. The expected maximum load, based on
previous work in our lab using strain gauges, was predicted to be approximately 100 N. The
sensors were conditioned prior to initial use by uniformly loading the sensor between two layers
of 3.2 mm thick lubricated rubber covering machined aluminum plates in a materials testing

machine (Instron DynaMight 8841, Canton, MA, USA) (Figure 2.14).

The sensor was placed between lubricated rubber surfaces to better approximate the material-
sensor interface that would be found within the facet joints due to the articular cartilage. The
surface compliance of mating surfaces does affect the sensor response [135]. A notch was etched
on the aluminum piece to seat a ceramic ball through which the load was transmitted. The
sensors were loaded to 120% of the expected maximum load (120 N) for five loading cycles. The
load was ramped up over five seconds, held for five seconds, and ramped down for five seconds

with a one minute relaxation time between cycles.

The sensors were calibrated linearly using a similar loading protocol as in the conditioning
phase by loading each sensor to 80% of the expected maximum load (80 N). The I-scan software
performed a linear interpolation between zero and the known calibration load. The load was
applied so that all sensing elements were loaded, while avoiding saturation of the elements. The
sensors were calibrated after each test condition and a new sensor was used for each specimen

to minimize the effect of sensor deterioration.

H e

Figure 2.13: Tekscan sensors inserted in the left and right facet joints of L3-L4.
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LOAD
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V4 AlIPLATE
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Figure 2.14: Configuration for conditioning and calibration of Tekscan sensors. Figure modi-
fied from Wilson et al., 2004.

Forces in the facet joints during the implantation procedure of the Dynesys were also recorded
to learn how the device distributes the preload (resulting from implantation) across the two

sides of the specimen.
2.3.3 Intradiscal Pressures

Intradiscal pressures were monitored at the three intervertebral levels as an indication of anterior
column loading. Custom needle pressure transducers with implanted strain gauges (2.1 mm
diameter) were inserted into the centre of each disc (Robert A. Denton Inc., Rochester Hills,
MI, USA) (Figure 2.15). The sensitive part of the transducer was oriented superiorly and
the transducer was calibrated for pressure measurements. Anterior-posterior (AP) and lateral
x-rays were taken of the specimen to ensure correct placement of the pressure transducers
(Figure 2.16). The pressure transducer in the L3-L4 disc space was only present for the first
three tests (test conditions i through iii) and was removed for the fourth case and subsequent

test conditions since a nucleotomy was performed as part of the injury.
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Figure 2.15: Intradiscal custom needle pressure transducer.

Figure 2.16: Radiographs depicting placement of intradiscal custom needle pressure transduc-
ers. A) anterior-posterior and B) lateral directions. Arrows highlight pressure transducers at
L3-L4.
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2.4 ‘Kinematic Analysis

2.4.1 Intersegmental Motion

The first step in determining interéegmental motion between two vertebrae based on three-
dimensional position data was to define a global coordinate system. This wavs-essentvially pre-
defined within the internal parameters of the optoeléctronic camera system. All raw positions
of the markers were acquired in the global coordiniate system. Local coordinate systems were
created for each vertebra as follows. A marker carrier with four LEDs on the base of the
spine machine defined a general specimen coordinate system. Initially,‘ a local xy-plane was
established such that it aligned with the coronal plane of the general specimen coordinate
system. This was a right-handed, Cartesian coordinate system with its origin located at the
anterior aspect of the vertebral body, based on digitization. Local coordinate systems for all
fqur vertebral bodies had their z—axes pointing laterally to the right sides of the specimen,
y—axes directed superiorly, and z—axes pointing posteriorly (Figure 2.17). The orientation of
all four local coordinate systems was identical, the only difference being the location of the

origin.
2.4.2 Calculation of Transformation Matrix

The intersegmental rotations and translations were derived using a routine previously developed
in LabVIEW (Kin2000) based on an algorithm by Veldpaus et al. [136]. The procedure uses
the initial and final coordinates of four markers, weighted equally, to estimate the translation
vector and fotation matrix that characterizes the motion between two rigid bodies using a least
squares method. The best approximations of the rotation matrix, R, and translation vector, t,

are the matrix H and vector r that minimize the least squares function f(r, H) defined as

f(r,H) = Z[(pi—a——r—H'(ai-—a))T(pi——a*r~H(ai—a))} (2.1)

ci=1

1
m

wheré m is the number of markers (four in this study), a; and p; indicate the initial and final

position of marker 4, and a and p are vectors for the centres of the marker distribution in the




X

Chapter 2. Methods
|
\
|

Figure 2.17: Local (anatomic) coordinate system created for each of the four vertebrae. The
‘ origin of the coordinate system was located on the anterior aspect of the vertebral body, as
identified during digitization. Figure modified from White and Panjabi, 1990.

initial and final positions (Figure 2.18), respectively, and are given by
1 m
T=— Zl &y (2.2)
=

The vector p; — a — r — H (a; — a) represents the difference between the measured and fitted

vectors of p; at the final position.

The rotation matrix, R, is determined using polar decomposition [16] to decompose a matrix,

G, given by

m

> [(pi ~-p)(ai—a)’ (2.3)

=1

G =

1
m

The polar decomposition method states that a 3 x3 matrix, G, can be written as the product

of a 3x 3 rotation matrix, R, and a symmetrical 3 x 3 matrix, B, as
G =RB (2.4)
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Y

Figure 2.18: Illustration of vectors used for marker transformation between initial and final
marker distributions.

In addition, the rotation matrix is used to calculate the translation, ¢, of the centre of the
marker distribution. A transformation matrix (4x4) can then be constructed that describes the

’

motion of a single marker carrier between two points in time in the global coordinate system.

R3x3 tax1
Tc v = (2.5)
0 0O 1

where the subscripts on T represent the transformation matrix of the marker distribution for

body 1 in the camera (global) reference frame.

The goal is to describe motion between two bodies over time. Computation of intersegmental
motion requires construction of an additional transformation matrix by multiplying individual

matrices of bodies 1 and 2 (Equation 2.5) together.

Trmi vm2=Twmi. ¢ - To. m2 (2.6)

Information that is more useful is the intersegmental motion between two bodies in anatomical

53




Chapter 2. Methods

(local) coordinate frames

Ta1. a2 =Tar. a1 - Tvi. m2 - T, a2 : (2.7)

where Al and A2 are the anatomical coordinate systems of body 1 and body 2.

To produce Equation 2.7, the individual transformations between the marker distribution and
anatomical coordinate system of each body are necessary. -This arises from the digitized points

and marker coordinates taken from a static (or initial) position.

Trmi. a1 and Taa_ a2

Since the marker coordinates are measured in the camera (global) system, these transformations
are equivalent to

Tc_ a1 and T a2

The rotation portion of the transformation matrices T¢_ ,, where n is Al or A2, is produced
using three orthonormal vectors that define the coordinate system (Equation 2.8). The trans-
lation vector is the vector defining the origin of the local coordinate system. In this study, the

local coordinate system was defined as described in Section 2.4.1.

T3x1 Y3x1 23x1 I3x1
To a1 = (2.8)
0 0 0 1

2.4.3 Intervertebral Rotation

The rofation component of the transformation matrix, as calculated using Equation 2.7, pro-
vides a redundant description of frame orientation. It is characterized by nine eiements that are
not independent, but related by six constraints because of the orthogonality [122]. It is sufficient
to describe the orientation of a rigid body in space using three independent parameters, which
are termed Euler angles. The order of t\he sequence of the three rotations is significant, as
is working in a fixed or current frame. In a current frame, each subsequent rotatibn in the

sequence is about the previously manipulated axis, whereas in a fixed frame representation,
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the succeeding rotatioﬁs are about the original, non-moving, axes. If the axis of the third ro-
tation is not the same as the axis of the first rotation, the angles are usually termed Cardan -
or Bryant angles, but in litéra’cure the term Euler angles tends to include these as well [148].
In determining kinematic behaviour of the spine, it has been widely accepted to rotate around
the z—axis, followed by the y—axis, and finally about the z—axis in a fixed frame [101]. The

rotation matrix can be written as

cosycosz sinzsinycosz —cosxsinz coszsinycosz +sinzsinz
Ryy: = | cosysinz sinzsinysinz + coszcosz cosxsinysinz — sinz cos z (2.9)

—siny sinz cos y COS T COS Y

The Euler angles are then solved by

siny - —-R31
sinz = Rasa/cosy (2.10)

sin z = Rg1/cosy

The Euler angles were used to determine parameters that quantitatively describe the kinematic
behaviour of the specimens, including range of motion and neutral zone. The same rotation

matrix was also utilized to calculate the helical axis of motion.
2.4.4 Translation

The origins of the anatomical coordinate systems wefe located at the anterior points on the
vertebral bodies (Figure 2.17). The translation vectors, as extracted from the fourth column
of the transformation matrices for L3-L4, described the distance separating the origins of the
anatomical coordinate systems of L3 and L4 (Equation 2.7). The z,y, 2z, and total separation
distances between the anterior points of LS and L4 were determined at the applied moment that
corresponded to the calculated neﬁtral point of the third loading cycle for the short, standard,
and long spacers. Theoretically, the initial sebaration distance created by implantation of one
set of spacers should be the same for the three different loading directions and two preload
conditions. Therefore, a single value for each of the z,y, z, and total separation distances was

produced for each specimen by averaging those results for the six loading combinations. This
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separation distance was used as an indication of the degree of compression or distraction of the
anterior annulus that was created by each of the different Dynesys spacer lengths in the neutral

position.
2.4.5 Range of Motion (ROM) and Neutral Zone (NZ)

Intersegmental range of motion (ROM) and neutral zone (NZ) between L3 and L4 were cal-
culated about the primary axis of motion, neglecting coupled motion, based on the extracted
Euler angles. For flexion-extension, this resulted in rotations about the local (anatomic) z—axis,

about the z—axis in lateral bending, and about the y—axis in axial rotation.

First, the NZ and neutral position (NP) were determined. The NZ was calculated by searching
within a £0.2 Nm range for the largest difference between the loading and unloading curves.
This is the point where laxity in the specimen was the greatest. The rotation difference between
the two curves represented{ twice the NZ, with thé NP being the rotation at the midpoint of this
difference. The ROM was calculated separately for both directions of rotation. The positive
ROM was the difference between the maximum rotation and the NP and the negative ROM was
the difference between the NP and the minimum rotation. Hence, the NP was the distinction

between the positive and negative ROM.

The ROM was normalized based on the intact ROM. In lateral beﬁding and axial rotation the
ROM was reported for one side only, as an average of the right and left ROM; since motion is
fairly symmetrical in these two loading directions (an average difference of 24% between right

and left lateral bending) {104, 110, 151].
2.4.6 Helical Axis of Motion (HAM)

The helical axes of motion (HAM) were derived using a routine developed in LabVIEW (Zhu
and Cripton, 2004) based on an algorithm by Kinzel et al. [60, 101, 131], of which an overview
is presented in the following subsections. The HAM was calculated for the third loading cycle
over the full range of motion, from maximum to minimum rotation, as well as from the unloaded

state to maximum rotation, and from the unloaded state to minimum rotation. The position
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of the HAM was reported as a penetration point with a specified plane and its orientation by

two angles.

After processing the HAM, the local coordinate system was altered slightly from that used to
generaté the rotations and translations of the preceding kinematic analysis to a system that
was more specific and useful for describing the HAM. The origin was translated superiorly from
the point on the anterior aspect of the vertebralb body, as determined previously, by shifting
the point superiorly to the level of the pedicle-vertebral body junction (based on the average of
digitized points three and five). The local coordinate system was then rotated in the sagittal
plane so that the z—axis was in plane with the superior endplate of L4 (based on radiograph).
The penetration point of the HAM, therefdre, was with the yz—plane for flexion-extension,
the zy—plane for lateral bending, and the zz-plane for axial rotation (Figure 2.19). The
slight adjustment of the local coordinate system for the HAM analysis allowed for a consistent
comparison of the HAM between speciméns. The location of the HAM was normalized by
expressing it as a percentage of the height, width, and anterior-posterior diameter of the L4

vertebral body.

A description of intérsegmental motion can be broken down into the orientation of the HAM,
the rotation about the HAM, the translation along the HAM, and the location of the HAM.
Each one of these quantities will be described. separately. The emphasis is on the orientation

and location of the HAM since that was reported in this study.
" Orientation of the HAM

The rotation of a point in space can bé expressed as
Uz = Ru1 ~ (2.11)

where uy and uo represent the coordinates before and after a pure rotation about an axis, and

R is the rotation of the body.

If one considers a vector n of magnitude unity that points along the positive direction of the
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.,..

Figure 2.19: HAM coordinate system and penetration planes. In flexion, the penetration point
was in the yz—plane, the xy—plane in lateral bending, and the xz—plane in axial rotation.
Figure derived from Bogduk, 1997.

HAM, then the same relationship as that in Equation 2.11 above can be written
no = Rn, (2.12)

but since the unit vector lies along the HAM, n will remain unchanged after rotation about the
HAM.
n=Rn (2.13)

Equation 2.13 can be rewritten as the eigenvalue problem

(R-I)n=0 (2.14)
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(

where [ is the identity matrix and 0 is the null vector. This can be expanded as

Ri1—~1 Ry Ri3 Ng 0

Rn Rm-1 Ry ny | =10 : (2.15)
R3; R3;  Rsz3—1 n, 0

The vector n cannot be solved for directly, but direction cosines of the HAM can be found from

Equation 2.15
(Rn — 1) Ng + ngny + Rign, =0

(2.16)
.Rglnz —+ (Rgg — 1) Ny + Rosn, =0
incorporating the fact that n is a unit vector and therefore,
n? + nf/ +ni=1 (2.17)

Solving for the direction cosines completely defines the orientation of the HAM.
Rotation About the HAM

The rotation angle is found once the direction cosines are known, using the rotation matrix for
pure rotation about an axis, R, as given in the previous section by Equation 2.9. This matrix

can also be expressed as a function of the direction cosines and rotation angle as [60]

n2versg + cos ¢ NgNyVErsP — N, sin¢ ngnverse + nysing
Q= NgNyverse + n, sin ¢ ngvers¢ + cos ¢ NyNVEr s — Ng Sin ¢ (2.18)
N NLVETSY — Ny SIN P NyN,VETSP + Ng Sin @ n2verse + cos ¢

where ¢ is the rotation angle of a point‘on the body about the HAM and

versg =1 - COos ¢
Equating elements of the two matrices, R and @), one can solve for the rotation angle, ¢.
Translation Along the HAM

The translation of the body along the HAM is calculated by assuming P is a point that lies

on both the body and the HAM. As the body moves from position 1 to 2, the point P will
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translate only along the HAM by an amount k. If the vector. p represents ‘the location of P,

then the displacement of poinf P can be expressed as
py —py =kn' (2.19)

where n' is the augmented unit vector along the HAM and p’ indicates the augmented vector
p. The magnitude of k£ can be determined along with the location of the HAM and is described

in the following section.
2.4.7 Location of the HAM

The simplest way to represent the location of the HAM is by specifying the intersection of the
HAM with the three orthogonal planes through the origin [60, 101]. To do this, Equation 2.19 is
solved to obtain both the translation along the HAM and the location of the HAM. Continuing
from the ﬁrevious section, p4 can be expressed by transforming p} using the transformation

matrix derived in Equation 2.7. This generates
[Tar. a2 — I]py = kn' (2.20)

Rearranging Equation 2.20, the matrix equation can be written as

Ri1—1 Ry Ry3 Da kng — tg
Ry 'Rpy—1  Rog py | = | kny —ty (2.21)
R3; R3y  Raz—1 Dz kny—t,

where t;, t,, and ¢, are the components of the translation vector from the transformation

matrix.

Knowing that the translation along the HAM, k, will be the same for evefy point on the rigid
body and by setting one of p;, py, or p, to be zero, one can solve_ Equation 2.21 for k& and for

the coordinates of intersection between the HAM and either the zy, yz, or zz planes.
2.5 Facet Load Analysis

The Tekscan sensors were used to dynamically record the ioading within the facet joints during

flexibility testing. I-Scan software.converted the output resistance of each sensing element into
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a measurement of force based on the linear calibration. A force matrix was recorded for the

two sensors, based on the forces measured by each of the 121 elements.

The maxifnum force measured by each of the two sensors was plotted against time. The general
loading profile within each facet joint was qualitatively examined for the different test condi-
tions, taking note of any interesting and important characteristics, including force magnitude,
direction of loading and unloading in the facet joints, shape of the curves, and intersection

between the right and left force measurements.

Quantitative analysis was performed using the peak force from each sensor, selected from the
maximum force versus time data. This was the peak force over the entire loading cycle, not
specifically from the third loading cycle, as was done in the kinematic analysis. In some cases,
the cyclic motion tended to cause extrusion of the sensor from the joint and therefore the
force in the third cycle was not always the highest force recorded (this was most common in

flexion-extension).

2.6 Intradiscal Pressure Analysis

The intradiscal pressures were compared for the L3-L4 intervertebral disc for the intact con-
dition and with the Dynesys system implanted in the intact specimen, before destabilization
(intact with Dynesys). These were the' only two conditions analyzed in detail because the pres-
sure transducer from L3-L4 was removed prior to the nucleotomy. The scopeof this study did
not include the effect of the Dynesys system on loading at adjacent levels, so the intradiscal
pressures at levels other than L3-L4 were disregarded. The analysis included only flexibility
tests with the follower preload present. Without a follower preload, the intradiscal pressure

was small and not representative of physiologic loading.

Both the pattern of the. intradiscal pressure as a function of applied moment as well as the
intradiscal pressure magnitude at the neutral position and the maximum and minimum applied
moments were evaluated. The absolute and relative magnitudes were each studied. The pattern

provided a qualitative assessment of the overall effect of the Dynesys system on anterior column
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loading, whereas looking at the magnitude of the pressure enabled quantitat.ive comparison

between the two specimen conditions.

2.7 Facet Joint Imaging

A stand-alone exploratory study was conducted to evaluate the feasibility of using imaging to
further investigate the loading at the facet joints. This was a three-dimensional analysis of the
lumbar spine using magnefic resonance imaging (MRI) and if successful, would be a valuable
technique to gain a more comprehensive understanding of the changes in mechanisms and
magnitude of contact within the facet joints that occur under loading. Contact area, althoﬁgh
not directly related, can provide an indication of loads and stresses in the joint. In this case,
facet loads resulting from motion in the sagittal plane were examined. There was an attempt
to measure degeneration in posterior spinal structures using MRI almost two decades ago [46].
That study determined that MRI was useful in assessing degeneration of the posterior elements,
but cartilage thickness could not be measured accurately. MRI has not previously been used

to quantify contact area within the facet joints of the lumbar spine.

MRI has, however, been fairly widely used to calculate contact area in the knee [11, 19, 106,
107, 117, 149]. It has been found to provide accurate measurements of cartilage topography,
thickness, contact areas, and surface curvatures of the knee [19], as well as comparable contact

areas to pressure sensitive film [11].

Compared to the facet joints, the knee (patellofemoral and tibiofemoral) joints are of a greater
size, the cartilage is thicker (2.0 mm thick on average, up to a maximum of 5.3 mm [31] as
opposed to 1.5 — 1.9 mm thick in the facet joints [25]), and the articulating surfaces are less
conforming. All of these factors make it more difficult to transfer this technique to the facet

joints and obtain accurate measurements of contact area.

In the spine, the benefits of a method of this nature include complete three-dimensional repre-
sentation of the contact within the facet joint and information depicting the changes in contact

area that result from normal motion. There is much variation in the results of previous studies
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measuring both facet load magnitude and contact area in vitro or via mathematical model-
ing. Hence, an alternative method WOUICi be advantageous. In addition, the potential use for
a completely non-invasive technique to study loading patterns within the facet joints is vast.
MRI is already popular for assessing the degree of degeneration of intervertebral discs [111]. It
could be employed as a tool to analyze or track the progression of degeneration wit‘hir‘l the facet’
. joints. A thorough understanding of the normal load transfer through the posterior elements

could also be extremely useful in the advancement and development of joint arthroplasty.
2.7.1 Specimen Preparation

A human cadaveric lumbar spine segment (L1-L2) was prepared as in Section 2.1. Non-metallic
cable ties were used in place of wires and screws to enhance the mechanical fixation of the
- specimen in the dental stone mounts. Care was taken in selection of the specimen for this
component of the testing. A specimen that was young was chosen (male, 41 years of age)
because elderly specimens often display degeneration of the facet joint cartilage. Since this
was a pilot study to investigate the contact mechanism, as well as to evaluate the feasiblity of
a new techniique for measurement of _conta;ct area in the facet joints, the healthiest cartilage
attainable was desired. Caution was used to remove as little soft tissue as possible because the
MR signal depends on the signal from the protons, which in the body, is largely derived from

water moiecules.
2.7.2 Loading Apparatus

A custom loading device was designed and constructed to apply a flexion and extension moment
of approximately 7.5 Nm to the superior vertebra of the segment (Figure 2.20). The loading
was simply a static load that was held in.place for the short duration of the test. The required
load was applied to the specimen and then the displacement of the loading jig remained fixed
throughout the test. The jig was fabricated of materials compaﬁible for use in MRI. The loading
device consisted of two parallel high density polyethylene (HDPE) plates and a support base.
Short threaded nylon rods were attached to the two ends of each of the i)lates and connected

using a polyethylene fiber cable. Tightening the rods using nylon nuts reduced the distance
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separating the two ends of the plates, thus applying a moment (and some inherent compressive

forces) to the specimen (Figure 2.21).

A six-axis load cell (MC3-6-1000, AMTI, Newton, MA, USA) was utilized to “calibrate” the
loading jig for the specimen, since the load cell could not be used in the MR suite. Prior to
MR imaging, the specimen was loaded to 7.5 Nm in the sagittal plane while the distance
of separation between the plates was measured at each end. The six-axis load cell was then
removed from the apparatus and the required separation distance adjusted to account for the
height of the load cell. The repeatability of this technique was investigated by loading the
specimen to the pre-determined plate separation while recording the applied load using the six-
axis load cell. This procedure was repeated ten times, with the same individual applying the

load, while blind to the load measurements. The repeatability of the load application in flexion

Figure 2.20: Specimen in loading jig. The specimen is loaded with an eccentric compressive
force by reducing the distance between the two plates at the anterior end to produce flexion.
Viewing specimen laterally from the left side.
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Figure 2.21: MRI Facet joint loading jig

was 2%, expressed as the standard deviation as a percentage of the mean, and was regarded as

acceptable for this study.

Due to the viscoelastic nature of the spine, some relaxation of the specimen occurred. In an
attempt to minimize the relaxation, three conditioning cycles were performed immediately prior
to testing by loading the specimen to 100% of the load for a 30 second duration before being
released. There was a 30 second relaxation time between the three preconditioning cycles. In
addition, the MR scans were done on a static specimen and it was expected that the non-linear
relaxation behaviour would equilibrate so that changes in load were minimal during the actual

scan. This was the same procedure used in both the flexion and extension loading conditions.
2.7.3 Test Conditions

The testing was performed on the specimen in an intact condition only because of the ex-

ploratory nature of this study. The first step was to investigate if differences in contact area
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between flexion and extension loading could be identified.

2.7.4 Imaging

bl

Images were acquired in a 3 T MR scanner (Philips Gyroscan Intera, Philips Medical Systems,
Bothell, WA, USA) in a neutral position, and with the specimen in flexion and extension. The

specimen was loaded and the position was held constant as an MR image was generated.

The specimen was oriented with the anterior aspect entering the bore first and the L1 vertebral
body located superiorly. Receiver coils (Synergy FLEX-M, Philips Medical Systems, Bothell,
WA, USA) were placed on the top; plate of the loading jig and against the lateral (right) aspect of
~ the specimen. Slices were acquired in the transverse plane of the specimen since the articulating

surfaces are typically perpendicular to this plane [10].

The MRI sequence used was a 3-D spoiled gradient echo sequence (T1FFE) and was one that
was optimizedf for cartilage visualization. This was a sequence that was established for high
resolution cartilage enhanced scanning in the knee (TR = 19.0 ms, TE = 6.5 ms, flip angle =
15°) (modified from Glaser et al. [39]). The in—piane résolut‘ion was 0.31 mm x0.31 mm with
a slice thickness of 1.5 mm (512 X 512 matrix with a 160 mm field of view). Forty slices were |
acquired over a scan time ‘of 16:22 minutes. The number of signal acquistions (NSA) was 2.

Images were stored in DICOM format.
2.7.5 Analysis

Images were transferred to a\workstation alnd analysis was conducted using Analyze software
(Versidn 5.0, Mayo Foundation, Rochester, MN, USA). Contact was measured at the left and
right facet joints (covered 10— 12 slices) in flexion, extension, and in a unloaded position, using
two different methods. In both cases, the process was carried out 4 — 5 times for each facet to

evaluate the repeatability and to generate an average measurement based on a series of trials.

In-the first method, the cartilage was segmented from the bone using a semi-automated trace
on each transverse image without distinguishing between the two layers of articular cartilage

(Figure 2.22A). The area on each slice was calculated, using the software, based upon the
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number of pixels within the identified region. As an initial approximation, the volume of the
joint space was determined by multiplying each area by the slice thickness. This method was
based on the underlying assufnption that loading of the facet joint would cause compression of

the cartilage, thus altering the volume in the joint.

The second method measured contact area by creating B-splines on each transverse image along
the line of contact (Figure 2.22B). Contact was defined as the inability to differentiate between
the borders of the two cartilage layers. The length of the line in each slice was calculated and

multiplied by slice thickness to generate contact area.

The magnitude of contact (as depicted by both joint volume and contact area) was averaged
over the trials and compared for the three loading conditons, within each of the two methods

of quantification.

A B

Figure 2.22: Schematic of facet contact measurement techniques. A) Measurement of joint
volume using a semi-automated trace to segment the cartilage from the bone. B) Measurement
of contact area using a B-spline along the line of contact between the two facet surfaces. In both
cases, the measurement in each slice was multiplied by slice thickness to produce the respective
joint volume or area measurements.




Chapter 2. Methods

2.7.6 Validation

The contact measurements determined using the latter method were compared to contact areas
recorded with Tekscan sensors (Tekscan 6900 Quad Sensor, Tekscan Inc., South Boston, MA,
USA). The sensors were conditioned using the method described previously (Section 2.3.2).
After MR imaging was completed, the articular capsules were sectioned and one finger of
the sensor was placed within the right and left facet joints (Figure 2.23). The same loading
scenarios as those used for the MR imaging were recreated in the laboratory. The contact
area was measured at 5 Hz and the maximum area recorded under loading was used for the

comparison.

2.8 Statistical Analysis

The biomechanical evaluation of the Dynesys system involved a series of flexibility tests on

each specimen under multiple conditions. The effect of the specimen condition on kinematic

;

Figure 2.23: Tekscan wvalidation of contact area measured using MRI. Viewing specimen from
the right postero-lateral aspect. One finger of the sensor was inserted into each of the right and
left facet joints.
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behaviour or facet loads was measured repeatedl'y" in the same specimens. For this reeson,
the individual varlablhty between subjects must be taken into account. To analyze differences
within each subject due to the specimen condition, a repeated measures multivariate analysis of
variance (MANOVA) was used. In all cases, a 95% level of significance was assumed. When sta-
tistically significant differences were found for the main effect, Student-Newman-Keuls (SNK)

post-hoc analyses were performed to investigate the specific differences between conditions.

All statistical analyses were performed using a commercial software package (Statistica Release
5.5, StatSoft Inc., Tulsa, OK, USA). The design of the stat1st1cal tests varled slightly between

parameters and is defined in the following sections.-
2.8.1 Kinematic Behaviour

The effect of the Dynesys system and specimen condition on kinematic behaviour was de-
termined using a one-way repeated measures MANOVA. Two sets of statistical tests were
performed. The first analysis looked at the effect of specimen condition (Intact, Intact with
Dynesys, Capsule, Injury, Dynesys, and Rigid) on the kinematics. The comparisons that were
primarily of interest were between the Intact and Intact-Dyne-sys, between the Intact and Cap-
sule, Intact and Injury, Intact and Dynesys (standard), Intact and Rigid, Injury and Dynesys,
Injury and Rigid, Injury and Post, and Dynesys and Rigid. The second analysis focused on the
differences between the three spacer lengths (Dynesys short, Dynesys standard, e;nd Dynesys

long), but the results were first normalized to those seen in the intact condition.

For the ROM, an analysis was done in flexion, extension, lateral bending, and axial rotation.
The NZ was analyzed in ﬂexion-extension, lateral bending, and axial rotation. Each of the
two coordinates describing the positioh of the HAM and the two angles describing the orien-
tation were analyzed individually for flexion-extension, lateral bending, and axial rotation. All

kinematic comparisons were repeated with and without a follower preload.
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2.8.2 Facet Loads

Statistical differences in peak facet load were degermined using a two-way repeated measures
MANOVA. Again, this was done using two separate analyses; the first looking at the effect of
specimen condition on facet loads and the second looking at the effect of spacer length bn facet
loads. The first factor was specimen condition ({Intact, Intact with Dynesys, Capsule, Injury,
Dynesys standard, Rigid}{Dynesys short, Dynesys s’canciard, Dynesys long}) and the second
factor was side (left, right). The analysis was done in flexion, extension, lateral bending, and
axial rotation and was repeated with and without a follower preload. The interaction between

factors was also investigated when significant using SNK post-hoc analysis.
2.8.3 Intradiscal Pressures

The intradiscal pressures were compared for only two cases and thus, a one-way repeated mea-
sures ANOVA (identical to a paired t-test since only two variables) analysis was employed.
Differences in intradiscal p}essure were quantitatively evaluated by first comparing the mag-
nitudes at the neutral position. To compare the increase or decrease in pressure under an
applied load, the relative magnitudes of the pressures (pressure minus pressure at neutral po-
sition) were ahalyzed. This provided an indication of the change in pressure resulting from the
applied load and whether the change was significarltly greater in one condition or the other.
To assess the differences in the absolute magnitude, the analysis was repeated using absolute
valﬁes. While some of the difference in absolute magnitude may be evident by the difference in
neutral position, changes in the shape of the pressure-moment curve are not necessarily obvious
using simply a comparison of the relative magnitudes. The combination of the two led to a
quantitative analysis of the overall difference (magnitude and pattern) in intradiscal pressures

between the two cases.
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3.1 Kinematic Behaviour

3.1.1 Effect of Spécimen Condition

Range of Motion (ROM)

The intact specimens displayed an average intersegmental ROM at L3-L4 of 3.7° in flexion, 3.3°
in extension, 3.8° in lateral bending (one side), and 2.1° in axial rotation (one side) without
a follower preload. Application bf the follower preload caused an increase in ROM in flexion
to 4.4° and a decrease in all other directions; 2.4°, 2.4°, and 1.2° in extension, lateral bending, '
and axial rotation, respectively (Tables 3.1 and 3.2). A summary of the kinematic results for
each specimen and the details of the statistical analysis are included in Appendices A and B,

respectively.

_ The motion vs. applied moment curves for a typical specimen are shown in Figures 3.1 to

3.3. The condition of the specimen caused large significant differences in all loading directions,
with and without a follower preload. Typically, the order from the least to most flexible was
Intact—Dynesys, Rigid, ‘Dynesys Standard, Intact, Capsule, Injury, and Post. The stiffness of
the segment with the Dynesys and with rigid fixation was similaf, with one sometimes more
stiff than the other. The injury and post conditions in lateral bending with the follower preload

were exceptions to this generalization.

Post-hoc analysis revealed that there were no significant differences in ROM between the intact

and capsule conditions in any of the loading directions, with or without a follower preload

71



Chapter 3. Results

Table 3.1: Absolute average range of motion without follower load. Values (in degrees) are the
average and standard deviation for ten specimens. Lateral bending and azial rotation ROM are
reported as an average of one side only.

Without Follower Load

Condition Flexion Extension Lateral Bending Axial Rotation
Intact 3715 33£15 38+14 - 21+£09
Intact—Dynesys - ‘0.3 +02 03404 0.7+0.3 1.0+£0.7
Capsule 43+17 35=£09 41+1.5 23+1.1
Injury 61+1.4 44+1.2 50+1.8 28+12
Dynesys Standard 1.0+0.6 1.1+0.7 1.0+0.5 1.6+1.0
Rigid  1.0+04 1.3+09 0.9+ 0.6 0.9+0.7
Post 6.5+22 50X1.6 54+1.8 2..7 + 0.9

Table 3.2: Absolute average range of motion with follower load. Values (in degrees) are the
average and standard deviation for ten specimens. Lateral bending and azxial rotation ROM are
reported as an average of one side only.

With Follower Load

Condition Flexion Extension Lateral Bending Axial Rotation
Intact 44420 24+0.9 24+1.2 1.24+05
Intact-Dynesys ~ 0.4+0.3 0.3+0.2 0.6 +0.2 0.7+0.4
Capsule- 504£21 23+08  24+1.3 1.2+0.6
Injury 58+25 2.7+1.7 14409  1.3+0.6
Dynesys Standard  0.5+03  0.5:+0.3 0.5+0.2 1.0+0.5
Rigid 05+03 05+03  05+0.2 0.7+0.5
Post, 64+26 24+1.1 18415 1.2+05
7
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Figure 3.1: Motion vs. applied moment of a typical specimen in flexion-extension. Shown for
seven specimen conditions without a follower preload.
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Figure 3.2: Motion vs. applied moment of a typical specimen in lateral bending. Shown for
seven specimen conditions without a follower preload.
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Figure 3.3: Motion vs. applied moment of a typical specimen in azial rotation. Shown for
seven specimen conditions without a follower preload.

(p > 0.26) (Figures 3.4 to 3.7). Injury, however, resulted in significantly greater motion than the
intact condition in flexion (p < 0.05), lateral bending (p < 0.04), and axial rotation (p = 0.01)
(only axial rotation without a follower preload). There was no significant difference between
the intact and injury conditions in extension (p > 0.05). Rigid fixation always produced
significantly smaller motion than that of the intact condition (p < 0.006). There was no

significant difference in ROM when comparing the injury and post conditions (p > 0.07).

Implantation of the Dynesys system created a significantly smaller ROM than the intact con-
dition in all directions (p < 0.003), except in axial rotation with a follower preload (p = 0.36).
ROM with the Dynesys was 16%, 30%, 25%, and 88% of Intact ROM in flexion, extension,
lateral bending, and axial rotation, respectively (with a follower preload). The motion with the
Dynesys implanted was actually relatively similar to that of the rigid system, with no significant
differences between the two devices (p > 0.57), except in axial rotation where the motion with
the Dynesys was significantly greater (p < 0.04). Compared to the injury condition, the Dy-

nesys resulted in significantly less motion (p < 0.05), except in axial rotation with a follower
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preload (p = 0.14).
Neutral Zone (NZ)

For the intact condition, the average NZ was 0.4°, 0.7°, and 0.3° in flexion-extension, lateral
bending, and axial rotation, respectively. Application of a follower preload increased the NZ in
flexion-extension to 0.6° and in lateral bending to 1.1°, and decreased the NZ in axial rotation

to 0.1° (Tables 3.3 and 3.4).

Injury of the specimens resulted in a significantly greater NZ in flexion-extension without a
follower preload (p = 0.02). In all other directions, differences in NZ were not significant
between the intact and injury conditions (p > 0.10). Typically, thére was an increase in
NZ following injury, except in lateral bending with a follower preload, in which NZ actually

decreased once the specimen was injured. (Figures 3.8 to 3.10).

After implantation of the Dynesys, there was a significant reduction in NZ compared to that
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Figur.e 3.4: Average ROM in flexion. Shown for seven specimen conditions, with and without
a compressive follower preload. @, @@, #, ##, %, %%: p = 0.0001; * ** § <+, ++:
p = 0.0002; $8: p = 0.05.
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Figure 3.5: Average ROM in extension. Shown for seven specimen conditions, with and
without a compressive follower preload. $, @, Q@, +, ++, ##: p = 0.0001; * ** 8§38, #:

p < 0.0002.
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Figure 3.6: Average ROM in lateral bending. Shown for seven specimen conditions, with and
without a compressive follower preload. @, #, %: p = 0.0001; * ** @@, ##, +: p = 0.0002;
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Figure 3.7: Average ROM in azial rotation. Shown for seven spécimen conditions, with and
without a compressive follower. preload. *, %: p = 0.0001; #, +: p =0.0002; %%. p = 0.0004;
@, &: p=10.002; **: p=0.004; ##: p=0.006; $: p=0.01; * &6: p=0.04.

in the injury condition in all loading directions without a follower preload (p < 0.05) and in
flexion-extension with a follower preload (p = 0.02). Compared to an intact specimen, the NZ
with the Dynesys was only significantly different (smaller) in lateral bending (p < 0.03). There
was no significant difference in NZ between the Dynesys and rigid conditions (p > 0.62). The
NZ in the injury and post conditions was statistically equivalent (p > 0.05), except in lateral
bending with a follower preload (p = 0.03). There was also no significant difference in NZ

between the intact and capsule conditions (p > 0.24).
Helical Axis of Motion (HAM)

The primary HAM analysis was focused on the HAM over the entire motion. Where differences
were observed between the half motions, the results were also included (refer to Appendix .C
for the complete results of the HAM for the unloaded to maximum rotation and unloaded to

minimum rotation). The HAM for flexion and extension, individually, were not incorporated

because for a large number of specimens the HAM was ill-defined (again results are in Ap-
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Table 3.3: Absolute average NZ without follower load. Values (in degrees) are the average and
standard deviation for ten specimens.

Without Follower Load

Condition Flex-Ext Lateral Bending Axial Rotation
Intact 04+£0.5 0.7+04 0.3+03
Intact-Dynesys 0.1+ 0.0 0.1£0.1 02+02
Capsule 0.8+0.7 0.9+0.5 0.3+0.4
Injury 13+1.0 1.1+07 0.5£0.5
Dynesys Standard 0.2 + 0.1 0.1 £0.1 0.3+0.3
Rigid 0.2+0.2 0.2+0.2 0.3+£0.5

Post 1.8 1.7 1.3+0.8 0.4+£03

Table 3.4: Absolute average NZ with follower load. Values (in degrees) are the average and
standard deviation for ten specimens.

With Follower Load

Condition‘ | Flex-Ext Lateral Bending . Axial Rotation
Intact 06+05  11+06 0.1+0.1
Intact-Dynesys 0.1+0.1 0.3+£0.2 0.1+£01
Capsule 06+04 1.0+0.6 0.1+0.1
Injury 0.8£0.8 0.5+0.3 0.2+0.2
Dynesys Standard 0.1 £ 0.1 1 0.1£01 0.2+£0.2
Rigid 0.2+0.1 0.2+02 0.1+0.2
Post 05403  11+13 0.140.1
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Figure 3.8: Average NZ in flexion-extension. Shown for seven specimen conditions, with and
without a compressive follower preload. *, #, +, €&: p=0.02; @: p =.0.03.
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. Figure 3.9: Average NZ in lateral bending. Shown for seven specimen conditions, with and
without o compressive follower preload. &, %: p = 0.0002; *, +: p = 0.002; $: p = 0.003; $9,

¥4 pp = 0.02.
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Figure 3.10: Awerage NZ in azial rotation. Shown for seven specimen conditions, with and
without a compressive follower preload. #: p=0.02; *: p=0.04."

pendix C, but should be interpretedAcautiously). Unless specifically noted, the HAM from here

on in refers to the HAM over the entire motion.

The average HAM of the intact specimen in flexion-extension was located approximately at
the centre of the L3-L4 intervertebral disc in the mid-sagittal plarie and passed in a relatively
straight fashion through the zz (endplate) and zy (coronal) planes (Figure 3.11). In lateral
? bending, the HAM of the intact specimen was located centrally and laid between the inferior
| edge of the L3 vertebral body and the superior aspect of the intervertebral disc (Figure 3.12).
; This was similar to the position of the HAM inlboth left and right laterval bending. The
;’ HAM was angled slightly superiorly in the mid-sagittal plane and with no inclination in the
: zz (endplate) plane. In left lateral bending, however, the HAM was angled towards the right
side of the specimen and the opposite was observed in right lateral bending, in that the HAM
was angled to the left of the specimen, indicating a degree of coupled flexion-extension motion
(Figure 3.13). In axial rotation, the HAM of the intact specimen was again located centrally

near the posterior wall of the L4 vertebral body, with a small inclination to the left in the
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zy (coronal) plane and angled anteriorly in the mié—sagittal plane (Figure 3.14). In left and
right axial rotation separately, however, the HAM was located to the right and left of the
mid-sagittal plane, respectively (Figure 3.15). The' HAM was angled largely to the left in the
coronai tplane in left axial rotation and angled a very small degree to the right in right axial

rotation (Figure 3.16).

There were no significant differences in the HAM after the facet joint capsules were sectioﬁed or
after the severe injury was performed, as compared to the intact condition (p > 0.05). Implan-
tation of the Dynesys resulted in a significant posterior shift in the HAM in ﬂexion—extenéion
(p < 0.03) (Figure 3.11) and axial rotation (p < 0.05) (Figure 3.14) (only without a follower
preload in axial rotation). A non-significant asymmetric rotation in the zz (endplate) plane
was evident in flexion-extension when the Dynesys was implanted. There was a slight, though
non-significant, shift of the HAM laterally to the right in axial rotation with implantation of
the Dynesys (p > 0.05). In the mid-sagittal plane for axial rotation, the orientation of the HAM
rotated clockwise with implantation of the Dynesys so that the axis was directed posteriorly
instead of anteriorly as in the intact condition. This indicated a change in th.e coupled motion.
The difference was significant without a follower preload (p < 0.004), but not with a follower
preload (p > 0.05). In the zy (coronal) plane, the orientation of the Dynesys switched very
slightly from inclination to the right in left axial rotation to the left in right axial rotation. This
change in coupling was of a similar pattern as that observed in the intact specimen between left
and right axial rotation, however the angle tended to be greater, but not significantly different, |
in the intact specimen (Figure 3.16). There were no significant changes in lateral bending with
the Dynesys as compared to the intact, capsule, and injury conditions (Figure 3.12). However,
the Dynesys tended to cause an inferior and lateral shift to the right in the position of the HAM
(p > 0.05) as well as a non-significant clockwise rotation in the zz (endplate) plane (p > 0.05).
It was interesting to note that while the HAM in the intact, capsule, injury, and post conditions
all possessed opposite angulations in the endplate plane for right and left lateral bending, for
specimens stabilized with the Dynesys and rigid fixation, the orientation of the HAM did not

change when looking at the entire motion or each of the half motions (Figure 3.13).
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Comparing the Dynesys and rigid conditions, there were no significant differences in either
position or orientation of the HAM. Looking in the zy (coronal) plane, in the rigid condition,
there was not a substantial difference in the orientation of the HAM between right and left
axial rotation, but with the Dynesys, the HAM alternated between inclination to the right and

left. The HAM for the injury and post conditions were not statistically different.

3.1.2 Effect of Spacer Length

Range of Motion (ROM)

_ In all loading directions, there was generally an increase in ROM With the long spacer and
a reduction in ROM with the short spacer, as compared to the kinematics of the standard
length spacer. Motion vs. épplied moment curves for a typical specimen are shown in Figures
©3.17 to 3.19. Without a compressive follower preload, the spacer length did significantly affect
ROM with p < 0.006 (Table 3.5, Figures 3.20 to 3.23). Post-hoc analysis revealed that the
differences were significant between all three spacer lengths (p < 0.02), except between the long

and standard spacers in flexion and extension (p > 0.47).

While the same trend was seen with a follower prelo>ad, the changes in ROM were only significant
in axial rotation and were between all three spacer lengths (p < 0.03) (Table 3.6, Figures 3.20
to 3.23). The length of the spacer did not lead to significant differences in ROM in latéral

bending,(p = 0.05), extension (p = 0.08), or flexion (p = 0.17) with a follower preload.

Table 3.5: Absolute ROM without follower load for three Dynesys spacer lengths (short, stan-
dard, and long). Numbers (in degrees) are the average and standard deviation for ten specimens.
"Lateral bending and azial rotation ROM are reported as an average of one side only.

{

Without Follower Load

Condition  Flexion Extension Lateral Bending Axial Rotation

Short 05404 05403 08405 1.340.9
Standard 1.0+06 11407 1.0+0.5 1.6+ 1.0

Long 1.0£05 1.3+09 1.2+£05 1.9£09
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Figure 3.11: Average position (with one standard deviation) and orientation of HAM in
flexion-extension. Shown with and without a compressive follower preload for seven specimen
conditions. Values were normalized by the width, AP diameter, and height of the L4 vertebral
body. Of interest were statistically significant differences that existed in the AP position bew-
teen Intact and Dynesys (p < 0.03), Intact and Rigid (p = 0.0001 at O N), Injury and Dynesys
(p < 0.03), Injury and Rigid (p = 0.0002 at 0 N), Intact and Intact-Dynesys (p < 0.005).

83




Chapter 3. Results

S L

™ r

&
—

25% of body height/unit

:\\ %:l g -~
w Intact-Dynesys =~ o™ @ intact
7 4 Capsule { ® Intact-Dynesys
“ Injury 4 Capsule
I mDynesys y H # Injury
X

4 Rigid i L] e
+ Post IS glx":dm
x

+ Post

—
\/)
25% of body height/unit

25% of body width/unit

25% of bodv width/unit

N ——:mm
E - o £
2 2
> \ b
=) . \ =
2 ~_ 2
r . -
g ’ Y g
k-] .Y B
2 . 2
v \ N
L \ /"~
. N\
25% of body AP diameter/unit
— Intact — Intact
~- |ntact-Dynesys ~— Intact-Dynesys
e Capsule e CAPSUI
35 — :In]ury 5 ;---:Inpry
5 ZThe" S = TRgd
E Post E Post
© y - o " | .
o ) - ‘«\ £ ; " \
Q J \ o J \
> P = {0 \
8 ro | g g |
k] £ 3 5 ,' > h /
° 1 ! ’
& - X4 & - 113
e I o e 3 e
] | . i 1]
" ! i i
25% of body width/unit 25% of body width/unit
A. Without a Follower Preload B. With a Follower Preload

Figure 3.12: Average position (with one standard deviation) and orientation of HAM in lateral
bending. Shown with and without a compressive follower preload for seven specimen conditions.
Values were normalized by the width, AP diameter, and height of the L4 vertebral body. Of
interest were statistically significant differences that existed without a follower preload between
Intact and Intact-Dynesys in the medial-lateral position (p = 0.002) and in the xz (endplate)
plane (p = 0.03). No statistical differences were seen in position or orientation of the HAM
with a follower preload (p > 0.05).
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Figure 3.13: Average orientation of the HAM in left and right lateral bending. Shown without
a compressive follower preload for seven specimen conditions. Values were normalized by the
width, AP diameter, and height of the L4 vertebral body. Differences between conditions were
not statistically significant (p > 0.05).

Table 3.6: Absolute ROM with follower load for three Dynesys spacer lengths (short, standard,
and long). Numbers (in degrees) are the average and standard deviation for ten specimens.
Lateral bending and azxial rotation ROM are reported as an average of one side only.

With Follower Load

Condition  Flexion Extension Lateral Bending Axial Rotation
Short 04+03 03£0.2 0.5+0.3 09=+04
Standard 0.5+0.3 0.5%0.3 0.5+0.2 1.0+ 0.5
Long 0.5+0.3 0.6+0.2 0.6+0.3 1.2+0.5

Neutral Zone (NZ)

The average NZ was typically greatest with the long spacer, followed by the standard and
short spacers. The long spacer resulted in a significantly larger NZ compared to the short
spacer without a follower preload in flexion-extension (p = 0.04), lateral bending (p = 0.03),
and axial rotation (p = 0.02) (Table 3.7 and Figures 3.24 to 3.26). Differences in NZ were

also significant without a follower preload between the standard and short spacers in flexion-

extension (p = 0.03) and between the standard and long spacers in axial rotation (p = 0.03).
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Figure 3.14: Average position (with one standard deviation) and orientation of HAM in azial
rotation. Shown with and without a compressive follower preload for seven specimen conditions.
Values were normalized by the width, AP diameter, and height of the L4 wvertebral body. Of
interest were statistically significant differences that existed without a follower preload in the
AP direction between Intact and Dynesys (p = 0.04) and in the mid-sagittal plane between Intact
and Intact-Dynesys (p = 0.02), Intact and Dynesys (p = 0.003), Intact and Rigid (p = 0.03),
and Injury and Dynesys (p = 0.03). With a follower preload, of interest was a statistical
difference in orientation in the xy (coronal) plane between Intact and Rigid (p = 0.03) Injury
and Rigid (p = 0.05).
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Figure 3.15: Average and standard deviation in position of the HAM in left and right azial
rotation. Shown without a compressive follower preload for seven specimen conditions. Values
were normalized by the width, AP diameter, and height of the L4 vertebral body. Differences
between conditions were not statistically significant (p > 0.05).
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Figure 3.16: Average orientation of the HAM in left and right axial rotation. Shown without
a compressive follower preload for seven specimen conditions. Values were normalized by the
width, AP diameter, and height of the Lj vertebral body. Differences between conditions were
not statistically significant (p > 0.05).
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Figure 3.17: Motion vs. applied moment of a typical specimen in flexion-extension for three
Dynesys spacer lengths (short, standard, long) without a follower preload.
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Figure 3.18: Motion vs. applied moment of a typical specimen in lateral bending for three
Dynesys spacer lengths (short, standard, long) without a follower preload.
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Figure 3.19: Motion vs. applied moment of a typical specimen in azial rotation for three
Dynesys spacer lengths (short, standard, long) without a follower preload.
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Figure 3.20: Average ROM in flewion for three spacer lengths (short, standard, long). Shown
with and without a compressive follower preload. Values were normalized to ROM of the corre-
sponding intact specimen. * p = 0.008; # p = 0.005. No significant differences existed between

spacer lengths with a follower preload (p > 0.17).
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100

ROM (% of intact
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Figure 3.21: Average ROM in extension for three spacer lengths (short, standard, long. Shown
with and without a compressive follower preload. Values were normalized to ROM of the cor-
responding intact specimen. * p = 0.01; # p = 0.006. No significant differences between spacer
lengths with a follower preload (p > 0.08).
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Figure 3.22: Average ROM in lateral bending for three spacer lengths (short, standard, long).
Shown with and without a compressive follower preload. Values were normalized to ROM of
the corresponding intact specimen. *, #:p = 0.01; @: p = 0.0002. No significant differences
between spacer lengths with a follower preload (p > 0.05).
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Figure 3.23: Average ROM in agzial rotation for three spacer lengths (short, standard, long).
Shown with and without a compressive follower preload. Values were normalized to ROM of
the corresponding intact specimen. $, %: p=0.0002; #p=0.003; +p=20.006; *p=0.02,
@ p = 0.03.

With a follower load, spacer length only had a significant effect on NZ in lateral bending. The
long spacer produced a significantly larger NZ than both the standard (p = 0.03) and short

(p = 0.03) spacers in lateral bending. No significant differences were seen in flexion-extension

(p = 0.07) or axial rotation (p = 0.07).

Table 3.7: Absolute NZ without follower load for three spacer lengths (short, standard, and
long). Numbers (in degrees) are the average and standard deviation for ten specimens.

Without Follower Load

Condition Flex-Ext Lateral Bending Axial Rotation

Short 01=0.0 0.1+0.1 0.2x£0.2
Standard 0.2 £0.1 0.1+£01 0.3+0.3
Long 0.2£0.2 0.24+0.1 0.3£0.2

91



Chapter 3. Results

150 : '
ol —~  WE0ON
. i

8 Bet
£
Yoo
o
=
N
-

Short Standard Long
Spacer Length

Figure 3.24: Average NZ in flexion-extension for three spacer lengths (short, standard, long).
Shown with and without a compressive follower preload. Values were normalized to NZ of the
corresponding intact specimen. * p = 0.03; # p = 0.04. No significant differences between

spacer lengths with a follower preload (p > 0.07).
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Figure 3.25: Average NZ in lateral bending for three spacer lengths (short, standard, long).
Shown with and without a compressive follower preload. Values were normalized to NZ of the

corresponding intact specimen. *, #, @: p = 0.03.
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Table 3.8: Absolute NZ with follower load for three:spa,cer lengths (short, standard, and long).
. Numbers (in degrees) are the average and standard deviation for ten specimens.

With Follower Load

Condition Flex-Ext Lateral Bending Axial Rotation

Short 0.1£0.0 0.1x£0.1 0.2+0.1
- Standard 0.1 +£0.1 0.1£0.1 0.2+0.2

Long = 0.1%£0.0 02+0.1 0.2x£0.2

Short Standard L.ong
Spacer Length

Figure 3.26: Average NZ in azial rotation for three spacer lengths (short, standard, long).
Shown with and without a compressive follower preload. Values were normalized to NZ of the
corresponding intact specimen. # p = 0.02; * p = 0.03. No significant differences between
spacer lengths with a follower preload (p > 0.07).

Translation

The y—component of the translation vector between L3 and L4 at the neutral position was
used as an indication of the degree of compression or distraction of the anterior annulus that
was created by the three different Dynesys spacer lengths. Translation in the y— direction
rebresented the inferior-superior displacement between the origins of the L3 and L4 anatomical

coordinate systems. The average initial inferior-superior separation distance was 39.3+6.6 mrﬁ,
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38.6 &= 7.3 mm, and 38.4 £ 7.9 mm for the short, standard, and long spacers, respectively
(Table 3.9). The difference in separation distance created by the three spacer lengths was not.

significant in the y—direction (p = 0.35).
Helical Axis of Motion (HAM)

Overall, the length of the spacer did not contribute to large differepcés in the position or
orientation of the HAM. Typically the short spacer resulted in a greater shift of the HAM from
that of the standard spacer and the long spacer produced lesser changes. Without a follower
preload the only significant difference in HAM was a greater counter-clockwise rotation in the

zz (endplate) plane in flexion-extension with the short spacer as compared to the long spacer

Table 3.9: Initial separation distance between L3 and L4 anterior points with the three Dynesys
spacer lengths (short, standard, and long). For each specimen, the separation distance was
represented as a single value along the y—azis. This was the average distance calculated from
the initial separation distance in each loading direction (3 cases) and each preload condition (2
cases). Distances are shown in mm. There was no statistically significant difference between
the y—separation distances (p = 0.35).

y—Distance

Specimen Short Standard Long

H1092 = 284 22.8 20.8
H1062  36.3 38.1 37.8
H1113 35.6 36.4 36.4
H1107 49.2 48.8 50.5
H1005 49.3 47.3 46.0
H1094 36.2 36.0 35.7
H1109 37.1 36.2 ' 37.2
H1106 35.7 36.0 35.5
H1112 41.7 415 41.3
H1111 43.9 43.4 429
Mean 39.3 38.6 38.4

St Dev 6.6 7.3 7.9
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(p = 0.03) (Figure 3.27). With a follower preload, however, a significant difference in position
and orientation of the HAM existed in axial rotation. The HAM was located significantly
more posteriorly and with a greater clockwise rotation in the mid-sagittal plane with the lon.g

spacer than with the short spacer (p < 0.04) (Figure 3.28). There was a tendency for the
‘ position of the HAM to move more posteriorly in flexion-extension and axial rotation as spacer

length decreased. There was also a non-significant lateral shift to the right as spacer length

was decreased in axial rotation and lateral bending (Figures 3.28 and 3.29).
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Figure 3.28: Average position (with one standard deviation) and orientation of HAM in axial
rotation (spacer length). The HAM are shown with and without a compressive follower preload
for the intact condition, and short, standard, and long Dynesys spacers. Values were normal-
ized by the width, AP diameter, and height of the L/ vertebral body. There was a significant
difference in position of the HAM in the anterior-posterior direction with a follower preload
(p = 0.03) and in the orientation in the mid-sagittal plane with a follower preload (p = 0.03)
between the short and long spacers. None of the other differences between spacer lengths in axial
rotation were of statistical significance. Note that the intact condition was provided as reference

only and not included in these comparisons.
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Figure 3.29: Average position (with one standard deviation) and orientation of HAM in lateral
bending (spacer length). The HAM are shown with and without a compressive follower preload
for the intact condition, and short, standard, and long Dynesys spacers. Values were normalized
by the width, AP diameter, and height of the Lj vertebral body. None of the differences between
spacer lengths in lateral bending were of statistical significance (p > 0.15). Note that the intact
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condition was provided as reference only and not included in these comparisons.
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3.2 Facet Loads

3.2.1 Effect of Specimen Condition

The average total peak facet loads (sum of left and right for flexion and extension, average of
maximum left and right forces for lateral bending and axial rotation) in the capsule condition
without a follower preload were greatest in axial rotation (56 N), followed by extension (27 N),
lateral bending (13 N), and finally flexion (7 N) (Table 3. 10). Application of a follower preload
did not result in significant differences in facet load compared to testing performed without a
follower preload (p > 0.16). Facet loads for each specimen can be found in Appendix A and

details of the statistical analysis in Appendix B.

/

Before the Dynesys was implanted, the contact load was minimal in flexion and increased with

an extension moment (Figures 3.30 and 3.31). Both facets were loaded simultaneously. In

Table 3.10: Average facet contact load without-and with a follower preload. Loads are the
average and standard deviation for capsule-sectioned specimens and for injured specimens sta-
bilized with the standard length Dynesys spacer. Contact loads are in all directions of applied
loading and are in Newtons (N).

Capsule Dynesys

Loading Direction Follower Left Right Left Right

O TN NN N BN 6%

Flexion 0 245  4+d4  16+16 27+22
Extension 0 13414 14+10 9+11 21418
Lateral Bending 0 11+£11 16+£14 16+13 31+21
Axial Rotation 0 56417 55+18 50+24 6320
Flexion 600 1+2 5+6 13+17 32423
Extension 600 18+14 18+13 9+14 21+17
Lateral Bending 600  11+£11 19+18 15+19 30+23
Axial Rotation 600 50+£15 45412 40+24 62+29
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lateral bending, the contact load pattern was less consistent among specimens, but typically
shifted between sides for left and right applied moments. In axial rotation, the contact loads
alternated between sides with a compressive load exerted on the contralateral facet joint, so for
example, right axial rotation created a compressive force in the left facet joint (Figures 3.32 and

3.33). The peak magnitude was typically comparable between the right and left facet joints.

Implantation of the Dynesys system created an initial load on the facet joints due to inherent
compression of the posterior elements of the bridged segments (Figures 3.30 and 3.32). The

standard length Dynesys spacer resulted in an initial load of 13 =13 N and 18 = 18 N at the
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s
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Figure 3.30: Sample contact load (in Newtons) vs. rotation (in degrees) for left and right facet
joints in flexion-extension without a follower preload. Shown for the capsule condition and with
the standard Dynesys spacer for Specimen H1107. Negative facet load indicates compression.
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Figure 3.31: Sample contact load vs. time in flexion-extension without a follower preload for
capsule condition. Facet loads are in Newtons and are shown for three cycles of loading for
Specimen H1109.

left and right sides, respectively.

In an injured specimen stabilized with the Dynesys, the load profile was dramatically different
from that in the capsule condition in flexion-extension (Figure 3.34) and notably different
in axial rotation (Figure 3.35). Typically one facet experienced a much higher contact load
than the other. In flexion-extension, the load pattern was reversed (compared to the capsule
condition) with the Dynesys so that the facet loads were increasing during flexion and decreasing

in extension.

With the standard length Dynesys implanted, there were significantly increased facet loads at
both the left and right sides in flexion (p < 0.03) with and without a compressive follower
preload (Table 3.10 and Figures 3.30, 3.36, and 3.37). The largest changes in facet load were
observed in flexion where the Dynesys increased facet loads compared to the capsule condition
from an average peak load of 2 N and 4 N for the left and right sides to 16 N and 27 N for
the left and right sides without a follower preload. Although not significantly different, the

facet loads tended to increase in lateral bending with implanation of the Dynesys compared to
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Figure 3.32: Sample contact load (in Newtons) vs. rotation (in degrees) for left and right
facet in azial rotation without a follower preload. Shown for the capsule condition and with
the standard Dynesys spacer for Specimen H1005. The contralateral facet joint was loaded in
compression during flexion and extension. Negative facet load indicates compression.

the capsule condition (Figures 3.38 and 3.39). In extension (Figures 3.40 and 3.41) and axial
rotation (Figures 3.42 and 3.43), the Dynesys typically decreased the magnitude of the average
peak contact loads on the left side and increased them on the right side, but the differences

were not significant.

Asymmetry in the peak contact load between the two facet joints during flexibility tests tended
to increase with the Dynesys. There were significantly greater facet loads observed at the
right facet compared to the left in flexion when the Dynesys was implanted (p < 0.0007). The

same trend was observed between the right and left facets for all specimen conditions in lateral
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Figure 3.33: Sample contact load vs. time in azial rotation without a follower preload for
capsule condition. Facet loads are in Newtons and are shown for three cycles of loading for

Specimen H1005.
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Figure 3.34: Sample contact load vs. time in flexion-extension without a follower preload for
an injured specimen stabilized with Dynesys. Facet loads are in Newtons and are shown for

three cycles of loading for Specimen H1109.
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Figure 3.35: Sample contact load vs. time in azxial rotation without a follower preload for an
injured specimen stabilized with Dynesys. Facet loads are in Newtons and are shown for three
cycles of loading for Specimen H1005.

bending without a follower preload (p < 0.003). Although not significant, this same pattern

was also observed in extension and axial rotation (p > 0.05).

Facet loads with the Dynesys were significantly greater in flexion than those for the injury
(p < 0.005) and rigid (p < 0.002) conditions for the left and right sides without a follower
preload and right side with a follower preload. The Dynesys also resulted in significantly greater
facet loads than in the rigid condition in lateral bending with a follower preload (p < 0.03)
(Figures 3.38 and 3.39) and in axial rotation without (p < 0.03) and with (p < 0.01) a follower

preload (Figures 3.42 and 3.43).

Both left and right facet loads were significantly smaller in the rigid condition than in the
capsule (p = 0.03) and injury (p = 0.006) conditions in extension with a follower preload
(Figures 3.40 and 3.41). In axial rotation, the rigid system produced significantly smaller left
facet loads than in the Capsule (p < 0.0002) and Injury (p < 0.0002) and smaller right facet
loads than in the Injury (p < 0.02) (Figures 3.42 and 3.43). Facet loads were asymmetric in

axial rotation with the rigid device; the load at the right facet was significantly greater than
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that at the left (p < 0.0009).

3.2.2 Effect of Spacer Length

As mentioned in Section 3.2.1, the initial facet contact loads that were created by implantation
of the standard length Dynesys were 13 £ 13 N and 18 £+ 18 N at the left and right sides,
respectively. The length of the spacer had an effect on the magnitude of the initial contact
load. The long spacer decreased the average inital load to 48 N and 11410 N for the left and
right sides, while the short spacer increased the load to 16 12 N and 27+ 27 N for the left and
right sides (Figure 3.44). The differences were significant between the long and short spacers
on both the left (p = 0.004) and right (p = 0.02) sides. There was no significant difference

between the right and left sides, however.

Variation of the Dynesys spacer length affected the facet loads during flexibility testing. Gen-
erally, the magnitude of the contact load was greatest with the short spacer and least with the

long spacer in all directions of loading (Figures 3.45 to 3.52). There was a significant difference
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Figure 3.36: Awverage peak facet loads in flexion without a follower preload. Shown are con-
tact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). #, @, %: p = 0.0001; **: p = 0.0007; $: p = 0.005; *, +:
p = 0.002.
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Figure 3.37: Average peak facet loads in flexion with a follower preload. Shown are con-
tact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). #, @, +: p = 0.0001; $: p = 0.0002; *: p = 0.02.
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Figure 3.38: Average peak facet loads in lateral bending without a follower preload. Shown
are contact forces within the left and right facet joints for five specimen conditions (Capsule,
Injury, Standard Dynesys, Rigid, and Post). There was a signficant difference in facet load
between sides (p = 0.003), but not between specimen condition (p = 0.07).
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Figure 3.39: Average peak facet loads in lateral bending with a follower preload. Shown are
contact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). There was a significant difference in facet load between
the Dynesys and rigid conditions (*, #: p = 0.03).
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Figure 3.40: Average peak facet loads in extension without a follower preload. Shown are
contact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). * p = 0.02.
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Figure 3.41: Average peak facet loads in extension with a follower preload. Shown are contact
forces within the left and right facet joints for five specimen conditions (Capsule, Injury, Stan-
dard Dynesys, Rigid, and Post). There was a significant difference in facet loads between the
Capsule and Rigid (*, $: p = 0.03) and between Injury and Rigid (#, @: p = 0.006).
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Figure 3.42: Average peak facet loads in azial rotation without a follower preload. Shown are
contact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). *, #, @, %: p=0.0001; $: p = 0.01; +: p=0.03.
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Figure 3.43: Average peak facet loads in azial rotation with a follower preload. Shown are
contact forces within the left and right facet joints for five specimen conditions (Capsule, Injury,
Standard Dynesys, Rigid, and Post). # p = 0.0001; $ p = 0.0002; % p = 0.0004; & p = 0.0009;
+p=0.01; @p=0.02; *p=0.03; **p=0.04.

in contact load between the long and short spacers in flexion (p < 0.01) and lateral bending
(p < 0.02). In addition, the difference in facet loads between the long and standard spacers
was significant in flexion (p = 0.03) and lateral bending (p = 0.04) with a follower preload. In
extension with a follower preload, there was a significant difference in facet loads between the
right and left sides (p = 0.04). In all other cases, the length of the spacer did not contribute to

significant differences in facet loads.
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Figure 3.44: Average initial facet loads created by implantation of the three different Dynesys
spacers (short, standard, and long). Shown for the left and right sides. Loads are recorded prior
to commencement of dynamic flexibility testing. * p = 0.004 and # p = 0.01
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Figure 3.45: Average peak facet loads in flexion without a follower preload (spacer length).
Shown are contact forces within the left and right facet joints for the capsule condition and
varying spacer lengths (short, standard, and long). Note that the capsule condition was provided
as reference only and not included in these comparisons. *, #:p = 0.01

110



Chapter 3. Results

80 e S — e e e e e
O Left ’
ORight #
- 60 7 e
£
[ # ”
e e
© 40 A 5
IL *
] #
@ *
o 20
0 L T T T

Capsule Short Dynesys  Std Dynesys  Long Dynesys

Specimen Condition

Figure 3.46: Average peak facet loads in flexion with a follower preload (spacer length). Shown
are contact forces within the left and right facet joints for the capsule condition and varying
spacer lengths (short, standard, and long). Note that the capsule condition was provided as
reference only and not included in these comparisons. *, @: p = 0.03 and #, $: p = 0.003
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Figure 3.47: Average peak facet loads in lateral bending without a follower preload (spacer
length). Shown are contact forces within the left and right facet joints for the capsule condition
and varying spacer lengths (short, standard, and long). Note that the capsule condition was
provided as reference only and not included in these comparisons. *, #: p = 0.01
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Figure 3.48: Average peak facet loads in lateral bending with a follower preload (spacer length).
Shown are contact forces within the left and right facet joints for the capsule condition and
varying spacer lengths (short, standard, and long). Note that the capsule condition was provided
as reference only and not included in these comparisons. *, @:p=0.04 and #, § p = 0.002
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Figure 3.49: Average peak facet loads in extension without a follower preload (spacer length).
Shown are contact forces within the left and right facet joints for the capsule condition and
varying spacer lengths (short, standard, and long). No significant difference between spacer
lengths or side (p > 0.07). Note that the capsule condition was provided as reference only.
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Figure 3.50: Average peak facet loads in extension with a follower preload (spacer length).
Shown are forces within the left and right facet for the capsule condition and varying spacer
lengths. Facet loads on the right side were significantly greater than those on the left side
(p < 0.04). Differences between spacer lengths were not significant (p > 0.08).
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Figure 3.51: Average peak facet loads in azial rotation without a follower preload (spacer
length). Shown are contact forces within the left and right facet joints for the capsule condition
and varying spacer lengths (short, standard, and long). Differences between spacer lengths or
side were not significant (p > 0.14). Note that the capsule condition was provided as reference
only.
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Figure 3.52: Average peak facet loads in azial rotation with a follower preload (spacer length).
Shown are contact forces within the left and right facet joints for the capsule condition and
varying spacer lengths (short, standard, and long). Differences between spacer lengths or side
were not significant (p > 0.09). Note that the capsule condition was provided as reference only.
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3.3 Intradiscal Pressures

The mean intradiscal pressures measured at L3-L4 during flexibility testing with a compressive
follower preload are repbrted in Tables 3.11 and 3.12. The compressive preload alone, equivalent
to the pressure at the neutral point, created an average disc pressure of 0.43 MPa in the intact
condition, which was significantly (p = 0.002) greater than the 0.37 MPa seen in the Intact-
Dynesys condition. The average intradiscal preésure magnitude was greatest in flexion and
least in right lateral bending. The other loading directions were fairly similar and fell between
the two extremes. A summary of the intradiscal pressures for each specimen is included in

Appendix A and details of the statistical analysis in Appendix B.

In flexion-extension, the shape of the pressure-moment curve for the intact specimen typically.f’it
.one of three classification patterns (refer to sample curves from three specimens in Figure 3.53).

Two specimens displayed curves of Type 1, two of Type 2, and six of Type 3. In spines stabilized

Table 3.11: Mean and standard deviation of absolute intradiscal pressure at L3-L4. Shown
with a follower preload for all.three directions of loading.

Loading Direction Intact Intact-Dynesys
(MPa) (MPa)
Extension 0.44 £0.16 0.30 = 0.05
Neutral 0.44 £0.08 0.38 £ 0.06
Flexion 0.50 £0.16 0.50 = 0.09
Left Lateral Bending  0.47 4 0.23 0.41 +£0.20
Neutral 0.42 £0.11 0.34 £0.13
Right Lateral Bending 0.27 +0.13 0.29 £0.15
Left Axial Rotation 0.46 = 0.08 0.40 £ 0.07
Neutral 0.42+0.11 © 0.37£0.06
Right Axial Rotation  0.45 +0.08 0.40 = 0.07
Average Neutral 0.43 £0.10 0.37 +0.09
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Table 3.12: Mean and standard deviation of relative intradiscal pressure at L8-L4. Shown
with a follower preload for all three directions of loading calculated as the difference in pressure
between mazimum or minimum rotation and the neutral position. A negative number means
that the pressure was lower than the pressure in the neutral position.

Loading Direction Intact Intact—Dynesys
(MPa) (MPa)

Extension : 0.00 £ 0.09 —0.08 £ 0.05

Flexion 0.06 £ 0.12 0.12 + 0.04

Left Lateral Bending 0.05 £ 0.28 0.07 £0.14
Right Lateral Bending —0.154-0.08 —0.05 £ 0.08

Left Axial Rotation 0.04 + 0.06 0.03 +0.04
Right Axial Rotation 0.02 £ 0.06 0.03 £ 0.02

with the Dynesys there was consistently a linear variation in pressure with applied moment,
with a larger intradiscal pressure magnitude in flexion than extension. The Dynesys reduced the
variance in pressure magnitude between specimens. In extension, there was a significantly (p =
0.005) larger pressure decrease from that in the neutral position with the Dynesys implanted

than in the intact condition. There was no difference seen in flexion (Figure 3.54).

The shape of the pressure-moment curve in lateral bending did not dispiay any obvious patterns.
However, in right lateral bending, the pressure magnitude was always the same or lower than
that in the neutral position.. In left lateral bending, there were mixed results. With the Dynesys
implanted, the curve became more horizontal compared to the intact condition (Figure 3.55);
There was a significantly (p = 0.01) smaller decrease in pressure in right lateral bending from
that in the neutral position with the Dynesyé implanted compared to without the implant.
There was no significant difference in absolute magnitudes in either right or left lateral bending

between the two conditions (Figure 3.56).

For the intact specimen in axial rotation, there was not a large change in the magnitude of the

intradiscal pressure throughout the motion. With the Dynesys, the shape of the curve tended
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Figure 3.53: Intradiscal pressure vs. applied moment in flexion-extension. Shown for both
Intact and Intact-Dynesys conditions from three specimens. These curves demonstrate the three
typical shapes that were observed in the specimens.
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Figure 3.54: Average intradiscal pressure in flexion-extension. Shown for Intact and Intact-
Dynesys at mazimum extension, the neutral position, and mazimum flexion. The mean for 10
specimens is represented by the solid lines and the broken lines are the standard deviation.
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Figure 3.55: Intradiscal pressure vs. applied moment in lateral bending. Shown for both the
Intact and Intact-Dynesys conditions from one specimen.
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Figure 3.56: Average intradiscal pressure in lateral bending. Shown for Intact and Intact-
Dynesys at mazimum left bending, the neutral position, and right bending. The mean for 10
specimens is represented by the solid lines and the broken lines are the stqndard deviation.

to remain similar, but the magnitude decreased (Figure 3.57). Thus, there was no significant
difference in change of pressure from the neutral position in right (p = 0.94) or left (p = 0.25)
axial rotation, but significantly lower absolute intradiscal pressure in both right (p = 0.02) and

left (p = 0.007) axial rotation for Intact-Dynesys as compared to Intact (Figure 3.58).
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Figure 3.57: Intradiscal pressure vs. applied moment in axial rotation. Shown for both Intact
and Intact-Dynesys conditions from one specimen.
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Figure 3.58: Average intradiscal pressure in azial rotation. Shown for Intact and Intact-
Dynesys at mazimum left rotation, the neutral position, and right rotation. The mean for 10
specimens is represented by the solid lines and the broken lines are the standard deviation.
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3.4 Facet Joint Imaging

The load applied to the specimen was approximately 7.5 Nm, as determined prior to testing
using a six-axis load cell. An eccentric axial compressive force with an average magnitude of
176 N and 331 N was applied to produce a flexion and extension moment, respectively. Forces

and moments in the other directions were small in both flexion and extension (Table 3.13).

Images of the facet joints and articular cartilage could be clearly identified in each of the 10—12

slices that the facet joints spanned (Figure 3.59).
3.4.1 Contact Area

The contact between the two facet surfaces was assessed at each of the right and left facet joints

using two different techniques.
Contact Measured by Volume

Semi-automated traces weré used ’to segment the cartilage-bone boundary within the joint
(Figure 3.60). Segmentation was repeated on two consecutive days. Generally, the repeatability
of the individual improved slightly on the second day (from an average of 3.2% to 1.5% standard
deviation as a percentage of the mean). The average volume measured was greater in the right

facet than in the left in all three loading conditions. The smallest volume was observed in

Table 3.13: Forces and moments applied to specimen for MR imaging.

Flexion . Extension

Fx(N) —06 £ 25 —06 + 26

Fy (N) —49 + 15 -95 + 49
Fz (N) 1761 + 89 3310 = 99
Mx (Nm) 04 + 02 19 + 08
My (Nm) 75 + 02 -74 £ 04
Mz (Nm) -0.0 =+ 02 -—1.0 =+ 0.8




Chapter 3. Results

Figure 3.59: MR image of specimen in unloaded state. Cartilage within the right and left facet
joints can be clearly identified in the transverse plane (arrows).

flexion and was an average of 3.0% smaller than the volume measured in an unloaded position.
The volume in extension was also smaller than that in the unloaded specimen, but only by a

1.6% difference (Table 3.14).
Contact Measured by Area

In each slice, a B-spline was drawn at the midpoint of the cartilage when no distinction between
the borders of the two cartilage layers could be made (Figure 3.61). This was defined as contact
of the two articular surfaces. The length of this line was calculated and multiplied by slice
thickness to produce a measure of contact surface area. This technique was less repeatable than
the previous one where joint volume was measured‘(average repeatability of 9.2% compared to
3.4% standard deviation as a percentage of the mean). The average contact area at the left
facet was greatest in extension, followed by the neutral position, and finally flexion. In the right
facet joint, the largest contact area was also in extension, but it was the least in the unloaded

position (Table 3.15).
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Figure 3.60: Segmentation of cartilage area in each slice to generate a volume within the joint.
Shown is a sample image of the left facet (slice 22) from the specimen loaded in extension.
Method 1.

3.4.2 Validation

Different trends were observed in the contact area measured with Tekscan sensors between the
left and right facet joints. On the left side, the contact area was greatest in extension, followed
by the neutral (unloaded) position, and finally flexion (Table 3.16). In the right facet joint, the

contact was greatest in the neutral position and least in extension.

Measurements with Tekscan were considered the “gold standard” with which to compare the |
contact area calculated using MRI combined with the second analysis method. The contact
area resulting from the MR images was lower in all cases, except in left flexion, than that
recorded with Tekscan. The differences ranged from 8 — 65% and an extreme 594% for the left

facet joint in flexion.
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Table 3.14: Summary of measured joint volume. Repeatability is expressed as the standard
deviation as a percentage of the mean. Method 1.

Left Right -
Day Trial  Extension Neutral Flexion Extension Neutral Flexion
mm? mm?3 mm?3 mm?3 mm?3 mm?3
1 1 162.5 147.7 156.7 247.3 236.6 245.2
1 2 159.5 162.5 153.1 236.1 246.8 255.3
2 3 165.5 167.1 154.4 246.7 257.8 248.0
2 4 167.7 167.4 152.5 247.2 261.0 236.0

Average Day 1 161.0 155.1 154.9 241.7 241.7 250.3
StDev Day 1 21 10.5 2.6 7.9 7.3 71
Repeat Day 1 1.3 6.8 1.7 3.3 3.0 2.8

Average Day 2 166.6 167.3 153.4 252.0 259.4 242.0

StDev  Day 2 1.6 0.2 1.3 7.5 2.3 8.5
Repeat  Day 2 1.0 0.1 0.8 3.0 0.9 3.5
Average Overall 163.8 161.2 154.2 246.8 250.6 246.1

StDev  Overall 3.6 9.3 1.9 8.6 111 8.0
Repeat  Overall 2.2 5.8 1.2 3.5 4.4 3.3
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Figure 3.61: Line of contact between cartilage layers in each slice was identified if the two
layers could not be distinguished. Shown is a sample image of the left facet (slice 22) from the
specimen loaded in extension. Method 2.
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Table 3.15: Summary of measured contact area. Repeatability is expressed as the standard
deviation as a percentage of the mean. Method 2.

Left Right

Day Trial  Extension Neutral Flexion Extension Neutral Flexion
mm? mm? mm? mm? mm? mm?
1 1 38.1 25.1 20.8 33.7 234 31.7
1 2 37.2 24.2 23.2 34.8 22.5 35.8
2 3 29.7 23.8 20.0 34.4 279 306

2 4 28.3 19.7 24.6 31.9 24.2 28.8 ,
Average Day 1 33.7 924.6 922.0 34.2 22.9 33.8
StDev Day 1 5.1 0.7 1.7 0.7 0.7 2.9
Repeat Day 1 15.1 2.8 737 2.0 3.1 8.6
" Average Day 2 29.0 21.8 22.3 33.2 26.1 29.7
StDev  Day 2 1.0 2.9 3.2 1.7 2.6 1.3
Repeat  Day 2 _. 3.4 13.3 14.3 5.1 10.0 4.4
Average Overall 31.4 23.2 22.2 33.7 24.5 31.7
StDev  Overall 4.0 24 2.1 1.3 24 2.9
Repeat  Overall 12.7 10.3 9.5 3.9 9.8 9.1

Table 3.16: Comparison of contact area measured using Tekscan and imaging. '

Left Right

Extension Neutral Flexion Extension Neutral Flexion

2 2 2 2 2 2

mm mm mm mm mm mm
_Tekscan 36.5 275 3.2 36.8 70.9 51.4
MRI (method 2) 314 232 222 33.7 245 317
Difference 15.6%  594% 8.4% 65.4%  38.3%

14.0%

126



Chapter 4

Discussion

Dynamic stabilization is an alternative to fusion for the treatment of degenerative problems in
the lumbar spine. The Dynesys, a posterior dynamic stabilization system, is one such device
that aims to preserve kinematic behaviour and alleviate) loading through the facet joints. It
is becoming clinically more prevalent, but the biomeghanical evaluations in the literature re-
main sparse. While there has been some investigation looking at the effect of the Dynesys on
kinematic behaviour [33, 120], its effect on the patter.n of motion has not been examined. In
contrast to rigid devices where an analysis of the motion magnitude is sufficient to evaluate
effectiveness, it is important to also consider the motion pattern when dealing with dynamic
stabilization systems. Previous work has not investigated the effect of the Dynesys system on
load transfer through the bridged segment although it is necessary given the goals of the device.
Furthermore, there has been no prior evaluation of the effect of the length of the Dynesys spacer

on biomechanical behaviour.

An increasing emergence of dynamic stabilization systems has forged the need for establishment
of a systematic protocol for biomechanical testing of such devices. It is important to adequately
evaluate efficacy, to ensure that the systems successfully meet the intended objectives, and to
allow comparison of different devices across studies. This study was meant to be a step in that

direction.

The principal objective of this in vitro study was to conduct a comprehensive biomechanical
evaluation to determine how the Dynesys system affects kinematic behaviour and load transfer

through the spinal column and to examine the effect of variation in the length of the spacer on
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the biomechanics of the system. Ten human cadaveric lumbar spine specimens were subjected
to flexibility testing in flexion-extension, lateral bending, and axial rotation, with and without
a compressive follower preload. Analysis included range of motion (ROM), neutral zone (NZ),

helical axis of motion (HAM), facet contact loads, and intradiscal pressures.

The results of this study show that the‘Dynesys affected the kinematic behaviour at the level
of iﬂterest. Implantation of the Dynesys: resulted in a significant reduction in ROM to a”lével
below that seen in an intact spine in all directions of loading (except in axial rotation with
a foll.ower preload), with the least significant differences seen in axial rotation. Compared to
the ROM of a severely injured spec‘ime'n, the Dynesys stabilized the ségment, but resulted in
ROM that was more similar to that of a rigid fixation system in flexion, extension, and lateral
bending. The Dynesys tended to reduce the lérger NZ of the injured specimen to a magnitude
that was below that of the intact specimen. The difference in NZ between thé Dynesys and
injured c.(_)nditionsAwas significant, but typically not significant between the Dynesys and intact.
specimen (except. in lateral bending). Implantation of t_he Dynesys caused a sighificant postériOr
shift in the position of the HAM in flexion-extension and axial rotation as well as a significant

shift in the orientation of the HAM.

There was an inifial load created within the facet joihts simply by installation of the Dynesys. .
Loading at the facet joints tended to remain similar or increase once the Dynesys was implanted
compared to those loads observed in the intact spine. Increases in facet load were especially
evident in’ flexion and lateral bending, although not significant in the latter case. In extension
and axiél rotation; the Dynesys had a tendency to decrease the contact loads on the left side

- and increase them on the right side, but the differences were not significant.

Stabilization with the Dynesys generated a linear variation in intradiscal pressure with applied
moment in flexion-extension, with the higher pressufe observed in flexion. In lateral bending
and axial rotation, however the Dynesys cfeated a relatively - constant pressure throughbut
the motion cycle. The absolute magnitude was reduced in axial rotation with the Dynesys

implanted.
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In all three loading directions there was an increase in ROM with the long spacer and a reduction
in ROM with the short spacer compared to the standard spacer. The differences in ROM
observed with the various spacer lengths were significant in all directions of loading without a
follovs}er preload, but the most significant change was seen in axial rotation. There were not
large significant differences in NZ between the different spacer lengths. Only in axial rotation
were there significant differences in location of the HAM between spacer lengths. Generally,

the shorter the spacer, the more posteriorly the HAM was located.

The long spacer typically decreased facet loads, while the short spacer increased facet loads
when compared to the standard length spacer. The differences in magnitude of peak facet load

- were significant between the long and short spacers only in flexion and lateral bending.

4.1 Limitations and Assumptions

The results of this study must be interpreted in light of the various limitations and assumptions

made in its design and execution.
4.1.1 Clinical Representation

The pedicle screws were cemented in place using PMMA to eliminate loosening at the bone-
screw interface since that was no‘t the focus. of this study. “This is typically nét done as part
of the surgical procedure so it may not be clinically relevant. In a multi-centre clinical study
in which the Dynesys was implanted in 83 patients, follow-up at a mean time of 38.1 months
revealed radiological evidence of screw loosening in seven cases [132]. Thus the integrity of the
bone-screw intérface may be an important factor in the function of this particular system. The
stiffness of the bone-screw interface may potentially influence the function of the implant with

respect to the kinematic and loading behaviour of the segment. -

Due to the in vitro nature of this study, the results are limited to reflecting only immediate
post-operative behaviour of the device. Time is a critical factor in adequately evaluating the
outcome of a surgical procedure. Short and long term biomechanical function can be affected

by a wide variety of in vivo conditions, including the body’s response to the implant.
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The stiffness of the spacers was modified for testing in a room temperature environment. The
device was implanted using the manufacturer’s recommended operative ‘procedure with 300 N
of tension applied to the PET cord. This pre-tension was equivalent to that which is imposed
on the system in .\;ivo. In hindsight, the softer material of the spacer likely led to a greater
degree of compression in this study, as compared to the intra-operative situation. Thus, the
long spacer may provide a better representation of the in vivo situation than the standard

length spacer.
4.1.2 Specimen Loading

The magnitude of the applied rate of rotation in this study was only approximate. After the
study concluded, some undesirable slippage along the joints of the spine machine arm was
discovered, which led to a rotation rate that was proportional to the stiffness of the specimen.
The variability in rotation rate was less than 0.4°/s in flexion-extension. Slight reductions
in rotation rate with the Dynesys implants werel due to a small increase in étiffness once the
device was implanted. However, if this did affect the-results, the tendency would be towardé
more conéervative measurements. An increase in stiffness would cause a decrease in the apﬁlied
rotation rate, and due to the viscoelastic properties of the spine, this would lead to an increase
in ROM. Therefore, in this study, the ROM resulting from testing with the Dynesys implanted

may in fact be even smaller than what was measured.

With any sort of complicated and time-consuming in vitro testing protocol, degradation of
the specirﬁen becomes a concern as a result of ambient temperature, air exposure, loading
rate, and duration. The loads applied to the specimen in this study were as recomrﬁended in
the literature [144] to produce motion of physiological magnitude, but not cause permanent
deformation of the tissues. Specimens were kept moist by periodic application of water. One
study showed that the mean value of the maximum displacement did not differ significantly
.when testing was performed over 13 consecutive days [100]. In that study, specimens were
stored at 4°C between testing days, however only two tests were conducted each day. During

relatively continuous testing, the properties of a specimen were estimated to change less than

e
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10% if testing was contained within a 20 hour pefiod at room temperature [144, 140]. The
test duration in the present study was below this time limit. A final test condition (Post)
was included at the end of the test period for comparison to the results from the injured
specimen to ascértéin that specimen properties were not in fact altered over the course of
testing. A significant increase in NZ was discovered in £he post condition compared to the
injury condition in lateral bending with a follower preload (p = 0.03). In all other cases, the
ROM, NZ, HAM, and facet load measurements were not significantly different between the

injury and post conditions. Therefore there is validity in the assumption that the specimen

properties were unchanged over the test day.

In vitro ﬂexibility testing to investigate the natural behaviour of the spine is limited due to very
complicated true loading conditions. This is particularly evidAent by the lack of musculature and
trunk weight in the cadaveric spine segment. A compressive follower preload has been gaining
popularity in in vitro biomechanical testing to simulate the weight of the trunk and local muscle
forces. A follower preload allows theAin vitro spine to withstand physiologic compressive loads
without buckling [109] and does affect the flexibility of the cadaveric spine with a reduction in
motion [108, 116]. However, the technique used to apply a follower preload can induce artefact
moments and forces into the system [20]. To best achieve isolated compressive forces and
moments, a constrained-type method of preload applicatioﬁ was advisable in flexion-extension
and lateral bending, while a relatively unconstrained technique was determined best for axial
rotation [20]. In the present study, the follower load technique remained constant for the three
loading directions. A relatively constrained technique was employed, which was expected to
generate low artefact moments, but higher artefact shear forces. The inclusion of a follower
preload was a strength of this study, however, its application was not perfect. In lateral bending,
there was a larger degree of hysteresis with the follower preload than in other loading directions
(Figure 4.1). This can likely be attributed to friction within the system and the lateral fixation
of the follower preload.‘ An interesting phenomenon was also observed in lateral bending; the
injured specimen subjected to a follower preload experienced a reduction in ROM by 42%

compared to that seen in the intact spine. This was opposite to what was seen without a
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follower preload, where the injury increased ROM by 32%. It remains unknown whether this
is an issue with the follower load te'chnique or if the alteration in mechanics is also present in
vivo. In addition, the position of the follower load cables were obtimized for the intact specimen
in the neutral position to create minimal rotation in the sagittal plane upon application. The
follower load was placed along the centre of rotation of each of the segments. This corresponded
to the AP position of the HAM in flexion-extension. The HAM was different for the various
directions of loading and ideally, a follower preload should reflect this. The condition of the
'specimen also had an effect on the };osition of the HAM. Application of the follower _preload was
optimized based on the intact condition, so with the Dynesys, for examplé, the HAM moved

posteriorly while the position of the follower load remained unchanged.

Furthermore, global muscle forces have a large effect on spinal stability and influence load

through the column [22, 94, 114, 143]. Global muscles, such as erector spinae and rectus abdo-

Figure 4.1: Motion with follower load in lateral bending. Shown is rotation vs. applied moment
for a typical intact specimen. There was a larger degree of hysteresis during the flexibility test
with a follower preload than without.
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minis, ha\}e been simulated in vitro and optimized with measured in vivo intradiscal pressures
and internal fixator loads [144]. Muscle forces have been found to greatly influence spinal
implant loads [116], yet very few in vitro studies implement muscle forces during flexibility
testing. Some groups also argue that loads exerted on the bony aspects of the spinal column
would be transferred to the intervertebral disc asla compressive load, which can be simulated
by a follower pfeload [1, 108]. The present study did not include muscle forces other than those

that are incorporated into the follower preload.
4.1.3 Kinematics

It is well-known that the accuracyb of the HAM is lower under small rotations. The standard
deviation of the HAM with the Dynesys implanted was relatively large. The position and
direction errors are inversely proportional to the rotation magnitude [147]. With the Dynesys
implanted, the motion was small, hence, in some cases the calculated HAM was ill-defined
and excludéd from the analysis. No more than two specimens were excluded concurrently.
Furthérmore, the direction and rotation magnifude errors of the HAM are inversely proportional
to the marker distribution radius and to.minimize the error, the marker distribution radius
should be sufficiently large. Errors in the position of the HAM are minimal if the HAM coincides
with the centre of the marker distribution [147]: Attempts were made to ensure that each marker
carrier wés rigidly attached close to the body that it represented so that the markers were near
the HAM. Calculation of the HAM was validated in this study for motion about a fixed, known
axis with a similar marker configuration and optoelectronic camera set-up. The position of
the HAM was within 1.5 mm and its attitude within 0.2° of thé known axis of rotation for
motions ranging from about 10° to 34°. The accuracy of the HAM was also investigated at
small rotations (Figure 4.2). The calculated HAM orientation became greater than 5° from the
known orientation for rotations below 0.6°. The HAM position became maljginally (less than

20 mm) different between 0.6° and 2.2° and greater than 20 mm for rotations leés than 0.6°.
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Figure 4.2: HAM walidation. Accuracy in A) orientation and B) position of the calculated
HAM compared to the known axis. HAM is adequate for rotations greater than 0.6°.

4.1.4 Facet Loads

The accuracy and repeatability  of the use of Tekscan sensors to directly rneasufe facet loads
in thé lumbar spine has been evaluated [146]. Accuracy was determined by applying a known
compressive load to the natural facet joint in a materials testing machine. Repeatability of
the sensors was assessed in the natural facet joint under flexibility testing in axial rotation andl
flexion-extension. That study found that the Tekscan 6900 sensors overestimatéd an applied
load by 18% % 9%, 35% + 7%, and 50% =+ 9% for compressive forces of 100 N, 50 N, and 25 N,
respectively. The repeatability for force and area measurements, as the standard deviation as
a percentage of the mean, was 4% and 5%, respectively, in axial rotation and 7% and 10%.
respectively, in extension. The repeatability found.using the sensor in the spine was similar
_to that observed using a sensor of different geometry in the patellofemoral joint [145]. One
explanation for the lower accuracy found at 25 N was that the measured loads were at the
very low end (5%) of the operating range of the sensor. The loads in the current study were
of a similar magnitude and thus often fell in this lower accuracy zone. A sensor with a iower
measurement range would be ideal, but is not currently offered by the manufacturer for this

sensor geometry. Depsite the low accuracy for measurement of small forces, relative differences
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in loading can still be assessed.

In addition, the calibration protocol for the sensors greatly .influenced the fneasured results. A
linear calibration was found more reliable and produced a higher accuracy than a two-point
power law calibration for the range of loads observed [146]. The results of the Tekscan validation
also éhow that there would be no effect on repeatability if the sensors were calibrated once for
edch series of flexibility tests (six tests total: 3 loading directions, 2 preload conditions) or prior
to each and every tést [146]. Calibration of these sensors has not been addressed frequently in the
literature, but use of a similar sensor in the knee was done using linear [51] or two-point [145]
calibrations. Recently, a group using similar sensors for measurement of load in the ankle,
albeit a much more abusive use of the sensors due to high compressive and shear stresses and
articular incongruities, reported significant variation amongst the individual sensing elements
on the array [9]. They also saw an increase in variability due to functionally induced changes.
The group developed a novel device to apply a known load, and along with a finite element
model of the loading, a\Lssigned a calibration parameter to each sénsing element. The calibration
could also be adjusted over the course of an experiment to account for degradatiqn of individual

sensing elements. In the present study, a single calibration curve was used for the entire sensor.

The accuracy of the sensor is akin to other methods of facet load measurement. In canine

lumbar spines, the accuracy of both the strain gauge method and Fuji Film wére assessed [12].
The strain gauges overestimated a known applied load by 3 — 10%, whereas the pressure film
underestimated thé load by .10 — 47%. The accuracy of load measurement using the pressure

film was lower at smaller loads.

Direct facet load measurement requ.ired sectioning of the joint capsule, which was assumed to
be equivalent to the intact case. Studies using canine lumbar spines have reported that the
effect of capsule transection on facet loads was minimal and inconsistent [58]. Kinematically,
there were no significant differences (p > 0.05) found in this study between the intact specimens
and once the joint capsules were sectioned, for ROM, NZ, and HAM. In addition, insertion of

a film into an articular joint may have an effect on the contact mechanics. A study using Fuji
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Film and finite element analysis found that the film would change the maximum true contact
pressure by 10 — 26% depending on the loading, geometry of the jointé, and properties of the
cartilagé [150]. The effective thickness of the Fuji Film was 0.3 mm while the thickness of the
" Tekscan sensors used in this study was 0.1 mm. The thinner Tekscan sensor would be expected

to have a smaller effect than that which was determined with the Fuji Film.

In this study, facet loads were compared at identical magnitudes of applied moment. Compar-
ison of facet loads at identical rotations, as in a displacement controlled investigation, would
clearly describe the effect of the implant on posterior element loading since faéet load is de-
pendent on the degree of rotation. However, it was felt that a load controlled study was more
applicablé and demonstrated greater clinical relevance since the motion with these devices is not
the same as in an intact condition. Even so, the loads with the Dynesys implanted were much
higher than those for én intact specimeﬁ at the same rotation. Because the load magnitude
did depend on rotation and the ROM was smaller with the Dynesys, it would be difficult to
argue that a reduction of facet loads was solel}-f a result of the implant. Comparing the Dynesys -
and injury conditions, there was generally not a reduction in facet load, so this was not an
issue. In addition, the long spacer typically caused an increase in motion, yet a decrease in
facet load compared to the standard length spacer. Since ROM increased with the long spacer,

the reduction in facet load can be attributed entirely to the implant.
4.1.5 Assessment of Facet Contact

A limitation of this explora_tory part of the study was the use of a cadaveric specimen, as
opposed to in vivo imaging. The condition of the specimen can affect the results since the
signal detected by MR is largely’ due to the nuclear magnetic moment of hydrogen, which is
very prevalent in the body, as 75% of the body is composed of water. Chemically, changes occur
in the tissue after death and while the effect of death and freezing does not affect the kinematic
behaviour produced by the bone and disc, the intensity of the MR signal may be affected. For
this reason,-as little soft tissue as possible was dissected from the specimen aqd every effort

was made to keep the specimen moist. In addition, saline bottles were placed alongside the
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specimen in the scanner to improve the signal attenuation.

A drawback of minimizing the soft tissue dissected fyom the specimen was that the bone surface
was not directly ekposed .and visible. After the imaging was completed, soft tissue was removed
in order to section the joint capsules for insertion of the Tekscan. The right facet joint was
found to be very hypertrophied and not representative of a normal healthy joint. This likely
" had an effect on the contact within the joint and the techniques utilized to measure contact.
Some of the bone had to be removed on the right side in order to insert the Tekscan. The effect
of this c;n the coﬁtact -area measurement remains unknown and the results for assessment of
the contact within the right facet should be interpreted taking this into consideration. The left
facet, however, did not display any obvious abnormalities and therefore like\ly provided a better

representation of the techniques for contact area measurement.
Image Artefacts

As with aﬁy imaging modality, MRI suffers from artefacts. The basic assumption of MRI is that
the frequency of precession of a spin is only dependent on the magnitude of the applied magnetic
field gradient at that point [18]. There are two main artefacts that affect this assumption and

are important to consider in this particular application.

Chemical shift artefacts occur due to the differences in electron environménté between fat and
water. This causes shielding that leads to slight differences in the Larmor frequency between the
two substances and emerges during frequenéy encoding where the Larmor frequency is used to
determine spatial position. The net result is a chemical shift artefact at the interface between
fat and water. It occurs at interfaces which run perpendicular to the frequéncy encoding
direction and appears as a dark line on the edge of one side of the structure (image void)
and a bright line on the other side (image superposition) [7]. In this application, the main
concern is chemical shift artefact occuring at the cartilage-bone interface [73]. The‘frequency
encoding direction in this study was parallel to the main direction of the facet surface to
minimize chemical shift art_efa_cts. However, the curved nature of the facets means that at some

locations, the facet surface was perpendicular to the frequency encoding direction likely leading
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to the production of some artefacts. The effect was assumed to be fairly negligible in this case,
but was écknowledged as a potential source of error because of a misrepresentation of either the
cartilage or bone surface. Looking at the set-up scan in the sagittal plane (pellrpendicular to the
frequency encoding direction), visually there did not appear to be significant dark and bright

areas on the surfaces of the vertebra, indicating that chemical shift artefacts were minimal.

Susceptibility artefacts occur as a result of inhomogeneities in the static magnetic field. Differences
in magnetic susceptibility between bone, tissue, and air means that the local field may not be
homogeneous [18]. The magnitude of the artefacts increases proportionally with the external
magnetic field strength and is proportional to the differencé in susceptibility between two re-
gions. At an interface, the suéceptibility artefact depends on the size and shape of the regions
with different susceptibility and the direction of the external magnetic field with respect to the
-object [7]. Tt is commonly seen at bone-air interfaces. Gradient echo pulse sequences do not
rephase the phase shift induced by the magnetic inhomogeneity at the centre of the pulse, so
are affected more by the differences ‘in magnetic susceptibility. The longer the echo time, the
greater the signal loss due to susceptibility [7]. This artefact is presented in images as dark
and white disturbances of the tissue. In this study, it is anticipated that the presence of éir
in the joint could have led to the occurrence of susceptibility artefacts, which could affect the

representation of the bone surface in the image. The echo time was relatively 'short, however,

which would tend to minimize susceptibility artefacts.
Image Analysis

The individual responsible for segmentation of the cartilage was newly exposed to this field and
did not have vast experience in tissue identification on MR images. Also, in many cases, it was
difficult to identify whether a distinction between the two layers of cartilage was present. Both

of these were subjective and were a limitation of the study.

The accuracy of the volume or area calculations could be further impfoved by interpolating the

‘measurement between slices, as opposed to multiplying by the slice thickness.
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. Validation of Results using Thin Film Sensors

A precise value dépicting the accuracy of the Tekscan for measurement of contact area‘is not
known. It can be assumed that the accuracy is better than its accuracy for measuring force
magnitudeé. Since no calibration was required, a sensel was either lodded or unloaded. However,
the accuracy would likely be affected by a partial volume effect that depends on the area of
an individual sensing element. The maximum error due to partial volume effects would be
one sensel (sensel area = 1.62 mm?) around the entire border of the true area. Therefore, as
the contact area increases, measurement accuracy improves. Contact area measured using the
sensors also would be affected by the geometry and contour of the articulating surfaces and the
degree with which the film conforms to the joint surface. In this study, the Tekscan provided an
alternative method of contact area measurement with which to compare the proposed imaging

technique.
4.1.6 Statistical Analysis

The underlying assumptions of the statistical analysis were that there was equal variance be-
~ tween the conditions and that the data were normally distributed [38, 54, 153]. A MANOVA
anal};sis was advantageous compared to ANOVA because the assumption of sphericity was not
required [54, 153]. .Spheriéity is satisified if correlations between all dependent data groups are

equal and variances of the different data groups are equal.

Shapiro-Wilks test was used to analyze the normality of the data. Approximately 25% of data
groups showed a significant result from the Shapiro-Wilks test (p < 0.05), implying that é non-
normal distribution existed. A group of data was defined as the corresponding measurement
for the ten specimens under one loading condition (eg. axial rotation with a follower préload).
Fortunately, analysis of variance is robust and handles both heterogeneity of §ariances and’
,’ deviations from normality very well if the number of specimens in Veach data group are equal or

nearly equal [153], which was the case in this study.

Repeaﬁed measures designs can also be affected if there are effects of the treatment order [153].
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In this study, the order of four of the conditions (standard, long, and short Dynesys spacers,

and rigid fixation) was randomized to minimize differences arising due to test sequence.

4.2 Comparison with Literature

4.2.1 Kinematic Behaviour in the Literature

Intact ROM at the L3-L4 level determined in this study was comparable to the range of values
reported in thé literature in all directions of ioading (36, 81, 104, 120, 151] (Table 4.1). Small
discrepanices between studies is likely a result of different magnitudes of applied moments,
techniques of load application, loading rate, and the presence and magnitude of a compressive

follower preload, as well as the method used for creating the preload.

The centre of rotation (COR) for an intact lumbar segment has been described by White and
Panjabi [139]. In flexion, the COR was located in the anterior portion of the disc, whereas in
extension, the COR was located just posterior to the vertebral bodies at the level of the disc
(Figure 4.3). The COR was reported to lie in the right side of the ‘disc in left lateral bending

and in the left side of the disc in right lateral bending. In axial rotation, the COR was located

Table 4.1: Range of motion comparison for intact specimen. Values represent ROM in degrees
for an intact specimen in vitro. , Applied moment for each study is also provided. In lateral
bending and azial rotation, the motion is shown as right/left or total. Numbers in parentheses
are the standard deviations, where available.

Study Load Flexion Extension Lateral Bending Axial Rotation
Panjabi [104] 7.5 Nm 6.5 2.0 5.0/4.5 1.8/2.0
Fu'jiwara [36] 6.6 Nm 3.0 2.4 7.3 | 2.3
Mimura [81] 10 Nm 12.8 11.0(2.5) 2.5(2.0)
Schmoelz [120] 10 Nm 4.5 5,4.0 4.0/5.0 1.0/1.0

Yamamoto [151] 10 Nm  7.5(0.8) 3.7(0.3) 5.8(0.5)/5.7(0.3) 2.7(0.4)/2.5(0.4)
Freudiger [33] 183 Nm 9.6(1.7) 2.1(1.0)

Present study 7.5 Nm 3.7(1.5) 3.3(L5)  3.5(1.4)/4.1(1.5) 2.2(0.9)/1.2(0.6)
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in the posterior nucleus and annulus. These positions were similar to the positions of the HAM
found in the current study (Figure 4.3), except in lateral bending where the HAM in both left
and right lateral bending were found to be located centrally across the width of the vertebral
body. Differences between the two sets of results in flexion-extension occurred largely because
in this study, the HAM was reported over the entire range of motion, not from the neutral
position to maximum rotation. Small discrepancies in lateral bending and axial rotation may
be attributed to differences in specimen loading, magnitude of motion, initial orientation of the

specimen, and the fact that the former was a two-dimensional analysis.

Other studies have also reported a HAM in axial rotation that was located slightly anterior to
the posterior wall of the vertebral body with superior-inferior and anterior-posterior components
to its orientation [49, 93]. This was consistent with the results of the current study. In lateral
bending, the HAM was previously reported to be oriented in the anterior-posterior direction [93].
In flexion, the HAM was found to be oriented to the left of the specimen and located about

13 mm anterior to the posterior vertebral wall in the mid-sagittal plane [93]. That same study

Figure 4.3: Helical axis of motion comparison for intact specimen. A) flexion-extension (F-
E), B) lateral bending, and C) azial rotation. The larger areas are the approzimate locations of
the centre of rotation reported by White and Panjabi [139] and the smaller dark areas provide
qualitative results from the present study. L and R indicate right and left motions. Figure
modified from White and Pangjabi, 1990.

141




Chapter 4. Discussion

reported the HAM orientation to be to the right of the specimen in extension, with a position
about 11 mm anterior to the posterior wall. These findings were also comparable to the results

of the present study.

Intersegmental ROM observed at the implanted level with the Dynesys was similar to that
obtained by Schmoelz et al. [120] in all loading directions except extension (Table 4.2). In
| general, the ROM was only slightly greater in the Schmoelz study which may be explained by
their larger applied moment (10 Nm). In extension, however, the dibfference in ROM between
the two studies was mor‘e considerable. Schrﬁoelz et al. observed a ROM with the Dynesys that
was in the range of the intact specimen, whereas we saw a décrease in the motion by an average
of 67%. The ROM reported by Freudiger et al. [33] in flexion-extension was much greater than
the values observed in the present study. This might be due to a substantially larger applied
moment and a different mechanism for application of the load. However in that study, the
model did not include a simulated destabilization so motions may have been even greater had
an injury been created. Freudiger et al. did notice a significant decrease in ROM of nearly 50%
'in both flexion and extension with the Dynesys compared to an intact specirﬁen, which was

consistent with the results of the current study.

Table 4.2: Range of motion comparison with Dynesys system. Values represent ROM in
degrees for a specimen with the Dynesys system implanted (standard length). Applied moment
for each study is also provided. In lateral bending and axial rotation, the motion is shown as

right/left.

Study Load  Flexion Extension Lateral Bending Axial Rotation
Freudiger [33] 183 Nm 4.3 1.1

Schmoelz [120] 10 Nm 1.0 4.0 ©18/1.1 2.0/1.7
Present study 7.5 Nm 1.0 1.1 0.9/1.1 1.7/1.5
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4.2.2 Facet Loads in the Literature

Comparison .of the measured facet loads in this study to work by,other groups was limited
strictly to the intact case since there have been no previously published biomechanical studies
examining the facet loads with the Dynesys impl‘antéd. In flexion, the facet joints have been
found to Support very minimal or no load [118, 125, 152]. This was consistent with the findings
of the present study. Under \}arying degrees of extension, previous work has found that the
facet joints support about 10 — 40% of the applied load [28, 68, 125, 15‘2] or between 52 N and
130 N [42, 118] for an applied moment comparable to the one in this study (Table 4.3). A rough-
conversion of the results of the current study based on average three-dimensional quantitative
lumbar anatomy [99] showed an average facet load of approximately 13% of the applied load
or 27 N. This was within the range of most of the literature, although at the lower end of the
spectrum. In lateral bending and axial rotation, the loads measured in this study were smaller
than most ‘of the values in the literature (Table 4.3). Discrepancies between these results and
the work of others are likely due in part to differences in facet load measurement technique.
The studies by Goel et al. [42] and Shirazi-Adl et al. {127] were finite element analyses and
Schendel et al. [118] measured facet loads indirectly using strain gauges, in contrast to the

direct measurement technique used in this study.

It is also intersting to note, however, that there is considerable variation in facet loads amongst
the previdus studies themselves, not only in magnitude of contact load, but a_lsd in the relative
load compared across different motions. Goel et al. [42] observed facet loads of greater mag-
‘nitude in lateral bending than in extension, whereas Schendel et al. [118] reported the largest
facet loads in extension, followed by lateral bending, and finally axial rotation. In the current
study, the highest facet load magnitudes were seen in axial rotation, followed by extension,
and lastly in lateral bending, in which the contact loads were of a relatively small magnitude.
These results appear somewhat contradictory and highlight some of the ambiguity in the precise
function of the facet joints and the need to further clarify the contact mechanism within the

joint.
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Table 4.3: Comparison of intact (or capsule cut) facet loads in extension, lateral bending,
and azial Toation. Values are either a force in Newtons (with applied load in brackets) or as a
percentage of the applied load. !

Extension Lateral Bending Axial Rotation
Goel [42] 52 N (7 Nm) - 90 N (7 Nm)
Schendel {118] 130 N (8 Nm) 104 N (3 Nm) 30 N- (7.5 Nm)
Sharma [125] 26%
Dunlop (28] 10-40%
Yang and King [152] 12-19%
Lorenz [68] 13-30%
Shirazi-Adl [127] 8.3 N (10 Nm) 67 N (10 Nm)
Present study 27 N/13% (7.5’Nm) 13 N (7.5 Nm) 56 N (7.5 Nm)

,4.2.3 Intradiscal Pressure in the Literature

In an early study by Nachemson and Morris [86], the loads on the third and fourth lumbar
discs measured in vivo with subjects in a standing position were an average of 7.6 kg/cm?.
This is equivalent to a pressure of about 0.75 MPa. Another study found that for an individual
standing in 20° of flexion, the load on the third lumbar disc of a 70 kg subject was 148 kg
or approximately 1.13 MPa [84]. In addition, Wilke et al. [142] found pressures in the fourth
lumbar disc in vivo of 0.50 MPa and 1.10 MPa in relaxed standing and standing bent forward,
respective‘ly. In vitro experiments have recorded disc pressures of.0.87 MPa, 0.79 MPa, and
0.84 MPa in extension, a neutral position, and flexion, respectively, under a 7.5 Nm applied
moment and a 700 N s_uperimposed corhpressive load [134]. In an intact specimen, intradiscal
pressures were found to increase from that in a neutral position in both flexion and extension,
with the greatest pressure in extension [115]. Pressﬁres in lateral bending and axial rotation
both increased from that seen in the neutral position. In that same study, the pressures were
greatest in extension, followed by right and left lateral bending, flexion, and right and left

axial rotation. There was, however, a lot of variation seen among individual specimens. The
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results of the present study are comparable to previous work found in the literature. In this
study, intradiscal pressures of 0.44 4 0.16 MPa, 0.44 &+ 0.08 MPa, and 0.50 £ 0.16 MPa were
measured in extension, a neutral position, and flexion, respectively. Pressures were greatest in
flexion, followed by lateral bending and axial rotation, and finally extension. The magnitude
of intradiscal pressure in a degenerated disc has been found to be reduced compared to in a
normal, healthy disc 77, 152]. This may account for some discrepancies between this study and
disc pressures found in the literature. Degeneration of the spine is a prevalent problem that
generally advances with age and since the average age of specimens in this work was 77 years,

some disc degeneration was expected.

In a specimen stabilized with the Dynesys, there was a linear variation in pressure during
flexion-extension, which was also observed in the literature (123, 124]. However, details of that
study are scarce. With the Dynesys implanted in an intact specimen, there was a red‘uction
in intradiscal pressure in the neitral position by an average of 15% in the present study. In a
study using an interspinous implant under similar loading conditions, there was a 20% decrease
in pressure in the neutral position reéulting from the implant {134]. Another group observed a
significant decrease in intradiscal pressure of approximately 40% and 50% with implantation of
hook and screw 'constructs; respectively, under ;cm axial compressive load of 600 N compared to
an intact condition [23]. In the current study, there was no change in the intradiscal pressure in
flexion with the Dynesys implanted and a 32% decrease in pressure in extension compared to in
the intact épecimen. Swanson et al. observed a 4% and 41% decrease in pressure in flexion and
extension, respectively after installation of an interspinous spacer [134], which is very consistent
with this study. Rohlmann et al. looked at the disc pressures with an internal fixator and found
a decrease in relative disc pressure in extension, lateral bending, and axial rotation, and an
increase in relative disc pressure in flexion, where relative pressure was measured as the change
from the pressure in a neutral position [115]. The results in flexion are opposite to what was
seen in the current study, but may be due to no application of a compressive follower preload

in the other study and the nature of the implant itself. In that study, the device was rigid as

opposed to the dynamic implant examined in this study.
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4.3 Facet Loading Patterns

When the Dynesys system was implanted, the greatest change in facet load was observed in
flexion. The load at the facet joints increased significantly in flexion compared to the intact
specimen and became larger than those in extension. It has been commonly accepted that in
flexion, the facet joints are distracted and therefore the contact load is very minimal [3, 12, 125],
which was seen in the capsule cut condition in the current study. However in this study, the
device appeared to reverse the loading pattern compared to that seen in the intact specimen,
such that the contact load increased with greater degree of flexion (Figure 4.4). This observation
can be attributed to the significant posterior shift in the location of the HAM in flexion-
extension that occurred with implantation of the Dynesys from its central position in the intact
specimen. The Dynesys compressed the posterior elements, which was largely responsible for
the changes in HAM and may have also led to alteration of the natural contact mechanism

between the articulating surfaces, resulting in increased facet loads in flexion.

The facets were typically loaded independently in axial rotation, with the contralateral facet
joint experiencing the compressive force. For example, while a moment was applied to produce

right axial rotation, the right facet joint was virtually unloaded. Implantation of the Dynesys
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Figure 4.4: Comparison of facet load pattern in flexion-extension. For specimen H1109 for
A) capsule condition and B) standard Dynesys.
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introduced some load sharing between the two facets. While the contralateral joint still ex-
perienced the entire compressive load at the maximum rotation, there was a transition period
where one facet was being loaded at the same time that the other side was being unloaded.
This was evident by an intersection between the two forces when plotted against time and
can likely be explained by the initial device-induced preload that was produced at the joints.
Both facets were not always unloaded in the neutral position, as was the situation in the intact
specimen. In addition, the time period in which the facet was unloaded with the Dynesys was

often reduced to simply an instant in time (Figure 4.5).

4.4 Intradiscal Pressure Patterns

Amongst the intact specimens, a lot of variation in the shape of the measured intradiscal
pressure vs. applied moment curve existed in flexion-extension and lateral bending. In flexion-
extension, some specimens demonstrated an increase in pressure at maximum flexion and ex-
tension, as compared to the neutral position. In other specimens, the pressure was higher in
extension than in flexion, or vice versa. Implantation of the Dynesys consistently created a
linear variation in intradiscal pressure with applied load in flexion-extension in all specimens,

regardless of the intradiscal pressure pattern prior to the device. In all instances, disc pressure
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Figure 4.5: Comparison of facet load pattern in azial rotation. For specimen H1005 for A)
capsule condition and B) standard Dynesys.
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was greatest in flexion aﬁd least in extension. This was as expected because the intersegmental
motion was esséntially controlled by the device. The Dynesys became é load bearing structure .
of the spinal segmént in extension, as well as shifting a portion of the compreséive load from the
anterior column to the posterior elements, thus reducing the load in the anterior column during
extensiop. In Iéteral bending, the Dynesys typically resulted in a constant intradiscal pressure
throughout the motion, despite varying curves for the intact specimens. The intradiscal pres-
~sure pattern remained relatively unchanged in axial rotation once the Dynesys was implanted,

however, the absolute pressure magnitude decreased significantly.

The intradiscal pressure provided an indication of load transfer through the anterior column.
Implanting the Dynesys reduced the load through the intervertebral disc in the neutral position,
as well as in axial rotation', extension, and somewhat in lateral bending. This is likely a desirable
effect since the disc has been identified as a common site of low back pain, so lessening the

force at this location could reduce the degree of pain experienced by an individual.

4.5 Compression of the Posterior Elements

Implantation of the Dynesys created an inherent compression of the posterior elements due to
pre-tensioning of the cord. This was apparent by the presence of a static load at the facet joints
immediately after the device was installed and prior to flexibility testing. An average force of
15 N was produced at each facet joint by the standard length spacer. To put this magnitude
into perspective, the average peak dynamic load in the iﬁtact facet ranged from 13 N in lateral

bending and extension to 56 N in axial rotation.

In compressing the posterior elements, because the vertebrae are fairly rigid, it was only natural
that the anterior column experienced some distraction. Generally the distance between the an-
terior points of the vertebral body increased as the length of the Dynesys spacer was decreased,
although the difference waé not significant. There was however, a significant reduction in in-
tradiscal pressure of approximately 15% in the neutral position with the Dynesys compared to

in an intact specimen without the implant. This further confirmed that the Dynesys compressed
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the posterior elements. Combined compression of the posterior elements and distraction of the
anterior annulus may restore a portion of the disc height and clinically, this may be beneficial in
possibly decelerating further disc degeneration. In cases of disc bulge, distraction could result
in indirect decompression eliminating the disc bulge and thus surgical intrusion into the canal
would not be required. However, a potential outcome resulting from compression of the pos-
terior elements is an increase in facet loads, as Was seen in some instances in thie study. This
would not be desirable clinically since increased loads at the facet joints would likely produce
degeneration at the joint and possibly emerge as pain. Ideally, the implant would provide an
additional path for load transfer through the segment, thus reducing the loads through both

the anterior column and posterior elements.

As the posterior elements were compressed, a significant shift in the posterior direction of the
HAM in flexion-extension and axial rotation was produced with the Dynesys implanted. The
position of the HAM moved from the centre of the disc space in flexion-extension and anterior
to the posterior wall of the vertebral body in axial rotation for an intact specimen to within the
vertebral canal with the Dynesys. The shift in HAM led to changes in load transfer through
the column. Generally there was a reduction in load through the anterior column and a change
in load through the facet joints (increase in flexion and lateral bending, no significant effect in

extension and axial rotation).
4.5.1 Effect of Spacer Length on Segmental Compression

Constraint to segmental motion was created not only by the Dynesys configuration, such as
a pre-tensioned cord, but also by the compression of the segment that was produced by the
device. Compression of the posterior elements was{dependent on the spacer length, which
largely affected intersegmental ROM, most notably in axial rotation. The results of this study
show that a 4 mm increase in spacer length led to an average intersegmental motion increase
of 30% in axial rotation, 23% in extension, 14% in flexion, and 11% in lateral bending. The

average initial contact load in the facet joints created by implantation of the device decreased

from 42 N with the short spacer to 15 N with the long spacer. There was also a significant
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décrease in peak facet load in flexion and lateral bending with the long spacer compared to the
short spacer, further emphasizing the increased compression of posterior elements that occurred

with the shorter spacer.

Lund et al. [70] observed similar results when looking at the effects of variations in compression
of posterior instrumentation on motion. In that study, distraction of the posterior elements
resulted in greater motion along the anterior column when loaded in axial compression. Al-
though Lund et al. examined the effects only in axial loading, their results were consistent
with the findings of this study in determining that the stiffness of the s'egment was affected
by compression or distraction of the posterior elements due to the length of the spacer, which

resulted in kinematic changes, specifically in the ROM.
4.6 Asymmetry

The bilateral nature of the Dynesys implant introduced an asymmetric stiffness to the segment.
This was evident by the lateral shift in the HAM in axial rotation and lateral bending that
occurred with its implantation. In addition, there was a non-significant rotation in the orienta-
tion of the HAM in the coronal and endplate planes. Accompanying the change in HAM after
implantation of the device was a significantly higher contact load at the right facet joint than
the left in flexion and lateral bending. A similar trend was seen in extension and axial rotation,

but the differences were not significant.

The order of implantation was performed randomly between the right and left sides and the
asymmetry appeared independent of which side was installed first. For some specimens, the
right and left spacers were of different lengths due to anatomical variations, but there was no
obvious correlation between the side with the shorter spacer and higher facet loads. Reasons
for the asymmetry could include small variation in pre-tension that w_as_appliéd to the cord.
The cord was pre-tensioned using an identical surgical tool to that which would be used in
the operating room. To achieve t‘he correct level of tension, two arrows on the handle of the

tool were aligned (Figure 4.6). A quick calibration of the tool in a materials testing machine
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showed that the slightest variation in alignment led to a relatively large difference in tension.
In this application, it is anticipated that the tension present in the cord plays a role in the
biomechanical behaviour of the device. A mismatch in tension between the right and left sides
would therefore likely cause asymmetrical biomechanical behaviour. In addition, variability in
sizing of the standard spacer length may have contributed to the asymmetrical behaviour. The
spacers were sized by a spine surgeon, but the method of determining the appropriate length is
cleary subjective. These are both common occurrences that would be encountered in a clinical

situation, so their presence in this study was not considered a limitation.

Figure 4.6: Surgical tensioning tool for tightening the implant (Zimmer GmbH). There is
300 N generated when the two arrows on the handle are aligned.

The asymmetric stiffness may have important implications clinically. For instance, it would
likely have an effect on the loading mechanism through the facet joints, possibly asymmetric

wear, alteration of the process of natural degeneration in the joint, or even emerge as pain.

4.7 Changes in Motion Coupling

There was evidence that in an intact specimen, right axial rotation was coupled with left
lateral bending and flexion and left axial rotation was accompanied by right lateral bending
and flexion. Right and left lateral bending were both coupled with flexion and a slight degree
of left and right axial rotation, respectively. These are similar to HAM results reported in the

literature [96] and coupled motion found in previous studies [95, 104, 110, 112, 139].
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The rotational shifts in the orientation of the HAM that were observed in this study with
implantation of the Dynesys led to alterations in thp coupled behaviour of the _ségment. Over
the full motion, the differences were significant in axial rotation in the mid-sagittal plane. In a
sp.ecimen stabilized with the Dynesys, right axial rotation was coupled with-left lateral bending
and left axial rotation was accompanied by right lateral bending. This coupling pattern was
opposite that seen in the intact specimen. In the endplate plane, the Dynesys introduced a
éignificant lateral bending motion that accompanied the primary flexion-extension movement,
whereas without the Dynesys, there was virtually no obvious coupled motion. Finally, in right
lateral bending implantation of the Dynesys created a coupled extension motion, which was

significantly different from the flexion movement that resulted in the intact specimen.

Previously, it has been found that chrbnic low back pain is associated with abnormal motion
" patterns, specifically in coupled axial rotation during lateral bending, in the symmetry between
flexion and extension, and in the symmetry between right and left lateral bending [44, 47, 48, 69).
When comparing in vivo motions of a low back pain sufferer to motion measured in vitro, one

must also consider compounding factors, like pain, that would exist and affect motion in vivo.

4.8 Feasibility of Quantifying Contact in Facet Joints Using
Imaging

The results of this study suggest that quantification of cartilage contact within the facet joints
is difficult even with an MRI sequence that has been optimized for cartilage visualization.
The cartilage is quite thin, the joint is relatively small, and the articular surfaces are very

conforming, all of which contribute to the challenging task.

Given the difficulty in distinguishing between the two layers of cartilage, the contact area
measured with the imaging technique corresponded with the Tekscan measurements better

than was expected. This was encouraging.

The potential for successful implementation of imaging in this application still exists, but may

benefit from the use of a contrast agent to intensify the superficial region of the cartilage. This




Chapter 4. Discussion

would lead to easier visualiza‘gion of contact within the joint. Based on this study, it appears
that the techniqu_e in which a liﬁe of contact is created when no distinction can be made between
cartilage layers would be more appropriate provided that the superficial border of the cartilage
could be énhanced. With the protocol of this study, it was not possible to accurately detect a
line of contact within the joint. Attempting to quant(ify contact based on j(,)int volume assumes
that the cartilage compression would be quantifiable, but given the thickness of the carilage

and in-plane resolution of the scan, this would likely not be possible.

4.9 Comparison of Dynesys to Rigid, Intact, and Injured Con-
ditions

A severe injury was utilized to simulate degenerative instability in the specimens. As a result,
there was a significant increase in ROM in all directions, except extension, and typically an
increase in' NZ (only significantly greater in flexion without a follower preload) compared to an
intact specimen. Implantation of the Dynesys significantly reduced the ROM and NZ compared
to those in the injured segment, but the reduction was to magnitudes below those observed in
the intact specimen. The NZ was only significantly.lower with the Dynesys comparqd to the
intact condition in lateral bending. In axial rotation, the changes were least significant and the
ROM was 72% .and 86% of intact RO/M In flexion, extension, and lateral bending, however,

motion was a lot more constrained.

Controlling and guiding the rotation has implications on the HAM and on the loading through
the segment. The Dynesys caused significant changes in the motién pattern compared to an
intact specimen. Typically, the aim with dynamic devices is to replicate the HAM of the intact
specimen. The loading generally decreased through the anterior column when the Dynesys was
implanted. A reduction in load through the intervertebral disc could reduce pain generated by
the disc and provide an environment that may stimulate regeneration of the disc [123, 130]. The
Dynesys increased compression at the posterior elemenfs and increased facet loads in flexion

and lateral bending. This increase may have negative implications in vivo.
One of the problems associated with a rigid device is the acceleration of degeneration at adjacent
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levels due to elimination of motion at the operated level [29, 64, 119]. Advantages of a dynamic
system would be a preservation of motion that would theofetically reduce adjacent level damage.
Compared to fusion, what some consider the most effective surgical treatment for degenerative
problems in the lumbar spine [34], the Dynesys did not result in a significant difference in NZ.
There was significantly greater intersegmental motion in axial rotation with the Dynesys, but

no significant differences in the other loading directions.

4.10 Dynesys Spacer Length

\ - .
The length of the Dynesys spacer had the largest effect on ROM, with the long spacer resulting
in significantly greater motion than that wifh the short spacer in all directions without a follower
preload and in axial rotation with a follower preload. In all loading directions, the general trend
was identical. The ROM decreased in all three loading directions with a follower load, and since

the motion with the Dynesys was already small, differences between the spacers became less

pronournced.

There was .a significantly smaller posterior shift in the HAM in axial rotation with the long
spacer as compared to the HAM with the short spacer. The spacer length also had a significant
effect on the orientation of the HAM in the endplate plane in flexion-extension and in the mid-
sagittal plane in axial rotation. The short spacer generated a HAM position and orientation

that was generally of greater difference from the intact HAM than the long spacer.

Initial éompression of the posterior elements was significantly less with the long spacer. Typi-
cally, facet loadé during motion were smaller with the long spacer, but the differences between
spacers were only significant in flexion and lateral bending. One can also speculate that due
to the increased compression at the facet joints with the short spacer, the short spacer would
likely ‘reduce the pressure in the disc, and thus reduce anterior column loading compared to the

long spacer.

Considering the kinematic and load-bearing behaviour of the segment, the long spacer resulted

in biomechanical behaviour that was more similar to that of an intact specimen.
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4.11 Clinical Implications

Even though ROM was substantiallyv feduced with the Dynesys implanted, the long spacer
length produced motion that was more similar to that in an intact spine and resulted in lower
facet loads compared to the other spacer lengths tested. However, a balance beteween desir-
able kiﬁematics and neutral position of the spine must be found. By increasing the length
of the spacer toomuch, the spine may potentially become kyphdtic, which could lead to ad-
verse changes in loading patterns and additional clinical problems not predictable with in vitro

testing.

The Dynesys was relatively stiff in flexion, extension, and lateral bending, but provided the
same or more motion than rigid fixation. The Dynesys appeared to improve biomechanical
behaviour compared to a rigid system, specifically in axial rotation. However, the dynamic

system is of a greater complexity than a rigid device and therefore, the motion pattern and

load transfer must also be considered.

There is a partial restoration of disc height and reduction of anterior column load with im-
plantation of the Dynesys, which some claim could create an environmeﬁt that would stimulate
regeneration of a partially degenerated disc. The Dynesys may also result in indirect decom-
pression of bulging discs, thus possibly eliminating the need for surgical intrusion of the spinal
canal. However, if the decreaée in anterior colﬁmn load is compensated for by an increase in
load through the posterior elements, this may accelerate facet joint degeneration as well as

cause low back pain.

4.12 Goéls for Biomechanical Testing

The results of this work demonstrate the importance of including an evaluation of all aspects
of kinematic behaviour when biomechanically assessing the efficacy of dynamic stabilization
systems. An analysis of the HAM provides insight into changes in the centre of rotation and

coupling of motion that may result from implantation of a dynamic system.
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Since a degree of motion is preserved with these devices, it is also critical to examine the effect
of the device on load transfer through the segment. Ideally, a device would either alleviate or
maintain load through the anterior column, posterior elements, or both. An increase in load may

have adverse effects with respect to pain, degeneration, osteoarthritis, and other pathologies.

The épine is a complicated structure, one in which the kinematic behaviour and loading patterns
are highly intertwined. Alterations of one aspect will affect the other. It is not sufficient,
therefore, to draw conclusions regarding the functionality of a dynamic stabilization system

based solely on one aspect of the biomechanical behaviour.

The biomechanical testing of dynamic stabilization systems needs to be standardized to allow
comparison of devices across studies and with a sufficient test protocol to clearly evaluate that

the device performs as intended.
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Conclusions

The Dynesys affected the kinematic behaviour at the implanted level. There was a significant
reduction in ROM in all directions of loading (except axial rotation with a follower preload) -
that occurred with the Dynesys, with the least significant differences seen in axial rotation.
The Dynesys resuited in a ROM ‘that was 16%, 30%, 256%, and 88% of intact ROM in flexion,
extension, lateral bending, and axial rotation, respectively. Compared to the ROM of a severely
injured segment:, the Dynesys did have a stabilizing effect, but to the extent that the magnitude
of motion was more comparab&e to tl;at of the rigid Systein in flexion, extension, and lateral
bending. Implantation of the Dynesys also tended to reduce the larger NZ of an injured spec-
imen to a level that was below, but not significantly lower, than the intact NZ. There was a

significant posterior shift in the position of the HAM in flexion-extension and axial rotation

with the Dynesys, as well as a significant rotation in the orientation of the HAM.

Implantation of the Dynesys created an initial load at the facet joints. As a result, the dynamic
loading within the facet joints generally either increased or remained relatively unchanged with
the Dynesys. The largest difference was seen in flexion where the device caused a significant
increase in facet load, followed by a non-significant increase in load during lateral bending.
The bilateral nature of the device introduced an asymmetric stiffness in the specimen, which
manifested not only as kinematic differences in the HAM, but also as significant differences
between right and left facet loads in flexion and lateral bending. Anterior column loading was
aléo affected by the Dynesys. The intradiscal pressure decreased significantly with implantation

of the Dynesys and the device produced a linear relationship between pressure and applied
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moment in flexion-extension.

The largest effect created by varying the length of the Dynesys spacer was on ROM. The
long spacer generated a significantly greater motion than the short spacer in all loading di-
rections (without a follower preload), most predominantly in axial rotation. There were not
large significant differences in NZ that occurred between the three spacer lengths. The HAM,
however, was generally located more posteriorly with the long spacer compared to that with
the short spacer and there was a smaller degree of rotation in the mid-sagittal plane with the

long spacer.

Typically, the long spacer resulted in lesser facet loads than the short spacer, which can be
“attributed to the greater degree of posterior compression that occurred with the short spacer.
Differences in facet load magnitude were significant in flexion and lateral bending between the

short and long spacer lengths.

MR imaging may have the potential to be a useful tool in improving the understanding of facet
joint loading and the role of the facet joints in kinematic behaviour. The protocol investigated in
this study was only mildly successful in monitoring facet contact in vitro. Ii: will be challenging
to incorporate the imaging modality to achieve quantifiable results of the contact within the
joints and may require the use of a contrast agent to enhance the superficial zone of the articular

cartilage.

The objecti{/es of the emerging dynamic stabilization systems have changed in contrast to the
well-established fusion devices where the goal was elimination of motion in order to relieve
low back pain. With this change in functional goals, it is necessary for the biomechanical
test protocol to evolye and include evaluation of all aspects of kinematic and load-bearing
behaviour, more than simply just the fénge of motion, to adequately examine the efficacy of

dynamic stabilization systems.
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5.1 Future Directions

Improvements to the Dynesys system based on the results of this study would lead to a more
viable treatment alternative from a biomechanical perspective. It may also be worthwhile to

investigate additional parameters of the Dynesys system on the biomechanics of the device.

Load transfer through the facet joints is an important part of the function of the spinal column.
There refnains large inconsistencies, however, in the function and mechanism of load transfer
through the facet joints. ‘Further study in this area to enhance the knowledge of the loading
patterns in the posterior elements would be useful in understanding specific spinal pathologies,
as wellr as in the development of treatments and implants for use in the spine. Three-dimensional
imaging may still have potential value in this application, but would require additional work
to geﬁerate a methodology that would yield accurate and useful results. It could then be used
for quantification of contact area within the joints, which would provide an indication of the
stress in the joint. The centroid of the contact area could also be measured and monitored
over various specimen conditions. This would be a valuable tool in evaluating the effects of
spinal devices on loading patterns through the posterior elements. Ultimately, it would be a
technique that could be used to study facet loads in vivo, to monitor progressive degeneration,

and potentially be used to select the most promising treatment option.

In the broader picture, a test protoéol needs to be established to standardize the biomechanical
evaluation of dynamic stabilization systems. In addition to providing a thorough and solid
indication of the behaviour of a particular device, a standardized procedure would facilitate

comparisons of devices across studies.

5.2 Contri_butidns

It is expected that this work will provide valuable information for further improvements to the

Dynesys system, as well as for other dynamic stabilization devices.

This research supports the need to establish a standardized test protocol for biomechanical
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evaluation of dynamic stabilization systems to allow appropriate assessment of whether the
device satisifies the intended objectives and to allow comparison of devices across different

st_udies .

In the long term, the results of this study could guide future research and development activities

in the area of dynamic stabilization of the lumbar spine.
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Appendix A. Summary of Results by Specimen

Table A.2: Helical azis of motion summary for specimens 1-10 with the position presented
as a penetration point with a specified plane and with the orientation presented as two angles.
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Table A.3: Facet load summary for s,peciniensfl-l 0. Values are facet loads in Newtons.

! +Left Skl ‘Axial Rotation - No Load P : Right Sida Axial Rotetion - No Load . .
Specimen|.._Capsule Sad Dynesys ¢ | Lony Dynesys | Short Dynesys | Rigid .- . Post | Specimen)| Injury-Capsule | Full Injury | Standard Dynesys | Long Dynesys | Short Oynesys | Rigid Faation ofuury
1092 47.475 325 456 31.575 n 1092 6525 59.4 55875 54225 47 9% 28875 _}
1062[ 54975 666 717 71025 B625 35 1062| _ 65525 67,275 69,625 54.45 & 4 69.2
1113795 751 577 3 341 34 1113”66 ( 107.3 o) 325 5.9 I [ :
1107 K45 2 [x] 74 28 1107 n 148 a1 2] B4E 1
1003| 17 i, EX] 755 100|563 7.9 91, 78.1 02,1 7
1004 I 7 5 El 46 813 oy T 739 61 526 § 7
1096 5 Eil 42 7.2 ] 1100 B 65 523 3 7
1706 B4 0 & ) 197 67 1706 7 [:7 246 ] 7 791 |
A 5 0 3 1) & 471 %7 607 |
& 76 526 66 675 %9 1113 581 7 708 & 718 |
Mean| 5 6. 495 452 06 142 Mean 3 626 619 7 4 687
St. Dev 16 1 238 B4 25 133 St Dov] FeXi] 195 28 27 2 B3|

I ]
113 53, 394 6, 199 585 | hies B9 109 -119.2 97.. 90.! g3
1107| 88 82, 603 7 0 B7. 1107 56 98 €6.4 106 8 1 498
7008, 5. 71 7 51 7 1005| 49 71 609 ] 539
1004 5 0. 0 1 13 5 1004 B, B0 1 73 77 674
1109 48, 81 40 il 1.3 7. 1100 57. 57 0 4 7
1108 % 80, 683 | X 174 9 1108 N 58, ikl 57.2 5682
1112 ET) 62 1] R 0 639 12 23] 49 0 3 2 629
113 71 2 7. 785 77 %4 1122 1111] 19, 3 4 1 4 18
Meoan 50 34, A 336 45 185 653 Moan B0, 62 7. 535 7 84
St Dev 14, El 2 04 K4 786 23 St Dev| 18. F:] %. 1086 82 23
0.

R
Full infury | Stndard Dynesys | Long Dynesys | Short Dynesys | Rigid Fication | Post injury

1365 21825 285 33m5 2475 2175
5375 a 375 15525
82 ] A4 [i] 57 il

B 313 1 57.4 0 155
181 = 427 9 3 B3
52 29

X 492 12 2 23

3 4 priy 5
E]

40 433 B82.3 452
15.2 213 %7 16.1 8.7
137 180 282 0 145

Specimen] - b
1002|0375 77
1062 7
713 314
1107 %3 73
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084 ) 0 5
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1108 ) 8.2 a1 El 1 2%
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T B
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7725 11625
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51 217 1 56 T 12
] 1107 a (]
08 1003 0 3
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24 tios B 7 7] F] 0.4
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1 a3 Moan [ 2 7.7 £ [} 2.1
2 75 St Dev E) 2 78 Fz) 3 32

it 8 o Load i 2
" Capsule_".|.- : Rigid Specimen njury | Stangerd Dynesys | Long Oynesys | Short Oynesys
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Appendix A. Summary of Results by Specimen

Table A.4: Intradiscal pressure summary for specimens 1-10. Values are absolute intradiscal

pressures in MPa.

| i Follower load:= 600N : ollower load:= 600N

Fegion. L | Rigt gl o

Specimen Intact Intact-Oyn Capsule Specimen Intact Intact-Dyn Capsule Specimen Intact Intact-Dyn Capsule
H1092 0.33 D63 022 H1092 001 0086 003 H1092 0.35 0.34 037
H1062 037 0.56 0.38 H1062 0413 0.41 0.10 H1062 042 ‘0.44 0.40
H1113 063 0.58 0.69 H1113 0.40 0.43 0.44 H1113 a57 0.48 057
H1107 037 0.32 038 H1107 0.40 0.28 037 H1107 040 - 0.28 0.41
H1005 074 0.57 068 H1005 031 042 0.3 H1005 0.56 0.48 0.58
H1094 037 0.44 0.43 H1094 0.31 0.00 0.3 H1094 0.42 0.38 0.4
H1108 0.34 0.41 0.32 H1109 023 0.29 0.20 : H1109 037 0.32 0.38
H1106 0.70 0.45 068 H1106 0.21 0.32 0.20 H1106 041 ° 0.36 0.41
H1112 064 0.51 061 H1112 045 0.41 0.43 H1112 0.55 D.44 0.54
H1111 0.46 0.52 0.42 H1111 0.23 0.32 0.24 H1111 0.41 0.45 0.44
mean . 050 Q.50 0.48 mean 027 029 0.26 mean 045 0.40 045
stdev 0.16 0.08 047 stdey 013 015 014 stdey 0.08 0.07 0.08

= B

Extension Left Axial Rotation

Specimen Intact Intact-Dyn Capsule Specimen Intact Intact-Dyn ;| Capsule Specimen Irtact Intact-Dyn Capsule
H1092 0.13 0.25 0.10 | m1092 083 0.76 0.78 H1092 0.38 0.45 0.41
H1062 0.45 0.32 0.44 H1062 017 0.48 017 H1062 052 0.41 0.53
H1113 0.58 032 . 061 H1113 038 0.42 0.40 H1113 0.56 0.46 0.56
H1107 047 026 0.50 H1107 041 031 0.38 H1107 040 D.28 039
H1005 0.71 0.39 0.76 H1005 073 053 068 H1005 0.53 0.49 0.59
H1084 0.34 027 0.38 H1094 023 0.00 023 H1094 0.40 0.34 0.38
H1109 034 025 0.35 H1109 018 0.34 0417 H1109 0.35 0.34 035
H1106 0.44 0.34 0.45 H1106 0.48 0.31 048 H1106 0.44 039 0.44
H1112 0.53 0.32 054 H1112 062 0.43 061 H1112 0.52 0.43 052
H1111 . 0.36 028 J.41 H1111 063 0.51 0.63 H1111 045 0.39 042
mean 0.44 0.30 045 mean 047 0.41 0.45 mearn 046 0.40 0.46

stcev 0.16 0.05 0.18 stdey 0.23 0.20 0.22 stclev 008 0.07 0.08

lower load = 600N

, FNBURT FNeutr
) Specimen Intact intact-Dyn : Capsule Specimen Intact intact-Oyn | Capsule Specimen Intact Capsule
H1092 0.30 043 0.25 H1092 019 0.32 018 H1092 018 033 018
H1062 052 0.41 - D47 H1062 0.43 0.43 0.46 H1062 0.47 0.38 048
H1113 051 0.43 0.56 H1113 058 0.43 0.40 H1113 052 0.43 052
H1107 0.38 0.29 0.40 H1107 0.40 0.29 0,37 H1107 0.38 0.28 0.38
H1005 055 0.45 058 H1005 0.52 0.46 054 H1005 055 045 057
H1094 0.38 0.33 0.38 H1094 0.40 0.00 0.41 H1094 0.38 0.34 038
H1108 0.38 032 0.37 H1109 037 0.32 0.36 | H1108 0.36 0.32 0386
H1106 0.42 037 0.42 H1106 0.38 0.37 0.37 H1106 0.40 0.36 0.40
H1112 0.52 0.41 0.53 H1112 052 0.43 0.51 H1112 0.51 .40 051
H1111 043 0.40 0.44 H1111 0.38 0.40 038 - H1111 044 0.42 044
mean 0.44 038 0.44 mean 042 0.34 0.40 mean 042 - D37 042
stdev 0.08. 006 . 010 stdev 0.1 013 0.10 - stdev 0.11 0.06 0.11
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Appendix B. Results of Statistical Analysis

B.1 Effect of Specimen Condition

Table B.1: Effect of specimen condition on range of motion.

MANOVA with a 95% level of significance.

| Direction .

! Follower Load |

pvalse

Direction

Foliower Load

Results of repeated measures

Elexion , 125E:20]] , 0031 5251E.
Intact - Intact Dyn 0N 0.00017 Intact - Intact Dyn 600N 0.00017
Intact - Capsule ON 0.26568 Intact - Capsule 600 N 0.33957

" Intact - injury ON 0.00016 Intact - Injury GOON 0.04927
Intact - Dynesys ON 0.00012 Intact - Dynesys 600N 0.00012
Intact - Rigid onN 0.00013 Intact - Rigid 600N 0.00013
Intact - Post ON 0.00017 Intact - Post 500N 0.02472
Intact Dyn - Capsule ON 0.00013 Intact Dyn - Capsule BO0ON 0.00013
Intact Dyn - Injury ON: - 0.00014 Intact Dyn - Injury 600 N 0.00014
Intact Oyn - Dynesys ON 0.26292 Intact Dyn - Dynesys GO0 N 0.93983
Intact Dyn - Rigid ON 0.142986 Intact Dyn - Rigid 600 N 0.81475
Intact Dyn - Post OnN 0.00014 Intact Dyn - Post 600 N 0.00014
Capsule - injury ON 0.000863 Capsule - Injury 600N 0.15070
Capsule - Dynesys ON 0.00013 Capsule - Dynesys 600 N 0.00013
Capsule - Rigid ON 0.00017 Capsule - Rigid 600N 0.00017
Capsule - Post ON 0.00017 Capsule - Post 600N 012764
Injury - Dynesys ON 0.00017 Injury - Dynesys 600 N 0.00017
Injury - Rigid ON 0.00013 Injury - Rigid BOON 0.00013
Injury - Past ON 0.29383 Injury - Past 60O M 0.60445
Dynesys - Rigid oN 0.82634 Dynesys - Rigid 600 M 0.92085
Dynesys - Post ) OnN 0.00013 Dynesys - Post GOON 0.00013
Rigid - Post ON 0.00014 Rigid - Post - 600N 0.00014

Intact - Intact Dyn anN 0.00017

W2I3122E13

Intact - intact Dyn 0.00015
intact - Capsule ON 0.58853 Imtact - Capsule 600 N 0.56445
intact - Injury ON 0.05128 Intact - Injury 600 N 047781
Intact - Dynesys ON 0.00013 Intact - Dynesys GOON 0.00017
Intact - Rigid ON 0.00012 Intact - Rigid 600 N 0.00013
Intact - Post ON 0.00074 Intact - Post 500N 0.74431
Intact Dyn - Capsule anN 000013 Intact Dyn - Capsule 600 N 0.00015
Intact Dyn - Imjury ON 0.00014 Intact Dyn - Injury 600N 0.00014
Intact Dyn - Dynesys ON 0.12916 Intact Dyn - Dynesys 600N 0.80684
Intact Dyn - Rigid ON 0.09963 Intact Dyn - Rigid 500 N 0.74488
Intact Dyn - Post ON 0.00014 Intact Dyn - Post 600N 0,007
Capsule - Injury ON . 0.06862 Capsule - Injury 500 N 0.40423
Capsule - Dynesys ON 0.00017 Capsule - Dynesys 60O N 0.00014
Capsule - Rigid ON 0.00013 Ceapsule - Rigid BOO N 0.00018
Capsule - Post oON 0.00181 Capsule - Post 60D N 0.87893
Injury - Dynesys ON 0.00013 Injury - Dynesys BOON 0.00013
Injury - Rigid aN 0.00017 Injury - Rigid 600 N 0.00014
Injury - Post an 0.07664 Injury - Post 600 N 0.47551
Dynesys - Rigid oN 0.57804 Dynesys - Rigid 600 N 0.76703
Dynesys - Post ON 0.00014 Dynesys - Post 600N 0.00013
Rigid! - Post ON 000013 Rigid - Post 600 N 0.00014
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Appendix B. Results of Statistical Analysis

Table B.2: Effect of specimen condition on range of motion (continued). Results of repeated

measures MANOVA with a 95% level of significance.

| Folfower Load |

pwaine

Direction pvalne
Laterat Bending 2. 48754E:18)
Intact - Intact Dyn 0.00017
Intact - Capsule 0.52698
Intact - injury 0.02304
Intact - Dynesys 0.00012
Intact - Rigid 0.00013
Intact - Post 0.00098
Intact Dyn - Capsule 0.00013
Intact Dyn - Injury 0.00014
Intact Dyn - Dynesys 0.773B65
Intact Dyn - Rigid 0.53627
Intact Dyn - Post C.00014
Capsule - injury 0.04078
Capsule - Dynesys 0.00013
Capsule - Rigid 0.00017
Capsule - Post 0.00317
injury - Dynesys 0.00017
Injury - Rigid 0.00013
Injury - Post 017631
Dynesys - Rigid 0.95134
Dynesys - Post 0.00013
Rigid - Post 0.00014
Axial Rotetion ' 0N 1.40419E:17
Intact - Intact Dyn ON 0.00013
“Intact - Capsule 0N 0.42235
Intact - Injury ON 0.01010
Intact - Dynesys ON 0.00244
Intact - Rigid ON 0.00017
Intact - Post ON 0.00030
Intact Dyn - Capsule ON 0.00017
Intact Dyn - Injury ON 0.00013
Intact Dyn - Dyniesys on 0.00086
Intact Dyn - Rigid ON 0.98902
Intact Dyn - Paost ON 0.00m4
.Capsule - Injury ON 0.02929
Ceapsule - Dynesys ON 0.00068
Cepsule - Rigid ON 0.00013
Capsule - Post ON 0.00115
Injury - Dynesys ON 0.00017
Injury - Rigid ON 0.00014
Injury - Post ON 0.11878
Dynesys - Rigid ON 000157
Dynesys - Past ON 0.00013
Rigid - Post ON 0.00014

ralifending A 09479607
Intact - (ntact Dyn GODN 0.00023
Intect - Capsule BO0 N 0.84202
Intact - Injury GOON 0.03453
Intact - Dynesys 600 N 0.00020
Intact - Rigid 600 N 0.00020
Intact - Past 600 N 0.09643
Intact Dyn - Capsule 600 N 0.00020
Intact Dyn - Injury G600 N 0.02783
Intact Dyn - Dynesys 600 N 0.81342
Intact Dyn - Rigid BOON 0.94719
Intact Oyn - Post 600 N- 0.00791
Capsule - Injury 60D N 0.03782
Capsule - Dynesys 600N 0.00018
Cepsule - Rigid 600 N 0.00018
Capsule - Post 600N 0.15089
Injury - Dynesys 600 N 0.04084
Injury - Rigid GO0 N 0.06024 -
Injury - Post 600 N 0.38332
Dynesys - Rigid BOON 0.93925
Dynesys - Past 600 N 0.00762
Rigid - Post 600 N 0.00886

Axial Rotetion 600N | 2.17664E-06
Intact - Intact Dyn GO0 N 0.00382
Intact - Capsule 500 M 068416
Intact - Injury 600 N 0.42658
Intact - Dynesys 600 N 0.35593
Intact - Rigid 600N 0.00604
Intact - Post 600 N 0.38250
Intact Dyn - Capsule 600 N . 0.00221
Intact Oyn - Injury 600N 0.00036
Intact Dyn - Dynesys GO0 N 0.01687
Intact Dyn - Rigid G00N 0.95421
Intact Dyn - Post GO0 N 0.00024
Capsule - Injury BOD N 0.40138
Capsule - Dynesys 600N 0.37949
Ceapsule - Rigid 600N 0.00288
Capsule - Post 60O N 045834
Injury - Dynesys 600 M '0.14108
Injury - Rigid 600 N 0.00041
Injury - Post GOON 0.72482
Dynesys - Rigid BO0 N 0.03800
Dynesys - Post GO0 N 0.09807
Rigid - Post 600 N 0.00026




Appendix B. Results of Statistical Analysis

Table B.3: Effect of specimen c

R

MANOVA with a 95% level of significance.

ondition - on neutral zone.

Results of repeated measures

180

Direction Followar Load | pwalue Direction i Folfower Load |  pwalze
Elexion-Extension’’ oNE H651539E081 FIEXIOREXt :
intact - intact Dyn an 0.886867 Intact - Intact Dyn
Intact - Capsule ON 0.24297 Intact - Capsule 500 N 0.882688
Intact - Injury ‘ON 0.02353 Irtact - Injury 600N 0.46804
Intact - Dynesys BN 0.74578 Intact - Oynesys BO0ON (.14874
Intact - Rigid ON 0.93470 Irtact - Rigid 600N 011610
Intact - Post DN 0.00033 Intact - Post BOO N 068024
Intact Dyn - Capsule ON 0.33004 Intact Dyn - Capsule 600 N 0.15803
Intact Dyn - Injury ON 0.01412 Intact Dyn - Injury 600 N 001685
Intact Dyn - Oynesys ON 0.91826 Intect Dyn - Dynesys 600 N 0.89461
intact Dyn - Rigid oON 0.71341 Intact Dyn - Rigid 600 N 0.95834
Intact Dyn - Post aN 0.00018 Intact Dyn - Post 60D N 0.23882
. Capsule - Injury ON 012776 Capsule - Injury 600N 0.30530
Capsule - Dynesys ON 0.29604 Capsule - Dynesys 5OD N 0.15944
Capsule - Rigid OnN 0.42638 Capsule - Rigid 600N D.14411
Capsule - Post ON 0.00375 Capsule - Post BOON 084737
Injury - Dynesys ON 0.01850 Injury - Dynesys 600N 0.51884
Injury - Rigid N, 0.02684 Injury - Rigid BOO N 0.01802
Injury - Post ON 0.06813 Injury - Post 600 N 0.38528
Dynesys - Rigid ON 0.98085 Dynesys - Rigid 600N 0.89545
Dynesys - Post ON 0.00023 Dynesys - Post 600 N 0.19371
Rigid - Post ON 0.00026 Rigid - Post 600 N 011003
‘Catsrdl Banding 4 [ Lateral Behding 00
Intact - intact Dyn onN 0.00247 Intact - Intact Dyn 600 N 0.02148
Intact - Capsule ON 0.63081 Intact - Capsule 600 N 0.95821
Intact - Injury ON 0.20173 Irtect - Injury 600 N 0.09668
Intect - Dynesys ON 0.00243 Intact - Dynesys 600N 0.01540
Intact - Rigid ON 0.00223 Intact - Rigid E00 N 0.02370
Intact - Past ON 0.00264 Intact - Post BOON 0.95821
Intact Dyn - Capsule ON 0.00037 Intact Dyn - Capsule 600 N 0.01592
. Intact Dyn - Injury DN 0.00016 Intact Dyn - [njury 600 N 0.42913
“Intact Dyn - Dynesys oN 0.83333 Intact Dyn - Dynesys 600 N 0.8321
Intact Dyn - Rigid ON D.85692 Intact Dyn - Rigid BOO N (1.92694
Intact Dyn - Past ON 0.00014 Irtact Dyn - Post 600N 0.00878
Capsule - Injury ON 0.21586 Capsule - Injury 500N 0.06291
Capsule - Dynesys ON 0.00115 Cepsule - Dynesys 600N 0.01336
Capsule - Rigic aN 0.00152 Ceapsule - Rigid 600 N 0.01835
Capsule - Post oN 0.00597 Capsule - Post 600 N 0.89562
Injury - Dynesys ON 000018 Injury - Dynesys 600 N 065789
injury - Rigid DN 0.00029 Injury - Rigid BOO N 0.64926
Injury - Post ON 0.05168 Injury - Past 600 N 0.02520
Dynesys - Rigid ON 0.75152 Dynesys - Rigid 600 N 0.79241
Dynesys - Post ON 0.00014 Dynesys - Post 600 N 0.00955
Rigid - Post ON 0.00013 Rigid - Post 6OD N 0.01261
Axial Ratétion oN 3.74893E-05 Axial Rotation - 50D N $0.10332
Intact - intact Dyn ON 017447
Intact - Capsule ON 0.56968
Intect - Injury anN 0.28480
Intact - Dynesys ON 0.23251
Intact - Rigid ON 0.15322
Intact - Post ON 0.02768
Intact Dyn - Capsule ON 0.32399
Intact Dyn - Injury ON 0.01888
Intact Oyn - Dynesys ON 0.81647
intact Dyn - Rigid aOnN 0.90705
Intact Dyn - Post aN 0.00033
Capsule - Injury oN 0.24528
Capsule - Dynesys ON 0.27108
Capsule - Rigid ON 0.25379
Capsule - Post ON 001234
Injury - Dynesys ON 004186
Injury - Rigid ON 0.01828
Injury - Post ON 0.11952
Dynesys - Rigid N 0.62607
Dynesys - Post ON 0.00083
Rigid - Post anN 0.00033




Appendix B. Results of Statistical Analysis

[

Table B.4: Effect' of specimen condition on poé

ition of helical azis of motion.

repeated measures MANOVA with a 95% level of significance.

Results of

Direction Fotiower Load pvalge Direction
| Overattemect. . it
Intact - intact Dyn ON Intact - Intact Dyn 600N 0.00475
Intact - Capsule aN Intect - Capsule 600N 0.90942
Intact - Injury 0N Intact - Injury 600 N 0.85373
intact - Dynesys ON Intact - Dynesys 600 N 0.02571
Intact - Rigid N Intact - Rigid 600 N 0.20748
Irntact - Post ON Intact - Post 6500 M 0.87946
Intact Dyn - Capsule ON Intact Dyn - Capsule 600 N 0.004849
Intact Dyn - Injury ON Intact Dyn - Injury 600N 0.00508
Intact Dyn - Dynesys onN Intact Dyn - Dynesys 600 N 0.42688
Intact Dyn - Rigid ON Intact Dyn - Rigid 600 N 011927
-Intact Dyn - Post ON Intact Dyn - Post 600N 0.00823
Capsule - Injury ON Capsule - Injury 600 N 0.95167
Capsule - Dynesys ON Capsule - Dynesys 600 N . 0.02960
Cepsule - Rigid N Capsule - Rigid 600 N 0.26908
Capsule - Post an Capsule - Post 600N 0.93680
Injury - Dynesys ON Injury - Dynesys 600 N 0.02260
Injury - Rigid N Injury - Rigid 600N 0.13099
Injury - Post ON Injury - Post 600 N 0.98111
Dynesys - Rigid ON Dynesys - Rigid 600N 0.22794
Dynesys - Post ON 00003 Dynesys - Post 600 N 0.03384
Rigid - Post ON 0.00014 Rigid - Post 600 N 0.32254

181

: : | G369

Intact - Intact Dyn anN 0.00166 Intact - Itact Dyn 600N 0.17032 0.52711

Intact - Capsule ON 0.95836 Intect - Cepsule 600 N 061184 0.84638

Intact - Injury N 0.99448 Intact - Injury 600 N 085793 0.18032

Intact - Dynesys ON 0.20513 Imact - Dynesys 600 N 016950 0.14720

Irtact - Rigid ON 0.48238 Intact - Rigid 600 N 060238 0.11708

Intect - Post ON 0.98528 Intact - Post 600 N 0.85287 0.71012

Intact Dyn - Capsule * on 0.00190 - Intact Dyn - Capsule 600 N 015278 0.76182

Intact Dyn - Injury ON 0.00103 Intact Dyn - Injury 600 N 0.07966 0.33641

Intact Dyn - Dynesys ON 0.04854 Intact Dyn - Dynesys 600 N 0.79734 0.32844

Intact Dyn - Rigid aN 0.02214 Intact Dyn - Rigid 600 N 0.26942 0.29862

Intact Dyn - Post anN 0.00124 Intect Dyn - Post 600 N 0.18085 0.87820

Capsule - Injury an 0.99877 Cepsule - Injury 600 N 0.84593 022457

Capsule - Dynesys ON 0.24267 Capsule - Dynesys 600 N 0.17658 0.17068

Capsule - Rigid N 0.57341 Capsule - Rigid 600N 0.72676 0.12911

Capsule - Post ON 0.89728 Capsule - Post 600 N 0.95489 0.82575

Injury - Dynesys ON 0.10518 Injury - Dynesys 600 N 0.11080 0.77473

Injury - Rigid on 0.18755 Injury - Rigid 600 N 0.66270 0.85323

Injury - Post oN 0.93484 Injury - Post 600N 0.62286 0.21003

Dynesys - Rigid ON 0.46237 Dynesys - Rigid 600N 0.19675 0.60394

Dynesys - Post aN 0.14918 Dynesys - Post 600 N 0.22441 0.2733s

Rigid - Post an 0.33914 Rigid - Post 600N 084433 0.28203
‘Axial Rotation HEX P Axigl Rotabion: . .- 5 P KR e TP
Overafi-effect - 0.63812° 3.03145 -- Overalf effect’ e 6OO.N. 0.57678 0.45699

Intact - Intect Dyn ON 066705 Intact - itact Dyn 600 N

Intact - Capsule ON 0.98079 Irtact - Capsule 600 N

Intact - Injury ON 0.66426 Irtact - Injury 600 N

Intact - Dynesys ON 004247 Intact - Dynesys 600 N

Intact - Rigid ON 0.84677 Intact - Rigid 600 N

Intact - Post an .82882 Intact - Post 600 N

Intact Dyn - Capsule ON 0.55B72 Intact Dyn - Capsule 600N

Intact Dyn - Injury N 0.66267 Intact Dyn - Injury BO0 N

Intact Dyn - Dynesys ON 0.08711 Intact Dyn - Dynesys 600 N

Intact Dyn - Rigid ON 0.60152 Intact Dyn - Rigid 600N

intact Dyn - Post ON 0.62664 Intact Dyn - Post 600N

Cepsule - Injury oN 0.65567 ‘Capsule - Injury 600 M

Capsule - Dynesys ON 0.03237 Capsule - Dynesys 600 N

Capsule - Rigid oN 0.71011 Capsule - Rigid 600 N

Capsule - Post ON (.96835 Capsule - Post B6OO N

Injury - Dynesys anN < 0.06331 Injury - Dynesys 600 M

Injury - Rigid aN 0.73352 Injury - Rigid 600 N

Injury - Post N 0.90021 Injury - Post 600 N

Dynesys - Rigid ON 007827 Dynesys - Rigid 600 N

Dynesys - Post ON $.03208 Dynesys - Post 600 N

Rigid - Post O N 0.83872 Rigid - Post 600 N




Appendix B. Results of Statistical Ana’lysjs

Table B.5: Effect of specimen condition on orientation of helical azis of motion. Results
repeated measures MANOVA with a 95% level of significance.

Direction
il X Floxion-Exiensian . L
%\varallff ¢ - il L Q19536 | 0.0:098
Intact - Itact Dyn oN 0.10812 intect - Intact Dyn 0.06015
Intact - Capsule anN 0.97673 rtact - Cepsule 600 N 096274
Intact - Injury oN 0.50688 Intact - Injury 600 N 0.93220 .
Intact - Dynesys ON 0.06045 Irtact - Dynesys 600 N 0.21869
Intact - Rigid aN 0.80963 Intact - Rigid 500N 0.96130
Intact - Post ON 0.85762 Imact - Post 600 N 097383
Intact Dyn - Capsule ON 0.08500 Imtact Dyn - Capsule 600 N 0.04453
Intect Dyn - Injury ON 0.13465 Intact Dyn - Injury 600 N 0.06753
._Intact Dyn - Dynesys ON 072139 Intact Dyn - Dynesys 600N 0.42962
Intact Dyn - Rigid ON 0.08312 Intact Dyn - Rigid . 500 N 0.04262
Intact Dyn - Post N 0.08477 Intact Dyn - Post 600 N 0.06350
Capsule - Injury ON 069657 Capsule - Injury 600 N 0.99043
Capsule - Dynesys ON 004977 Capsule - Dynesys 600 N 0.14758
Capsule - Rigid ON 0.83303 Capsule - Rigid 60D N 082612
Capsule - Post ON 088316 Capsule - Post 600 N 0.99335
Injury - Dynesys ON 0.09169 Injury - Dynesys 600 N 026318
Injury - Rigid ON 0.69910 Injury - Rigid 600N 0.98475
Injury - Post ON 0.93399 Injury - Post 500 N 099369
Dynesys - Rigid ON 0.09436 Dynesys - Rigid 500 N 0.09835
Dynesys - Past DN 0.07442 Dynesys - Post E00 N 0.26852
Rigid - Post 0N 0.72293 Rigid - Post B00 N 0.98824
Intect - Intact Dyn ON 0.03068 Intact - Intact Dyn 600 N 017032
Intact - Capsule ON 0911298 Intact - Capsule BOO N 081194
Intact - Injury ON 0.98054 Intact - Injury 600 N 085799
Intact - Dynesys aN 0.39043 Intact - Dynesys 600 N 0.16960
Intact - Rigid aN 0.70470 Intact - Rigid 600N 0.60238
Imtact - Post ON 0.98522 Intact - Past 600 N 0.85287
Intact Dyn - Capsule ON 903111 intact Dyn - Capsule 600N 015278
Intact Dyn - Injury anN 0.02708 intact Dyn - Injury 600 N 0.07966
Intact Dyn - Dynesys anN 0.18077 Intact Oyn - Dynesys GOO N 0.79734
Irtact Dyn - Rigid anN 012593 Intact Dyn - Rigid 600N 0.26942
Intact Dyn - Post an 0.02593 Intact Dyn - Post 600N 0.18085
Capsule - Injury N 0.93896 Capsule - Injury 600 N 0.84593
Capsule - Dynesys ON 0.36912 Capsule - Dynesys 600N 0.17656
Capsule - Rigid oN 0.64934 Capsule - Rigid GO0 N 0.72676
Capsule - Past ON 0.97154 Capsule - Post 600 N 0.95489
Injury -'Dynesys N 0.30B70 Injury - Dynesys 600 N 0.11080
Injury - Rigid ON 0.52456 Injury - Rigid 600N 068270
injury - Post ON 0.87980 Injury - Post 600 N 062286
Dynesys - Rigid ON 051134 Dynesys - Rigid 60D N 0.19675
Dynesys - Post ON 0.25543 Dynesys - Post GO0 N 0.22441
Rigid - Post ON 0.35285 Rigid - Post 600 N 0.84433
ﬁkﬁi\a/ﬁo_{gﬂgﬁ_g; N XZ'% . i, vz Axial Rotation i XY vz o
Overall effect. O N: T08E-01 8:30£-0% Overait-effect 003831 10111255y
* Intact - Intact Dyn ON 0.01735 Intact - Intect Dyn BOON 0.87036
Intact - Capsule oN 0.81925 Intact - Capsule 600 N 0.80067
Intact - injury 0N 0.38019 Intact - Injury 600 N 0.86618
Intact - Dynesys ON 000349 Intact - Dynesys 600 N 0.52959
Intact - Rigid ON 0.02724 Intact - Rigid 600N 0.03236
Intect - Post anN 095815 Intect - Post 60D N 060046
Intact Dyn - Capsule aN 0.01445 intact Oyn - Capsule 600 N 0.86686
Intact Dyn - Injury ON 0.08355 Intact Dyn - Injury 600 N 080175
Irtact Dyn - Dynesys ON 047245 intact Oyn - Dynesys 600 N 0.70880
Intact Dyn - Rigid ON 068748 Intact Dyn - Rigid 60O N 0.07686
Intact Dyn - Post on 0.01784 Intact Dyn - Post 600N 0.49741
Capsule - Injury anN 0.50926 Capsule - Injury 600 N 079783
Capsule - Dynesys On 0.00250 Capsule - Dynesys 600 N 0.69037
Capsule - Rigid ON 0.02747 Capsule - Rigid 80O N 0.04731
- Capsule - Post ON 086111 Capsule - Post 600N 0.63366
Injury - Dynesys aN 0.02653 Injury - Dynesys GO0 N 0.72354
Injury - Rigid anN 0.08127 Injury - Rigid 600 N 0.06414
Injury - Post ON 065195 Injury - Post 600N 062026
Dynesys - Rigid ON 0.520103 Dvynesys - Rigid 600 N 0.10006
Dynesys - Post ON 0.00288 Dynesys - Past GO0 N 0.91301
Rigid - Post 0N 0.03720 Rigid - Post 600 N 0.18474
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Appendix B. Results of Statistical Analysis

Table B.6: Effect of specimen condition on facet loads. Results of two-way repeated measures

MANOVA with a 95% level of significance.

5

“AX Rat

LatPend & % b

Main Effect; Condition 0.00000 017528 0.00004 0.06532 0.00000 0.00167 0.00001 0.04575
Main Effect: Side 0.09772 0.09500 0.08132 000236 0.60091 061114 0.06235 0.37543
Interaction 0.00115 0.01963 0.03464 0.30948 0.00132 0.124B7 0.00364 0.31512

Capsule L - Capsule R 0.61707 0.90281 0.93202 0.32137 0.80080

Capsule L - Injury L 0.38016 0.72926 0.70252 0.42408 0.83576

Capsule L - Dynesys L 0.62698 0.31609 0.00233 0.25997 0.02492

Capsule L - Rigid L 0.00013 0.07911 0.94865 ' 0.00014 063146

Cepsule L - Post L 0.42375 0.75162 0.97310 0.3B485 091779

Capsule R - injury R 0.22482 0.71375 0.94623 0.16443 087622

Capsule R - Dynesys R 0.26349 0.53877 0.00013 0.10780 0.00013

Capsule R - Rigid R 0.29760 0.81945 0.82900 0.42140 0.68239

Capsule R - Post R 0.21286 062238 0.95280 0.18140 0.64449

Injury L - Injury R 0.76835 0.80350 0.88557 0.86831 0.84948

Injury L - Dynesys L 0.17932 0.22289 000487 0.02722 0.06520

Injury L - Rigid L 0.00014 0.01786 0.89843 0.00016 0.93026

Injury L - Post L 0.91794 0.92951 0956813 0.93484 0.96263

Injury R - Dynesys R 0.84361 0.69206 0.00013 0.69028 0.00016

Injury R - Rigid R 0.01408 0.81711 0£.91383 0.02042 0.42477

Injury R - Post R 0.91123 067862 091754 0.75128 0.93590

Dynesys L - Dynesys R 0.20370 0.10598 0.00073 0.03970 0.00012

Dynesys L - Rigid L 0.00012 023173 - 0.00159 0.00042 0.06626

Dynesys L - Post L 013915 0.22725 0.00219 0.02641 0.06680

Dynesys R - Rigid R 0.03012 0.73707 0.00013 0.00978 0.00013

Dynesys R - Post R 091123 0.92693 000014 0.75238 0.00013

Rigid L - Rigid R 0.00014 0.05611 0.80589 0.00086 0.67058

Rigid L - Post L 0.00015 0.01743 0.96741 0.00015 0.97203

Rigid R - Post R 0.01029 0.54533 0.84948 003177 0.63599

Post L - Post R 084322 0.96808 0.97834 0.74743 0.90187
Capsule - Injury 0.36795 0.68369
Capsule - Dynesys 0.42424 - 0.20854
Capsule - Rigid 0.03264 0.24009
Capsule - Post 0.26204 063736
Injury_- Dynesys 0.21157 0.26318
Injury - Rigid 0.00597 0.25726
Injury - Post '0.50085 0.62095
Dynesys - Rigid 0.07672 0.02541
Dynesys - Post 0.09513 0.28173
Rigid - Post 0.00150 0.17390

Table B.7: Effect of Dynesys on intradiscal pressure. Results of repeated measures ANOVA
with a 95% level of significance. Shown are for p-values for comparisons using relative pressures
(relative to pressure at neutral position) and p-values for comparisons using absolute pressures.

Direction . Relative Absolute
| p-value | p-value
Flexion 0.2123 . 0.8305
Extension 0.0054 = 0.0087
Right Lateral Bending 0.0136  0.6311
ILeft Lateral Bending 0.7698 0.3281
Right Axial Rotation 09387 @ 0.0186
Left Axial Rotation 0.2484 . 0.0066
*Newtral Position 0.0024
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Appendix B. Results of Statistical Analysis

B.2 Effect of Dynesys Spacer Length

Table B.8: Effect of Dynesys spacer length on range of motion. Results of repeated measures
MANOVA with a 95% level of significance. :

Direction |pirection pvalue

FIERibRT Y _0i0g4sn Veisxian 097316
Standard - Long ON 0.82984
Standard - Short ON 000777
Long - Short ON 000480
iLateral Bendin
Extension. .l . Dlousisl
- Standerd - Long ON 0.47403 Axial Rotation. 600.N;. - . i 0.00015;
Standard - Short ON 0.01189 Standard - Long 600 N 0.00642
Long - Short ON 0.00646 Standard - Short 600N 0.03028
Long - Short 600N 0.00023
‘Lateral Bendi

Standard - Long oN

Standard - Short ON 0.00859

Long - Short* ON 0.00020
Axial Rotation - . ON - 3.28115E-05/

Stenderd - Long ON 0.00266

Standard - Short ON 0.01496

Long - Short ON 0.00018

Table B.9: Effect of Dynesys spacer length on neutral zone. Results of repeated measures
MANOVA with a 95% level of significance.

- Standard - Long ON 0.72791
Standard - Short anN 0.03255 V ! A !
Long - Shart N 0.03948 Standard - Long 600 N 0.02385
Standard - Short 600 N 0.75006 .
7 a6 Long - Short 600 N 003333
Standard - Long oN 0.05934 '
Standeard - Short ON 042153 Axial Ratation 0.07495:
Long - Shart ON 0.02819
Axial Rotation > | . ON. 5 002032,
Standard - Long ON (1.02827
Stenclard - Short ON 0.57244
Long - Short ON 0.02250
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Appendix B. Results of Statistical Analysis

Table B.10: Effect of Dynesys-sbacer length on helical axis of motion. Results of repeated
measures MANOVA with a 95% level of significance.

Diraction

:Foﬂower Load { p~alue

Direction { Fotlower Load | palue i pvaine

A Rt £ ! B & R AV & ek &

Standard - Lang ON Standard - Long 0.18336
Standard - Short ON " Standard - Short 0.18008
Long'- Short ON Long - Short 0.03488

Standard - Long 0N Standard - Long anN

Standard - Short ON Standard - Short oON

Long - Short ON . Long - Short ON
Axial Rotation -~ 1 Sx o AxigtRotgtion - i N Tunatoxy b vz
Overall éffect. N 0.34760 i 0.06910 Overalteffect . - 1 ON .. 070593  0.14269

Standard - Long ) ON Standard - Long ON

Stendard - Short ON : Standard - Short anN

Long - Shart . 0N Long - Short ON

Direction { Foffower Load | pwalue palue | Fotlower toad | pwealae

Standeard - Long 600 N Standard - Long 600 N
Standard - Short 600 M Standard - Short 600 N
Long - Short 60O N Long - Short 600N

Standard - Long 600 N Stendard - Long. 600 N
Standerd - Short 600 N Standard - Short 600N
Long - Short 600 N N Leng - Short 600 N
AxigtRotation: : x R 4 Axia! Ratation. i} P AR R 7 S
Overalieflect. - | . 600N | 050634 '} 0.04222 | ovetanemrect 600N <. 070593 { 0.03539
Standard - Lang 600 N 0.18156 Standard - Long 600 N 0.06274
Standard - Short BOON 0.18955 Standard - Short 600 N 0.45022
Lljhg - Shart 600 N 0.03340 Long - Short 60D N 0.03318
¥ .

Table B.11: Effect of Dynesys spacer le'ﬁgth on facet loads. Results of two-way repeated
measures MANOVA with a 95% level of significance.

N 0 N Foliow
““AxRot ilExtension | Flexion i/lLetBend ii:AxRotiiiiiEx Hexion: ket H
Main Effect. Condition 085529 | 012673 | 001417 | 001868 | 025733 : 0OBBE4 : 000350 | 0.00309
Main Etfect: Side * 013559 | DD7555 | 008747 | 007149 | 00S069 | 004032 | 005000 : 0.05807
Interaction 065201 077273 | 048574 | 074218 | 059543 | 076826 : 0.58942 | 0.99398
Stendard - Long 012646 : 017814 002916 | 0.04349
Standard - Short 040729 | 0.09627 013453 i 008113
Long - Shart 0.01071 0.01444 000273 | 0.00230
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Appendix C. HAM Results for Unloaded Position to Max/Min Rotation

C.1 Effect of Specimen Condition
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Figure C.1: Average HAM in A) left and B) right axial rotation without follower preload for
seven specimen conditions.
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Figure C.2: Average HAM in A) left and B) right azial rotation with follower preload for
seven specimen conditions.
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Appendix C. HAM Results for Unloaded Position to Max/Min Rotation
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Figure C.3: Average HAM in A) left and B) right lateral bending without follower preload for
seven specimen conditions.




Appendix C. HAM Results for Unloaded Position to Max/Min Rotation
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Figure C.4: Average HAM in A) left and B) right lateral bending with follower preload for
seven specimen conditions.
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Figure C.5: Average HAM in A) flexion and B) extension without follower preload for seven
specimen conditions.
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Figure C.6: Average HAM in A) flexion and B) extension with follower preload for seven
specimen conditions.
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‘Appendix C. HAM Results for Unloaded Position to Max/Min Rotation

C.2 Effect of Spacer Length
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Figure C.7: Average HAM in A) left and B) right azial rotation without follower preload for
three spacer lengths.

193



Appendix C. HAM Results for Unloaded Position to Max/Min Rotation

E £
3 3

7} 9]
T 4 4 / { ] \
5 = 5 aa—C=
by 7 g1 \ j )
% / [ % X
: ( | : | |
s \ ) s \ )
2 \ 3 « Intact 2 * Intact
i z h e /// u Dynesys o“N’ \\\ - / W Dynesys

_ — E e — el
x @ Dynesys Short # Dynesys Short
25% of body width/unit 25% of body width/unit
— - L
= N 4 =
5 t — g
2 | \\ / £
=4 l 2
2 = x ﬁ 2
g % g
g 7L :
2 . § . EN |
(L"\l) Yy \ r g
| { — Intact — Intact
. ; —Dynesys - Dynesys
J L s -~ Dynesys Long -~ Dynesys Long
x Dynesys Short Dynesys Short
25% of body width/unit

- <

= =

L= £

2 2

2 2

g g

‘s s

3 / I

Yy

25% of body AP diameter/unit

A. Left Axial Rotation

25% of body AP diameter/unit

B. Right Axial Rotation

Figure C.8: Average HAM in A) left and B) right azial rotation with follower preload for three

spacer lengths.
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Appendix C. HAM Results for Unloaded Position to Max/Min Rotation -
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Figure C.9: Average HAM in A) left and B) right lateral bending without follower preload for
three spacer lengths.
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Figure C.10: Average HAM in A) left and B) right lateral bending with follower preload for
three spacer lengths.
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Appendix C. HAM Results for Unloaded Position to Max/Min Rotation
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B. Extension

Figure C.11: Average HAM in A) flexion and B) extension without follower preload for three

spacer lengths.
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25% of body width/unit

25% of body AP diameter/unit

|
| T !
| T —
\ /
/ — Intact
N
B U e — Dynesys
- e Dynesys Long

Dynesys Short

25% of body width/unit

A. Flexion

spacer lengths.

i * Intact
L o i # Dynesys
e . 4Dymesys Long
. # Dynesys Short
= ™~
= S W .
b k!
2 3 i
7] \ ]
= e, §
> o AN
§ "y \
B N
E - ~
N N\ 2 N N
y \ \
Vo e !
L. L SN
25% of body AP diameter/unit
— B
= e s
5 o
=1 {
£ |
2
] |
=
g
]
| —
- . \
5 ¢ )
Y N s
= ~ o
o f — Intact
¥ - Dynesys
‘_J == Dynesys Long
x Dynesys Short
25% of body width/unit
-]
c
=
=]
[9]
£
8
©
o
<
g
B /
g , N B / — Intact
o i — =Dy
I - Dynesys Long
e — Dynesys Short

198

25% of body width/unit

B. Extension

with follower preload for three




