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Biomechanical Analysis of Interspinous Process Device
(Coflex and Coflex-F) in Non-Fusion and Fusion Surgery

Student: Cheng-Chan Lo Advisor: Prof. Chinghua Hung

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

In current society, degenerative disc disease is a very common situation. It can cause
nerve root compression, lumbar spinal-stenosis, and lumbar instability. In order to relief
patients’ symptom, decompression and spinal fusion surgery were common practices by
surgeons. In recent years, the concept of interspinous process Coflex device of non-fusion
surgery is emerging to improve the complication of ‘decompression surgery. The Coflex-F
device is a minimally invasive lumbar_fusion-device that provides significant segmental
stability with all the advantages of an interspinous implant. It can alternative to traditions
pedicle screw fixation as an adjunct to spinal fusion.

This study was divided into three researches with purposes to investigate the
biomechanical behavior between the Coflex and Coflex-F devices using finite element model
of the L1-L5 lumbar spine. The first research was to investigate the biomechanical differences
between the Coflex and Coflex-F implanted into the L3-L4 segment in non-fusion surgery.
The second was to investigate the biomechanical characteristics of TLIF and ALIF spinal
fusion combined with Coflex-F and with pedicle screw fixation implanted into the L3-L4
segment in fusion surgery. The third was to investigate the biomechanical characteristics of

TLIF combined with Coflex-F and with unilateral pedicle screw fixation and translaminar



facet screw fixation implanted into the L3-L4 segment in minimally invasive lumbar fusion. A
400 N follower load and a 10 N-m moment were applied to the intact model to mimic
physiological motions. The other implanted models to be compared with the intact model
were also subjected to 400 N follower load and moments that produced overall motions equal
to those of the above intact model (i.e. the hybrid test method).

The result of the first research showed that, the Coflex implantation can provide stability
in extension (ROM decreased 70%), lateral bending (ROM decreased 8%), and axial rotation
(ROM decreased 4.3 %) at the surgical segment, and retain flexible in flexion (ROM
increased 8%). It had no influence at adjacent segments except during extension (ROM
increased 20~24%). The Coflex device can restraint extension motion, and provide more
space for foramen and spinal canal. Therefore, The Coflex device may improve or relieve the
stenosis. In addition, the Coflex-F implantation can provide stability in all motions, especially
in flexion (ROM decreased 52%): It had influence at adjacent segments during flexion (ROM
increased 17~18%) and extension (ROM increased 20~24%). Therefore, the Coflex-F device
can be used to treat stenosis combined with mild degenerative disc disease.

The result of the second research showed that, the ALIF combined with Coflex-F can
provide more stability. The result of the third research showed that, the TLIF combined with

Coflex-F cannot provide sufficient stability.

Keywords: Fusion, Non-Fusion, Interspinous Process Device, Interbody Fusion Surgery,

Hybrid Test Method, Finite Element Analysis
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Chapter 1 Introduction

1.1 Overview

Degeneration of the intervertebral disc, called degenerative disc disease (DDD) of the
spine, is a condition that can be painful and can greatly affect the quality of patient's life.
Spinal diseases from DDD become more and more serious and dangerous for human
population. Affecting up to 85 % of population at some point in their lifetime, the problem of
low back pain reached epidemic proportions in the United States [1]. It has become one of the
leading reasons why patients seek treatment, and it has been estimated to cost the national
economy over $50 billion per year [2][3]. These diseases cost large medical resources, and

add huge encumbrances for our society.

1.2 Motivation and objectives

Recently, the concept of using non-fusion surgery via dynamic stabilization device to
treat DDD has become popular. A dynamic stabilization device has been defined as: a flexible
system that can preserve the spinal movement and improve load transmission of spinal motion
segments through the non-fusion technique. In other words, such a system would restrict
motion in the direction or plane that produces pain or painful motion [4]. The concept of
dynamic stabilization device has changed from traditional stable fusion to mobile non-fusion
that attempts to lessen the deterioration of the adjacent element. There have been a number of
dynamic stabilization devices trialed in lumbar spinal disease, many with differing
biomechanical principles. Some examples include anterior artificial disc, dynamic pedicle
screw system, and interspinous process device.

Currently, there exist a number of interspinous process devices that have been tested for
treating lumbar spinal stenosis from slightly degenerative disc disease with different

biomechanical designs such as Coflex, Wallis, Diam, and X-Stop. The Coflex (Paradigm



Spine, Wurmlingen, Germany) is one of non-fusion spinal implants that was developed to
restore normal physiological motion and to overcome the disadvantage of decompression
surgery procedure. The Coflex was originally developed as an interspinous U-shaped device
and is placed between two adjacent spinous processes. After implantation, the lateral wings
are crimped toward the spinous processes to improve fixation. The U-shaped structure is
designed to allow the lumbar spine to have controlled movement in forward and backward
bending. To improve stability in all motions, a modified version called the Coflex-F has also
been developed, which adds a rivet to the Coflex.

The Coflex devices are primarily used for lumbar spinal stenosis (LSS) without
degenerative spondylolisthesis, angular instability, and retrolisthesis. Only a few reports of in
vitro flexibility tests of the Coflex device are available in the literature. Among them, results
regarding the biomechanical effects of the Coflex device at the surgical segment are
inconsistent [56][57][59], especially the stability in lateral bending and axial rotation. The
short-term clinical reports indicated that Coflex could provide physiological motion-sparing
tend to the healthy spinal disc and reduce adjacent segment effect in flexion-extension [5].
However, the long-term outcome of these patients and other motion are still not clear. In
addition, these existing studies are mostly concerning a short-segment analysis focused on the
surgical segment. The effect of Coflex and Coflex-F device on adjacent segments is still not
Clear.

In order to understand the results of initial post-surgery and long-term complication of
segment disease, and effect of implantation on adjacent segments, a number of biomechanical
researches have intervened in evaluating various spinal implants, whether to use of in vitro
experimental test or finite element (FE) analysis. However, in Taiwan, human cadaveric
lumbar spine specimen is difficult to obtain for the experimental study.

Therefore, the first subject was to investigate the biomechanical behavior between the

Coflex and Coflex-F devices at surgical and adjacent segments by using FE analyses on a



five-segment spinal model.

In addition, spinal fusion is a commonly performed surgical procedure to treat serious
degenerative disc disease. In order to provide a stable environment for fusion, the use of
pedicle screw fixation is usually necessary. Recently, the Coflex-F, which has been claimed to
provide stabilization of the posterior spine elements similar to pedicle screw fixation, was
adopted to interbody fusion in minimally invasive surgery.

Therefore, the second subject was to investigate the biomechanical behavior of the
Coflex-F device and pedicle screw fixation, in combination with anterior lumbar interbody
fusion (ALIF) or transforaminal lumbar interbody fusion (TLIF).

All types of interbody fusion approaches are recommended for combination with
traditional bilateral pedicle screw fixation to increase stabilization and fusion rates. In the
evolving surgical trend of minimally invasive spinal surgery, recent authors have employed
TLIF and unilateral pedicle screw: fixation. Besides, some.surgeons purport that the unilateral
pedicle screw fixation may be as effective as bilateral fixation. However, Goel [107] had
compared that unilateral and bilateral pedicle screw fixation by in vitro biomechanics, in vivo
biomechanics, and finite element method. ‘His results showed that unilateral pedicle screw
fixation was less stability than bilateral fixation. Therefore, supplementing the unilateral
pedicle screw fixation using a percutaneous facet screw has been suggested as a means of
stabilizing a TLIF construct employing unilateral pedicle screws. However, the Translaminar
facet screw fixation requires long passage through the lamina for the crossing screws before
they can traverse the facet joint, and necessitating a large surgical field. Recently, the
Coflex-F has been adopted to combine interbody fusion in minimally invasive surgery;
however, the effectiveness of this procedure is still unclear.

The third subject was to investigate the biomechanical characteristics of TLIF combined
with Coflex-F and supplemented with one unilateral pedicle screw fixation and one

translaminar facet screw fixation implanted into the L3-L4 segment in minimally invasive



lumbar fusion.

1.3 Outline

This dissertation is divided into six chapters:

(1) Introduction: this chapter introduces the overview, objectives, and outline of this

@)

3)

(4)

()

dissertation.

Background: this chapter reviews the spine anatomy and biomechanics, spinal pathology
and treatments, decompression, fusion surgery and non-fusion surgery.

Materials and Methods:

1. The first subject includes FE modeling of the five-segment intact lumbar spine, defect

lumbar spine, Coflex implantation, Coflex-F implantation, and Pedicle Screw Fixation

models.

. The second subject includes TLIF and ALIF combined with Coflex-F or with pedicle

screw fixation models.

. The third subject includes TLIF combined-with Coflex-F or with unilateral pedicle

screw fixation and translaminar facet screw fixation models.

Results:

1. The first subject includes data of intact lumbar spine, defect lumbar spine, both

implant models under the Coflex or Coflex-F, and pedicle screw fixation.

. The second subject includes data of intact lumbar spine, TLIF and ALIF combined

with Coflex-F model, TLIF and ALIF combined with pedicle screw fixation model.

. The third subject includes data of intact lumbar spine, TLIF combined with Coflex-F

model, TLIF combined with unilateral pedicle screw fixation and translaminar facet

screw fixation models

Discussion:

1. The first subject finds effect of Coflex and Coflex-F.



2. The second subject finds effect of TLIF and ALIF combined with Coflex-F.
3. The third subject finds effect of TLIF combined with Coflex-F.
4. Model limitations.
(6) Conclusion and Future Work: several topics can be extended from this research is

introduced in this chapter.



Chapter 2 Background

The following sections contain a review of the anatomy of the spine, its biomechanics,
spine pathology and treatments, fusion and non-fusion techniques, clinical outcomes after

interspinous process device, and the characteristics of in vitro tests versus FE simulations.

2.1. Spine anatomy and biomechanics

The spine consists of a curved stack of 33 vertebra divided structurally into five regions
(Figure 2.1). Proceeding from superior to inferior, there are seven cervical vertebrae (C1-C7),
twelve thoracic vertebrae (T1-T12), five lumbar vertebrae (L1-L5), five fused sacrum
vertebrae (S1-S5), and four small fused coccygeal vertebrae. The vertebrae from each region
have similar parts, but the shapes of vertebrae vary considerably from region to region in the
spine. There may be one extra vertebra or one less, particularly in the lumbar region.

Because of structural differences and the ribs, varying amounts of movement are
permitted between adjacent vertebrae in the-cervical, thoracic, and lumbar portions of the
spine. Within these regions, two‘adjacent vertebrae and the soft tissues between them are
known as a motion segment. The motion segment is considered to be the functional unit of the
spine (Figure 2.2).

Each motion segment contains three joints. The vertebral bodies separated by the
intervertebral disc form a symphysis type of amphiarthrosis. The right and left facet joints
between the superior and inferior articular processes are diarthroses of the gliding type that

are lined with articular cartilage.
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Figure 2.1: Vertebral column: Anterior, left lateral and posterior views of the major regions of

the spine [6].



Transverse process
(with intertransverse
ligament)

Vertebral canal
(with spinal cord)

Posterior

longitudinal ~ Anterior
ligament longitudinal
ligament

Interspinous
ligament

Supraspinous
ligament

vertebral

body Cartilaginous

end-plate

Intervertebral i
joint and facet
(wlthl‘capsular Intervertebral
igament; "
g ) disc
Spinous
P Intervertebral
process .
foramen with
Ligamentum nerve root
flavum

Posterior Anterior

Figure 2.2: The motion segment in the lumbar spine, which composed of two vertebrae and

surrounding soft tissue. [7].

2.1.1. Vertebral

A typical vertebra consists of a-body, a hollow ring, and several bony processes, such as
the pedicle, lamina, spinous process, and transverse process, as shown in Figure 2.3(a). Each
vertebral body consists of an outer shell of cortical bone and an inner core of cancellous bone.
The vertical and horizontal structure of bone in the cancellous core is called trabecular bone
(Figure 2.3 b). Most of the compressive force acting down the long axis of the spine is
resisted by the cancellous bone because of its dense network of trabecular bone [8]. In general,

the vertebral size is progressively increased from the cervical region to the lumbar region.
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Figure 2.3: The Shape of a human vertebra: (A) Superior view of the typical lumbar vertebra

[7]. (B) The trabecular structure of a lumbar vertebral body in sagittal section [9].

2.1.2. Intervertebral disc
The intervertebral disc is composed of two parts: the nucleus pulposus and annulus
fibrosus (Figure 2.4). The nucleus pulposus located in the central of each disc which is only
slightly compressible and with 80 % to 88 % water content [10]. In general, the lumbar
nucleus fills 30 % to 50 % of the total disc area in cross-section [11]. The annulus fibrosus
consists of approximately 15-25 concentric lamellae in the circumferential around the nucleus
which contain collagen fibers [12]. The collagen fibers are oriented approximately 30° angle

to the horizontal plane and crisscross to each other in the adjacent lamella. The superior and



inferior cartilaginous endplates cover disc and connect with adjacent vertebrae bodies.

The primary function of the disc is transfer compressive forces evenly from one vertebral
body to the next, while allowing for small-amplitude twisting and sliding movements [13].
The tensile properties of the annulus are stiffer in anterior than the posterolateral regions, with
the outer region being stiffer than the inner regions [14]. The outer lamellae resist excessive
bending and twisting of adjacent vertebrae, while the innermost lamellae are deformable and
normally behave like a fluid. The endplate not only helps to equalize loading of the vertebral

body but also prevents rapid fluid loss from the nucleus [15].
Annulus Nucleus

Nucleus fibrosus pulposus
pulposus Posterior

Spinous
process

annulus
fibrosis

collagen
fibers

Superior view Lateral view

Figure 2.4: In the intervertebral disc, the annulus fibrosus, made up of laminar layers of

criss-crossed collagen fibers, surrounds the nucleus pulposus [7].

2.1.3. Facet joint
The size and angulation of the vertebral processes vary throughout the spinal column
(Figure 2.5). This changes the orientation of the facet joints, which limit ROM in the different
spinal regions. In addition to channeling the movement of the motion segment, the facet joints
assist in load bearing. The facet joints and discs provide about 80 % of the spine’s ability to

resist rotational torsion and shear, with half of this contribution from the facet joints [16] [17].
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Figure 2.5: Orientation of lumbar facet to the transverse plane (left) and the frontal plane

(right) [7].

2.1.4. Spinal ligaments

There are a series of ligaments that are important to the stability of the vertebral column.
Important to the lumbar spine are seven types of ligaments (Figure 2.6): Anterior longitudinal
ligament (ALL) and posterior longitudinal ligament (PLL) are associated with each joint
between the vertebrae. The anterior longitudinal ligament runs along the front and outer
surfaces of the vertebral bodies. The posterior longitudinal ligament runs within the vertebral
canal along the back surface of the vertebral bodies. The ligamentum flavum (LF) is located
on the back surface of the canal where the spinal cord or caude equina runs. The interspinous
ligament (ISL) runs from the base of one spinous process (the projections at the back of each
vertebra) to another. Intertransverse ligament (ITL) and supraspinous ligaments (SSL) run

along the tips of the spinous processes. Joint-related structures called facet capsular ligament
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(CL) also play an important role in stabilization and movement.
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Ligament

Facet
Capsulary .
Ligament Posterior
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Supraspinous

Ligament Anterior

ongitudinal
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Figure 2.6: The major ligaments of the spine [18].

2.1.5. Neural foramen
The segmental spinal nerve roots exit through the intervertebral foramen (Figure 2.2).
The intervertebral foramen is bounded by the pedicles superiorly and inferiorly, and ventrally
and dorsally by two major intervertebral articulations. It is bounded ventrally by the dorsum
of the intervertebral disc and the lateral expansion of the posterior longitudinal ligament.
Foraminal disc herniations can impinge on the exiting nerve root, causing radiculopathy. The
joint capsule of the articular facets and the ligament flavum make up the dorsal boundary of

the intervertebral foramen. The remaining space is composed of loose areolar tissue and fat.

2.1.6. Spinal cord and nerve roots
The spinal cord is a column of millions of nerve fibers that run through spinal canal
(Figure 2.7). It extends from the brain to the area between the end of first lumbar vertebra and
top of second lumbar vertebra. At the second lumbar vertebra, the spinal cord divides into

several different groups of fibers that form the nerves that will go to the lower half of the body.
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For a small distance, the nerves actually travel through the spinal canal before exiting out the
neural foramen. This collection of nerves is called the cauda equina while it is still inside the
spinal canal.

A protective membrane called the dura mater covers the spinal cord. The dura mater
forms a watertight sack around the spinal cord and the spinal nerves. Inside this sack, the
spinal cord is surrounded by spinal fluid.

The nerve fibers in spinal cord branch off to form pairs of nerve roots that travel through
the small openings (foramina) between vertebrae and vertebrae. The nerves in each area of the
spinal cord connect to specific parts of body. This is why damage to the spinal cord can cause
paralysis in certain areas and not others; it depends on which spinal nerves are affected. The
nerves of the cervical spine go to the upper chest and arms. The nerves in the thoracic spine
go to chest and abdomen. The nerves of the lumbar spine then reach to legs, bowel, and
bladder. These nerves coordinate and control all the body's organs and parts, and body

muscles.

Spinal cord
within
spinal canal

disc

Figure 2.7: Spinal Cord and Nerve Roots [19].
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2.2. Spinal pathology and treatments

The functions of spine are to provide the longitudinal weight support, limit excessive
movement, and protect posterior spinal cord. However, the spinal instability may induce due
to several pathological changes, such as degenerative disc disease, spinal deformity, tumor,
infection, trauma, congenital anomaly, inflammatory, etc (Figure 2.8). Thus spinal nerve roots
or spinal cord may be compressed and leading low back pain (Figure 2.9). The first choice of
treatment for low back pain is conservative therapy, such as physical therapy or medication.
When conservative treatments fail, spine surgeons may perform either fusion or non-fusion

surgery, with the arm of reducing pain and decreasing disability [20].

2.2.1. Lumbar spinal stenosis

The most common cause of lumbar spinal stenosis.(LSS) is initial stage of degeneration
intervertebral disc. LSS defined as narrowing of the spinal canal or intervertebral foramina, is
a common cause of pain, numbness, and weakness. Early descriptions of neurogenic
claudication secondary to lumbar stenosis have been attributed to Verbiest [22]. This
syndrome is displayed by radicular pain, which'is exacerbated by standing, walking, and other
positions that place the lumbar spine in extension. A flexed posture improves or relieves the
symptoms. In severe cases, sensory loss or motor deficits are evident. Although several
theories have been postulated to explain the occurrence of these symptoms, the precise
mechanism remains unclear [23]. It is obvious that the pathological progression begins with
degeneration of disc, which finally leads to loss of disc height. Resultant instability may
worsen the spondylosis by inducing facet joint hypertrophy [24]. Furthermore, hypertrophy of
the ligamentum flavum, particularly during extension, contribute to the reduction in size of
the thecal sac limiting the space available for the cauda equine [4].

LSS can be mono-segmental or multi-segmental (Figure 2.10), and unilateral or bilateral.

Anatomically, the stenosis can be classified as central, lateral or foraminal [21]. Depending on
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the degree of degeneration, central, lateral and foraminal stenosis can occur alone or in
combination. The L4-L5 spinal discs are most frequently affected by LSS, followed by L3-L4,
L5-S1, and S1-S2 [25]. Degeneration of disc often causes a protrusion, which leads to ventral
narrowing of the spinal canal (Figure 2.11). As a consequence of disc degeneration, the height
of intervertebral space is reduced, which causes the intervertebral foramina to narrow
(foraminal stenosis), exerting strain on the facet joints. Such an increase in load can lead to
facet joint arthrosis, hypertrophy of the joint capsules and the development of expanding joint
cysts (lateral stenosis), which in combination propagate spinal instability [25][26]. The
reduced height of the segment leads the ligamentum flavum to form creases, which exert
pressure on the spinal dura from the dorsal side (central stenosis). Concomitant instability due
to loosened tendons (ligamentum flavum) further propagates preexisting hypertrophic changes
in the soft tissue and osteophytes, creating the characteristic trefoil-shaped narrowing of the

central canal [25]-[33].

Figure 2.8: The radiograph shows the spinal instability [21].
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Figure 2.10: Multi-segmental lumbar spinal stenosis at L3-L5 segment [25].
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Figure 2.11: Pathoanatomical illustration of lumbar spine stenosis [25].
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2.2.2. Conservative therapy

The conservative treatment of LSS comprises a wide variety of methods, such as
ergotherapy, physical therapy, behavioral therapy, girdles, acupuncture, manual therapy and
pharmacological intervention. Few studies have been conducted to demonstrate the
effectiveness of conservative therapy in treating LSS, although those that reported had success
rates of up to 70 % [25][34]-[36]. However, none of the available studies provide sufficient
data to support the effectiveness, or any one of the wide range of conservative treatments [37].
In the absence of evidence-based clinical guidelines, multidisciplinary approach should be

given preference over a significant therapy [38][39].

2.2.3. Decompression surgery

In patients in whom severe symptoms persist-and functional impairment develops,
surgery is the recommended option. Decompression surgery used in LSS aim to decompress
the neural elements, without occur instability of the segment. Such decompression surgery
usually leads to relief of pain in the legs and low back pain [41]. Decompressive surgical
procedures include laminectomy and hemilaminectomy, hemilaminotomy, fenestration, and
foraminotomy [40]. The complication rates for decompression surgery range from 14 % to 35
% or more [42]-[45]. Typical complications of decompression surgery include inadequate
decompression with significant residual stenosis, instability of segment, renewed nerve
compression, and reossification. All of these complications result in renewed nerve
compression [44]-[47].

Decompression surgery may cause as mentioned above if weight bearing structures are
compromised. Therefore, instrumented is necessary when preexisting or surgically induced
instability is present. Pedicle screw instrumentation is a popular method of strong fixation to
achieve stabilization rate (Figure 2.12). For stabilization of one spinal functional unit, four

pedicle screws are usually used.
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However, the use of pedicle screws is technically demanding and associated with certain
risks. Complications were divided into three categories: 1. Infections: deep infections. 2.
Neurological complications: postoperative neurapraxias or permanent neurological disorders.

3. Implant failures: malposition, breakage or loss of correction [49].

Figure 2.12: Pedicle screw instrumentation [50].

2.2.4. Non-fusion surgery

Two such technological strategies have emerged for managing lumbar stenosis in a
dynamic manner, such as interspinous process device [51] and dynamic pedicle screw system.
Interspinous process device are inserted between the spinous processes of the lumbar spine,
and generally speaking, attempt to reduce neural compression by preventing lumbar extension,
distracting across the intervertebral disc, or promoting lumbar flexion. Dynamic pedicle screw
systems utilize a non-rigid means of connecting otherwise standard pedicle screws that
nevertheless allow for distraction across the intervertebral disc or regulate the amount of
intervertebral flexion through band technology.

The basic rationale of interspinous process device for inserting an implant between the

lumbar spinous processes as a treatment for stenosis is that the symptoms of neurogenic
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claudication are often relieved with the lumbar spine in the flexed position, and worsened in
extension. Conceptually, a device that induced some flexion of the motion segment would
increase the caliber of the spinal canal and the intervertebral foramen. Furthermore, if such a
device merely prevented extension, it could minimize the narrowing of the spinal canal and
foramen observed with extension. Additionally, and interspinous process device might also
provide for some degree of distraction which could unload both the facet joints and
intervertebral discs, potentially reducing back pain. Finally, on a practical note, the ability to
access the interspinous area with a small incision and minimal paraspinal muscle stripping
implies that the implantation of such a device could be performed in much less traumatic way
than current decompression techniques. The interspinous process device can be called the
non-fusion surgery is to restore normal:physiological motions, or to allow restrained motions
within a certain range, through various' mobile non-fusion devices that aim to avoid or
alleviate adjacent segment disease:.

Four such interspinous process:devices have been designed and are currently available:
the Coflex (Paradigm Spine, Wurmlingen, Germany), the Wallis (Abbott spine, Bordeaux,
France), the Diam (Medtronic, Tolochenaz, Switzerland), and X-Stop (Medtronic, Tolochenaz,
Switzerland). As a general note, at the time of this writing, the four devices described here are
in various stages of clinical development.

(1) X-STOP

The X-STOP consists of a titanium oval spacer with two lateral wings to prevent lateral
migration (Figure 2.13). It is inserted into the interspinous space without disruption of the
interspinous ligament. A biomechanical study demonstrated that the force required to insert
the device in the appropriate position is 4.5 times less than the force required to break off the
spinous process with the device placed too caudally or cranialy, suggesting that the device
insertion is relatively safe. The body of biomechanical and clinical literature for the X-STOP

far exceeds that of the other devices and as such it is described in the most detail here. It has
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been formally evaluated in patients with computed tomography or MRI confirmed lumbar
stenosis who complained of leg, buttock, or groin pain relieved by flexion, with or without
back pain. In one article, it is speculated that the implant may confer some benefit to patients
with pressure-related discogenic back pain, under the hypothesis that the implant provides
some distraction and thus decreases pressure within the intervertebral disc.

(2) Wallis

The Wallis system consists of an interspinous blocker made from PEEK
(Polyetheretherketone) with two woven Dacron ligaments which wrap around the caudal and
cranial spinous processes (Figure 2.14). The interspinous ligament is removed and the Dacron
ligaments are inserted around the caudal and cranial spinous processes. At the end of the
procedure, the interspinous ligament .is repaired. The designer of this device advocates the
following indications for its implantation: recurrent disc herniation after primary discectomy,
primary discectomy for voluminous herniated disc, discectomy for herniation of a transitional
disc segment, disc degeneration adjacentto a previous fusion, and isolated Modic | lesion
leading to chronic low back pain.

(3) DIAM

The DIAM for intervertebral assisted motion, is an interspinous implant that consists of a
silicone core surrounded by a polyester outer mesh which is secured to the cephalad and
caudal spinous processes by two polyester tethers (Figure 2.15). These tethers are inserted
through the interspinous processes using attached steel needles and then are secured to the
device by means of two titanium crimps.

(4) Coflex and Coflex-F

The Coflex device is made of titanium. It was originally developed as an interspinous
U-shaped and is placed between two adjacent spinous processes (Figure 2.16) [52][53][54].
After implantation, the lateral wings are crimped towards the spinous processes to improve

fixation. The U-shaped structure is designed to allow the lumbar spine to have controlled
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movement in forward and backward bending. To improve stability in all motions, a modified
version called the Coflex-F (Coflex rivet) has also been developed, which adds a rivet to the

Coflex [56].

TR

Figure 2.13: X-STOP [55] Figure 2.14: Wallis [55]

Figure 2.15: DIAM [55]

Figure 2.16: Coflex and Coflex-F [56].
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Recently, many studies have evaluated the biomechanical behaviors of the Coflex and
Coflex-F devices. Tsai [57] used cadaveric lumbar L4 and L5 segments with implanted Coflex
device to examine their biomechanical behavior, and the results showed that the implanted
Coflex device can provide stability for the lumbar spine in flexion-extension and axial
rotation, except in lateral bending. Kong [58] reported 1-year follow-up outcomes after
Coflex device implantation and traditional fusion for degenerative spinal stenosis. The results
indicated that both the Coflex device and traditional fusion reduced the range of motion
(ROM) at the surgical segment, but fewer effects were found at the adjacent segments with
the Coflex device as compared with the increasing ROM with traditional fusion. Kettler [56]
compared the Coflex and Coflex-F devices using biomechanical experiments and found that
both implants had strong stability intextension. However, the Coflex implant could not
compensate the instability in flexion, lateral ‘bending, and axial rotation as well as the
Coflex-F did. Wilke [59] examined the biomechanical effects of different interspinous process
devices for flexibility. The Coflex device had the best stabilizing effect in extension but poor
stability in flexion. In lateral bending and axial rotation, the Coflex device had neither a
stabilizing nor a destabilizing effect. Inconsistent results regarding the biomechanical effects
of the Coflex device have been shown in previous studies. In addition, these studies are
mostly a short-segment analysis focused on the surgical segment. The effect of the Coflex
device and the Coflex-F device on adjacent segments is still not clear.

Therefore, the first subject was to investigate the biomechanical differences between the
Coflex device and the Coflex-F at surgical and adjacent segments by using finite element (FE)
analyses on a five-segment spinal model. In addition, the study also compared these two

interspinous process implantations with pedicle screw fixation.
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2.2.5. Fusion surgery

Fusion surgery is needed in cases of severe degeneration disc, instability (rotational or
vertical mobility of the vertebral body >3 mm), spondylolisthesis (>5 mm forward movement
of a lumbar vertebra relative to one below) or scoliosis (lateral curvature of the spine) >20°,
because instability can make nerve root compression. Success rates for decompression
surgery in cases of LSS range from 40-90 % in the literature and depend on a wide variety of
factors such as type of decompression, duration of follow-up, age of patients and
co-morbidities [60]-[67].

Spinal fusion is defined as a bony union between two vertebrae spaces following surgical
manipulation [68], and aims to completely eliminate movement by the motion segment
(Figure 2.17). It is an effective technique for treating degenerative spinal instability, and the
final goal of the procedure is to restore disc height, enlarge the stenotic foramen, and support
the anterior spinal column. In general, bone grafts-are. placed into the interface between
vertebral bodies to maintain”disc height“and to accelerate bone growth into neighboring
vertebrae. These bone grafts may-be.autografts, allografts or synthetic materials which can be

adopted from fibulae, illia, the iliac crest, or ribs.

Figure 2.17: This radiograph demonstrates a solid bony union between L3 and L4 [69].
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The most common surgical techniques for the insertion of a spinal cage can be classified
as the anterior lumbar interbody fusion (ALIF) approach, posterior lumbar interbody fusion
(PLIF) approach, and transforaminal lumbar interbody fusion (TLIF) approach. In general, the
ALIF approach includes the removal of the ALL, the anterior portions of the disc annulus, and
the nucleus before implanting an interbody fusion cage (Figure 2.18; black arrow) [70]. For
the PLIF approach, a partial laminectomy, discectomy and nucleotomy are performed, which
includes the removal of the ISL, SSL, LF, posterior portions of the disc annulus, and the total
nucleus. In addition, a certain portion of the facet joint can be removed to give the nerve roots
more space (Figure 2.18; red arrow) [71]. Recently, the TLIF approach has been proposed and
modified from the PLIF method to provide a minimally invasive surgical technique. After the
spine is approached, an inferior hemi-laminectomy and a unilateral facectomy are performed

(Figure 2.18; blue arrow) [72].

ALIF

Figure 2.18: Common surgical techniques for insertion of a spinal cage. The black arrow
indicates the ALIF approach, the red arrow indicates the PLIF approach, and the blue arrow
indicates the TLIF approach.

The spinal interbody fusion cage can replace the degenerative disc and distension the
intervertebral body, thus restoring physiological disc height. In general, there are several

features of this device (Figure 2.19). First, the spinal fusion cage is made of a variety of
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biocompatible materials, including stainless steel, titanium alloy, carbon fiber-reinforced
polymer (CFRP), and polyetheretherketone (PEEK) [73]. Due to the high mechanical strength
of these materials, a spinal interbody fusion cage can provide better longitudinal support than
a traditional bone graft, without causing collapse. Second, rough or specific designs can be
found on the contact surfaces of spinal cages. In order to prevent cage slippage, rough contact
surfaces, saw teeth, spikes or threads have been designed to increase stability between fusion
devices and endplates. Third, these implants are usually designed to be hollow, with small
pore or openings on the wall. These hollow cages can be filled with bone grafts to promote
bone growth. Furthermore, only small amounts of cancellous bone are required, because there
is no longer need for the cubic graft to be a spacer. The small pores and openings on the wall
allow the growth of bone through the.cage, resulting in bony fusion. Therefore, spinal fusion
cages can avoid donor site morbidity and increase fusion. rates.

Currently, many kinds of spinal cage designs are available on the market, which can be
classified by the various surgical approaches used in their implantation. Large single lumbar
cage designs are used for the ALIF procedure (Figure 2.19 A). Some paired cage designs are
used strictly for PLIF procedures (Figure 2.19 B). In addition, some specific shapes of cages
are designed for minimally invasive surgical techniques such as the TLIF procedure (Figure
2.19 C).

All types of interbody fusion approaches are recommended for combination with
traditional posterior pedicle screw fixation to increase stabilization and fusion rates (Figure
2.20). A pedicle screw is a device composed of rods and screws contoured to restore lumbar

lordosis and disc height, and can be used for unilateral or bilateral pedicle screw fixation.
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(A) (B)

Figure 2.19: Various lumbar interbody fusion cages: (A) SynCage-Open (Synthes Spine, Inc.,

Mathys Medical Ltd., Bettlach, Switzerland); (B) O.1.C. (Stryker Spine, Mahwah, New Jersey,
USA); (C) AVS-TL (Stryker Spine, Mahwah, New Jersey, USA).

The fusion is very successful in the treatment of deformity as well as degenerative
conditions of the lumbar spine. Fusion provides stabilization of the spine, protection of neural
elements, maintenance of neural decompression. However, the use of pedicle screws is
technically demanding and associated with certain risks. Typical complications of pedicle
screws surgery include infections, neurological risk and implant failures [49].

Recently, the Coflex-F (Figure 2.21), which has been claimed to provide stabilization of
the posterior spine elements similar to pedicle screw fixation, was adopted to interbody fusion
in minimally invasive surgery. The Coflex-F spacer is an interspinous process device with
rivets modified from the original Coflex device. The rivets joining the wings of the Coflex

device and the spinous processes allow for rigid attachment to the posterior element. It retains
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the advantages of interspinous process implants and minimally invasive surgery, such as
sparing tissue, preserving pedicle anatomy, minimizing muscle trauma, blood loss, skin

incisions, and operating time, thus speeding patient recovery.

coflex-F™ ig

Figure 2.21: Coflex-F device [75].

Therefore, the second subject was to investigate the biomechanical behavior of the
Coflex-F device and pedicle ‘screw fixation, in_combination with ALIF or TLIF in fusion
surgery. In addition, Because of the PLIF surgical process needed to remove parts of the
lamina bone and spinous process. to. get approach. which may make the Coflex-F cannot
implant in the interspinous process.

All types of fusion surgery approaches are recommended for combination with
traditional pedicle screw fixation to increase stabilization and fusion rates. A pedicle screw
can be used for unilateral or bilateral pedicle screw fixation. Unilateral pedicle screw fixation
was used with the TLIF surgery to provide stability in minimally invasive surgery, but the
asymmetric construct will result in spine segment destabilization and a decrease in spine
stiffness. Therefore, supplementation of a translaminar facet screw is recommended to
increase stability of TLIF combined with unilateral pedicle screw fixation (Figure 2.22) [76].
However, the Translaminar facet screw fixation requires long passage through the lamina for
the crossing screws before they can traverse the facet joint, and necessitating a large surgical

field [77][78][79].
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The Coflex-F has been adopted to combine interbody fusion in minimally invasive
surgery; however, the effectiveness of this procedure is still unclear.

The third subject was to investigate the biomechanical characteristics of TLIF combined
with Coflex-F and supplemented with one unilateral pedicle screw fixation and one
translaminar facet screw fixation implanted into the L3-L4 segment in minimally invasive

lumbar fusion.

Figure 2.22: unilateral pedicle screw fixation'and translaminar facet screw fixation [76].
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Chapter 3 Materials and Methods

3.1 Coflex and Coflex-F in non-fusion surgery

The first subject of following sections includes FE modeling and simulation technique of
this study. Five FE models of the lumbar spine were constructed for this study. The first model
was the intact lumbar spine. The other four models were the defect lumbar spine, the defect
lumbar spine combined with Coflex, defect lumbar spine combined with Coflex-F, and defect

lumbar spine combined with pedicle screw fixation.

3.1.1 FE model of intact lumbar spine (Intact model)

To create a three-dimensional FE model, computed tomography scan DICOM files of
the L1 to L5 lumbar spine of a middle-aged male were obtained at 1-mm intervals. The
commercially available visualization software-Amira 3.1.1 (Mercury Computer Systems, Inc.,
Berlin, Germany) was used to describe cross-section contours of each spinal component in
accordance with gray scale value (Figure 3.1). Then, the three-dimensional surface
geometries were constructed through sequential-processed cross-section contours as shown in
Figure 3.2 A. Each spinal component was exported as a Drawing eXchange Format (DXF)
file and converted to the Initial Graphics Exchange Specification (IGES) file as shown in
Figure 3.2 B. The FE analysis software ANSYS 9.0 (ANSYS Inc., Canonsburg, PA) was used
to reconstruct the FE model by converting the IGES file to ANSYS Parametric Design
Language (APDL) code in Figure 3.2 C. The INT model was an osseo-ligamentous lumbar
spine, which included the vertebrae, intervertebral discs, endplates, posterior bony elements,
and all seven ligaments (Figure 3.3 A).

An eight-node solid element (SOLID185) was used for modeling the cortical bone,
cancellous bone, posterior bony element, cartilage endplate, and annulus ground substance.

The cortical bone and cancellous bone were assumed to be homogeneous and transversely
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isotropic [81]. The posterior bony element and cartilage endplate were assumed to be
homogeneous and isotropic [82]. The intervertebral disc consisted of annulus ground
substance, nucleus pulposus and collagen fibers embedded in the ground substance. The
nonlinear annulus ground substance was simulated by using a hyper-elastic Mooney-Rivlin
formulation [83][84]. The collagen fibers simply connected between nodes on adjacent
endplates to create an irregular criss-cross configuration. These irregular angles of collagen
fibers were oriented within the range of the Marchand’s [85] study. In the radial direction,
twelve double cross-linked fiber layers were defined to decrease elastic strength
proportionally from the outermost layer to the innermost. Therefore, the collagen fibers in
different annulus layers were weighted (elastic modulus at the outermost layers 1-3: 1.0,
layers 4-6: 0.9, layers 7-9: 0.75, and at the innermost layers 10-12: 0.65; cross sectional areas
at the outermost layers 1-3: 1.0, layers 4-6: 0.78, layers 7-9: 0.62, and at the innermost layers
10-12: 0.47) based on previous studies [86][87]. The nucleus pulposus was modeled as an
incompressible fluid with a“bulk modulus of 1666.7 MPa by eight-node fluid elements
(FLUID80) [81]. The 43 % of the cross-sectional area.in the disc was defined as the nucleus,
which was within the range of the study by Panagiotacopulos (30-50 %) [88] Therefore,
approximately 47 % to 49 % disc volume was assigned to nucleus pulposus. All seven
ligaments and collagen fibers were simulated by two-node bilinear link elements (LINK10)
with uniaxial tension resistance only, which were arranged in an anatomically correct
direction [89]. The cross-sectional area of each ligament was obtained from previous studies
[82][87][90][91], and material properties of the spine are listed in Table 3.1. The facet joint
was treated as having sliding contact behavior using three-dimensional eight-node
surface-to-surface  contact elements (CONTA174), which may slide between
three-dimensional target elements (TARGEZ170). The coefficient of friction was set at 0.1[92].
The initial gap between a pair of facet surfaces was kept within 0.5 mm as shown in Figure

3.3 (b) [81]. The stiffness of the spinal structure changes depending on the contact status, so
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the standard contact option in ANSYS was adopted to account for the changing-states
nonlinear problem in this study. In addition, the element’s shape will change after applying
bending moments, thus changing the individual element stiffness. Therefore, the large
displacement analysis option in ANSYS was chosen to solve this geometric nonlinear

problem. The INT model consisted of 84,584 elements and 94,162 nodes [93][94].

Figure 3.1: Each spinal component was selected from computed tomography scan DICOM

file to create material-related contours.
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(©)
Figure 3.2: Modeling process of the L3 vertebra: (A) surface geometries of vertebra were

reconstructed through sequential processed computed tomography scan DICOM file; (B)

surface geometry was exported to the DXF file; (C) FE model of the L3 vertebra.
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Figure 3.3: Finite element model of the L1 to L5 segments is shown: (A) intact model; (B)

transverse views of facet joint curvature and gap.
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Table 3.1: Material properties used in the FE model

Material Element type Young’s Poisson’s ~ Area References
modulus ratio (mm?)
(MPa)

Vertebral

Cortical 8node-Solid 185  E,=11300 V x,=0.484 - [81]

E,~11300  ,,=0.203
E,=22000 v ,=0.203

G4=3800
G,=5400
G,=5400
Cancellous 8node-Solid 185  E,=140 V x=0.45 - [81]
E,=140 V «,=0.315
E,=200 Vy,=0.315
Gy=48.3
G,=48.3
G,=48.3
Posterior bony element ~ 8node-Solid 185 » » 3500 0.25 - [81]
Disc
Nucleus pulposus 8node-Fluid 80 1666.7 - - [81]
Annulus Ground substance 8node-Solid185 - €1,=0:42 - - [83][84]
C01=0.105
Annulus fibers 2node-Link 10 [86][87]
Outmost (1-3 layers) 550 - 0.76
Second (4-6) 495 - 0.5928
Third (7-9) 412:5 - 0.4712
Innermost (10-12) 357.5 - 0.3572
Cartilaginous endplates ~ 8node-Solid 185 24 0.4 - [81]
Ligaments” 2node-Link 10 [82][87][90]
ALL 7.8 - 24 [91]
PLL 10 - 14.4
TL 10 - 3.6
LF 15 - 40
ISL 10 - 26
SSL 8 - 23
CL 7.5 - 30

*ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; TL, transverse
ligament; LF, ligamentum flavum; ISL, interspinous ligament; SSL, supraspinous ligament;
CL, capsular ligament.
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In order to get reliable data, convergence test were conducted. Three mesh densities
(coarse model: 4,750 elements / 4,960 nodes; normal model: 27,244 elements / 30,630 nodes;
finest model: 112,174 elements / 94,162 nodes) were selected to test ROM in the intact model
(Figure 3.4). The boundary and loading conditions of the test were that the inferior surface of
L5 vertebra was fixed, and 10 N-m moment and a 150 N preload were applied to the superior
surface of L1 vertebra.

Compared with normal model and finest model, the variation of ROM was within 1.03%
in flexion (less than 0.2°), 4.39% in extension (less than 0.5°), 0.01% in axial rotation (less
than 0.2°), and 0.001% in lateral bending (less than 0.1°). From the simulation results, the
normal model only required fewer computational times to complete. However, several contact
surfaces in facet joint have stress concentration owed to the lower smooth geometry for fewer

elements and nodes. Therefore, the finest mesh density was selected in this study.
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Figure 3.4: Convergence test of the intact model: (A) three mesh densities were selected; (B)

result of motion changes under flexion; (C) result of motion changes under extension; (D)

result of motion changes under axial rotation; (E) result of motion changes under lateral

bending.
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3.1.2 FE model of Coflex implanted into the L3-L4 segment (Coflex model)

This model was a defect model implanted with the Coflex device at the L3-L4 segment.
The defect model was used to simulate decompression and instability by cutting the
ligamentum flavum, the facet capsules, and 50 % of the inferior bony facet bilaterally at the
L3-L4 segment [55][57]. The process is designed to remove a small portion of the bone to
give the nerve root more space and prevents nerve compression. In addition, the supraspinous
ligaments and interspinous ligaments had to be resected before insertion.

The Coflex device is available in five sizes from 8 mm through 16 mm in 2-mm
increments. The most suitable size of Coflex device was chosen based on the patient’s lumbar
spine. In this study, a height of 14 mm was the best fit to our FE model. The geometry of the
Coflex device was re-created by CAD.software from the real product and then transferred into
the ANSY'S software to construct the Coflex FE model. To implant the Coflex device (Figure
3.5 A), part of the L3-L4 interspinous process was removed to provide sufficient space into
which the Coflex could be placed between the interspinous processes. The surface between
the spinous processes and the wings of the Coflex -was modeled as a surface-to-surface
contact. The effect of teeth on the wings of the Coflex device was simplified by assigning a
higher coefficient of friction (0.8) to the wing contact area (Figure 3.5 A, yellow region), and
the coefficient of friction for the rest of the contact regions was set to 0.1 (Figure 3.5 A, red
region). The higher coefficient of friction (0.8) was used in the contact interface to prevent
device slip motion [86]. The material used for the Coflex device was Ti-6Al-4V alloy. The

Young’s modulus and Poisson’s ratio were respectively assigned to be 113 GPa and 0.3.

3.1.3 FE model of Coflex-F implanted into the L3-L4 segment (Coflex-F model)
This model was a defect model implanted with the Coflex-F device at the L3-L4 segment.
The defect model was used to simulate instability by cutting the ligamentum flavum, the facet

capsules, and 50 % of the inferior bony facet bilaterally at the L3-L4 segment [55][57]. In
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addition, the supraspinous ligaments and interspinous ligaments had to be resected before
insertion.

The Coflex-F differs from the original Coflex implant by adding two rivets joining the
wings and spinous processes (Fig 3.5 B). The effect of the teeth on the wings of the Coflex-F
was also simplified by assigning a higher coefficient of friction (0.8) to the wing contact area
(Fig 3.5 B, yellow region), and the coefficient of friction for the rest of the contact regions
was set to 0.1 (Figure 3.5 B, red region). The rivets were simplified as cylinders and were
constrained to both holes on the wings of the Coflex and the spinous processes in all degrees
of freedom (The degrees of freedom of rivet nodes are interpolated with the corresponding
degrees of freedom of the nodes on the Coflex and spinous processes during the execution of
ANSYS program). The material used. for the Coflex-F was a Ti-6Al-4V alloy. The Young’s

modulus and Poisson’s ratio were respectively assigned to be 113 GPa and 0.3.

3.1.4 FE model of bilateral pedicle screw fixation into the L3-L4 segment (Pedicle screw
fixation Model)

This model was a defect model implanted with pedicle screw fixation at the L3-L4
segment. The difference between the pedicle screw fixation model and the above implantation
models was that the pedicle screw fixation model preserved the supraspinous ligaments and
interspinous ligaments (Figure 3.5 C). The pedicle screw fixation consisted of two rods
(diameter, 4.5 mm) and four pedicle screws (diameter, 6 mm). The pedicle screws were
inserted through the pedicles of the L3 and L4 vertebrae bilaterally. The pedicle screws were
simplified as cylinders. The screw-bone interfaces were assigned to be fully constrained. The
material used for the pedicle screws was Ti-6Al-4V. The Young’s modulus and Poisson’s ratio

were assigned to be 113 GPa and 0.3, respectively.
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Figure 3.5: Finite element models of the L1-L5 lumbar spine: (A) defect model implanted
with Coflex at L3-L4 segment (Coflex model); (B) defect model implanted with Coflex-F at
L3-L4 segment (Coflex-F model); (C) defect model implanted with bilateral pedicle screw

fixation(pedicle screw fixation model).

3.1.5 Boundary and loading.conditions

(1) Follower load

For the preload method, traditional vertical preloads are unable to support the kinematics
study of long lumbar spine specimens under higher physiological compressive loads because
the spine without active musculature buckles under just 120 N of vertical preload (Figure 3.6
A) [95][98].

Patwardhan et al. [95] proposed a follower load to mimic the more realistic physiological
compressive loads seen in vivo (Fig 3.6 B). This consists of a compressive load applied along
a follower load path that approximates the tangent to the curve of the lumbar spine, thus
subjecting the whole lumbar spine to nearly pure compression. Besides follower load, there
are several methods have been presented for mimicking the role of muscles.

In this study, the follower load was adopted and simulated at each motion segment in the
model through the use of two-node thermal link elements(Figure 3.6 C). The 400 N

compressive follower load was applied to each motion segment through induced contraction
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in these link elements by decreasing the temperature [99][100]. The link elements were
attached near the centers of each vertebral body such that each element spanned the mid-plane
of the discs. With these arrangements, a nearly ideal follower load was constructed, which
remains tangent to the spine curve, and each spinal segment would be loaded in nearly pure

compression without artifact motions.

"Curve of the —>

Lumbar Spine”, L1  Center of
_——Rotation
L2
Follower
Load
L3
N
4 L4
L5
B

Figure 3.6: (A) Illustration of traditional vertical preloads [95]; (B) Illustration of follower

load [95]; (C)-Intact lumbar spine model with follower load.

(2)Validation of intact lumbar spine model with follower load

For the follower load model validation, the ROM of the intact model under different
loading moments was compared to Rohlmann’s [101]in vitro cadaveric study. Under 7.5 N-m
moments without preload and with a 280 N follower load, the total ROM of five segments
lumbar were within one standard deviation in flexion-extension, axial rotation, and lateral
bending. The results are shown in Figure 3.7. The present model was verified for further

simulations.
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Figure 3.7: Range of motion (ROM) calculated for the L1-L5 segments of intact lumbar spine

is compared to previous in vitro experiments. Intact lumbar spine without follower load (Left);

intact lumbar spine with follower load (Right).

(3) Hybrid test method
The hybrid test method was first introduced by Panjabi in 2002 [102]. This approach

applies different pure moments to each:of the spinal constructs, and then the same overall

ROMs are achieved for both intact and implant. models. The detailed description about this
method has been presented in 2007 (Figure 3.8) [103]. The four steps of the Hybrid test

method are described in detail as below.

1.

First, the specimen and its preparation. In order to reveal characteristic of motion
re-distribution, whole mobile region should be tested. Therefore, the specimen of a
T12-S1 long segment is recommended for'in vitro test.

Second, intact spine test. The traditional load control method is used for testing intact
lumbar spine, and the specimens should not cause of injury during the test. Then, the
total ROM of intact lumbar spine is measured.

Third, spinal construct test. The spinal construct (specimen with a fusion and/or a
non-fusion device) is subjected to increasing pure unstrained moment until the total
ROM of the construct equals the ROM of the intact measured under the load control
method (step 2).

Fourth, data analysis. In order to evaluate adjacent segment effects, the increase in
ROM or other biomechanical parameters at a non-operated spinal segment should be

measured.

Goel et al. [104] indicated that, in real life, people bend their spines within a similar,

limited ROM regardless of whether their spine is healthy or has undergone spinal surgery. In
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addition, the patient’s main aim following surgery is to go back to normal daily life. Thus, the
surgically treated spine should be able to go through the same ROM as in a normal person.
Therefore, they suggested that the spinal construct should be tested under the same ROM and
the hybrid test method should be more clinically relevant.

In this study, by applying bending moments from the hybrid test method, a 400 N
follower load was first applied on the superior surface of the L1 vertebra, and then a moment
of 30 N-m was applied incrementally by 1 Nm in 30 loading steps. Therefore, the resultant
total ROMs of the implantation models (L1 to L5) under different moments would match the
total ROMs of the intact lumbar model which was subjected to 10 N-m loadings according to
the in vitro study of Yamamoto et al.[105]. The detailed total lumbar ROMs of the intact
model under the hybrid test method are 16.37° in.flexion, 10.75° in extension, 15.27° in right
lateral bending, and 8.44° in right axial rotation. These. ROMs are a baseline with which to
match the total lumbar motion among the intact-and implantation models under the hybrid test
method (Table 3.2). The resulting deviation of ROMs among the three FE models were
controlled to within 0.64° in flexion, 0.14° in extension, 0.63° in right lateral bending, and

0.22° in right axial rotation.
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Figure 3.8: Illustration of the Hybrid test method. (A) Whole spine specimen with various
transducers and markers to monitor biomechanical parameters of interest. (B) Appropriate
unconstrained pure moment is. applied to the intact specimen to produce physiological
motions. Resulting main total.range of motion (TROMynisct) is recorded. (C) Unconstrained
pure moment is applied to the spinal construct produce main total range of motion
TROMconstruct €qual to TROMygtact. [103]
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Table 3.2 Intervertebral range of motion and applied moment among the intact, defect, and

implantation models under the hybrid test method.

ROM (degree) Total lumbar ROM(degree)
Model L1.L2 L2183 L3L4 L4L5 (L1-L5) Moment(Nm)
Intact 3.66 3.78 3.82 5.11 16.37
Defect 3.62 3.75 4.32 5.05 16.74 10
Coflex 3.49 3.63 4,14 4.84 16.10 10
Coflex-F 4.33 4.47 1.87 6.01 16.68 12
Pedicle screw fixation 4,51 4.67 1.23 6.31 16.72
Intact 2.70 2.47 2.30 3.27 10.74
Defect 2.37 2.05 3.75 2.61 10.78 8
Coflex 3.36 3.06 0.68 3.89 10.99 14
Coflex-F 3.36 3.08 0.54 3.92 10.90 14
Pedicle screw flxatlon 3.24 2.93 0.22 411 10.50
Intact 3.69 3.59 3.67 4.32 15.27
Defect 3.69 3.62 3.69 4.33 15.33 10
Coflex 3.72 3.65 3.39 4.34 15.10 10
Coflex-F 3.78 3.70 3.01 4.43 14.92 10
Pedlcle screw flxatlon 4.41 4.17 1.74 5.23 15.55
Intact 1.81 1.90 2.23 2.50 8.44
Defect 1.83 1.92 2.26 2.52 8.53 10
Coflex 1.80 1.86 2.13 2.53 8.32 10
Coflex-F 1.80 1.86 2.12 2,53 8.31 10
Pedicle screw fixation 2.17 2.08 1.33 2.79 8.37 13
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3.2 Coflex-F in fusion surgery

The second subject of following sections includes FE modeling and simulation technique
of this study. The first model of second subject was the intact lumbar spine same first subject
(3.1.1) model. The other five models were the TLIF or ALIF combined with Coflex-F and

TLIF or ALIF combined with bilateral pedicle screw fixation.

3.2.1 FE model of TLIF combined with Coflex-F (Coflex-F + TLIF model)

The intact model was modified to a TLIF model by implanting an AVS-TL cage (30 mm
width x 11 mm depth x 21 mm height; Polyetheretherketon (PEEK); Stryker Orthopaedics)
(Figure 3.9 E) between the L3 and L4 vertebrae. To simulate the standard TLIF procedure,
unilateral total facetectomy and partial discectomy were performed at the L3-L4 segment. The
left facet joint, ligamentum flavum, and partial disc were removed, but the posterior elements,
contralateral facet joint, supraspinous ligaments, and-interspinous ligaments were preserved.
The cage-bone interface was modeled by-surface-to-surface contact elements to simulate the
early postoperative stage after spinal implantation. These contact elements were able to
transmit compression, but not tension. The coefficient of friction at the cage-bone interface
was set at 0.8 to mimic the effect that the cage’s small teeth have on contact surfaces. The
higher coefficient of friction (0.8) was used in the contact interface to prevent device slip
motion [86]. The Young’s modulus and Poisson’s ratio of AVS-TL cage were assigned to be
3.5 GPa and 0.3, respectively.

The TLIF model was again modified to implant the Coflex-F device between the L3 and
L4 vertebrae to complete the Coflex-F combined with TLIF model, requiring the removal of
supraspinous ligaments and interspinous ligaments (Figure 3.9 A). The Coflex-F is available
in five sizes from 8-16 mm in 2 mm increments. In this study, the optimal height for the FE
model was 14 mm. Part of the L3-L4 interspinous process was removed to provide sufficient

space for implanting the Coflex-F between the interspinous processes. The surface between
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the spinous processes and the wings of the Coflex-F was modeled as a surface-to-surface
contact. The effect of the teeth on the wings of the Coflex-F was simplified by assigning a
higher coefficient of friction (0.8) to the wing contact area (Figure 3.9 G, yellow region), and
the coefficient of friction for the rest of the contact regions was set at 0.1 (Figure 3.9 G, red
region). The rivets were modeled as cylinders (diameter = 2.8 mm) and were constrained to
both holes on the wings of the Coflex-Fand the spinous processes in all degrees of freedom
(The degrees of freedom of rivet nodes are interpolated with the corresponding degrees of
freedom of the nodes on the Coflex and spinous processes during the execution of ANSYS
program). The Coflex-F was constructed using Ti-6Al-4V alloy. The Young’s modulus and

Poisson’s ratio were assigned to be 113 GPa and 0.3, respectively.

3.2.2 FE model of ALIF combined with Coflex-F (Coflex-F + ALIF model)

The intact model was modified to an ALIF model by implanting a SynCage-Open cage
(Figure 3.9 F) (30 mm width X 24 mm depth x 21 mm height; Titanium alloy; Synthes spine,
Inc.) between the L3 and L4 vertebrae. To simulate the standard ALIF procedure, the L3-L4
segment of the intact model underwent partial discectomy and total nuclectomy by the
anterior approach, which included removal of the anterior longitudinal ligament, anterior
portions of the annulus, and the entire nucleus pulposus. All the other ligaments were
preserved. The ALIF cage-bone has the same interface conditions as those of the TLIF
cage-bone in section 2.2. The SynCage-Open cage was constructed out of Ti-6Al-7Nb alloy.
The Young’s modulus and Poisson’s ratio were assigned to be 110 GPa and 0.28, respectively.
In addition, the ALIF model was modified for implanting the Coflex-F between the L3 and L4
vertebrae to complete the Coflex-F combined with ALIF model. The ALIF model and the

TLIF model implant the Coflex-F under the same conditions (Figure 3.9 B).
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3.2.3 FE model of TLIF combined with bilateral pedicle screw fixation (Pedicle screw +
TLIF model)

The previous TLIF model was combined with bilateral pedicle screws to form the
pedicle screw fixation model (Figure 3.9 C). The difference between the pedicle screw
fixation model and the Coflex-F model is that the pedicle screw fixation model preserves the
supraspinous ligaments and interspinous ligaments. The pedicle screws were inserted
bilaterally through the pedicles of the L3 and L4 vertebrae. The pedicle screw fixation in this
study consisted of two rods (diameter = 4.5 mm) and four pedicle screws (diameter = 6 mm).
The pedicle screws were modeled as cylinders. The screw-bone interfaces were designed to
be fully constrained (The degrees of freedom of screw nodes are interpolated with the
corresponding degrees of freedom of .the nodes on the Coflex and spinous processes during
the execution of ANSYS program). The pedicle screws were made of Ti-6Al-4V alloy. The

Young’s modulus and Poisson’s ratio were assigned to-be 113 GPa and 0.3, respectively.

3.2.4 FE model of ALIF combined with bilateral pedicle screw fixation (Pedicle screw +
ALIF model)
The previous ALIF model was combined with bilateral pedicle screws (Figure 3.9 D).
This model preserved the supraspinous ligaments and interspinous ligaments. Both this model
and the previous TLIF model (combined with bilateral pedicle screws) used the same

conditions and materials for pedicle screws.
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(G)
Figure 3.9: Finite element models: (A) Coflex-F device combined with the TLIF model; (B)
Coflex-F device combined with the ALIF 'model; (C) Pedicle screw fixation combined with
the TLIF model; (D) Pedicle screw. fixation combined with the ALIF model; (E) AVS-TL
cage in the middle portion of the vertebral 'model; (F) SynCage-Open cage in the middle

portion of the vertebral model; (G) Coflex-F device model.
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3.2.5 Boundary and loading conditions

In this second subject, the boundary and loading conditions are all same first subject
(3.1.5). The 400 N compressive follower load was applied to each motion segment through
induced contraction in these link elements by decreasing the temperature. The link elements
were attached near the centers of each vertebral body such that each element spanned the
mid-plane of the discs. These arrangements directed the construction of a nearly ideal
follower load, which remains tangent to the spine curve, loading each spinal segment in
nearly pure compression.

A 10 Nm moment was applied to the intact model to mimic physiological motion [105].
These motions subject the multilevel lumbar spine to a maximal possible load without causing
spinal injury. The other implanted models under- comparison were subjected to specific
moments that produced overall. motions that were equal-to those of the intact model, using a
hybrid test method. The detailed total lumbar ROMSs of the intact model under the hybrid test
method are 16.36° in flexion, 10.31° in-extension, 15.25° in lateral bending to both sides, and
8.43° in axial rotation to both sides. These ROMs are a baseline to match the total lumbar
motion among the intact and implantation models under the hybrid test method (Table 3.3).
The resulting deviation of ROMs among the three FE models were controlled to within 0.33°
in flexion, 0.56° in extension, 0.22° in right lateral bending, 0.24° in left lateral bending, 0.21°

in right axial rotation, and 0.21° in left axial rotation.
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Table 3.3 Intervertebral range of motion and applied moment among various surgical models

under the hybrid test method.

Model

ROM (deg)

Total lumbar ROM(deg)

Moment(Nm)

Flexion

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
Pedicle screw + ALIF

Extension

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
Pedicle screw + ALIF

Right lateral bending

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
Pedicle screw + ALIF

Left lateral bending

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
Pedicle screw + ALIF

Right axial rotation

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
Pedicle screw + ALIF

Left axial rotation

Intact
Coflex-F+TLIF
Coflex-F+ALIF

Pedicle screw + TLIF
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L1-L2 L2-L3 L3-L4 L4-L5 (L1-L5)
366 378 382 510 16.36
437 454 096  6.38 16.25
446 460 092 644 16.42
440 459 062 648 16.09
449 466 061  6.47 16.23
227 247 230 327 10.31
326 317 043 401 10.87
333 301 055 3.96 10.85
326 316 027 416 10.85
332 298 022 409 10.61
369 359 367 430 15.25
408 397 240 5.00 15.45
446 437 126 515 15.24
447 432  _117.. 550 15.46
448 435 . 092 - 554 15.29
3.69 « 359367 430 15.25
411. 403 195. 507 15.16
446 487 126 515 15.24
447 438 104 -~ 551 15.40
448 435 092 554 15.29
181 190« 223 249 8.43
200 209 152 280 8.41
212 219 106 29 8.31
229 222 081 299 8.31
238 231 070 313 8.52
181 190 223 249 8.43
201 209 144 281 8.35
212 219 106 294 8.31
229 222 081 299 8.31
238 231 070 313 8.52
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3.3 Coflex-F in minimally invasive fusion surgery

The third subject of following sections includes FE modeling and simulation
technique of this study. The first model of third subject was the intact lumbar spine same first
subject (3.1.1) model. The other three models were the TLIF combined with Coflex-F, with
unilateral pedicle screw fixation and translaminar facet screw fixation model, and with

bilateral pedicle screw fixation.

3.3.1 FE model of TLIF combined with Coflex-F (Coflex-F model)
The intact model was modified to TLIF model and implant Coflex-F between L3 and
L4 (Figure 10 A). The model of third subject was the Coflex-F same second subject (3.2.1)
model. Both this model and the previous TLIF combined with Coflex-F model used the same

conditions and materials.

3.3.2 FE model of TLIF combined with unilateral pedicle screw fixation with translaminar
facet screw fixation (UPSF+TFSF.model)

The previous TLIF model was combined with pedicle screws between L3 and L4. The
pedicle screw fixation consisted of one rods (diameter = 4.5 mm) and two pedicle screws
(diameter= 6 mm). The pedicle screws were inserted respectively through the pedicles of L3
and L4 vertebrae unilaterally. The UPSF model was combined with translaminar facet screw
fixation (diameter= 4 mm) (Figure 10 B). The unilateral pedicle screw and translaminar facet
screw were modeled as cylinders and screw-bone interfaces were designed to be fully
constrained. The material used for the pedicle screws and fact screw were Ti-6Al-4V alloy.

The Young’s modulus and Poisson’s ratio were assigned to be 113 GPa and 0.3.
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3.3.3 FE model of TLIF combined with bilateral pedicle screw fixation (BPSF model)

The intact model was modified to TLIF combined with bilateral pedicle screw fixation
between L3 and L4 (Figure 10 C). The model of third subject was the TLIF combined with
bilateral pedicle screw fixation same second subject (3.2.3) model. Both this model and the
previous TLIF combined with bilateral pedicle screw fixation model used the same conditions

and materials.

3.3.4 Boundary and loading conditions

In this third subject, the boundary and loading conditions is all same 3.1.5 and 3.2.5
sections. A 400 N follower load and a 10 N-m moment were applied to the intact model to
obtain physiological motions as comparison baseline. The implanted models were subjected
to 400 N follower load and specific moments in accordance with the hybrid test method.

These ROMs are a baseline to match the total lumbar motion among the intact and
implantation models under the hybrid test method (Table 3.4). The resulting deviation of
ROMs among the three FE models were controlled to within 0.35° in flexion, 0.46° in
extension, 0.29° in right lateral bending, 0.16° in left lateral bending, 0.11° in right axial

rotation, and 0.11° in left axial rotation.

53



Figure 3.10: Finite element models: (A) TLIF combined with Coflex-F device; (B) TLIF
model combined with unilateral pedicle screw fixation with translaminar facet screw fixation;

(C) TLIF model combined with pedicle screw fixation.
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Table 3.4 Intervertebral range of motion and applied moment among various surgical models

under the hybrid test method.

ROM (deg) Total lumbar ROM(deg)

Model L1-L2 L2-L3 L3-L4 LAL5 (L1-L5) Moment(Nm)
Intact 366 378 382 510 16.36 10
Coflex-F 437 454 096 638 16.25 12
UPSE + TESF 438 456 061 643 16.01 12
BPSF 440 459 062 648 16.09 12
Intact 227 247 230 327 10.31 10
Coflex-F 326 317 043 401 10.87 11
UPSE + TESF 326 317 023 417 10.83 11
BPSF 326 316 027 416 10.86 11
Intact 360 359 367 430 15.25 10
Coflex-F 408 397 240 500 15.45 11
UPSE + TESF 446 435 123 548 15.54 12
BPSF 440 432 117 550 15.40 12
Intact 360 359 . 367 .4.30 15.25 10
Coflex-F 411 403 - 195 - 507 15.16 11
UPSE + TESF 448 436 099 555 15.40 12
BPSF 447 438104 551 15.41 12
Intact 181 190 223 -~ 249 8.43 10
Coflex-F 200" 209 152 280 8.41 11
UPSF + TESF 228 224 077 301 8.32 13
BPSF 2207222 <081 -299 8.32 13
Intact 181 190 . 223 249 8.43 10
Coflex-F 201 200 144 281 8.35 11
UPSF + TESF 228 233 077 302 8.42 13
BPSF 220 222 081 299 8.32 13
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Chapter 4 Results

4.1 Coflex and Coflex-F in non-fusion surgery

Biomechanical behaviors of the lumbar spine with the Coflex model, the Coflex-F model,
and the pedicle screw fixation model were compared with those of the intact model. Data
were normalized with respect to the intact model as percentage values under each loading

condition.

4.1.1 Range of motion (ROM)

In extension, the ROM increased 64 % in the defect model at the surgical segment
(Figure 4.1). After implantation, the ROM effectively decreased 70 % in the Coflex model, 76
% in the Coflex-F model, and 90 % in the pedicle screw fixation model as compared with the
intact model. In addition, the ROM increased 24 % in the Coflex and Coflex-F models at the
adjacent L1-L3 segments and increased 20 % at the adjacent L4-L5 segment. The ROM
increased 19 % in the pedicle screw fixation -model at the adjacent L1-L3 segments and
increased 25 % at the adjacent L4-L5 segment.

In flexion, the ROM increased 13 % in the defect model and 8 % in the Coflex model at
the surgical segment (Figure 4.2). In contrast to the above two models, the ROM decreased 52
% in the Coflex-F and 68 % in the pedicle screw fixation models at the surgical segment. On
the other hand, the ROMs of the defect model and the Coflex model were similar to that of the
intact model at both adjacent L1-L3 (deviation within 4 %) and L4-L5 segments (deviation
within 4 %). However, the ROM increased 17 % to 18 % in the Coflex-F model and 23 % to
24 % in the pedicle screw fixation model at both adjacent L1-L.3 and L4-L5 segments.

In lateral bending, the ROM decreased 8 % in the Coflex model, decreased 20 % in the
Coflex-F model, and decreased 51 % in the pedicle screw fixation model at the surgical
segment as compared with the intact model (Figure 4.3). The ROMs of the Coflex and

Coflex-F models were similar to that of the intact model at both adjacent L1-L3 (1 % to 2 %)
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and L4-L5 segments (1 % to 2 %). However, the ROM increased 16 % to 23 % in the pedicle
screw fixation model at both adjacent L1-L3 and L4-L5 segments.

In axial rotation, the ROM decreased 4.3 % in the Coflex model, decreased 4.8 % in the
Coflex-F model, and decreased 40 % in the pedicle screw fixation model at the surgical
segment as compared with the intact model (Figure 4.4). The ROMs of the defect, Coflex, and
Coflex-F models were similar to that of the intact model at both adjacent L1-L3 (deviation
within 2 %) and L4-L5 segments (deviation within 2 %). However, in the pedicle screw
fixation model, the ROM increased 20 % at the adjacent L1-L2 segment, increased 10 % at

the adjacent L2-L3 segment, and increased 14 % at the adjacent L4-L5 segment.

Normalized ROM (In Extension)
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Figure 4.1: Range of motion normalized to intact model in extension.
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Figure 4.2: Range of motion normalized to intact model in flexion.
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Figure 4.3: Range of motion normalized to intact model in lateral bending.
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Figure 4.4: Range of motion normalized to intact model in axial rotation.

4.1.2 Maximal von-Mises stress at the disc annulus

In extension, the maximal disc annulus stress decreased 75 % in the Coflex model, 81 %
in the Coflex-F model, and 79 % in-the pedicle screw:fixation model at the surgical segment
as compared with the intact model (Figure 4.5). The maximal disc annulus stress of the Coflex
and Coflex-F models was similar to that of the intact model at the adjacent L1-L2 segment
(deviation within 2 %). The maximal disc annulus stress of the Coflex and Coflex-F models
increased 10 % at the adjacent L2-L.3 segment and decreased 4 % at the adjacent L4-L5
segment. The maximal disc annuls stress of the pedicle screw fixation model increased 7 % at
the adjacent L1-L2 segment, increased 12 % at the adjacent L2-L3 segment, and increased 18
% at the adjacent L4-L5 segment.

In flexion, the maximal disc annulus stress increased 5 % in the Coflex model at the
surgical segment as compared with the intact model (Figure 4.6). In contrast to the Coflex
model, the maximal disc annulus stress decreased 15 % in the Coflex-F and 27 % in the

pedicle screw fixation models. On the other hand, the maximal disc annulus stress of the
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Coflex model was similar to that of the intact model at both adjacent L1-L3 and L4-L5
segments (deviation within 4 %). However, the Coflex-F and pedicle screw fixation models
increased maximal disc annulus stress by 18 % to 22 % at both the adjacent L1-L3 and L4-L5
segments.

In lateral bending, the maximal disc annulus stress decreased 18 % in the Coflex model,
25 % in the Coflex-F model, and 41 % in the pedicle screw fixation model at the surgical
segment as compared with the intact model (Figure 4.7). The maximal disc annulus stress of
the Coflex and Coflex-F models decreased 6 % to 8 % at both adjacent L1-L3 and L4-L5
segments. However, the maximal disc annulus stress of the pedicle screw fixation model
increased 15 % to 21 % at both adjacent L1-L.3 and L4-L5 segments.

In axial rotation, the maximal disc annulus stress decreased 15 % to 16 % in all
implanted models at the surgical segment as compared with the intact model (Figure 4.8). The
maximal disc annulus stress increased 11 % inthe Coflex and Coflex-F models, and 7 % in
the pedicle screw fixation model at the adjacent L1-L2 surgical segment. The maximal disc
annulus stress of all implanted ‘models increased 15 % at the adjacent L2-L.3 segment. The
maximal disc annulus stress of the Coflex model and Coflex-F model were similar to that of
the intact model at the adjacent L4-L5 segment (deviation within 2 %). The maximal disc
annulus stress of the pedicle screw fixation model increased 19 % at the adjacent L4-L5

segment.
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Figure 4.5: Disc annulus stress normalized to intact model in extension.

Spinal segment

Normalized disc annulus stress
(In Flexion)
1.5 2

M Intact

B Defect

= Coflex

® Coflex-F

m Pedicle screw fixation

Figure 4.6: Disc annulus stress normalized to intact model in flexion.
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Figure 4.7: Disc annulus stressinormalized to intact model in lateral bending.
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Figure 4.8: Disc annulus stress normalized to intact model in axial rotation.
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4.1.3 Von-Mises stress distribution at disc annulus

The stress concentration and distribution pattern of the disc annulus at the surgical
segment (L3-L4) changed obviously in these models. In extension, the stress of the defect
model was concentrated at the posterior inferior regions of the annulus (Figure 4.9 middle).
However, after implantation, the stress concentration of the disc annulus at the posterior disc
diminished obviously. Furthermore, in flexion, the stress concentrated at the anterior of the
annulus regions, close to the superior and inferior sides of the endplate, in both defect and
Coflex models as compared with the intact model (Figure 4.10 middle). The Coflex-F and
pedicle screw fixation models have the most even disc annulus stress distribution in flexion,
even when compared with the intact model. In lateral bending and in axial rotation, the stress
was concentrated at the right part of .the annulus regions, close to the superior and inferior
sides of the endplate in the defect model as compared. with the intact model (Figures 4.11
middle, 4.12 middle). After implantation, the stress concentration of the disc annulus at the
posterior disc also diminished.

The stress distribution pattern of the disc annulus at adjacent segment (L2-L3, L4-L5)
was affected in these models. In extension, stress of disc annulus decrease in defect model;
stress increase in implantation model, compared with the intact model (Figure 4.9 top and
bottom). In flexion, stress distribution of disc annulus in both defect and Coflex models was
close to the intact model (Figure 4.10 top and bottom). However, after implantation, stress
concentrated at the anterior of the annulus regions, close to the superior and inferior sides of
the endplate, in both Coflex-F and pedicle screw fixation models as compared with the intact
model. In lateral bending and in axial rotation, stress distribution of disc annulus in both
defect, Coflex, Coflex-F models was close to the intact model (Figures 4.11 top and bottom,
4.12 top and bottom). After pedicle screw fixation, the stress was concentrated at the right part

of the annulus regions.
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Figure 4.9: von-Mises stress distribution of disc annulus in extension for various surgical
models: (Top) L2-L3 adjacent segment; (Middle) L3-L4 surgical segment; (Bottom) L4-L5

adjacent segment.
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Figure 4.10: von-Mises stress distribution of disc annulus in flexion for various surgical
models: (Top) L2-L3 adjacent segment; (Middle) L3-L4 surgical segment; (Bottom) L4-L5

adjacent segment.
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Figure 4.11: von-Mises stress distribution of disc annulus in right lateral bending for various
surgical models: (Top) L2-L3 adjacent segment; (Middle) L3-L4 surgical segment; (Bottom)

L4-L5 adjacent segment.
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Figure 4.12: von-Mises stress distribution of disc annulus in right axial rotation for various
surgical models: (Top) L2-L3 adjacent segment; (Middle) L3-L4 surgical segment; (Bottom)

L4-L5 adjacent segment.
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The pedicle screw fixation procedure frequently associated with postoperative long-term
complication of adjacent segment disease, resulting in the cause of another surgery for
extended pedicle screw fixation at the adjacent segments. The higher incidence of adjacent
segment disease was reported when patient was treated with rigid instrumentation.

According to the above ROM and von-Mises stress distribution of disc results, the
Coflex device can provide stability in extension, lateral bending, and axial rotation at the
surgical segment and retain flexible in flexion. The Coflex device restraint extension motion,
and provide more space of foramen and spinal canal. Besides, it had no influence than pedicle
screw fixation at adjacent segments except during extension. Therefore, the use of Coflex
device may decrease rate of adjacent segment disease. As a result, it may replace pedicle

screw fixation to improve stenosis in surgical and.complication in adjacent segments.
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4.2 Coflex-F in fusion surgery

Biomechanical behaviors of the lumbar spine with the TLIF and ALIF combined with
Coflex-F model and the TLIF and ALIF combined with pedicle screw fixation model were
compared with those of the intact model. Data were normalized with respect to the intact

model as percentage values under each loading condition.

4.2.1 Range of motion

For the Coflex-F combined with TLIF, range of motion at the surgical segment (L3-L4)
decreased by 75 %, 81 %, 35 %, 47 %, 32 %, and 36 % in flexion, extension, right lateral
bending, left lateral bending, right axial rotation, and left axial rotation, respectively, in
comparison with the intact model (Figure 4.13 ~ Figure 4.18). For the Coflex-F combined
with ALIF, ROM at the surgical segment decreased by 75 %, 77 %, 66 %, 66 %, 52 %, and 52
% in the six physiological motions; respectively.

For the pedicle screw fixation combined with TLIF, ROM at the surgical segment
decreased by 83 %, 88 %, 68 %, .71 %, 64 %,and 64 % in six physiological motions,
respectively. For the pedicle screw fixation combined with ALIF, ROM at the surgical
segment decreased by 83 %, 90 %, 74 %, 74 %, 68 %, and 68 % in the six physiological

motions, respectively.
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Figure 4.13: Range of motion normalized to intact model in flexion.

Normalized ROM (In Extension)
0 02 04 06 08 1 1.2

= Intact

m Coflex-F + TLIF

m Coflex-F + ALIF

® Pedicle screw + TLIF
m Pedicle screw + ALIF

Spinal segment(L3/L4)

Figure 4.14: Range of motion normalized to intact model in extension.
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Figure 4.15: Range of motion normalized to intact model in right lateral bending.
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Figure 4.16: Range of motion normalized to intact model in left lateral bending.
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Normalized ROM (In Right Axial Rotation)
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Figure 4.17: Range of motion normalized to intact model in right axial rotation.
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Figure 4.18: Range of motion normalized to intact model in left axial rotation.

4.2.2 Von-Mises stress distribution on the cage-bone interface
The concentration and distribution pattern of stress changed obviously on the
cage-bone interface of the superior surface of the L4 vertebra at the surgical segment for four
implant models. In lateral bending, the stresses were concentrated at the same side as lateral
bending direction (Figure 4.19). The Coflex-F shows more significant stresses concentration
than pedicle screw fixation, especially when combined with TLIF. In axial rotation, the
stresses corresponding TLIFs were concentrated and correlated with axial rotation direction;

on the contrary, the ALIFs show no directional effect (Figure 4.20). The Coflex-F models
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result in more significant stresses concentration then pedicle screw fixation models. In
flexion, the stresses on the cage-bone interface of the L4 vertebra were all concentrated at the
anterior side of vertebra for all implant models, especially for the Coflex-F combined with
ALIF model (Figure 4.21). In extension, none of the implant models stress shows significant

stress concentration on the cage-bone interface.
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Figure 4.19: The von-Mises stress‘distribution on the cage-bone interfaces of the superior

surface of the L4 vertebra under left lateral bending and right lateral bending.
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Figure 4.20: The von-Mises stress distribution on the cage-bone interfaces of the superior

surface of the L4 vertebra under left axial rotation and right axial rotation.
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Figure 4.21: The von-Mises stress distribution on the cage-bone interfaces of the superior

surface of the L4 vertebra under flexion and extension.
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4.2.3 \on-Mises stress distribution for the Coflex-F and the pedicle screw
Figure 4.22 shows the contour plots of von-Mises stress values in the Coflex-F devise
and the pedicle screw for various loading cases. For all of these cases, the Coflex-F devise has
higher stresses than the pedicle screw when combined with TLIF or ALIF. Figure 4.23 shows
the maximum von-Mises stress values in the Coflex-F and the pedicle screw for various
loading cases. For all of these cases, the Coflex-F devise has higher stress than the pedicle

screw, when combined with either TLIF or ALIF.
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Figure 4.22: The von-Mises stress distribution in the Coflex-F device and the pedicle screw

fixation under flexion, extension, right lateral bending, and right axial rotation.
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Figure 4.23: The maximum von-Mises stress of the Coflex-F device and pedicle screw under

flexion, extensian; right lateral bending, and right axial rotation.

4.3 Coflex-F in minimally invasive fusion-surgery

Biomechanical behaviors of the lumbar spine with the TLIF combined with Coflex-F
model, the TLIF combined with unilateral pedicle screw fixation and translaminar facet screw
fixation model, and the TLIF combined with bilateral pedicle screw fixation model were
compared with those of the intact model. Data were normalized with respect to the intact

model as percentage values under each loading condition.

4.3.1 Range of motion
For the TLIF combined with Coflex-F, range of motion at the surgical segment (L3-L4)
decreased by 75 %, 81 %, 35 %, 47 %, 32 %, and 36 % in flexion, extension, right lateral
bending, left lateral bending, right axial rotation, and left axial rotation, respectively, in
comparison with the intact model (Figure 4.24 ~ Figure 4.29). For the TLIF combined with

unilateral pedicle screw fixation and translaminar facet screw fixation, ROM at the surgical
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segment decreased by 84 %, 90 %, 73 %, 67 %, 66 %, and 66 % in the six physiological
motions, respectively. For the TLIF combined with bilateral pedicle screw fixation, ROM at
the surgical segment decreased by 84 %, 89 %, 68 %, 72 %, 64 %, and 64 % in six

physiological motions, respectively.
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Figure 4.24: Range of motion normalized to-intact model in flexion.
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Figure 4.25: Range of motion normalized to intact model in extension.
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Normalized ROM (In Right Lateral Bending)
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Figure 4.26: Range of motion normalized to intact model in right lateral bending.
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Figure 4.27: Range of motion normalized to intact model in left lateral bending.
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Figure 4.28: Range of motion normalized to intact model in right axial rotation.
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Figure 4.29: Range of motion normalized to intact model in left axial rotation.
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Chapter 5 Discussion

5.1 Coflex and Coflex-F in non-fusion surgery

The subject study found that (1) the Coflex device can provide stability of the surgical
segment in most motions, except in flexion; (2) the rivets of the Coflex-F link bone and
implant and can provide stability in all motions, especially in flexion; (3) in flexion, the disc
stress distribution of the surgical segment is improved by the use of rivets; (4) in flexion, the
Coflex-F influenced the adjacent segments; and (5) in extension, all implants influenced the
adjacent segments.

In the subject study, the Coflex device in the defect model was found to provide stability
in most motions, except in flexion. The instability of the Coflex device in flexion causes stress
concentration at the anterior regions of the disc annulus (close to the superior and inferior
sides of the endplate). Wilke et-al. [59] suggested that the key for the Coflex device to provide
stability in flexion is based on whether the teeth on the wings of the Coflex can provide
sufficient anchorage to the spinous process. Two factors.can improve this stabilization effect.
First, the surgeon must tighten the teeth on the wings against both edges of the spinous
processes. Second, the bone density of the spinous processes should be strong enough to
provide sufficient anchorage. However, both conditions are not always guaranteed.

For numerical analysis, the coefficient of friction in the interface between the implant
and spinous processes was difficult to obtain. It is hypothesized that the teeth on the wings of
the Coflex device will prevent implant slip motion in the spinous processes, and therefore a
higher coefficient of friction (0.8) was used in the contact interface. In addition, this study
also tested different coefficients of friction (0.4, 0.8, 1.2, and 1.6) to seek its influence on the
effect of teeth on the wings of the Coflex device. The results show that the influence of the
coefficient of friction is negligible.

The Coflex device was implanted between the interspinous processes located at the
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posterior structure of the spine to resist instability in extension. By comparison with Tsai’s
results in cadaveric experiments [57], our data show discrepancies in lateral bending and axial
rotation. It is inferred that these were caused by individual differences among cadaveric
specimens and differing experimental conditions. In the subject study, a partial L3-L4
interspinous process was removed to provide sufficient space for the implant, and the spinous
process interface was modeled as a perfect contact and was able to transmit both tensile and
compression forces. This assumption is different from the results of cadaveric experiments.

Kettler et al. [55] reported implantation of the Coflex-F can provide stability for all
motions in lumbar spine stability. In the subject study, we also showed that the rivet
connecting the metal wings and bony spinous process provides more security than the
conventional Coflex device. Therefore, the rivet can improve the load transmission on the
posterior spinal structure to decrease the stress concentration on the disc annulus at the
surgical segment in all motions.

There are limited reports about implanting the Coflex device in the long lumbar segment
model. The potential side effects in.the adjacent segments need to be addressed. In 1-year
outcome evaluation, Kong et al. [58] reported that the Coflex device reduced the ROM at the
surgical segment but did not affect the ROM at the adjacent segments. The subject study,
using a long lumbar spine segment model of an implanted Coflex device, showed that the
ROMs are increased at both adjacent segments in extension but are unchanged in other
motions. Therefore, the Coflex device increased annulus stress at both adjacent segments in
extension. However, the Coflex-F constrained the surgical segment in all motions and it
increased ROM at adjacent segments, especially in flexion. Therefore, the Coflex-F increased
annulus stress at both adjacent segments in flexion and extension. The Coflex-F and pedicle
screw fixation have the same effect on the adjacent segments in both flexion and extension. In
addition, the remote adjacent L1-L2 segment and adjacent L2-L3 segment demonstrate the

same effect in all forms of implantations.
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5.2 Coflex-F in fusion surgery

The subject study found that (1) The Coflex-F device combined with ALIF can provide
stability similar to a pedicle screw fixation in combination with TLIF or ALIF. (2) larger
stress at the cage-bone interface for the Coflex-F combined with TLIF, thus causing the
exclusion of the pedicle screw fixation.

The present study used an FE lumbar model of the L1-L5 segments to compare the
effects of the Coflex-F device and traditional bilateral pedicle screw fixation at the surgical
segment after TLIF and ALIF implantation. According to the ROM results, the Coflex-F
device combined with the TLIF model had lower stability than all the other models, especially
in both directions of lateral bending and axial rotation. On the other hand, the pedicle screw
fixation combined with the ALIF showed the highest stability among all model.

The primary factor in the Coflex-F results is the fixed position of its implantation. The
motion segment, composed of two adjacent vertebrae and the associated soft tissues, is the
functional unit of the spine. Each motion segment has three joints. It has a triangular stack of
articulations, with symphysis joints between vertebral bodies on the anterior side and two
sliding facet joints on the posterior side. The Coflex-F has rivets joining its wings to the
spinous processes. The rivets can attach the implant more rigidly to the posterior spinous
processes. However, the vertebral bodies of anterior side sustain the majority of the weight.
Therefore, the rivets cannot provide sufficient stiffness in the motion segment for two
adjacent vertebrae because the locations of attachment are within the posterior element, which
IS not as strong as vertebral bodies. However, pedicle screw fixation can fix vertebral bodies,
and therefore provide sufficient stiffness in the motion segment for two adjacent vertebrae.

The geometry of the Coflex-F devise supports a different function—its U-shaped
structure retains the same design and flexibility of the Coflex, thus making it more flexible

and deformable than pedicle screw fixation. Figure 4.22 shows the von-Mises stress of the
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Coflex-F and the pedicle screw for various loading cases. In all of these cases, the Coflex-F
has higher stress than the pedicle screw when combined with TLIF or ALIF. Figure 4.23
showed the von-Mises stress of the Coflex-F and the pedicle screw for various loading cases.
The Coflex-F has higher von-Mises stress than the pedicle screw. Therefore, the fixed position
and geometry of implantation have a great influence on stress distribution for Coflex-F

ALIF and TLIF are two common surgeries for achieving interbody arthrodesis. In the
present study, a posterior instrumentation in combination with ALIF can provide higher
stability than a posterior instrumentation in combination with TLIF. The ALIF procedure with
anterior surgical approach allows expansion of disc space; it can use a larger cage to increase
the contact area of cage-bone interface. The larger contact area distributes the load over the
cage-bone interface area of the vertebra bone. Consequently, an ALIF cage does not create
stress concentration on the cage-bone interface at the surgical segment. On the other hand, the
TLIF procedure prohibited the use of a large cage, because a cage pathway would create
limitations for the surgery. The TLIF procedure can only utilize cages with long and thin
contact area on the cage-bone- interface. Therefore, the TLIF cage surfers from stress
concentration on the cage-bone interface at the surgical segment.

In extension, the stress concentration of all the models diminished between the
cage-bone interfaces. In flexion, the stress concentration of all the models increased at the
anterior side of the cage-bone interface. A posterior instrumentation combined with ALIF has
higher stress concentration than a posterior instrumentation combined with TLIF. This is
primarily due to flexion or extension motion. The posterior instrumentation and interbody
cage share the same extension motion. Posterior instrumentation sustains most of the load
transferred in extension, therefore reducing the stress concentration of all the models. In
contrast, the anterior interbody cage sustains most of the load transferred in flexion, therefore
resulting in the stress concentration in the ALIF model at the cage-bone interface, especially

with Coflex-F implantation. The Coflex-F sustains larger moment than pedicle screw fixation
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because the fixed position of the Coflex-F in the posterior interspinous processes causes a
longer moment arm.

PEEK material has recently gained popularity for use in implants because of its
mechanical properties. One of the PEEK material’s biggest advantages is its modulus of
elasticity (E = 3.5 GPa) which is closer to cortical bone (E = 12 GPa) and cancellous bone (E
=0.14 GPa) compared to that of titanium (E = 113 GPa). Vadapallis [106] performed a finite
element investigation to study the effect of different spacer material property. The results from
that study indicate that PEEK spacers provide initial stability similar to titanium spacers, and
therefore might minimize the chances of subsidence. The present study uses two cage
materials: titanium for the ALIF cage and PEEK for the TLIF cage for stability. This study’s
results are identical to Vadapallis's results, i.e. both cage materials provide similar stability
when combined with pedicle screw fixation. However, the materials of these two cages do not
provide similar stability when combined with the Coflex-F, the titanium cage (ALIF) provide

higher stability then PEEK cage (TLIF):

5.3 Coflex-F in minimally invasive fusion surgery

The subject study found that (1) the TLIF combine with Coflex-F cannot provide
sufficient stability of the surgical segment in lateral bending and axial rotation; (2) the TLIF
combined with unilateral pedicle screw fixation and translaminar facet screw fixation can
provide sufficient stability of the surgical segment all motion as TLIF combined with bilateral
pedicle screw fixation.

Several lumbar interbody fusion methods have been used for degenerative disc diseases
and instabilities via various approaches, such as ALIF, PLIF, and TLIF. The TLIF was
involves removal of one facet joint and a lateral approach to the disc space, thus reducing the
potential for nerve injury. The TLIF surgical construct requires less bone and soft tissue

dissection, respects neural elements, laminar bone, facet and pars interarticularis on the
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contralateral side for additional posterolateral fusion, and avoids the morbidity of ALIF and
PLIF approaches.

Another minimally invasive fusion device, an interspinous process device Coflex-F
may be used instead. This device requires only a minimal incision and disruption of the
interspinous ligaments to insert one part of the device with a post which goes through the
interspinous space.

Results showed that TLIF combined with Coflex-F provide lower stability than TLIF
combined with unilateral pedicle screw and translaminar facet screw fixation. The primary
factor is fixed position of Coflex-F implantation and Coflex-F structure as described
previously 5.2 sections. Therefore, the TLIF combine with Coflex-F cannot provide sufficient
stability of the surgical segment in lateral bending and axial rotation.

In this subject study, ROM results showed the fixation following TLIF of unilateral
pedicle screws with a supplemental translaminar facet screw fixation showed no difference in
stiffness to that of the standard bilateral pedicle screw fixation. The advantages of surgical
procedure for unilateral pedicle screw and supplemental translaminar facet screw fixation
were significantly reduced iatrogenic trauma and reduced surgical risks than bilateral pedicle

screws fixation.

5.4 limitations

Several limitations in these studies are related to the simplified and idealized material
properties during simulation, such as the linearized behavior of the spinal ligaments and pure
elastic intact discs without degeneration [93][94]. A degenerative disc is common in many
patients before surgery. The various grades of degeneration in the disc, such as delamination,
dehydration or reduced disc height, do not allow for exact replication of the unique material
properties of a degenerated disc. Therefore, normal material properties were used in this

simulation.
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In a real spine, the size of vertebrae and the orientation of the facet joint are different
depending on each segment. The influence of geometry was not considered here, which might
affect the absolute values of the vertebral stresses and facet joint loads.

The degree of gripping force applied between the wings of the Coflex-F device and the
spinous process is determined by the clamping force that is applied by the surgeon, which is
difficult to measure, and there have been different results presented in previous studies
[55][57][59]. In addition, determination of gripping force must also consider bone strength
and geometry of the spinous process. In this study, the degree of the gripping force was
simplified and only considered the friction conditions between the teeth on the wings of the
Coflex-F device and the spinous process. The coefficient of friction used here was based on
the results of a previous study into friction parameters between the cage and the bone [93]. In
addition, our simplified simulation of gripping force ignored the pre-force between the teeth
of the wings and the spinous processes, as well as the inward and outward deformation of
both side flanks of the Coflex-F device. Also, the constrained behavior used in the bone-screw
interface, the thread of the pedicle screw, and the bone ingrowth into the cage were simplified.

Pretension should occur after inserting ‘the device, which might distract the remaining
annulus, reducing the ROM and facet loading at the implant level. This mechanism was not
modeled here.

The loading conditions in the present FE simulations were similar to those of the
traditional in vitro tests. Thus, muscle contraction and pelvic movement were not included in
the present study. Furthermore, FE models should be interpreted only as a trend because of the

variability among different human tissues.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

In the non-fusion surgery, the Coflex implantation can provide stability in extension
(ROM decreased 70%), lateral bending (ROM decreased 8%), and axial rotation (ROM
decreased 4.3 %) at the surgical segment, and retain flexible in flexion (ROM increased 8%).
It had no influence at adjacent segments except during extension (ROM increased 20~24%).
Because Coflex device restraints extension motion, there can provide more space of foramen
and spinal canal. Therefore, The Coflex device may improve or relieves the stenosis.

The rivets of the Coflex-F link bone and implant and can provide stability in all motions,
especially in flexion (ROM decreased 52%). Also, the Coflex-F can reconstruct the posterior
spinal structure for load sharing to"reduce disc annulus stress at the surgical segment.
Therefore, the Coflex-F device may be-used to treat stenosis combined with mild degenerative
disc disease.

In the fusion surgery, the Coflex-F device combined with ALIF can provide stability
similar to a pedicle screw fixation in.combinationwith TLIF or ALIF. The Coflex-F device
combined with ALIF is preferable for providing more stability in spine fusions.

In the minimally invasive fusion surgery, the TLIF combine with Coflex-F cannot
provide sufficient stability of the surgical segment in lateral bending and axial rotation. In
however, The TLIF combined with unilateral pedicle screw fixation and translaminar facet
screw fixation can provide sufficient stability as TLIF combined with bilateral pedicle screw

fixation.

6.2 Future work
There are several topics can be extended for the non-fusion surgery combined with
Coflex device.

The above studies are focused in single segment disease only. However, the disc
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degeneration disease occurs sometime in the multi-segment or adjacent segment after fusion
surgery. Adjacent segment degeneration is the tendency for clinical symptomatic changes to
occur following fusion surgery. It is widely believed that spinal fusion significantly alters the
biomechanical environment of the adjacent spinal motion segments leading to an acceleration
of the normal degenerative process. Little et al. [108] reported the effect of anterior interbody
fixation on facet capsule strains. Seven cadaveric lumbar spine specimens were evaluated
during physiological motion in the intact state and following anterior interbody fusion. The
reduction of motion induced by interbody fusion resulted in increased facet joint capsule
strain at the adjacent segments. Weinhoffer et al. [109] investigated the intradiscal pressure
changes occurring following instrumented lumbar fusion in a biomechanical study. Pressure
transducers measured intradiscal pressures.at L.3-L4 and L4-L5 in intact specimens and
following L5-S1 fusion. Pressure measurements were significantly increased following fusion.
Additionally, as the number of fusion segments was increased, there was a corresponding
increase in intradiscal pressure ate the adjacent segment.

Therefore, for non-fusion surgery, one of the proposed study is going to compare the
biomechanical characteristic of two-segment Coflex or Coflex-F implant and a hybrid implant
(one-segment Coflex or Coflex-F and one-segment pedicle screw fixation) in the further.

There are also topics can be extended for the fusion surgery combined with Coflex-F
device. Our existing studies used specific cage (semilunar cage) for minimally invasive
transforaminal lumbar interbody fusion. Currently, many kinds of cage designs are available
on the market, which can be classified by the various geometry, size and material. Cho et al.
[110] compare three TLIF implant designs (Stryker AVS PL, AVS TL and the Medtronic
Capstone) with different lengths and shapes (flat or biconvex, straight or banana shape) in
terms of biomechanical stability on human cadaveric models. The results showed that the
geometry of cages, including shape (banana or straight), length, surface profile (biconvex or

flat), did not affect construct stability when the cages were used in conjunction with pedicle
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screw fixation.

However, the relationship between the geometry of cage, the positions of cage insertion
and the use of Coflex-F device are unknown. Therefore, the study concerning the fusion
surgery combined with Coflex-F device can be focused on different kind cage together with

different insert positions for TLIF in the further.
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