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ABSTRACT

Disc degeneration is a natural process and is widely prevalent. The severity of
disc degeneration and the type of treatment varies from person to person. Fusion is a
commonly chosen treatment option. However, clinical and biomechanical studies have
shown that intervertebral discs adjacent to a fusion experience increased motion and
higher stress which may lead to adjacent-segment disease. Cervical disc arthroplasty
achieves similar decompression of the neural elements, but preserves the motion at the
operated level and may potentially decrease the occurrence of adjacent segment
degeneration.

Computationally, a validated intact 3D finite element model of the cervical spine
(C2-T1) was modified to simulate single (C5-C6) and bi-level (C5-C7) degeneration. The
single level degenerative model was modified to simulate single level fusion and
arthroplasty with the Bryan and Prestige LP artificial discs. The bi-level degenerative
model was modified to simulate a bi-level fusion, bi-level arthroplasty with Bryan and
Prestige LP discs and a disc replacement adjacent to fusion.

An in-vitro biomechanical study was also conducted to address the effects of
arthroplasty and fusion on the kinematics of the cervical spine. A total of 11 specimens
(C2-T1) were divided into two groups (Bryan and Prestige LP). The specimens were
tested in the following order; intact, single level TDR at C5-C6, bi-level TDR C5-C6-C7,
fusion at C5-C6 and TDR at C6-C7 (Hybrid construct) and finally a bi-level fusion. The
intact state was tested up to a moment of 2Nm. After surgical intervention, the specimens
were loaded until the primary motion (C2-T1) matched the motion of intact state (hybrid
control).

In all cases; computational and experimental, an arthroplasty preserved motion at

the implanted level and maintained normal motion at the nonoperative levels. A fusion,



on the other hand, resulted in a significant decrease in motion at the fused level and an
increase in motion at the un-fused levels. In the hybrid construct, the TDR adjacent to
fusion preserved motion at that level, thus reducing the demand on the other levels.

The computational models were used to analyze disc stresses at the adjacent
levels and facet forces at the index and adjacent levels. The disc stresses followed the
same trends as motion. Facet forces though, increased considerably at the index level
following a TDR. There was a decrease in facet forces however at the adjacent levels.
The adjacent level facet forces increased considerably with a fusion. The hybrid construct
had adjacent level facet forces between the bi-level TDR and bi-level fusion models.

To conclude, this study highlighted that cervical disc replacement with both the
Bryan and Prestige LP discs not only preserved the motion at the operated level, but also
maintained the normal motion at the adjacent levels. Under hybrid loading, the motion
pattern of the spine with a TDR was closer to the intact motion pattern, as compared to
the degenerative or fusion models. Also, in the presence of a pre-existing fusion, this

study shows that an adjacent segment disc replacement is preferable to a second fusion.
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CHAPTER 1: INTRODUCTION

1.1 Relevant Anatomy

1.1.1 Human Spine

Anterior view Left lateral view Posterior view

Atlas (C1)

Axis (C2)

Cervical
vertebrae

Cervical
curvature

Thoracic
vertebrae

Lumbar
vertebrae

Lumbar
curvature

Sacrum (51-5)
& Sacral
r’ curvature

Couy\—ﬁ’

Figure 1: The Human Spine - Anterior, Posterior and Lateral Views [1]

The spine is one of the most important weight bearing structures of the human
skeleton. It is comprised of 33 vertebrae connected by ligamentous soft tissue and
intervertebral discs forming a segmented column (Figure 1). It is this segmentation that

allows the spine to be as flexible as it is. Although the spine is flexible, it is a complex



structure extending from the base of the skull to the pelvis. Most of the weight of the
thorax is transferred to the pelvis by the vertebral column.

The first 7 vertebrae of the vertebral column that comprise in the neck region are
known as the cervical vertebrae and are numbered from C1 to C7. The next 12 vertebrae
make up the thoracic region. The ribs attach to these vertebrae forming a cage which
protects the heart and the lungs. These vertebrae are numbered from T1 to T12. The
region in the lower back is known as the lumbar spine. It consists of 5 vertebrae
numbered from L1 to L5. The lumbar region plays a very important role since it has to
support most of the body weight. After the lumbar spine is the Sacrum; it is formed by
the fusion of 5 sacral vertebrae. Finally, the last 4 bones fuse to form the coccyx or the
tail bone. Since the last 9 bones of the spine are fused to form 2 bones, the spine is also
referred to as been made up of 24 bones instead of 33 bones.

Although the spine appears to be straight in the coronal plane, it has four major
curves when seen laterally. These curves are very important to balance, flexibility, and
stress absorption and distribution. Spinal curves are either kyphotic or lordotic. A
kyphotic curve that is concave anteriorly and convex posteriorly where as a lordotic
curve is convex anteriorly and concave posteriorly. Normal lordosis is seen in the neck
(cervical spine) and low back (lumbar spine) while normal kyphosis is seen in the chest
(thoracic spine) and hip areas (sacral spine) (Figure 1). Each of the naturally occurring
and normal soft curves serves to distribute mechanical stress incurred as the body is at
rest and during movement [2,3].

The smallest possible representation of the spine that can demonstrate the
biomechanical characteristics is known as the functional spinal unit (FSU). It is made up
of two adjacent vertebrae along with the connecting intervertebral disc and
interconnecting ligaments. Each individual FSU has a normal range of motion, the limits
of which help contribute to the stability of the spine. When one or more parts of a FSU

are affected by disease, trauma, or degeneration, the tissues do not interact normally.



1.1.2 Cervical Spine
The first seven vertebrae (C1 to C7) make up the cervical spine (Figure 2). The
cervical spine supports the skull and protects the spinal cord in addition to allowing a

diverse head movement.

Atlas
(the first )
cervical vertebra)

Axis c2

(the second Y’

cervical vertebra) ‘ \) C3
Spinous Proccss\ C4

Transverse process

Figure 2: Cervical Spine [4]

The cervical spine is classically divided into the upper atypical vertebrae (C1, C2)
and the subaxial spine (C3-C7) as shown in Figure 2. The atlas (C1) and axis (C2) differ
from all other vertebrae. There is a diarthrodial articulation between the anterior articular
surface of the dens of C2 and the posterior surface of the anterior arch of C1 where the
majority of the rotation in the cervical spine occurs. Each vertebra is made of the same
parts and consists of a vertebral body on the anterior and a bony ring made of articular,

transverse, and spinous processes on the posterior. The vertebral body is a cylindrical



structure containing the outer cortical and the inner cancellous bone. The vertebrae of the
subaxial spine have a consistent osseous anatomy, with slight variations in size and
orientation of the lateral mass, lamina and a relative consistency to the size of the
vertebral bodies (Figure 3). The spinous processes of the cervical spine gradually changes
from a bifid spinous process at C2 to a single prominent spinous process at C7. The
vertebral bodies of the subaxial cervical spine articulate with one another through the

unique joints of Luschka also known as uncovertebral joint.

Anterior tuberele of
lransverse Process
Foromen |
{ransversarinm g
Faosterior tubercle of =%
fransperse process

process
Inferior articuler
}?TD‘:I’.'—SS'

THOCEES )

Figure 3: A human cervical vertebra [5]

The intervertebral disc is located between the vertebral bodies beginning at the
C2-C3 level (Figure 4). The cervical annulus is well developed anteriorly; but it tapers
laterally and posteriorly towards the anterior edge of the uncinate process on each side.
The disc functions as a shock absorber between their respective vertebral bodies with
axial loads. The facet joints of the subaxial spine are true diarthrodial articulations
encapsulated in a thick fibrosus sheath, the facet capsule. They allow small degrees of

flexion and extension, limit rotation and ultimately serve to protect the disc from



translational shear stresses [6]. It has been shown in the past that the anterior body carries
most of the load placed on the spine with only 18% of the compressive load carried by
the facets [7]. Few others have shown that the load carried by the facets can vary from
zero to 33% depending on the posture. In certain postures the facets will be unloaded and

the capsular ligaments will be under tension [8].

POSTERIOR

NUCLEUS
PULPOSIS

ANNULUS
FIBROSIS

LATERAL

INTERLAMELLAR
ANGLE, ¢

ANTERIOR

Figure 4: Diagrammatic illustration of the Intervertebral Disc [9]

The cervical spine also features a complex arrangement of ligaments to
supplement its structure and mobility. Ligaments are uniaxial structures that are mostly
effective in carrying loads along the fiber direction. They can resist tensile forces but
buckle under compression. The key function of the ligaments is to allow adequate
physiologic motion under different directions while limiting excessive motion to protect
the spinal cord. The cervical spinal ligaments include mainly anterior longitudinal
ligament (ALL) and posterior longitudinal ligament (PLL) that line the anterior and
posterior surfaces of disc and vertebral bodies respectively, the capsular ligaments (CL)
that are generally oriented in a direction perpendicular to the plane of the facet joints, the

Ligamentum Flavum (LF) that is a thick elastic connective tissue connecting the adjacent



laminae together and interspinous (IS) and intertransverse ligaments that pass between

the spinous and transverse process respectively.

1.2 Cervical Disc Degeneration

The intervertebral discs, undergo dramatic changes in structure, composition, and
mechanical function with age. The intervertebral discs are also susceptible to
degenerative disc disease. The effects of normal aging and of degenerative disc disease
are very similar and difficult to differentiate [10].

Cervical disc degeneration is a common pathology which may require surgical
intervention as a final treatment. The intervertebral discs play a very important role in
mobility and load transfer through the spinal column. Any load through the spinal column
is transmitted to the intervertebral disc from the vertebral body [2]. The normal
intervertebral disc is anisotropic in structure, the jelly-like nucleus pulposus acts like a
fluid filled bag and swells under pressure. The interaction between the intervertebral disc
components is similar to a thick-walled pressure vessel, and allows the intervertebral
discs to act as shock absorbers, absorbing and transmitting the loads experienced by the
spine.

With degeneration however, the biomechanical properties of the disc are altered
[11]. Once degeneration sets in, the intervertebral disc goes through a cascade of
degenerative changes resulting in a loss of demarcation between the nucleus pulposus and
annulus fibrosus, loss of disc height, a decrease in height as the intervertebral disc loses
its ability to rehydrate after loading, and altered loading on the intervertebral disc and
surrounding tissues [2,10,11].

Though, the exact pathogenesis of the degenerative process is still unknown,
several factors that might cause degeneration are: aging, mechanical factors due to
occupational exposure, abnormal loading conditions, and the loss of nutrition to the disc

[11-13]. Disc degeneration might also be predetermined genetically [14].



Depending on where the degeneration occurs, in the nucleus pulposus or the
annulus; there are different ways a degenerated disc can lead to neck pain. Loss of disc
height and structure may result in pain in the intervertebral disc itself because of
increased enervation in degenerated intervertebral discs. This loss of disc height along
with gradual ossification of the endplate and protrusion of the disc tissue leads to stenosis
which may lead to neck pain. Loss of disc height may also contribute to altered loading
on the vertebral bodies and facet joints of the spine, resulting in pain and possibly
arthritis in the facet joints. Bulging of the intervertebral disc can result in nerve root
impingement, causing pain in areas of the body enervated by the impinged nerve.
Degeneration of the nucleus combined with the annular degeneration may cause disc
herniation into the spinal canal causing radiation and neck pain due to nerve pinching.
Some authors have devised methods of grading the level of disc degeneration in the
cervical spine based on the MRI images [15]. Figure 5 depicts the images of various
levels of disc degeneration. Based on the classification of the disc degeneration, surgeons
can diagnose the degree of degeneration from the images themselves.

Disc degeneration is a natural process and happens to most individuals [16]. The
level of disc degeneration and the type of treatment varies from person to person.
Treatments vary from conservative or non-invasive treatments like bed rest or pain killers

to invasive treatments or surgeries.



Figure 5:
A.

Grading system for cervical intervertebral disc degeneration.[15]

Grade I: Nucleus signal intensity is hyper-intense and nucleus structure is
homogeneous, white. Distinction of nucleus and annulus is clear. Disc height is
normal.

Grade II: Nucleus signal intensity is hyper-intense and nucleus structure is
inhomogeneous with horizontal band, white. Distinction of nucleus and
annulus is clear. Disc height is normal.

Grade I1I: Nucleus signal intensity is intermediate and nucleus structure is
inhomogeneous, gray to black. Distinction of nucleus and annulus is unclear.
Disc height is normal to decrease.

Grade IV: Nucleus signal intensity is hypo-intense and nucleus structure is
inhomogeneous, gray to black. Distinction of nucleus and annulus is lost. Disc
height is normal to decrease.

Grade V: Nucleus signal intensity is hypo-intense and nucleus structure is
inhomogeneous, gray to black. Distinction of nucleus and annulus is lost. Disc
height is collapsed.

Grading was performed on T2-weighted midsagittal images.

(Adapted from: Miyazaki M et al. Kinematic analysis of the relationship between
sagittal alignment and disc degeneration in the cervical spine.)

Conservative or non-invasive treatments are usually attempted first, leaving

surgery as the last resort. These treatments include medications; pain relivers in addition

to anti inflamatory medications, physical therapy and exercise, cervical traction, use of

cervical collar or brace and epidural steroid injections [17]. In cases of severe disc



degeneration or herniation, these treatments fail to alleviate the pain. If the pain and

disability is severe, spine surgery is a reasonable option.

1.3 Operative Management

1.3.1 Anterior Cervical Decompression and Fusion (ACDF)

The goal of cervical spine surgery is to relieve pain, numbness, tingling and
weakness, restore and preserve nerve function and stop or prevent abnormal motion in the
spine. Anterior Cervical Decompression and Fusion (ACDF) has been the most
commonly preferred method to treat herniated discs, radiculopathy and myelopathy for
more than 50 years [18,19].

ACDF involves the excision of disc and bone material causing spinal cord
compression and thereafter, stabilizing the spine with autograft /allograft/ or titanium
mesh cages with plate fixation (Figure 6).. The main advantages of this approach are the
ability to directly remove the majority of compressive pathologies encountered in the
cervical spine (e.g., disc herniations, ventral osteophytes), and the ability to decompress
the spinal cord. ACDF has served as the standard by which other cervical and spinal
disorders may be judged as the result of its high rate of success. The consistent ability of
this procedure to relieve symptoms related to neurologic dysfunction and the clinical
results with regard to the patient's index complaint are outstanding.

However, this procedure has some drawbacks. Biomechanical studies have shown
that spinal levels adjacent to a fusion experience increased intradiscal pressure, increased
motion, high facets loads and higher shear stresses [20,21]. These higher stresses may
lead to higher incidence of disc degeneration and possibly instability [22]. In 1999, an
extensive study by Hilibrand et al comprising of of 374 patients with a total of 409
ACDFs reported occurrence of adjacent-segment disease at the rate of 2.9% per year,

with a cumulative of 25% over 10 years [23]. A long term followup on patients after
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ACDF by Goffin et al reported an adjacent segment degenerative change to be as high as

92% [24].

Figure 6: Anterior Cervical Decompression and Fusion [25]

Pseudoarthrosis, or the lack of fusion after surgery is another drawback that has
been reported in some patients [26,27]. Ideally, over time the graft facilitates bone growth
in the disc space fusing the two vertebrae. However, if the fusion does not occur, the
implant loosens over time. There are chances of implant breakage or even pullout. This
phenomenon is known as pseudoarthrosis. Treating it in some cases might even require a
revision surgery. Incidences of pseudoarthrosis reported in literature range from 0-50%
depending on the number of levels fused [28-33].

To summarize, immobility, adjacent segment disease and pseudoarthrosis are

some of the drawbacks of fusion due to which investigators have developed surgical
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alternatives to fusion that attempt to address the kinematic and biomechanical issues
inherent in it. Cervical disc arthroplasty achieves similar decompression of the neural
elements, but preserves the motion and elasticity at the operated level and may potentially

decrease the occurrence of adjacent segment degeneration.

1.3.2 Cervical Disc Replacement

Attempts to provide functional substitute for intervertebral discs date back to
1950s, but the unique anatomic features and biomechanical properties of the spinal
segment are considerably more challenging to reproduce than the simple ball-and-socket
hip joint or the hinged knee joint. The first attempt at cervical arthroplasty reported by
Fernstrom in 1966 involved the placement of metallic ball bearings into the disc space of
the treated segments. Clinical results were, however, disappointing because of high
incidence of segmental hypermobility, endplate subsidence, and clinical failure.

Interest in cervical arthroplasty waned until the 1980s when a renewal of efforts
was spurred by progress in lumbar arthroplasty with the Charite prosthesis. Gradually,
with reported success of lumbar arthroplasty, renewed enthusiasm has emerged for the
prospects of a cervical prosthesis. The first human trial of the cervical prosthesis was the
Cummins-Bristol disc (two piece, metal-on-metal, ball and socket) that was developed at
Frenchay Hospital, Bristol, United Kingdom.

In contrast to metal-on-metal design of the Bristol disc, a metal-on-plastic design
called the Bryan disc emerged in the late 1990s, followed by the Porous coated motion
(PCM) artificial disc. With the success of lumbar Prodisc device, a similar construct
called Prodisc-C was designed for cervical arthroplasty. Despite the issuance of over 100
separate patents for various artificial disc designs, fewer than 10 designs have led to the
implanted devices. This study focuses on the Bryan Cervical Disc (Medtronic Sofamor
Danek, Memphis, TN, USA) and the Prestige LP Cervical Disc (Medtronic Sofamor
Danek, Memphis, TN, USA).
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1.3.2.1 Bryan Cervical Disc

The Bryan Cervical Disc was conceived and developed in the early 1990s by the
neurosurgeon Vincent Bryan. After extensive research and testing, the first Bryan

Cervical Disc was implanted in January 2000 [34].

Titanium

Porous Coating Titanium

[ Alloy Shells

Flexible
Polyursthane ———
Outer Sheath

Polyursthane

Figure 7: Bryan Cervical Disc (Left), Exploded view showing various components
(Right)

The Bryan Cervical Disc is an artificial cervical disc made up of two titanium
shells, a polycarbonate polyurethane nucleus, a polyether polyurethane sheath, two
titanium retaining wires, and two titanium seal plugs (Figure 7). The plastic nucleus is
shaped to fit between the two dome-shaped shells. The side of the shell that rests against
the bone includes a rough-textured coating to allow for potential attachment to the bone.
The articulating surfaces of the device are polyurethane and titanium. The nucleus is
designed to fit between the two shells. The bone contacting side of each shell includes a
sintered titanium porous coating to provide for bony ingrowth. The nucleus-contacting
side of each shell has a center pin which interacts with a central hole in the nucleus to
control the range of motion and help prevent nucleus expulsion. A stop or wing on the

anterior aspect of the device, which extends superiorly on the cephalad shell and
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inferiorly on the caudal shell, is intended to prevent migration of the device into the
spinal canal. A polyurethane sheath surrounds the nucleus and is attached to each shell
with titanium retaining wires, forming a closed compartment.

The disc is available in five diameters: 14, 15, 16, 17, and 18mm. There is only
one height (~6mm after implantation). The insertion technique involves multiple steps
and is complex, allowing for precise placement of the prosthesis and preparation of the
endplates.

One of the primary goals of cervical disc replacement is to reproduce the normal
kinematics after implantation. Bryan cervical disc system is one of the most commonly
implanted artificial cervical discs and since it has been successfully implanted for a long
time, there have been multiple studies. Sasso et al. conducted a randomized clinical trial
comparing the kinematics for Bryan disc arthroplasty and fusion where he observed that
following Bryan disc arthroplasty, flexion/extension range of motion (ROM) was
maintained at the operated level when compared to the arthrodesis group. Though the
ROM at the adjacent levels was similar in both groups, greater anterior-posterior
translation was observed at the cephalad adjacent level following fusion. Hence, the
authors concluded that Bryan disc may delay adjacent level degeneration by preserving
preoperative kinematics at adjacent levels [35].Goffin et al. published results from a
multicenter European study and found success rates in single-level Bryan Cervical Disc
replacement at 6 months, 12 months and 24 months of 90%, 86% and 90% respectively.
In a bilevel study, success rates at 6 months and lyear were 82% and 96% respectively.
At 1 year, flexion/extension range of motion per level averaged 7.9° in the single level
and 7.4° in the bilevel [36].

Galbusera et al. did two finite element studies to determine the biomechanics of
C5-C6 spinal unit before and after the placement of the prosthesis [37,38]. The first study
included a single FSU whereas the second study had three levels (C4-C7) in the finite

element model. Both studies concluded that the moment-rotation curves after the
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placement of prosthesis were comparable to the curves obtained from the intact model.
The second study which involved the C4-C7 FE model also concluded that the influence
of the Bryan disc on mechanics of the adjacent segments resulted to be not significant, in
terms of both facet forces and ROMs.

Clinical studies corroborate the conclusions of the biomechanical studies. Several
clinical studies have shown significant improvement for Bryan in the post-operative
values of VAS (Visual analog scale), SF-36 (Short form-mental component), SF-36,
(Short form-physical component) and NDI (Neck disability index) when compared to
arthrodesis, making Bryan cervical disc prosthesis a reliable and safe treatment for

patients with cervical spondylosis [39-42].

1.3.2.2 Prestige Cervical Disc

The pioneering efforts of Cummins, working in collaboration with the
Department of Medical Engineering at Frenchay Hospital, Bristol, U.K, resulted in the
invention of metal-on-metal artificial cervical disc with a ball and socket articulation also
known as the Bristol-Cummins disc. Developed in the early 1990s, the Bristol-Cummins
disc was modified to the Prestige | disc (Medtronic Sofamor Danek) in 1998, to the
Prestige 11 disc (Medtronic Sofamor Danek) in 1999, to the Prestige ST device in 2002, to
the Prestige STLP in 2003 and ultimately to the Prestige LP device. The Bristol-
Cummins disc, the Prestige I, the Prestige Il, the Prestige ST and the Prestige STLP
devices are all stainless steel implants. The first four use vertebral body screws to fix
their position in the interspace. However, to maintain its implanted position, the Prestige
STLP and Prestige LP discs use rails to provide initial friction against migration of the
implant and a plasma spray coating on its superior and inferior surfaces to allow bony
ingrowth from the vertebral endplates onto the device. This eliminates the anterior profile
of the device allowing multilevel implantation. The main difference between Prestige

STLP and Prestige LP is the material. The Prestige LP disc is made of titanium and
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ceramic composite making it MRI compatible. This device is currently being evaluated in

a FDA IDE trial.

Figure 8: Bristol-Cummins (Left), Prestige ST (middle) and Prestige LP (Right) cervical
discs

The original Bristol-Cummins disc had a metal-on-metal stainless steel ball-and-
socket articulation. Eighty-nine percent of patients exhibited significant clinical
improvement and motion preservation upto 5 years postoperation [43]. The second
generation device (Prestige 1) incorporated a ball-and-trough articulation that allowed for
anterior-posterior translation to be coupled with flexionextension motion which was more
similar to the normal physiological motion. Prestige | was able to maintain motion with
improved clinical outcomes [44,45]. The Prestige Il included a roughened endplate
design to promote bony ingrowth. It was shown to alleviate pain and symptoms
comparable to fusion while maintaining motion at the treated level [46]. The Prestige ST
had a reduction in the height of each anterior flange. It was shown to maintain
physiologic segmental motion at 24 months after implantation and was associated with
improved neurologic success, improved clinical outcomes, and a reduced rate of
secondary surgeries compared with ACDF [47].

The fifth generation Prestige LP disc has a low anterior profile allowing the

possibility of multilevel implantation. Recently a clinical study was conducted involving
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forty patients (21 females and 19 males) with a mean follow-up of 2.9 years [48].
Cervical range of motion, Neck Disability Index, Visual Analogue, Short Form-36,
Modified American Academy of Orthopedic Surgeons, and Japanese Orthopedic
Association scores and radiographs were evaluated. Based on the study, the AAQS,
VAS, NDI, and JOA scores improved significantly at 6 months and 2 years
postoperation. There was significant improvement in all aspects of the SF-36 scores
except general health at 6 months and 2 years postoperation. There was significant
segmental motion at 6 months and 2 years postoperation compared to the preoperation

based on dynamic radiographs.
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CHAPTER 2: SIGNIFICANCE AND SPECIFIC AIMS

2.1 Significance

Degenerative disc disease of the cervical spine is a prevalent condition in the
population. Studies have shown that by age 65, 95% of men and 70% of women will have
some sort of degenerative change as evident on X-ray [49]. Fusion is the accepted gold
standard treatment. Unfortunately, arthrodesis lacks the prospect of intervertebral
mobility and hence may lead to adjacent segment degeneration. Motion-sparing
technologies, such as total disc replacements, offer an alternative to fusion. According to
a new Life Science Intelligence (LSI) Report, the U.S. market for artificial disc
replacement will grow from $55 million in 2007 to $440 million by the year 2013.
Initially, these technologies were expected to rapidly penetrate the market for spinal
fusion patients due to their potential to preserve motion, limit further degeneration, and
avoid the need for fusion; but growth has been restrained by reimbursement challenges,
limited long-term data, and various clinical concerns.

The literature is lacking information on kinematics of multilevel arthroplasty and
arthroplasty adjacent to fusion. According to AAOS, approximately a quarter-million
spinal fusions are performed each year, of which almost half are cervical spine
procedures [50]. Also, an increasing number of cases presenting with degenerative
changes at levels adjacent to a previous fusion have been reported [28,51-53]. These
patients with adjacent level degeneration would be potential patients for Total Disc
Replacement (TDR). Hence, studying the behavior of an artificial disc adjacent to fusion
is critical.

There have been various studies involving experimental and computational
models for evaluating the biomechanics of the cervical spine after arthroplasty [37,54-
57]. Most of these studies focused on comparing artificial discs to fusion based on

intradiscal pressures and ranges of motion [57-59]. These studies ascertain the ability of
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these discs to retain motion at the treated level, minimally affecting the motion patterns at
adjacent spinal levels. This may represent as an important step in reducing the incidence
of adjacent segment disease. Nevertheless, there is still a good deal of biomechanical data
that needs to be determined as far as multilevel disc replacement and disc replacement
adjacent to fusion is concerned.

The native disc tissue is composed of a highly hydrated nucleus surrounded by a
fiber-reinforced annulus. The mechanical behavior of these tissues is highly nonlinear
and involves the use of fluid flow and hydrostatic support to counterbalance stresses that
are seen during the activities of daily living. The currently available arthroplasty disc
designs in no way resemble the native disc from a geometric or material property
standpoint. From an engineering perspective, one would expect the load transmission
profile in the cervical spine to be altered after implantation of these devices. This study
will attempt to fill this void in knowledge with the use of experimental and computational

techniques.

2.2 Specific Aims

The specific aims of the current study can be summarized as follows:
Specific Aim 1: To simulate a single (C5-C6) bi-level (C5-C6-C7) degeneration in a C2-
T1 Finite Element model and compare it with the Intact model.
Specific Aim 2: To simulate a single-level TDR at C5-C6 level by modifying the single
level degenerative model and to compare it with experimental data and fusion model.
Specific Aim 3: To simulate a bi-level TDR at C5-C6-C7 levels by modifying the bi-
level degenerative model and to compare it with experimental data and bi-level fusion
model.
Specific Aim 4: To simulate a TDR adjacent to fusion and compare it to bi-level fusion

model and experimental data.
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CHAPTER 3: MATERIALS AND METHODS

This chapter describes the methods used to gain insight into biomechanics of the
cervical spine following disc replacement and fusion. Both in-vitro cadaveric testing and
finite element analysis were used in this study. Cadaveric testing provides the most direct
and obvious way to obtain information on spinal biomechanics and performance, whereas
computational models prove to be very useful in quantifying variables not directly
measurable with experimental studies (e.g., local stresses and strains). Thus, by using
computational models in supplement with experimental research, we gain some valuable

insight in understanding the clinical biomechanics of the cervical spine.

3.1 Finite Element Study

In-vitro and in-vivo experiments give valuable data, but unfortunately, little
information can be obtained about the internal responses. Hence, a commonly employed
technique to study the spinal biomechanics is the finite element (FE) method.

Finite element analysis is an essential part of today’s engineering activities. Over
the years as FE software capabilities have expanded, the number of applications has
grown tremendously. The irregular geometry of vertebral bodies, complex nature of the
disc, and facet contact between the adjacent vertebrae, all make the spine a very complex
structure. Hence, an enormous effort has been put in over the years to generate accurate
models that provide a true representation of the spinal behavior. Advanced FE meshers
are now able to accurately mesh complex structures like the spine. Also, the
commercially available FEA packages available today are capable of handling the
complex geometry and non-linearity found in the spine.

Finite element models have been demonstrated to be very useful in quantifying
variables not directly measurable with experimental studies (e.g., local stresses and
strains). It is also a powerful tool to access the constraints in the FSU, specifically the

facet loading, stresses at the adjacent segments, and the contact forces at the prosthesis-
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bearing surface. Another important advantage of FE models is that, once validated, a

number of parametric studies can be performed at minimal costs.

3.1.1 Intact (Non-degenerative) Model

A previously validated 3D finite element model of the cervical spine (C2-T1) was
used [60]. The vertebral bodies were segmented from CT images of the cadaveric spine
while MR images provided the approximate boundaries of the intervertebral disc.
Thereafter the regions of interest were converted into triangulated surfaces as described
by DeVries et al [61]. The resultant surfaces were meshed with hexahedral elements
using the multi-block meshing technique (IA-FEMesh) [62]. The meshing technique used
is similar to the one described by Kallemeyn et al [63]. The vertebral body was divided
into cortical and cancellous regions and a Young’s modulus of 10GPa and 450MPa was
assigned to each region respectively. All the 5 major spinal ligaments (PLL, ALL, LF, IS,
CL) were included in the model and were defined as 3D Truss elements acting in tension
only using hypoelastic material definition in ABAQUS.

A finite-sliding surface interaction was used to model the facet joint with a tabular
pressure-overclosure relationship used to simulate the cartilage layer. The interaction
works towards increasing the contact pressure with the narrowing initial gap distance
between the facet surfaces. The intervertebral disc was divided into annular and nucleus
regions and was modeled with hybrid linear hexahedral elements. The annulus region of
the disc which included grounds substance and fibers was modeled with hexahedral and
rebar elements respectively. The annular grounds were further divided into anterior,
lateral, and posterior regions for better control of the material properties in these regions.
The grounds were defined using isotropic, incompressible, hyperelastic Mooney—Rivlin
(c1, c2) formulation. The annular fibers were oriented at approximately +25 from the
transverse plane and were assigned a nonlinear hypoelastic material definition based on

experimental collagen fiber studies [64]. The nucleus was represented by fluid elements.
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The C2-C7 part of model was validated with specimen-specific experimental data
under a moment of 1INm [65]. The T1 vertebra was later on added to the model and this

updated model was validated with literature data under a moment of 2Nm in flexion

extension [66].

(]

1

HGEnios

Figure 9: C2-T1 Intact Finite Element Model
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3.1.2 Degenerative Model
Degenerative disc disease of the cervical spine is a prevalent condition in the
population. Studies have shown that by age 65, 95% of men and 70% of women will have
some sort of degenerative change as evident on X-ray [49]. Patients with degenerated
discs often times undergo surgery of some sort; fusion or disc replacement in most cases.
Thus, instead of simulating fusion/TDR in intact (normal) model, the model was first

modified to account for degenerative conditions.

Table 1: Hyperelastic Mooney-Rivlin material properties for different regions of annulus
ground substance in intact and degenerative models

Anterior Posterior Lateral
cl c2 cl c2 cl c2
Intact Model
C5-C6 0.2 0.05 0.133 0.033 0.133 0.033
C6-C7 0.2 0.05 0.3 0.075 0.133 0.033
Degenerative Model
C5-C6 1.05 0.2625 0.7 0.175 0.7 0.175
C6-C7 1.05 0.2625 1.5 0.375 0.7 0.175

Consequently, the intact model was modified to simulate degenerative models by
changing the material properties of the disc. Two different models were created;
degeneration at C5-C6, and degeneration at C5-C6-C7.

A moderately degenerated disc was simulated by removing the hydrostatic
capabilities of the nucleus and by making the nucleus and annulus stiffer [67] (Table

1).summarizes the hyperelastic Mooney-Rivlin material properties of the three regions of
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the annulus. The degenerated nucleus was assigned linearly elastic material property with
a Young’s Modulus of 1.66MPa and a Poissons ratio of 0.4. Although studies have
shown that the disc height and disc area also change nominally as disc degeneration

progresses, the same disc geometry was used for simplicity [68].

3.1.3 Simulation of Fusion

Spinal fusion is one of the most common procedures performed on the cervical
spine. A fusion procedure consists of removing a degenerated intervertebral disc and
inserting some form of cage or graft material into the disc space to restore/maintain disc
height and appropriate lordotic curvature of the cervical spine. Sometimes an additional
anterior plate system is used. Interbody fusion cages are hollow implants that restore
physiological disc height, allowing bone growth within and around them, thus stimulating
bone fusion. They have been developed to prevent disc space collapse and its relevant
clinicoradiological consequences, as well as the donor-site morbidity reported in
conjunction with autologous bone graft procedures [69]. Interbody fusion cages have a
load-sharing function and stabilize the spine to increase segmental stiffness, thus
achieving fusion rates similar to those associated with bone grafts, even in multilevel

disease [70].

3.1.3.1 Single level fusion

The degenerative model was modified to a simulate fusion at the C5-C6 level.
This was done by changing the material properties of the disc to that of bone (E = 5GPa)
[71]. The nucleus of the disc was replaced by a rigid body to simulate the presence of a
metal cage. An anterior plate was not included in the model since studies have shown that
cage assisted cervical interbody fusion without the use of plates is as effective as

interbody fusion with graft and plate [70].
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3.1.3.2 Bi-level fusion

A bi-level fusion was simulated at the C5-C6 and C6-C7 levels by modifying the
bi-level degenerative model. The steps involved were exactly same as the single level
fusion i.e. replacing nucleus by a rigid body and changing the material properties of

annulus to that of bone.

3.1.4 Simulation of TDR: Bryan Cervical Disc

3.1.4.1 Modeling the Bryan Disc

The Bryan cervical disc contains a polycarbonate polyurethane nucleus which
articulates with a titanium shell on the top and bottom. A polyurethane sheath surrounds
the nucleus and is attached to each shell using titanium wires. The polyurethane sheath
and titanium wires were not modeled since they are functionally inert. A CAD model of
the disc was obtained from Medtronic (Medtronic Sofamor Danek, Memphis, TN). The
titanium shells and polyurethane nucleus were imported into IA-FEMesh for meshing
with hexahedral elements [62]. The meshes of the individual components can be seen in

Figure 10.
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Figure 10: Meshes of individual components of Bryan disc.
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The titanium shells were assigned a Young’s Modulus of 110GPa and a Poisson’s
ratio of 0.3 and the polyurethane nucleus was assigned a Young’s Modulus of 30MPa and
a Poisson’s ratio of 0.45. Four contact pairs were defined; two each for contact between
the nucleus- upper shell and nucleus-lower shells (Figure 11). The contact between the

shells and the nucleus was modeled as finite sliding with coefficient of friction of 0.1.

5
-

Figure 11: 3D FE model of the Bryan cervical disc (left) and section view of the Bryan
disc showing the different contact pairs.

3.1.4.2 Simulation of single level TDR surgery

The single level degenerative model was modified to simulate a TDR at C5-C6.
First, a proper size disc was chosen by analyzing the CT scan data. Then the ALL at the
C5-C6 level was removed. Next, the nucleus and anterior and posterior parts of the
annulus were removed in order to create space for the disc. The maximum possible
portions of the lateral annulus and uncinate processes were preserved. The endplates were
removed, and a spherical socket fitting the Bryan disc was created in the vertebrae
simulating the milling operation performed during the surgical procedure (Figure 12).

This was done using an in house Surgical Simulation Suite [72].
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Figure 12: Figure showing the C5-C6 mesh after simulation of milling operations ready
for implantation of Bryan disc.

The C5 vertebra was distracted by 1.5mm and the Bryan mesh was then inserted
in the disc space (Figure 13). A 16mm disc was used based on the CT image analysis.
The prestresses in the discs and the ligaments due to the distraction were exported and
fed back into the model as initial conditions. Perfect implant-bone fixation was assumed.
This was achieved by using the ““TIED’’ command in ABAQUS which ensured that

there was no relative motion between the implant and the vertebral endplates.
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Figure 13: Cervical spine model highlighting the implanted Bryan cervical disc at C5-C6
(left) and a sectioned view of the model (right)

3.1.4.3 Simulation of bi-level TDR surgery

A bi-level disc replacement with Bryan cervical disc system was simulated by
modifying the bi-level degenerative model. First a single level TDR at C5-C6 level was
performed as described earlier. Then on similar lines, another TDR was performed at the
adjacent C6-C7 level. Both C5-C6 and C6-C7 disc spaces were distracted by 1.5 mm and
the pre-stresses in the ligaments and the discs were fed back as initial conditions. Once
again, a 16mm disc was chosen based on CT analysis. A “TIED” contact was again used

for all four endplate-shell contacts to simulate osteointegration.
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Figure 14: : C2-T1 FE mesh with bi-level TDR using Bryan discs at C5-C6 and C6-C7

3.1.5 Simulation of TDR: Prestige LP

3.1.4.4 Modeling the Prestige LP Disc

The Prestige LP is a titanium ceramic composite device with two articulating
components (ball on top & trough on the bottom) that attach to the vertebral bodies. It is a
fifth generation device based on the Bristol-Cummins disc. The main highlights of this

disc are its low profile and use of rails to provide initial friction against migration of the
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implant. It also has a plasma spray coating on its superior and inferior surfaces to allow
bony ingrowth from the vertebral endplates.

A 3D FE mesh of the Prestige LP disc was created in IA-FEMesh using the
surfaces provided by Medtronic (Medtronic Sofamor Danek, Memphis, TN) [62]. Both
components of the disc were meshed with hexahedral elements (Figure 15). The rails and
plasma coating were not included in the mesh since we assumed the disc to be
osteointegrated with the endplates. The two components of the disc were assigned an
elastic modulus of 110GPa and Poisson’s Ratio of 0.3. The contact between the ball and
trough was modeled as finite sliding with a coefficient of friction of 0.1 to simulate a

realistic articulation between the two parts (Figure 15).

Figure 15: 3D FE model of the Prestige LP cervical disc (left) and section view of the
Prestige LP disc showing the contact pair

3.1.4.5 Simulation of single level TDR surgery

A single level arthroplasty was simulated at the C5-C6 level by modifying the C5-
C6 degenerative model. Following the instructions in the Prestige LP surgical technique
manual, the single level TDR was performed. Based on the CT measurements, an

appropriately sized implant was selected (8 x 16mm) and meshed as described earlier.
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The anterior longitudinal ligament was removed followed by the nucleus and anterior and
posterior parts of the annulus fibrosus creating space for the disc. The maximum possible
portions of the lateral annulus and the uncinate processes were preserved. The endplates
were prepared as per the manual. The cutting operation was simulated using an in house

Surgical Simulation Suite (Figure 16) [72].

Figure 16: Figure showing the C5-C6 mesh after simulation of cutting operations ready
for implantation of Prestige LP disc

The C5 vertebra was distracted by 1.5 mm and the Prestige LP disc mesh was
inserted in the disc space (Figure 17). The prestresses in the discs and the ligaments due
to the distraction were exported and fed back into the model as initial conditions. Both
the superior and inferior components of the implants were attached to the respective
endplates of the vertebral bodies to simulate complete osteointegration of the implant
with the bone. Thus, the interaction between the implant and the vertebral bodies were

modeled as “TIED” contact.
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Figure 17: C2-T1 FE model with Prestige LP disc implanted at C5-C6

3.1.4.6 Simulation of bi-level TDR surgery

A Dbi-level arthroplasty was simulated at the C5-C6 and C6-C7 levels by
modifying the C5-C6-C7 degenerative model (Figure 18). The single level approach was
expanded to two levels. Once again CT images were analyzed for disc measurements and
since the disc space of C5-C6 and C6-C7 were similar, the same 8 x 16mm sized Prestige
LP disc was chosen for both the levels. The surgical operations were exactly the same as
the single level approach (i.e. removal of ALL, nucleus pulposus, anterior and posterior
sections of annulus and some portion of lateral annulus). Both levels were distracted
1.5mm and the prestresses in the discs and the ligaments due to the distraction were
exported and fed back into the model as initial conditions. The contact between the ball
and trough was modeled as finite sliding with a coefficient of friction of 0.1 and that

between the discs and bodies was “TIED”.
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Figure 18: C2-T1 FE mesh with bi-level TDR using Prestige LP discs at C5-C6 and C6-
C7 levels

3.1.6 Simulation of TDR adjacent to Fusion
Anterior cervical discectomy and fusion (ACDF) has been established as a
successful surgical treatment for radiculopathy and/or myelopathy resulting from
degenerative disc disease. There are, however, negative consequences to fusion after
anterior cervical decompression, including such complications as pseudarthrosis, and the
potential for adjacent segment biomechanical alterations and degeneration. Researchers

estimated that more than 25% of patients will develop adjacent segment disease during
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the first 10 years after the initial fusion and a risk of repeat operation [23,73]. Itis likely
that another fusion at adjacent level will accentuate the deleterious effects of fusion on
the remaining mobile segment biomechanics. Thus, the concept of a disc replacement, at
the symptomatic level adjacent to a prior fusion represents an appealing reconstructive
alternative.

There is a lack of biomechanical studies on TDR adjacent to fusion. Clinically
though, Phillips et al. [74] conducted a 6 center prospective study to evaluate the
outcomes of cervical disc replacement with Porous Coated Motion (PCM) performed
adjacent to a prior cervical fusion and obtained favorable results.

The bi-level degenerative model was modified to simulate a fusion at the C5-C6
level and a TDR at C6-C7 level. Fusion was simulated using the technique described in
“Simulation of fusion” section earlier. Disc replacement will be done using both Bryan

and Prestige LP discs as described in earlier sections.

3.1.7 Flexibility Test

The intact model was subjected to a pure moment of 2 Nm under physiologic
flexion/extension (xMX), right/left lateral bending (xtMZ), and right/left axial rotation
(xMY) modes. The inferior nodes of T1 vertebra were fixed in all directions and a
moment of 2Nm was applied to the superior surface of C2. The motion in each direction
was noted and the other models were loaded in flexion-extension, lateral bending, and
axial rotation by increasing the moment until the primary C2-T1 motion matched that of
the intact (healthy) C2-T1 motion (Hybrid Control). ABAQUS will be used to perform all
the FE analysis.

The range of motion data at each level, stresses in the discs and facet forces will

be used for analyzing the biomechanics and load transfer mechanism in the various
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surgical constructs. The peak moment required to achieve the primary motion will also be

recorded and used for analysis.

3.2 In-vitro cadaveric testing

A total of 11 fresh frozen human cervical spines were used in this study. All
specimens were scanned using a CT to ensure that they are free from gross deformities
and provide adequate bone quality following which they were randomly assigned to one
of the two treatment groups:

Group 1: TDR using Bryan® Cervical Disc (6 specimens)

Group 2: TDR using Prestige® LP Cervical Disc (5 specimens)

Prior to scanning and testing, the specimens were thawed to room temperature,
and the paravertebral musculature was carefully removed, leaving all ligamentous
structures intact. The spines were then scanned using CT imaging. Prior to testing, the
specimens were wrapped in saline drenched gauze and stored in double freezer bags at -
20°C. In preparation for biomechanical testing, the specimens were thawed on the day of
testing and the most cephalad and caudal vertebra of each specimen were mounted in
polyester resin casts (Bondo Corp., Atlanta, GA).

The flexibility tests consisted of applying pure moments in flexion, extension,
right and left lateral bending and right and left axial rotation. This was done using an
MTS 858 Bionix System configured with two Spine Simulators (MTS Corp.,
Minneapolis, MN) and a passive XZ table allowing pure, unconstrained load application
in all 6 degrees of freedom (Figure 19). The bottom gimbal acts as a slave and follows
the motion of top gimbal to which the moments are applied. In order to account for shear
forces, we added a passive XZ table below the bottom gimbal that offsets the high shear

forces by translating in the required direction.
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Figure 19: Human cervical spine in the MTS Bionix System with two Spine Simulators

Intersegmental motions will be ascertained via specialized markers rigidly affixed
to each vertebral level. Each marker consists of three non collinear infrared light

emitting diodes detectable by an optoelectronic motion analysis system (Optotrak 3020,
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Northern Digital Inc., Waterloo, Ontario, Canada). Data was captured and analyzed using
MotionMonitor ® (Innovative Sports Training, Inc, Chicago, IL, USA). The total and
segmental rotations for all the specimens after each test were exported using Euler angle
sequence which was dependent on the primary and secondary motion of interest.

There are currently no standardized testing protocols for evaluating total disc
replacements. Panjabi proposed a new method of testing called “hybrid control” which
consists of two steps. In the first step, the intact specimen is loaded using flexibility
protocol to a known moment and the resulting motions are noted. In the second step after
some intervention at one of the levels (disc replacement), the load that is applied to the
spine is adjusted in such a way to obtain the same overall range of motion as the intact
specimen [75]. This kind of protocol helps in determining the effect of the surgical
intervention on the adjacent levels as well as the intervened level.

Thus, in the first flexibility test, the intact cervical spine segments were tested
nondestructively in flexion and extension (x-axis, + 2.0 Nm), bilateral axial rotation (y-
axis, = 2.0 Nm), and bilateral lateral bending (z-axis, = 2.0 Nm) via the pure moment
loading system. It should be noted that a maximum moment of 2.00 Nm was chosen for
the multi-segment specimens, due to the fact that this loading magnitude has been judged
to be sufficient to produce physiological motions but small enough not to injure the
specimen [76]. Each test will be repeated for three loading and unloading cycles, with the
data from the third cycle contributing to the computational analyses.

In the later flexibility tests, the specimens were loaded in order to obtain the same
range of motion as that of the original flexibility test. Again, each test was repeated for
three loading and unloading cycles, with the data from the third cycle contributing to the
analyses.

To prevent dehydration, the specimens were routinely irrigated with a 0.9%

sodium chloride solution throughout the test period.
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3.2.1 Testing Protocol

All specimens were first tested nondestructively in their intact state in flexion-
extension, bilateral axial rotation, and bilateral lateral bending up to a moment of 2Nm.
From this point forward, all subsequent tests were performed using the hybrid protocol,
where specimens were loaded in order to obtain the same overall range of motion as that
of the intact flexibility test. Next, a TDR was performed at the C5-C6 level; then another
TDR at the C6-C7 level. Next, the artificial disc at C5-C6 will be replaced by a fusion to
emulate a disc replacement adjacent to a fusion. Subsequently, each of the implanted
levels will be subjected to fusions by inserting rods into the polyaxial pedicle screws
previously implanted. After each of these interventions, hybrid flexibility tests will be
performed. A flow chart of the experimental protocol and details of important steps are

provided below (Figure 20).

Surgical
erd Procedure-TDR Emrd
C5-C6

Specimen Flexibility Test -1 Flexibility Test - 2

Preparation (2Nm) (Hybrid Protocol)

Surgical
Procedure - TDR [
C6-C7

Surgical
Procedure -
Fusion C5-C6 only

Flexibility Test - 3
(Hybrid Protocol)

Flexibility Test - 4
(Hybrid Protocol)

Surgical
Procedure -
Fusion C5-C6-C7

Flexibility Test - 5
(Hybrid Protocol)

Figure 20: Flowchart of the Experimental Protocol
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3.2.1.1 Specimen Preparation

After the specimen was thawed to room temperature, the C2 and T1 levels were
potted in Bondo ((Bondo Corp, Atlanta, GA) in order to prepare them for mounting in the
testing fixture. In addition, screws were inserted in the vertebral bodies of C3-C7 levels

for fixing Ired markers.

Figure 21: Specimen ready to be tested with C2 and T1 levels potted in Bondo.
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3.2.1.2 Surgical Procedure: Total Disc Replacement

A total disc replacement surgery was performed at the C5-C6 level. Based on CT
measurement, the specimen was implanted with an appropriately sized Bryan or Prestige
LP disc depending on the group it was assigned to. The surgery was performed as per the

Bryan or Prestige LP surgical technique manual. Details of the surgery are provided in

Appendix A.

Figure 22: Specimens implanted with Prestige LP (left) and Bryan (right) discs at the C5-
C6 level
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3.2.1.3 Surgical Procedure: Total Disc Replacement — Bi-level

A total disc replacement surgery was performed at the adjacent C6-C7 level. With
artificial discs at C5-C6 and C6-C7 levels, this represented a bi-level disc replacement
construct. Again depending on the group, the specimen was implanted with either a

Bryan or Prestige LP disc making sure that both discs in one spine were the same.

Figure 23: Bi-level disc replacement with Bryan (left) and Prestige LP (right) discs
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3.2.1.4 Surgical Procedure: Disc replacement adjacent to fusion

The artificial disc at the C5-C6 level was then be replaced by an appropriate size
spacer and an anterior plate (Zephyr or Atlantis Vision Cervical Plating system
(Medtronic Sofamor Danek, Memphis, TN, USA)). In addition, Vertex Max (Medtronic
Sofamor Danek, Memphis, TN, USA) polyaxial screws were implanted in the lateral
mass with rods making it a 360 fusion. This was done to ensure the C5-C6 level was
mechanically fused. This construct represented a disc replacement adjacent to an existing

fusion; also known as the Hybrid construct.

Figure 24: Specimen with a 360 fusion at C5-C6 level and a disc replacement at C6-C7
level
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3.2.1.5 Surqical Procedure: Bi-level Fusion

Next, the artificial disc at the C6-C7 level, single level anterior plate at C5-C6 and
the posterior fusion rods were removed. The C6-C7 disc space was filled with a spacer
and a bi-level fusion plate was then implanted at the C5-C6-C7 levels. Lateral mass
screws were added at the C7 level and rods were inserted from C5-C7 levels making it a

bi-level 360 fusion.

Figure 25: Specimen with a bi-level 360 fusion at C5-C6-C7 levels.



43

3.2.2 Data Analysis

A three-dimensional coordinate system was used where the positive X axis was
defined towards the left, positive Y axis superiorly and positive Z axis anteriorly [77].
The total and segmental rotations were each exported using the Euler angle sequence
which was dependent on the primary and secondary motion of interest. For example,
during a flexion-extension test, XZY Euler angle sequence was chosen since the
dominant off axis motion was lateral bending [65]. Statistical analysis was performed
using a paired t-test for analysis within the group and homoscedastic t-test for analysis
between the two discs. Statistical significance was assigned at a probability level of less

than 0.05 (p < 0.05).
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CHAPTER 4: RESULTS

This chapter discusses the results obtained from both the finite element analysis
and the cadaveric testing. Results from cadaveric testing were used solely for kinematic
analysis and the results from FEA were used for kinematic analysis as well as analyzing

disc stresses and facet forces.

4.1 Finite Element Analysis Results

The results obtained from the finite element analysis are presented in this section.
Each of the following subsections discusses range of motion, moments, disc stresses and
facet forces.

Inter-segmental rotations and the effects of various alterations/surgeries on the
rotations are presented in the range of motion section. Hybrid control was used across all
models which meant that the overall C2-T1 range of motion was the same. The moments
required to achieve the intact C2-T1 ranges of motion are presented in the Moments
section.

The disc stresses section details the changes in adjacent level annular stresses
after modification / surgical intervention. Stresses were recorded in the anterior and
posterior regions during flexion and extension, respectively. The left region of annulus
was analyzed during left lateral bending and left axial rotation, whereas the right portion
of the annulus was examined during right lateral bending and right axial rotation.

Changes in the facet loads at the altered and adjacent levels are presented in the

Facet forces section.

4.1.1 Comparison of Intact and Degenerative Models
This section compares the FE analysis of the Intact and Degenerative (single and

bi-level) models. In case of single level degenerative model, the modified level was C5-
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C6 whereas in case of bi-level degenerative model, C5-C6 and C6-C7 levels were

modified to simulate disc degeneration.

4.1.1.1 Range of Motion

The predicted range of motion of the three finite element models; intact, single
level degeneration at C5-C6 and bi-level degeneration at C5-C6 and C6-C7 in the six
loading directions is shown in Figure 26. Since hybrid control was used, the overall range
of motion (C2-T1) was the same across all models.

The C5-C6 degenerative model predicted a decrease in motion at the moderately
degenerated level in all directions. A decrease in ROM of ~32% was observed in Flexion,
~33% in extension, ~45% in left/right lateral bending and ~29% in left/right axial
rotation at the C5-C6 level. The decrease in motion at the degenerated level was
compensated by the remaining levels. The level above (C4-C5) showed an increase in
motion of 10.5% in flexion, ~11% in extension, ~9.5% in left/right lateral bending and
~8.5% in left/right axial rotation whereas the level below showed an increase of ~11.5%
in flexion, ~11% in extension, ~8% in left/right lateral bending and ~8% in left/right
axial rotation. In most cases, it was the level above or below that showed the maximum

increase in motion.
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Figure 26: Comparison of Range of Motion in all 6 directions between intact (non-
degenerative), single level degenerative and bi-level degenerative models.

In the bi-level degenerative model, both the degenerated levels showed a decrease
in motion in all directions. The C5-C6 and C6-C7 levels showed a decrease of ~24% and
~42% in flexion, ~22% and ~42% in extension, ~39% and ~49% in left/right lateral
bending and ~19% and ~40% in left/right axial rotation when compared to the intact/non-
degenerative model. Once again, like the single level degenerative model, although the

decrease in motion was compensated by all the remaining levels the levels above and
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below showed the maximum increase in motion. The cranial level (C4-C5) showed a
~21% increase in flexion, ~26% increase in extension and ~19% increase in left/right
lateral bending and left/right axial rotation. The caudal level (C7-T1) showed an increase
of ~23% in flexion, 38% in extension, ~27% in left/right lateral bending and ~23% in

left/right axial rotation.

4.1.1.2 Disc Stresses
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Figure 27: Comparison of annular stresses between Intact and single level degenerative
models at the levels cranial and caudal to the degenerated level

Figure 27 compared the disc stresses predicted by the intact and single level
degenerative models at the levels immediately above and below the degenerative level.

Single level degeneration had minimal effect on the annular stresses at the adjacent
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levels. The cranial level showed an average increase in stress by a mere 1% while the
caudal level stresses increased by 2%. In both cases, the maximum increase was observed
during flexion where the stresses increased by approximately 13%.

Disc stresses predicted by the intact and bi-level degenerative models at the levels
immediately above and below the degenerative level are shown in Figure 28. In contrast
to the single level degenerative model, the change in stresses at the adjacent levels was
far greater. The cranial level showed an average increase in disc stresses of 31% while

the caudal level stresses increased by 35%.
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Figure 28: Comparison of annular stresses between Intact and bi-level degenerative
models at the levels cranial and caudal to the degenerated levels
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4.1.2 Comparison of single level degenerative, disc
replacement and fusion models
FE analysis results comparing the single level constructs i.e. single level
degeneration, disc replacement (both Bryan and Prestige LP) and fusion are presented in

this section. In all cases, the modified level is C5-CB6.

4.1.2.1 Range of Motion

Figure 29 compares the change in range of motion about the 3 axes after
arthroplasty and fusion. The change in motion is represented as a percent change with
respect to the single level degenerative model. Detailed range of motion values are
provided in Appendix B.

Avrthroplasty with both the Bryan and Prestige LP showed an increase in motion at
the implanted level and a decrease in motion at the adjacent levels. TDR with Bryan
showed an increase of ~15%, ~21% and ~4% in flexion-extension, lateral bending and
axial rotation respectively at the implanted level. The decrease in motion at the other
levels after implantation of the Bryan cervical disc ranged from 4-7% in flexion-
extension, 1-2% in lateral bending and ~1% in axial rotation with maximum reduction at
adjacent levels.

Implantation of the Prestige LP resulted in an increase in motion by ~24% in
flexion-extension, ~13% in lateral bending and ~10% in axial rotation. The increase in
motion at the implanted level resulted in a decrease in motion at the other levels
especially at the adjacent levels. The decrease in motion at the other levels was similar to
that of Bryan, ranging from 3-6% in flexion-extension, 1-2% in lateral bending and axial
rotation.

Fusion on the other hand resulted in a huge decrease in motion at the implanted
level and a considerable increase in motion at all other levels. The decrease in motion at

the fused level was around 98% in all three directions. This large decrease in motion was
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compensated by an average increase in motion per level of ~18% in flexion-extension,

~10% in later bending and ~20% in axial rotation.
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Figure 29: Percent change in motion after fusion and arthroplasty with Bryan and

Prestige LP with respect to degenerated motion (C5-C6 level).



4.1.2.2 Moments
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Table 2: Hybrid moments (Nm) required in various single level models to achieve overall
range of motion equal to the intact model.

Intact | Degenerative | Bryan | Prestige LP Fusion
Flexion 2.0 2.3 2.3 2.3 3.0
Extension 2.0 2.5 2.3 2.2 35
RLB 2.0 24 2.3 2.2 3.0
LLB 2.0 2.5 2.5 2.5 2.9
LAR 2.0 2.3 2.5 24 3.4
RAR 2.0 2.5 2.4 2.3 3.9

Moments required to achieve the overall intact range of motion in all single level

models is listed in 4.1.2.2 Moments

Table 2. All the modified models (i.e. C5-C6 Degenerative, C5-C6 fusion, and

C5-C6 TDR with Bryan and Prestige) required moments greater than 2.0 Nm to obtain

the same overall motion as the intact/healthy model for each mode of loading. The

moment required for the fused model was the maximum (mean 3.29Nm); over 64% more

than the Intact model. The degenerative model required an average moment of 2.4 Nm to

achieve the intact ROM. TDR models needed a reduced moment (~2.3Nm) when

compared to the degenerative model.
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4.1.2.3 Disc Stresses
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Figure 30: Percent change in disc stresses after disc replacement (Bryan and Prestige LP)
and fusion in comparison to the degenerative model at the cranial and caudal
levels

Figure 30 depicts the percent change in disc stresses at the level above and below
the implanted level after arthroplasty (Bryan and Prestige) and fusion. This percent
change is with respect to the single level degenerative model. As expected, the disc
stresses increased considerably in all six directions at both the cranial (~37%) and caudal
(~23%) levels after fusion. In case of disc replacement, both Bryan and Prestige LP discs
resulted in an increase in disc stress in lateral bending and axial rotation. The stresses
decreased slightly in flexion and extension. In all cases, the increase in stresses due to

fusion was much more than the increase due to disc replacement.



4.1.2.4 Facet Forces
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Table 3: Magnitude of facet contact forces at the altered and adjacent levels for intact and
various single level models under hybrid moments

C4-C5 (Cranial Level) Facet Forces (N)
Intact | Degenerative | Bryan Prestige LP | Fusion
Extension 50 65 55 56 101
RLB 26 36 22 31 49
LLB 26 33 34 36 43
LAR 31 35 39 33 53
RAR 19 26 27 27 48
C5- C6 Facet Forces (N)
Intact | Degenerative | Bryan Prestige LP | Fusion
Extension 48 31 82 84 0
RLB 12 10 20 18 0
LLB 34 29 39 27 0
LAR 20 20 34 39 0
RAR 16 18 30 32 0
C6-C7 (Caudal Level) Facet Forces (N)
Intact | Degenerative | Bryan Prestige LP | Fusion
Extension 21 33 25 27 65
RLB 37 46 36 41 59
LLB 33 46 47 47 58
LAR 38 42 44 41 55
RAR 28 35 33 32 48
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Facet contact forces for the altered level (C5-C6) and adjacent levels for intact,
singe level degenerative, single level Bryan & Prestige, and single level fusion models
are listed in Table 3. In comparison to the intact model, the degenerative model showed a
decrease in contact force at the degenerated level and an increase in force at the adjacent
levels. The TDR models on the other hand showed an increase in facet contact forces at
the implanted level and decrease at the adjacent levels in comparison to the degenerative
model. This increase in contact force at the implanted level was largest in extension.

In case of fusion, the facets did not come into contact at the fused level. Hence all
forces were zero. At the adjacent level though; the contact forces were highest amongst

all models.

4.1.3 Comparison of bi-level degenerative, disc
replacement and fusion models
This section compares the FE predictions of bi-level degenerative, bi-level Bryan,
bi-level Prestige LP and bi-level fusion models. In all models, the altered levels are C5-

C6 and C6-C7.

4.1.3.1 Range of motion

Figure 31 compares the percent change in segmental range of motion in flexion-
extension, lateral bending and axial rotation, after simulated surgical procedures of bi-
level arthroplasty and bi-level disc replacement with Bryan and Prestige LP discs. The
percent change is in comparison with the bi-level degenerative model. In all cases, the
level modified were C5-C6 and C6-C7. Since hybrid control was used, the total C2-T1
range of motion was same across all models.

In all cases, bi-level fusion resulted in almost zero motion at the two fused levels.
This drop in motion resulted in a substantial increase in motion across all unaltered
levels. On an average, the unaltered levels showed an increase in range of motion by 37%

in flexion-extension, 22% in lateral bending and 43% in axial rotation.
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Figure 31: Percent change in motion after bi-level fusion and bi-level arthroplasty with
Bryan and Prestige LP discs.

Similar to the single level results, bi-level disc replacement showed an increase in
motion at the operated levels which resulted in a decrease in motion at all other levels.

This trend was consistent in all six directions. Segmental range of motions predicted for
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the two bi-level disc replacement models; bi-level Bryan and bi-level Prestige LP were

very similar.

4.1.3.2 Moments

Moments required for the bi-level degenerative, bi-level Bryan, bi-level Prestige
LP and bi-level fusion models to achieve the intact range of motion in all six directions
are listed in Table 4. All altered models required more moment to achieve the intact range
of motion. As expected, bi-level fusion model required the most moment (5SNm average).
Clearly, the bi-level fusion stiffened the models significantly. The bi-level degenerative
model required an average 50% more moment than the intact model. Similar to the single
level results, the moments required for the TDR models were lower than the bi-level
degenerative model but higher than the intact model. Both bi-level Bryan and bi-level
Prestige LP models required 35% more moment than the intact model. The lower hybrid
moments for the bi-level TDR models suggests that the model becomes less stiff

following a bi-level TDR compared to the bi-level degenerative model.

Table 4: Hybrid moments (Nm) required in various bi-level models to achieve overall
range of motion equal to the intact model.

Intact Bi-level_ Bi-level Bi-I_eveI Bi-IgveI

Degenerative Bryan Prestige LP Fusion
Flexion 2 2.72 2.62 2.52 4.25
Extension 2 3.17 2.4 2.54 55
RLB 2 3.02 2.60 2.54 4.36
LLB 2 2.82 2.87 2.93 3.90
LAR 2 2.90 3.0 2.94 55
RAR 2 3.03 2.91 2.81 6.5
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4.1.3.3 Disc Stresses
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Figure 32: Percent change in disc stresses after bi-level disc replacement (Bryan and
Prestige LP) and bi-level fusion in comparison to the bi-level degenerative
model at the cranial and caudal levels.

Figure 32 compares the percent change in disc stress after bi-level fusion and bi-
level disc replacement at the levels immediately above and below the altered levels.
Similar to the trends observed with range of motion, the adjacent level discs showed a
huge increase after bi-level fusion in all six directions. An average of 45% and 60% more
stresses were predicted by the bi-level fusion model at the level above and below
respectively. Following a bi-level disc replacement, disc stresses at the adjacent levels

dropped in almost all cases.
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4.1.3.4 Facet Forces

Facet contact forces for the altered levels (C5-C6 -C7) and adjacent levels for
intact, bi-level degenerative, bi-level Bryan & Prestige, and bi-level fusion models are
listed in Table 5. The bi-level degenerative model showed a decrease in contact forces at
the degenerated levels and an increase in force at the adjacent levels, in comparison to the
intact model. The bi-level TDR models on the other hand showed an increase in facet
contact forces at the implanted levels and decrease at the adjacent levels in comparison to
the degenerative model.

The increase in contact forces at the adjacent levels was largest in case of bi-level
fusion. As the facets did not come into contact at the fused levels, all forces at these

levels were zero.

Table 5: Magnitude of facet contact forces at the altered and adjacent levels for intact and
various bi-level models under hybrid moments

C4-C5 (Cranial Level) Facet Forces (N)

Extension | 50 90 64 68 174
RLB 26 49 35 31 80
LLB 26 40 39 40 64
LAR 31 45 48 44 84
RAR 19 32 37 41 99

C5-C6 (Modified level - 1) Facet Forces (N)

Extension 48 39 92 78 0
RLB 12 11 21 23 0
LLB 34 26 47 34 0
LAR 20 19 52 42 0
RAR 16 13 40 21 0




Table 5 continued

C6-C7 (Modified Level — 2) Facet Forces (N)

Extension 21 17 51 42 0
RLB 37 26 45 31 0
LLB 33 20 47 47 0
LAR 38 32 66 73 0
RAR 28 22 34 42 0

C7-T1 (Caudal Level) Facet Forces (N)

Extension | 29 55 39 38 111
RLB 45 68 55 39 93
LLB 46 66 57 60 93
LAR 29 41 32 39 77
RAR 15 25 20 21 68
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4.1.4 Comparison of bi-level degenerative, fusion and

hybrid models

4.1.4.1 Range of Motion

Flexion - Extension

Percent Change

Lateral Bending

-10 C2-C3 C3-C4 C4-C5 Ch-! C7-T1

Percent Change

Axial Rotation

Percent Change

M Bryan Hybrid M Prestige Hybrid m Bi-level Fusion

Figure 33: Comparison of percent change in motion between Bryan Hybrid, Prestige LP
Hybrid and bi-level fusion models.
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A comparison of percent change in motion for the hybrid and bi-level fusion
models if presented in Figure 33. The percent change is in comparison to the bi-level
degenerative model. The segmental motions predicted for the two hybrid models were
very similar. In both hybrid models, the level with arthroplasty showed a large increase in
motion. This increase was the most during flexion-extension motion (80% +).The
increase in motion at the arthroplasty level resulted in a lesser increase in motion at the
unaltered levels. As expected, the increase in motion at the unaltered levels in case of the
bi-level fusion model was much more that the hybrid models. In all cases, a fusion

resulted in almost zero motion at the fused level.

4.1.4.2 Moments

Table 6: Hybrid moments (Nm) required in various bi-level degenerative, fusion and
hybrid models to achieve overall range of motion equal to the intact model.

Intact Bi-level Brya_n Prestige_ LP Bi-IgveI

Degenerated Hybrid Hybrid Fusion
Flexion 2 2.72 3.36 3.20 4.25
Extension 2 3.18 3.34 3.63 5.50
RLB 2 3.03 3.50 3.47 4.37
LLB 2 2.83 3.40 3.37 3.91
LAR 2 291 4.10 3.87 5.50
RAR 2 3.03 4.70 4.48 6.50

Table 6 depicts the hybrid moments for the FE models. In order to achieve the

overall intact model motion, all the altered models; bi-level degenerative, bi-level fusion
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and the two hybrid models, required a moment greater than intact. This suggests that the
alterations stiffened the models. Bi-level fusion required the most moment; an average of
5Nm. For hybrid models, the moments fell between the bi-level degenerative and bi-level
fusion models. Bryan hybrid model required an average moment of 3.73Nm whereas

Prestige needed an average moment of 3.66Nm to achieve the intact motion.

4.1.4.3 Disc Stresses
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Figure 34: Percent change in disc stresses after a hybrid surgery (Bryan and Prestige LP)
and bi-level fusion in comparison to the bi-level degenerative model at the
cranial and caudal levels.
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Figure 34 compares the percent change in disc stress at the levels immediately
above and below the altered levels between bi-level fusion and the two hybrid models. In
all cases, the stresses at the cranial and caudal level increased after surgery. Analogous to
the kinematic trends, the increase in stresses was larger for the bi-level fusion model. The
increase in stresses due to a disc replacement + fusion construct was considerably less
when compared to the bi-level fusion model. In most cases, the stresses predicted for the

two hybrid models were very similar.

4.1.4.4 Facet Forces

Hybrid models consisted of a fusion at the C5-C6 level and a disc replacement
(Bryan or Prestige) at the C6-C7 level. The facet forces at the C5-C6 level for both the
hybrid models were zero due to fusion. At the C6-C7 level (Bryan and Prestige LP), the
facet forces were considerably higher in comparison to both, intact and bi-level
degenerative models. At the adjacent levels however, the forces were between the bi-

level fusion and bi-level degenerative models.
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Table 7: Magnitude of facet contact forces at the altered and adjacent levels for intact, bi-
level degenerative, hybrid (Bryan and Prestige) and bi-level fusion models
under hybrid moments

Intact Bi—IeveI_ Bryan Presti_ge Bi—lqvel
Degenerative Hybrid Hybrid Fusion
C4-C5 (Cranial Level) Facet Forces (N)

Extension 50 90 95 103 174
RLB 26 49 59 57 80
LLB 26 40 50 48 64
LAR 31 45 59 58 84
RAR 19 32 70 65 99

C5-C6 (Modified Level -1) Facet Forces (N)

Extension 48 39 0 0 0
RLB 12 11 0 0 0
LLB 34 26 0 0 0
LAR 20 19 0 0 0
RAR 16 13 0 0 0

C6-C7 (Modified Level - 2) Facet Forces (N)

Extension 21 17 67 62 0
RLB 37 26 63 59 0
LLB 33 20 52 54 0
LAR 38 32 76 82 0
RAR 28 22 55 59 0

C7-T1 (Caudal Level) Facet Forces (N)

Extension 29 55 61 63 111
RLB 45 68 75 75 93
LLB 46 66 81 79 93
LAR 29 41 53 54 77
RAR 15 25 44 40 68
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4.2 In-vitro Cadaveric Testing Results

In-vitro cadaveric testing results are presented in this section. Cadaveric testing

results are limited to changes in kinematics due to various surgical procedures.

4.2.1 TDR using Bryan Cervical Disc

The mean intersegmental rotations for the five tested conditions for the Bryan
group during flexion/extension, lateral bending and axial rotation are shown in Figure 35.
In general, a disc replacement increased the motion at the implanted level whereas a
fusion resulted in a drop in the motion. Following a single level disc replacement, the
motion at C5-C6 increased in all directions. This increase was significant only in
flexion/extension (22% increase).

Similar trend was observed with a bi-level disc replacement. In comparison with
the intact state, motion at all implanted levels increased. The increase was significant
only at C5-C6 level in flexion/extension.

The hybrid construct consisted of a fusion at C5-C6 level and a disc replacement
at the C6-C6 level. In comparison to the intact state, C5-C6 level showed a significant
drop in motion in all directions. The C6-C7 level with an artificial disc showed an
increase in motion. This increase was significant in flexion/extension only.

Comparing the bi-level fusion construct to with intact, both the fused levels (C5-
C6 and C6-C7) showed a significant decrease in motion and all unaltered levels showed a
significant increase in motion in all directions.

Figure 36 depicts the intersegmental rotations for all bi-level constructs (bi-level
TDR, hybrid and bi-level fusion. In comparison to the bi-level Bryan construct, fusion
decreased the motion significantly at the C5-C6 level in case of hybrid and at C5-C6 and
C6-C7 levels in case of bi-level fusion. Most of the unaltered levels in hybrid and bi-level

fusion states showed a significant increase in motion in comparison to the bi-level TDR
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state. All un-operated levels in bi-level fusion state had significantly more motion in

comparison to the hybrid state as well.
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Figure 35: Mean intervertebral rotations (xstandard deviation) for various surgical
constructs (Bryan) for each level during Flexion-Extension, lateral bending
and axial rotation
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Table 8: Hybrid moments (Nm) required after various surgeries to achieve overall range

of motion equal to the intact state.

Flexion/Extension

Lateral Bending

Axial Rotation

Intact +2 +2 +2
C5-C6 Bryan +1.93 +191 +1.94
C5-C6-C7 Bryan +2.02 +1.79 +1.98
Bryan Hybrid +2.59 +3.14 +2.95
C5-C6-C7 Fused +4.22 +5.39 +3.65

The hybrid moments required for single level TDR, bi-level TDR, hybrid and bi-

level fusion constructs in the Bryan group to achieve the intact range of motion are listed

in Table 8. Compared to 2Nm moment in all intact models, the single level Bryan

construct required 1.93Nm, 1.91Nm and 1.94Nm and bi-level construct required 2.02,

1.79 and 1.98Nm in flexion/extension, lateral bending and axial rotation respectively.

The lower hybrid moments suggest that the specimen becomes less stiff following a

TDR.

On the other hand, a bi-level fusion required 4.22Nm in flexion/extension,

5.39Nm in lateral bending and 3.65 Nm in axial rotation. Clearly, the bi-level fusion

stiffened the specimens significantly leading to higher hybrid moments. For the hybrid

construct, the moments fell between the bi-level TDR and bi-level fusion moments.



69

4.2.1 TDR using Prestige LP Cervical Disc
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Figure 37: Mean intervertebral rotations (xstandard deviation) for various surgical
constructs (Prestige LP) for each level during Flexion-Extension, lateral
bending and axial rotation
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The mean intersegmental rotation s for the Prestige LP group during
flexion/extension, lateral bending and axial rotation for the five tested conditions are
shown in Figure 37. In general, a disc replacement increased the motion at the implanted
level and decreased the motion at unaltered levels; whereas a fusion resulted in a decrease
in the motion at the fused level and an increase at un-fused levels. The changes in motion
were not significant when comparing single and bi-level disc replacement with the intact
state.

Comparing hybrid construct (fusion at C5-C6 level and Prestige LP at the C6-C6
level) with the intact state, the only statistically significant change in motion was a
decrease in motion at the C5-C6 level. The other levels showed a non-significant increase
in motion.

Comparing the bi-level fusion construct to with intact, both the fused levels (C5-
C6 and d C6-C7) showed a significant decrease in motion and all unaltered levels showed
a significant increase in motion in all directions.

Figure 38 depicts the intersegmental rotations for all bi-level constructs (bi-level
TDR, hybrid and bi-level fusion. In comparison to the bi-level Prestige LP construct,
fusion decreased the motion significantly at the C5-C6 level in case of hybrid and at C5-
C6 and C6-C7 levels in case of bi-level fusion. Apart from the fused level (C5-C6) there
was no significant change in motion from the bi-level TDR to hybrid state. Most of the
unaltered levels in bi-level fusion states showed a significant increase in motion in

comparison to the bi-level TDR state.
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Table 9: Hybrid moments (Nm) required after various surgeries to achieve overall range
of motion equal to the intact state.

Flexion/Extension | Lateral Bending | Axial Rotation
Intact +2 +2 +2
C5-C6 Prestige LP +2.22 +1.91 +1.95
C5-C6-C7 Prestige LP +2.02 +1.67 +1.98
Prestige LP Hybrid +2.44 +2.78 +2.45
C5-C6-C7 Fused +4.78 +4.59 +3.33

The hybrid moments required for single level TDR, bi-level TDR, hybrid and bi-
level fusion constructs in the Prestige LP group to achieve the intact range of motion are
listed in Table 9. The single level Prestige LP construct required 2.22Nm, 1.921Nm and
1.95Nm and bi-level construct required 2.02, 1.67 and 1.98Nm in flexion/extension,
lateral bending and axial rotation respectively compared to the 2Nm moment required for
the intact state. This suggests that the specimen becomes less stiff in lateral bending and
axial rotation and stiffer in flexion/extension following a TDR with Prestige LP.

On the other hand, a bi-level fusion required 4.78Nm in flexion/extension,
4.59Nm in lateral bending and 3.33 Nm in axial rotation. For the hybrid construct, once
again, the moments fell between the bi-level TDR and bi-level fusion moments.

There was no significant difference in motion at the operated or un-operated
levels between the Bryan and Prestige LP groups. This was true for both single and bi-

level TDR constructs.
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CHAPTER 5: DISCUSSION

The aim of this study was to compare biomechanics of the cervical spine
following a combination of arthroplasty and fusion surgeries. Both in-vitro cadaveric

testing and finite element analyses were used in this study.

5.1 Finite Element Analysis

Modeling a complex structure such the spine is very challenging. Certain
assumptions are necessary to reduce the complexity without compromising the outcomes.

This section summarizes the assumptions and limitations of the various FE models.

5.1.1 Intact Model
A previously validated C2-T1 finite element model of spine was used in this study
[65, 78]. This model was validated with specimen-specific experimental data. As with
most other FEA studies, this study has the general limitation where the effect of muscles
on the stability of spine is ignored. Some studies apply a compressive load to mimic the
weight of the head on the cervical spine. However, no compressive load was applied in
this study in order to maintain consistent loading conditions between experimental and

computational studies.

5.1.2 Degenerative Model
In-vitro cadaveric testing and computational models are commonly used to study
the biomechanics of the spine. To investigate the biomechanical effects due to disc
degeneration, in-vitro human cadavers are not particularly useful. Although the
specimens could be dissected after experimentation to look at the amount of disc
degeneration, the assessment is not quantitative. In contrast, finite element models are
well suited to study such phenomena as appropriate material properties can be assigned

representing the various stages in the degeneration process.
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From a biomechanical perspective, the intervertebral disc is the connecting
medium between the vertebrae for transmission of majority of load taken up by the spine
along with facilitating mobility [79]. During the degenerative process, the disc undergoes
progressive structural changes in the form of desiccation of the nucleus pulposus and
disintegration of the anulus fibrosus resulting in decreased disc height [80,81]. These
structural changes affect the overall and internal biomechanical responses. Dehydration
of the nucleus increases the compression stiffness (overall response) and reduces disc
fiber strain (internal response) at the degenerated level [82]. There have been very few
studies that look at the effect of degeneration on the biomechanics of the cervical spine.
Kumaresan et al. [83] used a C4-C6 FE model to simulate disc degeneration at the C5-C6
level. However this study was more focused on the contribution of disc degeneration to
osteophyte formation rather than the change in biomechanics due to disc degeneration.
The results of this study indicated that the overall stiffness increased with the severity of
disc degeneration.

Two degenerative models were created in this study; a single level degenerative
model at the C5-C6 level and a bi-level degenerative model at the C5-C6-C7 levels. In
both cases, degeneration resulted in stiffening of the degenerated levels and in turn the
entire model. As a result of this stiffness, the facet forces at the level decreased while the

motion, facet forces and disc stresses at the adjacent levels increased.

5.1.3 Single, Bi-level and Hybrid Models
Several experimental and limited number of finite element studies have been done
to look at the effect of arthroplasty on the biomechanics of the cervical spine. FE studies
by Galbusera et al [37, 38], Faizan et al [84], Womack et al [85], have confirmed that
cervical arthroplasty devices preserve motion better than fusion. All of these studies

however modified the intact model to simulate a disc replacement surgery. Since a disc
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replacement is mostly performed to alleviate pain and other complications due to disc
degeneration, we decided to use a degenerative model.

In this study, the implanted level motions did not vary much between the two
implants. With both the artificial discs, the motion at the implanted level increased and
the motion at the nonoperative levels decreased. In both; single and bi-level TDR models,
the largest increase in motion was during flexion/extension. In most cases, the reduction
in motion at the adjacent levels was less than 10%.

A fusion resulted in complete loss of motion at the fused level and a substantial
increase in motion at the adjacent levels. In the case of a single level fusion, the motion at
the un-fused levels increased by ~16% whereas for the bi-level fusion, the motion at the
un-fused levels increased by ~35%. In case of the hybrid models however, the increase in
motion at the nonoperative levels was just 12%. This suggests that an arthroplasty
procedure may be preferable to a fusion adjacent to a pre-existing fusion.

The resulting moments followed the motion trends. A TDR model required a
hybrid moment less than the corresponding degenerative model. A fused model required
the greatest moment; especially the bi-level fusion, where the moment required was more
than two times the intact model. The hybrid models fell between the bi-level TDR and the
bi-level fusion models supplementing the theory of an arthroplasty being a better
alternative to a second fusion.

Previous studies have had inconsistent results with facet forces. Some studies
have shown no change in facet forces after arthroplasty while others have shown
significant increase in facet forces at the implanted level. Chang et al. [86] reported that
following an arthroplasty, the facet loads increased at the index level in all directions
with maximum increase during extension motion. Metzger et al. [87] also conducted in-
vitro studies to investigate the changes in the facet load profile with the variation in the
device positioning in the disc space. The authors reported that facet forces were sensitive

to the device placement location and thereby indicated that improper positioning could
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potentially lead to higher facet loads following TDR. Contrary to these results, a similar
study conducted by Steiber et al. [88] using ovine spines reported no significant increase
in the facet loading after disc replacement. A computational study by Faizan et al. [84]
which included a C3-C7 human finite element model also concluded that under hybrid
loading conditions TDR maintains facet loads similar to the intact values in most cases.

In this study, the facet forces at the implanted level increased considerably after a
TDR. This could be attributed to disc placement. Although extra care was taken during
implant placement and analysis, the FE models have some limitations that might have
influenced the results of the study. The FE model results are strong functions of the
inputs such as material properties, loading conditions, and implant locations etc. The
cervical biomechanics is affected by alteration in the location of the implant in the disc
space. For example, by shifting the implant in the anterior, posterior or in the lateral
directions, or by changing the orientation of the implant in the disc space, the resulting
biomechanics might get influenced as predicted by the studies in both lumbar and
cervical spine [84,89]. More work needs to be done with respect to disc positioning in
order to address these issues.

The articulation between the two components of the disc implant was modeled as
finite sliding, surface to surface contact with a friction coefficient of 0.1. Although there
have been studies that have used the exact same contact formulation, it is possible that it

may vary in-vivo [37, 38, 84].

5.2 In-vitro Cadaveric Testing

The in-vitro cadaveric testing was carried out in the following sequence; intact,
single level TDR, bi-level TDR, hybrid and bi-level fusion. A total of 11 specimens were
used in the experimental study; 6 for the Bryan group and 5 for the Prestige LP group.
The intact specimen was tested up to a pure moment of 2.0Nm. Hybrid loading protocol

was used for testing specimens after surgical intervention. We decided to opt for a 360
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fusion (anterior plate + posterior screws and rods) as opposed to the clinically popular
anterior fusion in order to simulate mechanical fusion.

The cadaveric testing results had trends similar to the FE results. A disc
replacement resulted in a slight increase in motion at the implanted level and a reduction
in motion at the un-operated levels. The hybrid moment required to obtain intact motion
reduced after disc replacement. A fusion resulted in reduction of motion at the fused level
and an increase in motion at the un-fused levels. The hybrid moment was considerably
higher in case of fusion. Just like the FE study, the hybrid construct was in between bi-
level TDR and bi-level fusion indicating that a hybrid construct is a better alternative to
bi-level fusion.

In spite of a 360 fusion, the motion at the fused levels was not eliminated
completely. There was a significant reduction in motion to a mean of 2.5°, which may be
representative of immediate postsurgical results. In-vivo, it is expected that as the
fusion mass matures the residual motion at the fused segment will further reduce. A
further reduction in the residual motion at the fused segment may increase the motion
demand on the adjacent mobile segments.

The use of fresh frozen human spines has been shown to not significantly affect
the material properties of ligaments, bone, annulus and the general motion of spine itself
[90-93]. However, the cost and challenge involved in obtaining cadaveric specimens can
be a limitation. It is also common that most readily available specimens are older and
therefore exhibit signs of physical degeneration. This raises a valid question of how
representative the specimens are of the general population. The cervical specimens used
in this study had an average age of 74 years which has implications to bone quality,
ligament strength and disc degeneration. Although, all specimens were screened for
abnormalities and only those that appeared to be 'normal’ were selected for biomechanical

testing a lot of specimens did have degenerated discs and at times osteophytes in the disc
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space. This could be the reason the average intact range of motion of cadaveric
specimens was considerably lower in comparison to the FE model.

Muscle forces tend to have a 'stiffening' effect on the cervical spine. Therefore, in
order to achieve a desired amount of motion a higher bending moment must be applied. A
similar result has been reported in the presence of an axial compressive load [76, 94]. It is
desirable to test the spine in the presence of an appropriate preload. However, the
application of an axial compressive load in the absence of muscular forces tends to create
a highly unstable spine. The cervical spine tends to go into extension upon the application
of a preload which is why we decided to carry out our tests under "no preload” conditions
(under pure moment of up to 2.0Nm).

Inter-specimen variability is a problem with all biomechanical spine studies. Each
spine is architecturally different from the next and material properties may slightly vary
between two specimens. It becomes difficult to take all these variables into account when
determining, for example, the stabilizing potential of a disc replacement system. For
these reasons, each spine was first tested in the intact state. This test served as the
baseline measurement, effectively making each specimen its own control. Subsequent
motions of the instrumented spine were reported in comparison with the intact spine.
Means and standard deviations were computed to study the general trend in the results.
This method reduces inter-specimen variability resulting from the specimen population.

In spite of these limitations, cadaveric testing is the most direct and obvious way
to obtain biomechanical data. It has been used for years to test and validate the use of

various implants.

5.3 Comparison of computational and experimental results

Comparing the motion pattern between the computational and experimental
studies, the overall trends were very similar. The actual motion however, had a lot of

variation. In some cases, the segmental rotations of the intact FE model were more than
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one standard deviation greater that the intact motion values of the cadaveric specimen.
The primary reason for this difference is the specimen quality. However, the goal of the
study was to look at trends and changes as opposed to exact numbers.

Inter-specimen variability is a problem with experimental studies and that’s were
computational models have an advantage. By changing the material properties, we
modified the FE model of a healthy spine to simulate moderate degeneration and
subsequent surgical procedures. Clinically interbody fusion has been known to
completely eliminate motion at the fused level within 12 months after surgery [95,96].
However, in spite of opting for a 360 fusion, the reduction in motion in cadavers was not
satisfactory. The poor bone quality of the specimens was most likely the reason for poor
fusion. The FE model on the other hand eliminated motion completely.

The changes in motion between the computational and experimental studies
following various surgeries had similar trends. After a disc replacement, the cadaveric
specimens tended to settle in a slightly extended position. Similar behavior was observed
with the FE model as well. There is a variation in results reported in clinical studies.
Some studies report a post-op kyphosis while others report a lordosis [97-99]. We think
the lack of muscles and the absence of ALL is the reason for the model and the cadaveric

specimens settling in the extended position.

To conclude, this study highlighted that cervical disc replacement with both
Bryan and Prestige LP discs not only preserved the motion at the operated level, but also
maintained the normal motion at the adjacent levels. Under hybrid loading, the motion
pattern of the spine with a TDR was closer to the intact motion pattern in comparison to
the degenerative or fusion models. Also, in case of an existing fusion, this study shows

that a disc replacement is a better alternative to a second fusion.
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CHAPTER 6: FUTURE WORK

This study aimed at studying the changes in biomechanics of the cervical spine
following disc replacement and fusion. Using a combination of arthroplasty using two
discs, fusion and two levels, various surgical constructs were analyzed in detail. Range of
motion, disc stresses and facet forces were used for analysis. The results of this study
suggest that disc replacement is a better alternative to fusion. Based on the analysis,
various pros and cons of each surgical procedure have been discussed. Several areas for
additional research have been generated from this study. Future study opportunities are
presented below.

It is known that muscles provide additional stability to the spine. However
incorporating muscles in a computational model is a challenging task. The model in this
study is made up of osteoligamentous components and ignores muscles. Addition of
muscles/muscle forces would enable a better understanding of in-vivo conditions.

Also, the FE model or the cadaveric testing done in this study did not include a
preload simulating head weight. A preload could significantly alter the biomechanics of
the spine, but loading the spine axially caused instability the testing system due to which
‘no preload’ condition was used. Loading the spine using a follower load is an
alternative, but that requires special loading apparatus [100].

Only moderate degeneration was modeled in the FE model in this study. In
future, various grades of degeneration could be modeled. The results of a disc
replacement in a severely degenerated disc with minimal disc height could vary.

Another potential area that needs more research is disc placement. It is discussed
that there is a variation in facet forces and curvature of the spine after disc replacement.
Disc placement could be a very important factor and an optimal disc placement could

potentially eliminate high facet forces and abnormal curvatures.
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APPENDIX A: SURGICAL TECHNIQUE FOR IMPLANTATION

A.1 Bryan® Cervical Disc system

The following section describes and illustrates the placement of the BRYAN®
Cervical Disc at C5-C6 in a cadaveric spine.

Step 1: Fixing and positioning the cadaveric spine

Implantation of a Bryan disc involves multiple drilling and milling operation
which are relative to the position and placement of the spine with respect to the surgical
table. Hence, securing the specimen to the table is very important. This was done with the

use of tape. The two potted ends of the specimen were strapped to the table using tape.

Step 2: Target disc excision

After estimating the center of the disc, width of the incision was determined using
template markings. Only the disc between the markings of this incision was excised. This
was done using rongeurs and curettes. Lateral portion of the annulus was left intact.

Once all of the desired soft tissue was removed, anterior osteteophytes (if any)

were removed using a high speed burr.
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Figure A-1: Excision of disc (A), and removal of osteophytes using a high speed burr (B)

Step 3: Aligning and Centering
Using various alignment and centering tools included in the instruments trays,
transverse and sagittal centering was done. Finally a Dual Track Milling Guide was

aligned and secured to the vertebral bodies.
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Figure A-2: Figure showing transverse alignment (A), sagittal alignment (B) and securing
of the Dual Track Milling Guide.

Step 4: Burring end-plates
Using certain disc size specific tools and a high speed burring block, the two end-

plates were burred such that they were parallel to each other.



84

Figure A-3: Figure showing burring of the end-plates

Step 5: End-plate Milling

Bryan disc has convex titanium shells which attach to the vertebral end-plates. In order to
achieve a good fixation, the vertebral end-plates need to be machined such that they will
match the contour of the disc. This is done using a specialized milling disc.

The milling disc is attached to the handpiece and using the guides in the dual track

milling guide, the two end-plates are machined.
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Figure A-4: End-plate milling operation

Step 6: Distraction

Once the end-plates were ready, an appropriate size implant spacer was inserted
in the disc space. Once the spacer was engaged with the milled surfaces, the milling
guide was removed and a distractor was inserted over the anchor posts. Using the thumb

screw, the disc space was distracted.
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Figure A-5: Insertion of implant spacer (A), and distraction (B)

Step 7: Implant Preparation
Prior to implantation, the prosthesis is filled completely with saline and the seal plugs are

tightened.
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Figure A-6: Bryan disc being filled with saline (A) and tightening of seal plug (B)

Step 8: Prosthesis Placement
After preparing the implant, it was attached to the implant inserter using which it
was inserted in the prepared disc space. Slight gentle taps were applied in order to fully

seat the implant.
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Figure A-7: A: Implant being inserted in the disc space; B: Disc fully seated in the disc
space.

A.2 Prestige LP® Cervical Disc system

The following section describes and illustrates the placement of the Prestige LP®

Cervical Disc at C5-C6 in a cadaveric spine.

Step 1: Discectomy

A complete discectomy was performed at the C5-C6 level. Pituitaries, curettes,
and kerrisons were used to remove the disc material and expose the posterior longitudinal
ligament. A high-speed burr (match tip/round) was utilized for removal of osteophytes.
The anterior surface of the vertebral bodies was lightly burred to remove any soft tissue

and bony protrusions in order to create a flat surface.



Figure A-8: Anterior surface being milled to create a flat surface.

Step 2: End-Plate preparation

An appropriately sized rasp was used to prepare the endplates.

89
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Figure A-9: A rasp being used to prepare the endplates

Step 3: Rail Preparation
Appropriately sized Rail Cutter Guide was centered and then inserted in the
prepared disc space. Using a rail cutter bit, four holes were drilled in the bodies using the

rail cutting guide.
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Figure A-10: Rail cutter guide inserted in the disc space

Step 4: Rail Cutting
After aligning the four cutting blades of the Rail Punch into the four pilot holes
made by the Trial/Cutter Guide, the Rail Punch was gently tapped into the disc space.

This created four channels in the endplates.
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Figure A-11: Rail cutting

Step 5: Implantation

The appropriately sized Prestige LP disc is then attached to the implant inserter
and finally inserted in the disc space making sure the ball portion of the disc is positioned
superiorly. While inserting, the rails of the disc were aligned to the channels in the end-
plates and using a mallet. Then the inserter was gently tapped until the anterior tabs of the

disc were in contact with the vertebral bodies.
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Figure A-12: A: Implant being inserted in the disc space. B: Prestige LP disc fully seated
in the disc space.
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APPENDIX B: DETAILED FE ANALYSIS RESULTS

B.1 Single Level Models
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Figure B-1: Comparison of range of motion in all six directions between single level
degenerative, Bryan, Prestige LP and fusion models.
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Table B-1: Range of motion (degrees) values for all single level models in all six

directions.

Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 6.48 6.96 6.99 6.94 7.93
C3-C4 10.30 11.05 11.11 10.96 12.83
C4-C5 8.50 9.40 9.24 9.08 11.02

Flexion

C5-C6 10.60 7.17 7.22 791 0.17
C6-C7 7.85 8.76 8.60 8.37 10.55
C7-T1 5.08 5.54 5.56 5.49 6.41
C2-T1 48.8 48.9 48.7 48.7 48.9

Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 3.57 3.98 3.81 3.71 4.76
C3-C4 8.17 9.04 8.61 8.49 10.67
C4-C5 8.48 9.40 8.75 8.59 11.53

Extension

C5-C6 11.02 7.36 9.50 10.03 0.16
C6-C7 9.36 10.41 9.90 9.78 12.07
C7-T1 3.79 4.34 4.10 4.02 5.46
C2-T1 44.38 44.53 44.67 44.62 44.64

Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 6.75 7.58 7.27 7.21 8.60
C3-C4 8.39 9.17 8.93 8.84 10.19
C4-C5 5.66 5.99 5.88 5.88 6.57

RLB

C5-C6 6.35 3.72 4.96 4.69 0.09
C6-C7 5.34 5.78 5.60 5.59 6.15
C7-T1 1.61 1.82 1.74 1.72 2.10
C2-T1 34.09 34.06 34.39 33.92 33.69
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Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 8.07 9.09 9.10 9.15 9.95
C3-C4 8.98 9.80 9.92 9.83 10.70
C4-C5 5.46 6.17 6.15 6.14 6.78
LLB
C5-C6 6.07 3.02 3.00 291 0.08
C6-C7 4.16 4.46 4.42 4.45 4.81
C7-T1 1.74 1.91 1.92 1.93 2.07
C2-T1 34.49 34.45 34.52 34.40 34.40
Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 411 4.43 4.52 4.51 5.09
C3-C4 5.64 6.23 6.44 6.39 7.56
C4-C5 6.71 7.12 7.26 7.19 8.27
LAR
C5-C6 7.31 5.21 4.70 4.78 0.06
C6-C7 6.08 6.37 6.50 6.47 7.23
C7-T1 3.52 3.89 4.08 3.97 5.04
C2-T1 33.36 33.24 33.50 33.31 33.25
Intact | Degenerative | Bryan | Prestige LP | Fusion
C2-C3 3.77 4.10 3.92 3.87 4.79
C3-C4 5.24 5.77 5.59 5.49 7.06
C4-C5 6.94 7.67 7.40 7.30 9.36
RAR
C5-C6 9.49 6.72 7.66 8.23 0.05
C6-C7 6.38 7.08 6.97 6.89 8.94
C7-T1 4.24 4.72 4.65 4.55 5.89
C2-T1 36.06 36.07 36.19 36.33 36.09
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B.1 Bi-level Models
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Figure B-2: Comparison of range of motion in all six directions between bi-level
degenerative, Bryan, Prestige LP and fusion models.
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Figure B-3: Comparison of range of motion in all six directions between bi-level
degenerative, Bryan Hybrid, Prestige LP Hybrid and bi-level fusion models.
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Table B-2: Range of motion (degrees) values for all bi-level models in all six directions.

Bi- Bi- Bi- _ Bi-

Intact level level level Bryan | Prestige | level

Degene Bryan Prestig | Hybrid | Hybrid | Fusio

rative eLP n

C2-C3 | 6.48 7.56 7.43 7.31 8.44 8.24 9.71
Flexion | C3-C4 | 10.30 | 12.10 | 11.85 | 11.60 13.80 13.36 | 16.34
C4-C5 | 8.50 10.28 9.84 9.56 11.76 11.40 13.77
C5-C6 | 10.60 8.07 7.68 8.44 0.17 0.25 0.21
C6-C7 | 7.85 4.55 6.28 5.93 7.86 8.49 0.12
C7-T1 | 5.08 6.24 5.96 5.79 6.79 6.56 8.13
C2-C3 | 357 4.55 3.89 4.02 4.65 4.87 6.35
C3-C4 | 8.17 10.19 8.94 9.14 10.39 10.83 | 14.25
Extensi | C4-C5 | 8.48 10.69 9.01 9.25 11.20 11.72 | 15.70
on C5-C6 | 11.02 8.66 9.76 9.57 0.17 0.16 0.29
C6-C7 | 9.36 5.36 8.22 8.08 10.02 10.94 0.17
C7-T1 | 3.79 5.22 4.29 4.59 5.29 5.71 1.74
C2-C3 | 6.75 8.59 7.89 7.82 9.39 9.35 10.92
C3-C4 | 8.39 10.23 9.53 9.46 11.03 11.00 | 12.48
C4-C5 | 5.66 6.55 6.24 6.28 6.98 7.00 7.56

RLB C5-C6 | 6.35 4.34 5.33 4.95 0.05 0.21 0.09
C6-C7 | 5.34 2.62 3.47 3.59 4.45 4.80 0.06
C7-T1| 161 2.12 1.92 1.96 2.43 2.40 2.87
C2-C3 | 8.07 9.79 9.87 9.99 10.75 10.70 | 11.49
C3-C4 | 8.98 10.41 10.60 10.66 11.51 11.45 12.45

LB C4-C5 | 5.46 6.64 6.69 6.81 7.38 7.37 7.86
C5-C6 | 6.07 3.30 3.44 3.28 0.07 0.07 0.06
C6-C7 | 4.16 2.17 1.98 1.65 2.30 2.24 0.07
Cr-T1| 174 2.13 2.20 2.26 2.39 2.42 2.59
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C2-C3| 411 481 4.84 4.90 5.51 5.41 6.21
C3-C4 | 564 7.01 7.05 7.12 8.32 8.12 9.78
LAR C4-C5 | 6.71 7.70 7.76 7.75 9.05 8.80 10.56
C5-C6 | 7.31 5.91 5.45 5.61 0.10 0.10 0.16
C6-C7 | 6.08 3.68 3.44 3.45 4.72 5.45 0.13
C7-T1 | 3.52 4.54 4.65 4.59 5.70 5.49 6.96
C2-C3 | 3.77 4.52 4.19 411 5.19 5.04 6.17
C3-C4 | 524 6.34 6.02 5.90 7.68 7.46 9.17
RAR C4-C5| 6.94 8.47 8.04 7.93 10.25 9.97 12.48
C5-C6 | 949 7.67 8.57 8.60 0.10 0.08 0.21
C6-C7 | 6.38 3.79 4.49 4.74 6.15 7.05 0.12
Cr-T1 | 424 5.18 5.05 4.97 6.49 6.34 8.08
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