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Abstract 

Intervertebral disc degeneration of the cervical spine affects over one half of all 

individuals over the age of 40 years and the last decade has seen an alarming increase in 

cervical disc degenerative disease related surgeries. In spite of newer technological 

advancements in devices for disc degeneration disease, spinal disc replacement and 

fusion, revision surgery rates have remained unchanged. 90% of the disc replacement 

revisions and 50% of fusion related revision can be attributed to improper device 

selection. Therefore, the objective of this research is to evaluate disc arthroplasty 

(replacement) and arthrodesis (fusion) devices and identify optimal implant size (height) 

selection criteria for biomechanical competence in force transmission, motion, and 

neurologic tissue protection. Eleven osteo-ligamentous human cadaver cervical spines 

were biomechanically evaluated after surgical augmentation with different sized implants 

for both arthroplasty and arthrodesis. The biomechanical outcomes measured were range 

of motion, neutral zone, stiffness, articular pillar strains, facet forces and intervertebral 

foramen area. Increased disc distraction was found to increase lordosis of the spine, 

increase compressive strains in articular pillars and increase in intervertebral foramen 

area. The kinematics outcomes were surgery type and implant size dependent where 

fusion lead to decreased range of motion, while arthroplasty maintained the range of 

motion with differential outcomes based upon the size of the implant. The integration of 

these biomechanical data demonstrate an implant size /spacer height relationship with 

direct clinical importance and the ability to guide clinical decision making so as to reduce 

revision surgery due to deviant biomechanical function.  
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CHAPTER 1: 

INTRODUCTION 

In spite of increasing operative procedures for the treatment of cervical spine 

degenerative disc disease, the post-operative functional biomechanics outcomes of the 

neck is have yet to be causally linked with intra-operative (anthropometric) decision 

making—leading to little change in the rate of revision surgeries. Understanding the 

relationship between disc space anthropometry and surgical biomechanics outcomes will 

facilitate better prognosis and minimize the risk factors for recurrent neck pain and 

revision surgeries.  

1.1. MOTIVATION 

One half of all individuals over 40 years of age and almost every individual over 60 years 

of age (more than 85% of population) have some degree of disc degeneration [2, 3]. 

Patients with cervical disc degenerative changes are four times more likely to experience 

neck pain [4]. Increasing disc degeneration is also associated with increased disability in 

patients [5]. Thus, one can conclude that with increasing age there is a propensity of 

suffering from neck pain and disability due to disc degeneration. This is verified by the 

increase in cervical degenerative problems which lead at least 3 million new patients 

every year in the United States to seek clinical care [6]. From 1990 to 2000 there was a 

two-fold increase in hospitalization and surgical rates increased from 29 to 55 per 

100,000 adults, even after normalizing to population data [7, 8]. For these surgical 

interventions, about 10% of arthroplasty and 15% of arthrodesis surgeries require 

revision surgery because the initial surgery failed to provide healthy cervical spine 
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biomechanics [9-11]. 90% of the joint replacement revisions can be attributed to reasons 

of wrong sizing, poor patient selection, and improper implantation, and half of the fusion 

surgeries are due to adjacent level disease development, pseudoarthrosis causing 

increased painful kyphosis, and implant loosening or dislocation resulting from 

advancing kyphotic deformity [9, 11-13]. The revision surgeries due to these causes may 

be prevented if the initial surgical solution had closely matched healthy cervical spine 

biomechanics.  

Degenerative disc disease is associated with narrowing of the disc space, development of 

osteophytes and change in the normal cervical curvature; together these result in kinetic 

changes, kinematic changes, decreased space available to the neural tissues, and pain. 

Surgical treatment, arthrodesis (fusion of adjacent vertebrae) and arthroplasty (disc 

replacement), for cervical degenerative disc disease after failed conservative management 

aims to restore disc height and increase the intervertebral foraminal and spinal canal area 

to relieve the pressure on neural tissues. The current approach to ‘restore’ disc height 

includes estimating the collapse of disc or simply using a trial method of inserting a graft 

or disc which fits snugly in the disc space after discectomy [14]. Previous studies have 

examined the amount of disc space distraction with regard to both graft loading and 

changes in intervertebral neuroforaminal space. These studies however failed to describe 

the extent of distraction that is appropriate to recover normal kinematics [15-18]. Failure 

to identify the correct implant size may lead to higher clinical failure rates, where 

excessive distraction can cause higher compressive forces and posterior facet subluxation 

and incomplete distraction being unable to relieve pressure from nerve roots.  
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This study aimed to define the optimized distraction or disc height for the respective 

arthrodesis or arthroplasty surgical options while based upon the three important 

functions of spine which include its kinematics, kinetics and neuro-protective roles. 

 

1.2. OUTLINE OF DISSERTATION 

The central aim of this dissertation will be experimentally examined and contextualized 

in a format similar to an original scientific article. Given the depth and scope of this 

effort, each section of the article will be detailed in Chapter form. Chapter 2 provides 

contextual background material for this research study and aims to deliver a state-of-the-

art review of normal cervical spine biomechanics, disc degeneration disease, current 

methods of treatment, and biomechanics of the operated cervical spine. This chapter will 

guide the reader through the critical gaps in cervical spine biomechanics subsequent to 

surgery and end with the specific aims of this research. Chapter 3 provides a detailed 

account of the study design, methods, and data analysis. The results of these experimental 

efforts will be reported in Chapter 4.These results will be put into context regarding the 

literature, clinical implications, and research limitations in the subsequent chapter 

(Chapter 5).  This chapter provides a detailed review of this research as it now fills the 

holes identified in Chapter 2 and it continues with a recommendation for the future of 

cervical spine biomechanics surgery and research.  
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CHAPTER 2: 

REVIEW OF LITERATURE 

The cervical spine supports the head while allowing complex motion in all three axes 

with movement in six degrees of freedom while providing a protective passage for the 

spinal cord, and blood supply to the hind region of the brain. In addition to supporting 

and protecting the important structures, the cervical spine allows a large range of motion 

for critical activities involving movement of head for vision, hearing, and eating. The 

discs within the cervical spine act like shock absorbers, preventing injury to the brain. 

The next section describes how the cervical spine achieves these complex functional 

tasks while maintaining its structure and stability. The following section explains the disc 

degenerative process, current surgical methods of treatment, and the biomechanics of the 

operated cervical spine. Finally, this chapter concludes with the objective and specific 

aims of this study. 

2.1. BIOMECHANICS OF THE HEALTHY CERVICAL SPINE 

The biomechanics of cervical spine can be explained by looking at its three main roles: 

Kinematics - the study of the motion of the vertebrae without consideration of the 

influencing force, Kinetics – the study of the spinal forces producing motion, and Neuro-

protection – the study of the spine’s ability to maintain the spaces available to the 

neurologic tissues.  

2.1.1. KINEMATICS OF THE HEALTHY CERVICAL SPINE 

Kinematics defines the normal pattern of motion and provides a basis to determine any 

irregularity, its association with pain and neurological deficit. Healthy cervical spine 
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motion has the maximum end range of motion in all the three axes when compared to rest 

of the regions of spine. The cervical spine is subdivided into 2 regions, the axial cervical 

spine segment (occiput-C1-C2) and the sub-axial cervical spine segment (C3-C7), as they 

have distinct anatomic and functional features. Due to the intent of this research, the 

kinematics will be limited to the sub-axial (or lower) cervical spine. A review of the 

cervical spine anatomy can be found in Appendix A. 

The primary motion produced by the lower cervical spine is flexion-extension in the 

sagittal plane. Axial rotation and lateral bending are coupled complex cervical spine 

motions, which are natural and have a specific pattern. Coupling is the phenomenon 

where a movement of the spine in one axis compels a movement in another axis. In the 

cervical spine, lateral bending is associated with ipsilateral rotation and axial rotation is 

associated with ipsilateral bending. Coupled motion is more pronounced in the middle 

(C3-C5) than the lower cervical spine. Lateral bending produces coupled axial rotation in 

a ratio of 0.67 at C2 and 0.13 at C7 (ratio lateral bending : axial rotation). The 

cephalocaudal decrease in this coupled rotation association is mainly due to change in the 

inclination of facet joints [19]. These motions are stabilized by the ligaments, 

intervertebral disc and facet capsules. This integrated system of tissues gives the cervical 

spine unique kinematics which can be described in terms of range of motion, neutral 

zone, and axis of rotation which are discussed in detail below.  

2.1.1.1. RANGE OF MOTION 

The physiologic range of inter-vertebral motion measured from neutral position to the 

extreme position in the given axis is defined as the range of motion. The shape, curvature, 



 

 6 

orientation of the articular facets, deformation of articular cartilage, steering of articular 

capsule and ligament mechanics account for differences in joint motion [20]. Flexion-

extension being the primary motion, C5-C6 has the largest range in the lower cervical 

spine. Lateral bending and axial rotation range of motion decrease from superior to 

inferior segments. The limits and representative values for the range of motion for each 

motion segment are given in table 2.1.  

Table 2.1. Estimated ranges and representative values of range of motion in degrees [21] 

 

Flexion-Extension Lateral Bending Axial Rotation 

Range 
Representative 

angle 
Range 

Representative 

angle 
Range 

Representative 

angle 

C3-C4 7-38 13 9-15 11 10-28 11 

C4-C5 8-39 12 0-16 11 10-26 12 

C5-C6 4-34 17 0-16 8 8-34 10 

C6-C7 1-29 18 0-17 7 6-15 9 

 

Range of motion decreases with age where as sex and body mass index have not been 

shown to influence any difference in the values [22]. Mild disc degeneration has been 

shown to increase segmental instability compared with the normal and severely 

degenerated disc, hence the range of motion increases and later decreases as disc 

degeneration progresses [23, 24].  

2.1.1.2. NEUTRAL ZONE 

The investigations of spinal load-displacement curves have shown highly non-linear 

behavior. This non-linear characteristic demonstrates high flexibility around the neutral 

position with stiffening towards the end range of motion. This region having high 

flexibility or laxity around the neutral position is referred as ‘neutral zone’ (see figure 

2.1.). The Neutral Zone is defined as, “that part of the range of physiologic intervertebral 
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motion, measured from the neutral position, within which the spinal motion is produced 

with minimal resistance” [25]. Here ‘neutral position’ means “the erect posture of the 

spine in which the overall internal stresses in the spinal column and the muscular effort to 

hold the posture is minimal [25].”  

Figure 2.1. Load-deformation curve of a soft tissue or body joint divided in two parts; neutral 

zone and elastic zone [25] (reprinted with permission) 

 

Table 2.2. Neutral zone measurement values for each segmental rotation (values are mean ± 

standard deviation. Values for lateral bending and axial rotation include both right and left sides) 

[26] 

 Flexion Extension Lateral Bending Axial Rotation 

C3-C4 0.9 ± 0.9 1.7 ± 1.7 4.4 ± 1.2 1.8 ± 0.5 

C4-C5 1.6 ± 1.3 1.9 ± 1.8 4.4 ± 1.1 2.4 ± 0.6 

C5-C6 1.8 ± 1.3 2.1 ± 2.0 3.0 ± 1.1 1.7 ± 0.5 

C6-C7 1.0 ± 0.7 1.3 ± 1.0 2.2 ± 1.0 0.6 ± 0.3 

 

The neutral zone exists in all six degrees of freedom and allows for minimal expenditure 

of energy for motion occurring within the neutral zone range of motion. The neutral zone 

has been found to be more sensitive than range of motion as a measure of spine stability 

[27]. In-vitro studies have shown an increase in neutral zone with injury or degeneration 

and decreased neutral zone with fusion. The neutral zone has been classically measured 
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as the residual displacement between the loading and unloading cycle of the specimen. 

Typical values for neutral zone have been given in table 2.2.  

In-vivo studies [28, 29] measured the load-displacement properties of the cervical spine 

and calculated the neutral zone and elastic zone properties. The in-vivo and ex-vivo data 

show considerable variation in neutral zone percentage values because of entire spine 

construct including muscle is present in the in-vivo model. Females showed greater 

flexibility in neutral zone as well as in elastic zone in all three motions compared to 

males[28]. 

2.1.1.3. AXIS OF ROTATION 

The use of an axis of rotation helps to define the motion pattern and is used as a tool to 

visualize and quantify movement. The axis represents the ‘fulcrum point’ for computing 

moment arms in bending due to muscle and ligamentous contributions. For three-

dimensional motion patterns, the ‘Helical Axis of Motion’ or ‘Screw Axis’ is used while 

‘Instantaneous Axis of Rotation’ (IAR) is a planar or two-dimensional equivalent of the 

helical axis. ‘Helical Axis of Motion’ or ‘Screw Axis’ is defined as “a unique axis in 

space about and along which a rigid body can be thought to be moving [30].” The six 

components required to completely define helical axis are, four for position and 

orientation, and the remaining two for rotation and translation [19].  

‘Instantaneous Axis of Rotation’ (IAR) or ‘Instantaneous Center of Rotation,’ the planar 

equivalent of the helical axis, is defined as “when a rigid body moves in a plane, at every 

instant there is a point in the body or some hypothetical extension of it that does not 

move. An axis perpendicular to the plane of motion and passing through that point is the 
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instantaneous axis of rotation for that motion at that instant” [31]. The two components 

defining the IAR are the location of IAR and the magnitude of rotation around it. The 

position of the IAR will move as the object moves and the path followed is called the 

centrode. When only a few positions of the total motion are used, the term finite helical 

axis or finite center of rotation is more appropriate. For small sampling intervals in a 

continuous movement the term instantaneous helical axis or instantaneous center of 

rotation is more appropriate.  

The stochastic errors in determining the helical axis 

components are inversely proportional to the magnitude of 

the finite rotation, this is a limit to measuring continuous 

movement patterns reliably [32]. The increasing number and 

distribution of reference points (markers on the rigid body) 

do play a role in decreasing the deterministic error but to a 

limited extent [33]. Factors affecting the location of IAR are 

muscle tension, the height of the articular processes, and the 

ratio between translation and rotation. IAR is an objective 

parameter for measuring quality of motion and any deviation 

from normal can be considered as a basis for underlying 

pathology like pain, instability or other conditions [1]. The 

centrode pattern or area also has been shown to change 

with instability of spine [34].  

Different spine models have placed the IAR at various 

Figure 2.2. Sketch of location of 

the IAR (mean is the center with 
2 standard deviation) in cervical 

spine motion segments 

normalized to vertebral body [1] 

(reprinted with permission) 
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locations; common locations are the central region of intervertebral disc, middle region of 

the lower vertebra and the central region of the vertebral body. The average IAR for the 

lower cervical spine is estimated to lie inside the posterior half of the vertebral body of 

inferior vertebra, and moves superiorly towards the disc from C2 to C7. Figure 2.2. 

shows normal placement of the IAR with standard deviation in cervical spine obtained 

from lateral radiographs from full flexion to full extension. 

2.1.2. KINETICS OF THE HEALTHY CERVICAL SPINE 

Forces producing spinal motion are active and passive. Active forces are produced by 

muscle contraction causing motion in particular direction, whereas passive forces are 

mainly due to mass of the head producing inertial loading which is supported by the 

cervical spine. The mechanism by which these muscular and inertial forces are 

distributed among the contact areas (joints) of the cervical spine is detailed below.   

2.1.2.1. LOAD SHARING BETWEEN THE DISC AND FACETS 

Load sharing of the disc and the facets is complex in that it involves loading 

considerations, the local kinematics, the rate of motion, relative health of the tissues, etc. 

The distribution of load changes with different activities and understanding these changes 

is critical to the development of surgical procedures with proper load sharing. The 

vertebral bodies transmit loads anteriorly through the intervertebral disc, posteriorly by 

facet joints on each side, and the neural arch through the ligaments. The various factors 

which determine the distribution of load are facet angle, unco-vertebral joints, amount of 

degeneration, sagittal alignment, age, ratio of vertebral body area to facet area, and the 

size of the pedicle [35].  
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The cervical spine has been viewed as a three-column support by Louis [36] utilizing the 

anatomically defined structures, the vertebral body and the two facet joint complexes. 

Initial concepts of two- and three- columns where the vertebra was divided in the sagittal 

plane (as anterior, middle and posterior pillars) have not been found to be clinically 

relevant [35]. In finite element computational models, the intervertebral disc was mainly 

responsible for carrying loads. In flexion the disc dominated the load carrying at 65% 

while the rest was borne by the ligaments. In extension the facets were responsible for 

carrying the entire load, usually exceeding at loads measured at upright neutral during 

resting. During compression 88% of the load was transferred through the intervertebral 

disc. The disc was responsible for 75% of load in axial rotation and 68% in lateral 

bending [37, 38]. The disc itself also shows variability in load sharing; ventral regions 

experienced higher stresses as compared to dorsal in all modes of loading. The 

distribution of load varied in cadaveric experiments as compared to the computational 

models above. Each facet carried 32% of total load while the disc carried 36% of the total 

load in a classic cadaver study [39]. The large amount of facet carrying loads was 

theorized on the basis that the line of gravity passes posterior to vertebral bodies (within 

the canal) due to normal cervical lordosis [39]. With degeneration, there is change in load 

distribution with increasing loads through the intervertebral disc and decreasing loads 

through the facets, along with an overall decrease in the stresses of the intervertebral disc 

[40].  
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2.1.2.2. STRAINS IN THE POSTERIOR ELEMENTS 

The use of strain gages to measure deformation has been used to correlate facet forces by 

measuring strains in the lateral masses area of a vertebra. The lateral mass in the lower 

cervical spine is also referred to the articular pillars as it formed by the fusion of the 

superior and inferior articulating processes. From here on, the lateral projection of the 

lateral mass from the junction of the pedicle and lamina will be referred as articular 

pillars. Studies have tried to suggest facet loading using strain gages theoretically [41], or 

experimentally [42-44]. This technique has advantages of being simpler and less 

invasive, but there has been minimal success in reliably providing the spatial distribution 

on facet force loading. Albeit, attempts have been made in measuring the distribution of 

load within facet and how the load varies quantitatively and topographically within the 

facet with different directions of bending [42, 45].  

In the cervical spine, the anterior elements (disc) experience both tensile and compressive 

strains, whereas the articular pillars in the posterior elements experience primarily 

compressive strains. The minimum strains are seen at the region 0.5cm to 1cm anterior of 

posterior longitudinal ligament. This is the stiffest region showing the least strain changes 

with increasing compressive loads [43].  

This review of the state-of-the-art on the biomechanics of the healthy intact cervical spine 

provides the basis for understanding changes due to degeneration, injury, and surgery. 

One of the important functions of the cervical spine is to protect the neural elements 

while at rest and during motion. Hence, it is important to know how the intervertebral 
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foraminal space is oriented, occupied, and changes with different spinal motion to 

identify any deviation from normal.   

2.1.3 NEURO-PROTECTIVE ROLE OF THE HEALTHY CERVICAL SPINE 

The cervical spine protects the spinal cord and the spinal nerves while allowing a large 

degree of flexibility and motion. The healthy normal neural space is accommodative 

enough to avoid any nerve root compression due to the large range of motion. This 

section will describe the anatomical relationship between the neural elements and the 

bony space around it, and how the kinematics has an effect on the space available to 

neural tissues.  

The intervertebral foramen is the opening between the vertebrae for the exit of spinal 

nerve, bounded superiorly and inferiorly by the pedicle of the vertebrae, anteriorly by the 

postero-lateral part of intervertebral disc, uncinate process, and inferior part of the 

vertebral body, and posteriorly by the facet joint and articular process. The nerve usually 

occupies only one-third of the foraminal space. The nerve root in the neural foramen is 

covered by the ‘nerve sheath complex,’ composed of dura and epidural sac continuous 

with the thecal sac, outlined by veins and epidural fat [46].  

The foramen has a vertical diameter of approximately 8 mm and horizontal diameter of 

approximately of 5 mm. The length of foramen ranges from 4 to 6 mm and is funnel 

shaped where the medial entry zone of the nerve is narrow. The intervertebral foramen 

area increases from C2-C3 to C7-T1 with an average range of 35 mm
2
 - 45 mm

2 
with no 

difference among the two sexes. The nerve exits the intervertebral foramen at an angle of 

45 degrees to the sagittal plane [46, 47]. Facets and the uncinate process are in close 
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proximity to the nerve and this explains the frequent involvement (damage) of the nerve 

by osteophyte formation.  

2.1.3.1. EFFECTS OF KINEMATICS ON INTERVERTEBRAL FORAMEN AREA  

In-vivo and in-vitro studies have shown similar results that the intervertebral foramen size 

increases by 10% during 30 degrees flexion and decreases by approximately 15% in 30 

degrees of extension. Ipsilateral rotation of 20 degrees resulted in decrease of the foramen 

size by approximately 10%, while 40 degrees rotation decreased the space by 20%. 

Ipsilateral side-bending decreased the foraminal space by 10% for approximately 20 

degrees of bending. Extension with ipsilateral side-bending decreased the intervertebral 

foramen space maximally by about 25% [48-50]. These results validate ‘Spurling’s test’ 

which is a clinical examination for patients suspected of nerve impingement. 

Unfortunately, while many surgeries are performed to decompress the nerves within the 

intervertebral foramen, few research studies have investigated the effects of surgery on 

the intervertebral foraminal area and hence the neuro-protective ability of the cervical 

spine. 

These data describing the kinetics, kinematics, and neuro-protective role of the spine 

provide healthy baseline values with which comparisons can be made for degenerative 

changes and surgical augmentation 

2.2. DISC DEGENERATION DISEASE 

Degenerative changes to the intervertebral disc involve an age related process which 

gradually can alter the biomechanics, stability, and neurologic function of the spine. 

Sometimes disc degeneration may be asymptomatic, but mostly it leads to chronic pain 
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and disability of neck which significantly limits movements of the head. Pain due to disc 

degeneration has multiple sources making it challenging to treat. Pain originating from 

the intervertebral disc is referred to as discogenic pain and is caused by loss of structural 

integrity of the disc tissues leading of tearing of the annulus fibrosis and possibly 

herniation of the nucleus pulposus. Other possible structures responsible for pain 

origination are the facet joint, vertebral bodies, spinal ligaments and para-spinal 

musculature [51]. Compression of nerve roots is also a source of pain in disc 

degeneration and may be due to direct mechanical compression on the nerve root or 

biochemical inflammation.  

Failure of any one structure (intervertebral disc, facet joints, spinal ligaments, vertebral 

bodies and para-spinal musculature) can lead to altered biomechanics and increased stress 

on other tissues resulting in pain generation. Additionally, the collapse of disc space leads 

to altered biomechanics by causing laxity in the facet capsule (ligament) potentially 

leading to subluxation of the facet joints [52]. This results in abnormally increased 

motion of the spinal segment and instability of the joint. The body‘s response to this 

increased motion is neuro-protective in nature wherein biologic changes aim to limit 

spinal motion. This progression includes the restabilization of the spinal segment by 

osteophyte formation in the later phase of disc degeneration. Hence, segmental instability 

is mostly in the early stages of the disc degeneration usually in Grade 1 and Grade 2 disc 

degeneration [52, 53].  Motion of the degenerated cervical spine segment tends to be 

aberrant in that the patterns of motion are not repetitive, nor are they smooth, and they 

exhibit abnormal coupling of one motion with another [54]. In cervical spondylotic 
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myelopathy, unstable segmental kinematics is developed at the adjacent level in more 

than 70% of severe disc degenerative patients. The abnormal kinematics of the cervical 

spine due to disc degeneration causes a decrease in the area for the exiting nerve roots 

leading to painful mechanical impingement.  

Mechanical impingement clinically results in radicular symptoms mainly due to abnormal 

kinematics of spine, collapse of disc height, or herniation of disc tissue material either 

solely or in combinations. The susceptibility of patients to impingement of the nerves 

depends on the initial neural space and grade of degeneration [55]. Although osteophytes 

stabilize the spine in the late stages of degeneration, they can encroach upon the neural 

space as well. Retrolisthesis or dorsal translation of vertebra is known to occur in disc 

degeneration, adjacent segment disease or spinal instability. For each 1 mm of 

retrolisthesis of the superior vertebra relative to the inferior vertebra, the foraminal area 

decreases by 12% [56]. The axial compression test is known to produce pain in cervical 

degenerative disease patients, which is validated by the fact there is a decrease in 

foraminal space with loss of disc height. This decrease in the foraminal area can be 

relieved by flexion, which explains the observation of loss of lordosis in patients with 

degenerative disc disease. Kinematic magnetic resonance imaging showed an increased 

tendency of spinal cord impingement during extension in patients with disc degeneration 

and absent cord impingement features in neutral position [55, 57].  

2.2.1. EFFECTS OF DISC HEIGHT 

The correlation between the functional anatomy/anthropometry of the disc and its 

biomechanical response has not been extensively explored; thus, much of our 
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understanding must be extrapolated from the knowledge of disc height loss during disc 

degeneration. Unfortunately, the disc degeneration itself has a confounding effect on the 

biomechanics and the disc height loss itself cannot be attributed to how it affects the 

kinetics and kinematics of cervical spine. The subsidence of the vertebral body leads to 

decreased inter-segmental joint stiffness and increased forces through the facet joints [40, 

58]. The decreased disc space also leads to increased motion and may be due to the 

primarily increased laxity of disc and ligaments [24]. Patients with cervical disc height 

loss are prone to abnormal kinematics, rotational instability being more common in 

comparison to horizontal instability. During initial phase there is angular instability but as 

the disease progresses horizontal instability increases [59]. The instability of the spine 

due to disc degeneration also causes anterior displacement of the instantaneous axis of 

rotation [60]. The decrease in disc space also has been well documented with a 

concomitant decrease in the available intervertebral foramen area, where every millimeter 

decrease in the disc height decreases the foramen area by 20% to 30% [61].  

These overall changes with decreasing disc height lead to instability of spine. This 

instability is mitigated by restricting motion to increase the stiffness of spine by 

activation of para-spinal muscles. This increase in stiffness increases the loading on the 

spine and increased activity of muscles leads to fatigue of the muscle, both heightening 

the pain experience. This vicious cycle advances the rate of disc degeneration and hastens 

the need for therapeutic intervention. Surgical management is warranted in cases of 

immediate neural decompression or if conservative management fails. The next section 

describes the available strategies to surgically augment the cervical spine. 
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2.2.2. CURRENT METHODS OF TREATMENT 

Surgery is indicated in patients where decompression of neural tissue is required and/or 

the pain experience is not otherwise resolvable. The decision on the type of surgery is 

broadly based on the following factors; (1) Site of compression and number of levels 

involved, (2) Presence or absence of spinal stability, (3) Sagittal alignment of the cervical 

spine, and (4) Extent of the disease process with/without other congenital deformities [62, 

63]. With recent technological advances in surgical options, they can be classified in 

three broad groups based on tissue destruction and stability achieved; simple 

decompression, motion preserving surgeries (arthroplasty) and fusion (arthrodesis). For 

the interest of this document, arthroplasty and arthrodesis will be further discussed. 

Arthrodesis for disc degeneration is primarily done from an anterior approach and 

involves performing a decompression of the nerve roots through a discectomy anteriorly 

and interbody fusion. This procedure is considered to be the gold standard treatment and 

avoids the possibility of developing late kyphosis from disc space collapse. Fusion can be 

achieved either by using grafts, autograft or allograft, or instrumentation by placement of 

plates and screws or cages with the graft (figure 2.3.). For arthroplasty, a similar 

decompression is achieved with discectomy followed by vertebral end-plate exposition. 

The disc replacement device is then inserted between the vertebral bodies and attached to 

them with screws (figure 2.3.). Appropriate surgical therapy is chosen depending on the 

grade and type of disease. The treatment of cervical disc degeneration with surgery has 

been on an alarming rise with a 100% increase in last decade, 75% being fusion cases [7]. 

Arthroplasty devices have been reported earlier in the past couple of decades; however, 
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successful results have been achieved in the past 5-6 years. Cervical arthroplasty devices 

lagged behind the lumbar arthroplasty devices and currently 3 cervical disc replacement 

devices are approved by the FDA for disc degeneration and several others are being used 

as investigational devices. 

The two techniques are completely different in terms of their biomechanical outcomes, 

where fusion has an objective of no movement in contrast to arthroplasty which allows 

motion. Hence, a detailed biomechanical evaluation of these two techniques is essential.   

Figure 2.3. The anterior view of the two types of devices implanted in cervical spine, arthrodesis 

with anterior plate and graft (left) and arthroplasty using a Prestige® disc replacement device 
(right). 

 

2.3. BIOMECHANICS OF THE SURGICALLY OPERATED CERVICAL SPINE 

The biomechanics of surgical intervention is not completely understood due to new disc 

arthroplasty devices being introduced and a general lack of data surrounding the 

surgically repaired spine. The following section evaluates the existing literature reporting 

on the biomechanics of arthroplasty and arthrodesis of the cervical spine.  
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2.3.1. KINEMATICS OF THE OPERATED CERVICAL SPINE 

Several studies have investigated how arthrodesis and arthroplasty affect the kinematics 

outcomes and clinical studies have validated these in-vitro cadaveric experiments. As 

predicted with arthrodesis there is a decrease in the range of motion at the treated level, 

however, studies have suggested an increase in motion at adjacent levels [64, 65]. 

Arthroplasty has shown its ability to maintain range of motion at operated level, which 

has been multiply confirmed in reviews [66, 67], cadaveric experimental studies [68], and 

by computational models [69]. Cadaveric comparative studies between arthrodesis and 

arthroplasty showed similar results of maintained motion in the disc replacement scenario 

and decreased motion in fusion case associated with increased adjacent segment motion 

[70, 71]. However, one of the comparative studies showed results as expected for fusion 

and adjacent segment motion but also exhibited increased adjacent segment motion for 

disc replacement surgeries [64]. The neutral zones had no significant changes in axial 

rotation for either cases, it decreased in lateral bending for arthrodesis and decreased in 

flexion-extension for both the arthrodesis and arthroplasty scenarios. The center of 

rotation measured in patients treated with the Bryan
®
 cervical disc prosthesis showed no 

change at the treated level as well as the superior and inferior adjacent levels [72]. This is 

in agreement with computational modeling of cervical disc implantation showing no 

change in axis of rotation [73]. Unfortunately, this was idealized for the size of implant 

and no parametric analysis evaluating different sized implants was performed. Together, 

these data paint an unclear picture as to the changes in kinematics with arthroplasty 

surgical augmentation and thus represent a critical need for medical decision making.  
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2.3.2. KINETICS OF THE OPERATED CERVICAL SPINE 

It has been theorized that with anterior cervical discectomy and fusion (ACDF) all the 

loads are passed anteriorly through the bone formation between the vertebral bodies. Not 

much research has focused on load sharing and load transfer after spinal fusion, but one 

cadaveric experimental study investigated the load sharing between the plate fixed with 

screws and the graft in ACDF with instrumentation. The study examined the sagittal 

alignment of spine and its effect on load sharing, and concluded that the load is almost 

equally shared between the plate and graft with no effect of the lordotic angle [74]. Shear 

strains in the adjacent disc after single level fusion were found to remain the same after 1 

year and 6.5 years but increased in multi-level fusion cases [75]. Also an increase in 

longitudinal strains was measured in the adjacent discs which ranged from 30-40% strain 

for single level and multi-level fusions [75]. This provides a mechanical rationale for the 

adjacent segment disease, accelerated disc degeneration of the adjacent disc following 

fusion, which has been well documented clinically. There has also been numerous reports 

on an associated increase in adjacent disc pressure after fusion further supporting the 

hypothesis of adjacent segment disease due to fusion [64, 65, 76, 77].  

Arthroplasty maintains motion at the treated segment and is currently in early clinical 

stages, demanding a full understanding of the load sharing between the device and facets. 

Studies have mainly investigated facet load sharing in lumbar disc replacement surgeries 

with a few studies, experimental and computational, in cervical disc replacement 

surgeries [69, 73, 78-80]. These studies have a broad range of outcomes in facet load 

sharing after cervical disc replacement, from negligible changes to twice the force in 
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comparison to intact in all different directions of bending. The facet load sharing after 

cervical disc replacement surgery not only affects the treated level but has been shown to 

increase the forces experienced at adjacent levels mainly during extension and lateral 

bending [77]. A study using a computational model investigated changes in vertebral 

body strain after disc replacement in the lumbar spine at L3-L4 level. They illustrated a 

transition from an evenly distributed strain plot to spotty regions of zero and high strain 

concentrations [78].  

In spite of the few studies examining the kinetics of the surgically augmented cervical 

spine, there is a basic understanding of the kinetics of arthrodesis and arthroplasty; they 

are completely different and hence clinically differ in long-term adverse consequences. 

Prospective studies have confirmed that adjacent segment effects are more likely in 

fusion cases as mentioned earlier and not in arthroplasty due to their motion sparing 

effects [81]. And arthroplasty has a greater likelihood of facet degeneration as seen in a 5 

year follow-up study, suggesting the need for greater understanding of facet loading after 

joint replacement surgery [82].  

In order to protect the facet joints in arthroplasty and adjacent disc in arthrodesis from 

abnormal stresses, the kinetics and kinematics should mimic as closely as possible the 

normal cervical spine. They should be able to restore the physiologic range of motion, 

transfer correct forces and be able to restore disc height collapse from disc degeneration 

to protect the neural structures. These functions from the devices may be achieved if the 

appropriate size implants are correctly positioned in the spine. While a great deal of 

research has studied the correct insertion of the devices in the spine, almost no attention 
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has been given to the effects choosing the appropriate size implant. In fact, in the current 

clinical practice the choice of implant size is primarily based upon the surgeons’ personal 

experience and their trial-error and size of the implant has not been scientifically 

invested.  

2.3.3. NEURO-PROTECTIVE ABILITY OF THE OPERATED CERVICAL SPINE 

The size of the graft or the height of the disc replacement device selected during 

arthrodesis or arthroplasty respectively, may have large effects on the clinical outcome. 

The surgical therapeutic changes brought to the cervical spine secondary to degenerative 

disc disease should be mindful that the neuro-protective function of spine is not 

compromised. Larger graft sizes distract the vertebral body thus increasing the foraminal 

height and decompressing the intervertebral nerve [17, 83].  

Increasing disc height has also been shown to increase post-operative lordosis [80, 83, 

84]. The increased segmental lordosis is essentially extension of the superior vertebra 

over the inferior vertebra. It has been observed that extension decreases the available 

intervertebral foraminal space by anterior translation of the inferior articular process of 

the superior vertebra. Hence, increasing disc distraction may lead to an increase in 

intervertebral foramen size on the operating table, but if excessive lordosis is present in 

the patient at upright standing posture, this apparent gain may be lost—altogether 

suggesting caution when distracting a spinal column to decompress the neural tissues. 

Thus, there is more likely an optimum disc height for distraction and lordosis 

maintenance which alleviates and protects the nerves where increased disc distraction 

may lead to a decrease in the available intervertebral foramen area.  
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2.3.4. EFFECTS OF DISC HEIGHT ON THE OPERATED CERVICAL SPINE 

The use of large size grafts may appear to help the neuro-protective function initially, 

however, it may have dire consequences with increasing the anterior compressive forces 

and decreasing the load transmission through posterior elements [15, 16]. The increased 

disc height has also been shown to increase the inter-facet joint distance which may result 

in joint subluxation [85]. As discussed earlier, increased disc height has also been shown 

to increase post-operative lordosis which has been shown to both decrease intervertebral 

foramen are and decrease adjacent segment motion [80, 83, 84]. Studies have shown that 

increasing disc height in replacement devices leads to decrease in segmental range of 

motion, thus negating the initial beneficial effects of increased neural decompression [80, 

83, 86].  

To err on the larger size graft is always recommended, to avoid any failure of neural 

decompression but it has its own consequences of abnormal spinal motion and load 

transmission. On the contrary, too small of a graft size will have no benefit in relieving 

the neural compression symptoms of the patient. The surgeons are using a lot of 

information to find this right combination of appropriate size of device with minimal 

changes to normal cervical spine lordosis for a given patient; for example, the extent of 

disc collapse, adjacent disc height, general patient anthropometry (vertebral body size), 

unloading of the facets, and personal experience on the amount of decompression 

performed with expected settling/subsidence. There is no model which utilizes these 

factors together to effectively decide on the optimal distraction of a disc space, showing a 

lack of consensus among surgeons in choosing the disc size [87]. An et al. [18] 
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recommended adding a 2 mm graft for initial disc height lying between 3.5 mm – 6.0 mm 

and a 1 mm graft for initial disc height larger than 7.4 mm based on neuro-protective 

function with no biomechanical basis. However, the ideal graft height for successful 

anterior reconstruction of the cervical spine and restoration of biomechanical function 

remains unknown.  

2.4. OBJECTIVES OF THIS STUDY 

This study aimed to define the optimized distraction or disc height for the respective 

arthrodesis or arthroplasty surgical options based upon the three important functions of 

spine which include its kinematics, kinetics and neuro-protective roles. By achieving a 

thorough understanding of the complex biomechanics involved in the cervical spine 

before and after surgical intervention, the relative effectiveness of the intervention may 

be examined. The kinetics, loads instigating the motion, the kinematics, the quality of 

motion (including coupled motions), and the neuro-protective ability of the cervical spine 

have been largely studied individually. Unfortunately, it is not possible to perfectly 

replicate the ideal biomechanical configuration of a healthy cervical spine by the 

segregated understanding from these previous studies. Thus, the relationship between the 

distribution of loading, quality of motion, and neuro-protective ability of the cervical 

spine will be defined to better understand the biomechanics of the cervical spine both in 

the healthy state and after surgical augmentation. Using a human cadaver cervical spine 

model, the transfer of loads across a motion segment, the helical axis of motion of a 

spinal segment, and the change in the space available to the neural tissues will be 

investigated. These kinetic, kinematic, and neuro-protective measures will be acquired 
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for the intact cervical spine and then subsequent to surgical interventions of differing disc 

space distraction. The insights from this study will lead to improved surgical treatment 

options for cervical disc degeneration which consider the kinetic and neuro-protective 

functions of the spine when selecting a surgical approach. To achieve this outcome, the 

following specific aims were accomplished: 

1. Measure the forces at the facet joints for an intact cervical spine and after it is 

surgically altered with differing levels of disc distraction for arthrodesis and 

arthroplasty techniques. 

2. Measure the changes in the quality of motion for the intact cervical spine compared 

with the surgically augmented spine. 

3. Quantify the neuro-protective role of the cervical spine during the intact case and 

then for subsequent surgical applications with differing levels of disc distraction. 

4. Define the relationship between the distribution of loading and quality of motion in 

the healthy spine and quantify the effect of surgical procedures on the biomechanics 

of load distribution and kinematics.  

5. Synthesize an approach for determining the distraction of cervical disc in arthrodesis 

or, the size of disc height in disc replacement devices based upon the kinetics, 

kinematics, and neuro-protective results. 

This study will support the kinematic data in the literature and define the kinetics and 

neuro-protective roles of the spine for a more complete biomechanical comprehension of 

the effects of cervical spine surgical augmentation. This will lead to a more scientific 

approach for selecting the intervertebral disc distraction in surgical procedures for 
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cervical disc degeneration and hopefully mitigate the deleterious consequences of 

revision surgery and recurrent neck pain  
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CHAPTER 3: 

RESEARCH DESIGN AND METHODS 

The aim of this study was to measure the kinematics, kinetics, and neuro-protection 

changes in the cervical spine which result from arthrodesis and arthroplasty interventions 

of differential disc space distraction.  

3.1. STUDY DESIGN AND HYPOTHESES 

An in vitro, two-way factorial, repeated measures study design was utilized to address the 

objective and facilitate the testing of hypotheses.  

This in vitro study was conducted on unembalmed fresh human cadaveric osteo-

ligamentous cervical spine tissues. Eleven (n=11) specimens were acquired from the 

University of Minnesota Bequest Program for experimental investigation. These fresh 

frozen tissues were thawed and dissected into the spinal segment of C3-C7 for testing of 

the C4-C6 segment. The C5-C6 spinal unit was specifically investigated as it is also the 

most common site for degeneration [88, 89].  

The factors involved in this study are: (1) type of the specimen configuration: intact, 

arthrodesis, and arthroplasty, and (2) size of disc distraction in arthrodesis and 

arthroplasty. These main effects factors will be examined specific to their consequences 

on each type of cervical spine loading (flexion, extension, lateral bending, and axial 

rotation) in a blocked fashion.  

By performing a repeated measures investigation, between specimen variability was 

minimized and the effects of the factors was specifically studied. The parametric 

(outcome) measures included in this study were: 
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1.   Force and moment measurements across the entire cervical spine test segment (C4-

C6) for each test case in every cervical spine configuration. 

2.   Strain measurements on the right and left articular pillars of C5 vertebrae. 

3.   Contact force measurements of the right and left C5-C6 facet joints.  

4.   Displacement measures (angular and linear) via infra-red passive reflective markers at 

each vertebral level (C4, C5 & C6).  

5.   Intervertebral foramen occlusion measurements for the C5 and C6 spinal nerves 

bilaterally.   

Based upon the critical gaps found in the review of the literature, a number of hypotheses 

were generated to improve our basic cervical spine biomechanics understanding and 

provide surgical decision making insight. The null hypotheses for these alternative 

hypotheses listed below were tested using the outcomes data above. These alternative 

hypotheses represent the critical additions to the field which are needed for both a deeper 

understanding of the integration of biomechanical parameters in the cervical spine and 

how these parameters are affected by surgical augmentation. 

Hypothesis 1. The increase in disc height due to the device/spacer implantation will lead 

to increased lordosis of the cervical spine test segment (C4-C6) for both arthroplasty (2) 

and arthrodesis (2) configurations.  

Hypothesis 2. The range of motion and neutral zone in each direction of loading will 

increase in order of arthrodesis, intact, and arthroplasty, for same level of disc 

distraction at the treatment level.  
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Hypothesis 3. An increase in the disc distraction for the surgically operated spine will 

result in decreased motion and neutral zone in a direction of motion specific fashion.  

Hypothesis 4. The range of motion will increase in arthrodesis configuration at the 

adjacent level of treatment in a position dependent fashion.  

Hypothesis 5. The stiffness of the treatment level spinal segment will increase in the 

order of arthroplasty, intact and arthrodesis in direction specific loading.  

Hypothesis 6. The compressive strains in the first principal direction of the posterior 

elements in the neutral position will increase due to disc distraction (due to increased 

lordosis of the spine) for both arthroplasty and arthrodesis configurations.  

Hypothesis 7. The change in compressive strains in the first principal direction of the 

posterior elements in a direction of bending specific fashion will decrease after 

arthrodesis.  

Hypothesis 8. Surgical augmentation will produce diminished load sharing in the facets 

in all directions of bending.  

Hypothesis 9. With the increasing height of disc distraction, the space available for the 

neural tissues will increase in a position dependent fashion.  

Hypothesis 10. With the increasing disc distraction in the lower intervertebral disc joint, 

there is a decrease in the space available for the upper intervertebral neural foramen in 

a position dependent fashion. 
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3.2. METHODS 

3.2.1. SPECIMEN PREPARATION 

Eleven fresh frozen unembalmed human cadaveric cervical spines were obtained from 

the University of Minnesota Bequest program after IRB approval. The specimens were 

thawed to room temperature and checked for any bony abnormality manually and 

radiographically using magnetic resonance imaging (MRI). Once the specimen was 

confirmed free of any gross pathology it was dissected free of muscles and other soft 

tissues, except intervertebral disc and ligamentous structures. The cervical spine was 

segmented from C3 to C7, where each end of the segmented specimen was rigidly fixed 

to a polymer block for attachment to the test device. Initially, screws were inserted to 

fuse C3-C4 and C6-C7, thus forming a test segment from C4-C6. After screw insertion, 

the ends were embedded in polymethylmethacrylate (PMMA). Care was taken to keep 

the spine in the center of cup and the inferior disc parallel to horizontal while embedding. 

After embedding (figure 3.1.) the specimens were kept in the freezer at -20°C until 

testing.  

Figure 3.1. Embedded cervical spine specimen, ready for testing. 
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Figure 3.2. Mid-sagittal view of the T2 weighted 3T MRI scans of different cervical specimens 
with varying degree of disc degeneration. Left specimen has no C5-C6 disc degeneration, middle 

specimen has moderate C5-C6 disc degeneration and right specimen has severe C5-C6 disc 

degeneration. 

 

MRI was performed using a 3-Tesla magnet (Siemens MAGNETOM Trio) while placing 

the tissues in a knee coil. Clinical T2 weighted sequence protocol was run to obtain 

sagittal slices of the spine (figure 3.2.). Two orthopedic surgeons and two neurosurgeons 

graded the C4-C5 and C5-C6 discs using the Pfirrmann grading scale [90]. Each surgeon 

then measured the anterior-posterior diameter for the superior and inferior part of the C5-

C6 disc (see figure 3.3.). Disc height was measured in the middle of the disc to obtain 

maximum disc height using the MIMICS software version 14.11 (Materialise US, MI, 

USA). Each measurement was done only once, although surgeons were allowed to 

correct any measurements. Once these measurements were made, the surgeons using their 

best of knowledge and clinical experience identified the size of disc replacement device 

they would use intraoperatively if these were surgical cases.  
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Figure 3.3. Screenshot of the cadaveric cervical spine evaluating C4-C5 and C5-C6 disc size in 

MIMICS by one of the surgeons. 

 

3.2.2. INSTRUMENTATION 

3.2.2.1. SPINE KINETIC SIMULATOR  

The apparatus reproducing normal spinal kinetics in our in-vitro specimens was a servo-

hydraulic six-axis Spine Kinetic Simulator (SKS) (8821Biopuls, Instron, Norwood, MA) 

(figure 3.4.). The simulator can apply pure moments or angular displacements in flexion-

extension, right & left lateral bending, and right & left axial rotation. In all modes of 

loading, the shear forces in the spine which are not naturally produced can be removed by 

the free-floating inferior table in x-y direction. Six-channel load cells (AMTI M4380, 

Watertown, MA) at the superior and inferior ends of the specimen record the forces and 

moments for control and readout. This simulator is controlled using a feed-forward PID 
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control wherein feedback from the digital encoders provide displacement data and the 

load cells provide force and moment data.   

3.2.2.2. OPTICAL MOTION CAPTURE SYSTEM  

Flags consisting of 4 passive infra-red reflective markers were built in-house which are 

distributed in a non-coplanar fashion. These markers are attached on the sides of the 

vertebral body using self-tapping screws to detect its motion in space (figure 3.5.). A 6-

camera high speed 3D motion capture system is used to record the movement of each 

individual vertebra (Vicon MX-F40NIR, Vicon Motion Systems, Centennial, CO). The 

system is calibrated for a specific volume of space where the spine specimen undergoes 

motion and the resolution of the individual markers is less than 0.08 mm. The motion 

capture data and hence segmental kinematics of the cervical spine was collected at 100 

Hz.  

Figure 3.4. Six-axis Spine Kinetic Simulator and schematic of spinal testing apparatus. Pure 

moment is applied superiorly, while the inferior platen translates allowing for shear forces to be 

minimized. 
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Figure 3.5. Non co-planar passive infra-red reflective markers attached to the C4, C5 and C6 
vertebral bodies for motion detection. 

 

 

3.2.2.3. STRAIN GAGES 

The strains on the articular pillars of C5 were recorded using rosette strain gauges so as to 

identify both the magnitude and orientation of the surface strains. Rosette strain gages 

C2A-06-062WW-350 (Vishay Micro-Measurements, Raleigh, NC) of constantant alloy 

in self-temperature-compensated form with a gage resistance of 350 ohms, a gage factor 

of 2.12, and transverse sensitivity of 0.4%. The gages are pre-soldered with a protective 

backing and are bonded posteriorly to the right and left articular pillars of the C5 

vertebra. Each strain gage in the rosette strain gage is attached to a quarter-bridge 2310 

signal conditioning amplifier (Vishay Micro-Measurements, Raleigh, NC). The gages are 

excited with a 10V excitation and the resulting signal from the strain gages is amplified 

500x, and filtered with a 10 Hz low-pass analog filter. The data was acquired at a 

frequency of 100 Hz using a data acquisition card (Model PCI 6067, National 

Instruments, Austin, TX) on a personal computer.  

Reflective Marker Set 

Intervertebral Foramen 

Occlusion Transducer 
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3.2.2.4. INTERVERTEBRAL FORAMEN OCCLUSION TRANSDUCER 

A custom built intervertebral foramen occlusion transducer (IFOT) consisting of a closed 

tubing filled with saline (0.9%) is inserted in the intervertebral foramen space (figure 

3.5.) [91]. The size of the transducer is chosen to snugly fit the intervertebral foramen 

space and a constant amplitude current (20 μA) is passed through the saline at 2 kHz. The 

differential voltage across the foramen is amplified using an AC-coupled instrumentation 

amplifier and acquired at 20 kHz using a data acquisition system (Model PCI 6067, 

National Instruments, Austin, TX). Each individual transducer is calibrated for its voltage 

to the cross-sectional area. An exponential curve is fit to the cross-sectional area versus 

voltage data which describes the sensitivity of the device and was used for calculations.  

3.2.2.5. FORCE SENSING RESISTORS 

Very thin (0.3mm), polymer film devices (Force Sensing Resistors) were used for 

measuring forces between the superior and inferior facets. The resistance of these force 

sensing devices (3103 Interlink Electronics, Phidgets Inc., Canada) change with applied 

force over 5mm diameter circular pad area. A voltage divider (P/N 1121, Phidgets Inc., 

Canada) was used with a supply voltage of 5V. Each force sensing resistor (FSR) was 

calibrated by measuring voltages for known applied force from 0-100 N using a load cell, 

which is later used for back calculations to forces from voltages obtained during testing. 

The data was acquired at a frequency of 100 Hz using the data acquisition card (Model 

PCI 6067, National Instruments, Austin, TX) on a personal computer.  
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3.2.3. TESTING PROCEDURE 

The dissected and embedded cervical spine specimen were thawed and prepped for strain 

gage bonding as described by Roberts [92]. All soft tissue from the surface of the bone 

was removed by scraping with a silicon carbide 320-grit paper while taking care to not 

damage the cortex. Degreasing of the surface was done using CSM Degreaser (Vishay 

Micro-Measurements, Raleigh, NC) while taking care to avoid seepage into neighboring 

area by placing gauze pieces. Cyanoacrylate was used (M-Bond 200 Adhesive and M-

Bond 200 Catalyst, Vishay Micro-Measurements, Raleigh, NC) as bonding agent to 

attach strain gage to the bony cortex. To prevent drifting of signal and to protect the 

strain gages from any blood, grease or liquid, coating the entire system was done using 

polyurethane (M-Coat A, Vishay Micro-Measurements, Raleigh, NC) (figure 3.6.). After 

strain gage attachment, IFOT’s were inserted into the bilateral foramen of C4-C5 & C5-

C6 and passive infra-red reflective markers were attached laterally using self-tapping 

screws to C4, C5 and C6 vertebral bodies before placing the specimen in the cups of the 

spine kinetic simulator. Care was taken to place the specimen in the center of the spine 

simulator while maintaining the lordosis of the cervical spine. The load cells of the SKS 

were balanced to zero, and the boundary limits set to protect the specimen from excessive 

loads and displacement. The strain gages were balanced only once at the start of the 

testing protocol before applying any loads to the specimen.  
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Figure 3.6. Specimen is thawed before testing and prepped for strain gage bonding. A) C5 

cervical vertebra articular pillars are dissected free of soft tissue and periosteum. B) Strain gages 

are bonded to the cervical vertebra. C) Polyurethane coating is applied to strain gages to resist 
any drifting due to fluid or blood. 

 

Once the specimen was loaded into spine simulator and ready for testing, the C6 vertebral 

body was digitized to know the location of specimen in space at 3 points; anterior 

superior mid sagittal point, and right and left superior mid coronal points. Four cycles of 

pure moment sinusoids of 2 Nm in axial rotation and lateral bending and 1.5 Nm in 

flexion-extension were applied at a frequency of 0.015 Hz in all directions while having 

no shear forces and collecting data at 100 Hz. All the data collection systems were TTL 

triggered at the same time. After the initial testing of the intact cervical spine, the force 

sensing resistors were inserted in between the inferior facet of C5 and superior facet of 

C6 by making a small 5mm split in facet capsule. The cervical spine was tested again for 

the three directions of bending and then sequentially with surgical augmentation 

configurations. The order of sequential testing of each specimen is given in table 3.1. One 

spine specimen was tested completely on a single day (figure 3.7.) and care was taken to 

avoid disc desiccation by spraying mist and wrapping the specimen in wet paper towels. 

 

B C A 
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A B 

Table 3.1. Experimental Study Design Surgical Series. 

Test Case Cervical Spine (C4-C6) 

1 Intact 

2 Intact with force sensing resistors, after having a 5mm lateral slit in 

facet capsule 

3 C5-C6 disc replacement of size of 6mm  

4 C5-C6 disc replacement of size of 7mm 

5 C5-C6 anterior fusion with 6 mm spacer 

6 C5-C6 anterior fusion with 7 mm spacer 

 

The kinematic, kinetic, and intervertebral foramen area data described above were 

collected for each of the cases described to facilitate the testing of the stated hypotheses. 

In all, 26 channels of strain, load and foramen area data along with 12 motion marker 

positions were recorded for each direction of bending (3) for the 6 different 

configurations to fully describe the biomechanics and neuro-protective abilities of the 

cervical spine.  

Figure 3.7. (A) A typical setup of the cervical spine biomechanical testing showing the spine 

loaded in SKS and the VICON motion capture system. (B) Postero-lateral view of the cervical 
spine showing the passive infra-red flags, force sensing resistors (FSR) inside the C5-C6 facet 

joint, rosette strain gages, inter-vertebral neuro-foramen transducers (IFOT), and 6-axis load 

cell attached to top and bottom cups. 
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3.2.4. SURGICAL PROCEDURE 

Surgeries for disc replacement and fusions were done by a board certified spine specialist 

orthopedic surgeon. Only one surgeon performed the surgeries to minimize surgeon 

variability in the study design. The surgery was performed while the specimen was 

loaded in the Spine Kinetic Simulator to avoid any variability of results in re-placing the 

spine in the exact location. For the 6mm device arthroplasty, the surgeon performed 

complete discectomy and exposed the end plates until free of disc material using curette. 

Distraction of the vertebral bodies was performed and the 6mm profiler is used to test the 

space. Once the surgeon was satisfied with the placement of the profiler, the 6mm 

Prestige® Cervical Disc System (Medtronic Spinal and Biologics, Memphis, TN) 

replacement device was inserted using an implant inserter. Next, using a drill guide pilot 

holes were created and then self-tapping fixed angle cancellous bone screws 4.0 mm x 12 

mm were inserted (figure 3.8.). The screw purchase was noted for each specimen and 

each configuration and finally set screws inserted. After the biomechanical testing of 

6mm disc, it was removed by the surgeon and the space was interrogated using a 7mm 

profile arthroplasty system Again after the surgeon’s satisfaction, a 7mm Prestige® 

Cervical Disc System (Medtronic Spinal and Biologics, Memphis, TN) was implanted in 

similar fashion as explained above. The foot plate dimensions of these devices were 

measured earlier on the T2-weighted MRI scans and the appropriate sizes were chosen 

from 12, 14 and 16mm. The 7mm device underwent similar biomechanical testing and 

was removed once the testing was completed. The surgeon would then insert a 6mm x 12 

mm x 13 mm spacer (VERTE-STACK® Spinal System, Medtronic Spinal and Biologics,  
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Figure 3.8. Surgeon performing surgery for implantation of 6mm disc replacement device. 

Anterior discectomy is performed (A), profile trial is done (B), the replacement device is inserted 
using the insertor (C), pilot holes are created using drill guide (D), screws are inserted (E) to 

lock the implanted disc replacement device in place (F). 

 

Memphis, TN) and sometimes the specimens would need a little compressive force to 

have a snug fit of the spacer. ATLANTIS® Anterior Cervical Plate System (Medtronic 

Spinal and Biologics, Memphis, TN) 23mm or 25mm depending on the specimen was 

A 

 
B 

 

C D 

 

E 

 

F 

 



 

 42 

used for single level fusion at C5-C6 level. For better purchase the screw size was 

increased to 4.5 mm x 13 mm self-tapping fixed angle cancellous screws. This specimen 

configuration underwent the same series of tests in different directions of bending and 

then the fusion device was replaced with the final configuration of 7mm x 12 mm x 13 

mm spacer (VERTE-STACK
®
 Spinal System, Medtronic Spinal and Biologics, 

Memphis, TN) with the appropriate anterior cervical plate. The screw size was again 

increased to 4.5 mm x 17 mm self-tapping fixed angle cancellous screws.  

3.3. DATA ANALYSIS  

For each biomechanical loading direction test (3) performed after each surgical case (6) 

on eleven specimens, the following data were collected: kinematic data for 3 rigid bodies 

(4 – 3D markers each), global kinetic data (two 6-channel load cells Fx, Fy, Fz, Mx, My, 

Mz and angular encoders Θx, Ψy,Φz, with one vertical displacement channel Tz), 2 3-

channel rosette strain gauges, two interfacet force sensors, and 4 intervertebral foramen 

occlusion transducers. All the data was digitally filtered using a 10 Hz low-pass 

Butterworth filter and the third cycle of the 4 cycles collected was used for data analysis 

in MATLAB R2008b (Mathworks, Inc., Natick, MA). The complete MATLAB scripts 

for data analysis are provided in Appendix B and these detail all of the data reduction 

methods utilized. The following analysis of the data was done in each direction of 

bending and for each configuration. 

3.3.1. SPINAL MECHANICS 

The inter-segmental angle versus applied moment plots were constructed and traditional 

spinal mechanics outcome measures were evaluated at C4-C5 and C5-C6 functional 
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spinal units in each direction of bending. These angle – moment plots were used to 

identify and calculate the following outcome metrics: range of motion (ROM), neutral 

zone (NZ), and elastic zone stiffness (figure 3.9.). The range of motion for each segment 

was directly pulled off of these curves. Next, a fifth order polynomial was fit to each of 

the loading / unloading curves for subsequent analysis. Double differentiation of these 

functions provided the inflection points of the curve and served as the two markers 

denoting the transition between the neutral zone behavior and the functional elastic zone 

mechanics. The elastic zone stiffness of each test was found from the inflection point to 

the end range of motion in each direction by linear regression technique and obtaining the 

slope. The change in angle of the cervical spine specimen (C4-C6) was measured as the 

difference from the neutral position and after each implantation at no load in the SKS at 

all three different planes.  

Figure 3.9. Example Moment – Angular Displacement Curve with Metrics. The range of motion 
is defined as the maximum displacement and the neutral zone is defined as the displacement 

between the zero moment values on the unloading curves. Hysteresis is the area between the 

curves and the stiffness λ1 and λ2 are the linear fit of the data from the inflection point to peak. 
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3.3.2. HELICAL AXIS OF MOTION 

The motion capture data was processed using Vicon Nexus v1.7. (Vicon Motion Systems, 

Centennial, CO) to export the marker data for further analysis using MATLAB. The 

location of the digitized points on the C6 vertebra; anterior superior mid sagittal point, 

and right and left superior mid coronal points, were used to locate the vertebra and the 

spinal segment in space. These three points were used to form a local co-ordinate system 

where the plane formed by the three points is the plane of the superior surface of C6 

vertebral body. The right hand local co-ordinate system was setup such that the x-axis is 

oriented positive anterior, the y-axis positive left-lateral, and the z-axis perpendicular to 

the x-y plane with positive superior. The origin of each vertebral was defined by the 

anterior superior mid-sagittal point. Once the local co-ordinate system was setup, the 

position of the flags with respect to vertebra was known by simple vector calculations 

and converted to the local frame from the global frame of reference. Next, the helical axis 

of motion (HAM) was computed at the instrumented level, C5-C6, and parameters are 

extracted by the techniques published by Spoor & Veldpaus, and later expanded by 

Woltring et al. [32, 93]. The calculated helical axis parameters include the rotation matrix 

R, degree of rotation φ, direction of the helical axis vector n , translation vector  ν, and 

magnitude of translation t. The following equations and schematic (figure 3.10.) will help 

in explaining how these values are obtained for each direction of bending.  
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If the initial position of point X1 = [x1  y1  z1  1] and final position X2 = [x2  y2  z2  1] is 

known, then there exists a relationship between the two points which can be described via 

the transformation matrix T, such that,   

Figure 3.10. Schematic of Helical Axis of Motion and its parameters 

 

X2 = [T][X1], where T =                        Eq1 

 

and T can be broken into rotation matrix R and translation vector ν  = [ν1  ν2  ν3] 

The rotation matrix describes the rotation the body undergoes and the translation vector 

describes the linear translation the body during rotation. The motion of the body can also 

be described as a rotation of angle φ about a helical axis n  and translation t about that 

axis. The following equation can be used to calculate the angle φ,  

     
 

 
√                                        Eq 2 

Once the angle φ is  now the unit vector n  can be calculated as follows 

         
 

 
 
       
       
       

            Eq 3 

R11  R12  R13  ν1 

R21  R22  R23  ν2 

R31  R32  R33  ν3 

0     0      0     1 
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And the magnitude of translation t is calculated as,  

                           Eq 4 

The position vector s , which is the shortest distant point on helical axis from origin, is 

    
 

 
            

    

          
             Eq 5 

After calculating all these parameters, the location of helical axis, point P, in a given 

plane is calculated as   

P = s + q • n              Eq 6 

where q is a scalar quantity calculated as 

   
       

    
              Eq 7 

where y  is the coordinate vector of plane of interest which in this study is obtained from 

the three digitized points. The location of point P is normalized by the size of the inferior 

vertebral body and for each direction of bending the HAM is calculated.  

3.3.3. STRAIN MEASUREMENTS 

Strain measurement did not require corrections for thermal effects as room temperature 

was maintained for the entire duration of testing. The error due to transverse sensitivity 

was ignored as the transverse coefficient was 0.4%, which is less than 1% to have errors 

requiring correction [Technical Note 515, Vishay Micro-Measurements]. The 6 voltage 

channels measured by the 2 three-gage rosettes attached on each side of C5 vertebra 

articular pillars were initially corrected for amplification. The amplification corrected 

voltages were then used to obtain strains from each individual strain gage using the 

equation given below (equation 8).  
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a         c 

     b    
a         c 

     b    

  
      

           
 (  
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           Eq 8    

                     
               

                   
   

                                                 and                  .   

The term (  
  

  
) equates to 1.003 and was ignored for calculation of strains from 

voltages. The strains obtained from the three gages present within the rosette were then 

resolved in accordance with American Society for Testing and Materials (ASTM) 

standards into principal strains, Ɛ1 and Ɛ2, and the angle Ɵ, which is the angle Ɛ1 makes 

with the superior-inferior vertical line using a typical Mohr’s circle of strain for 0º-45º-

90º rosette [94]. The assumption made here is that the middle gage of the rosette strain 

gage was vertically aligned during bonding, and care was taken in doing so. Figure 3.11. 

shows the schematic alignment of the rosette strain gage with the naming of gages as (a), 

(b) and (c). For the right side rosette strain gage, the strain gage (a) was medially present, 

and for the left side rosette the strain gage (a) was laterally present. The following series 

of equations 9-13 were used to convert the strains from (a), (b) and (c) gages to principal 

strains, Ɛ1 and Ɛ2, and the angle Ɵ (Ɛa, Ɛb and Ɛc strains are calculated using equation 8).  

  
     

 
             Eq 9 

 

   √                       Eq 10             

 

                                  Eq 11 

 

                                 Eq 12 

 

      
        

      
             Eq 13 

Figure 3.11. The schematic of the strain gage 

attached to the articular pillars and the convention 

used for solving of the principal strains. 
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The angle obtained is with respect to gage (a), which is then corrected for vertical 

alignment. Also, the clockwise and anti-clockwise rotations are corrected to medial and 

lateral rotations from the vertical line for the left and right side. The principal strains and 

the angles are then read out at neutral upright position with no loads for each 

configuration. The change in strains at the peak moments were calculated by finding 

difference between the strains at peak moment and the neutral upright position for that 

configuration in each direction of bending.  

A preliminary analysis using a computational model of the cervical spine revealed this 

approach to be robust to planar motions of the cervical spine where the disc and vertebrae 

are being simulated using finite element analysis methods. The disc and vertebrae 3-D 

geometry were defined from scanned images using MIMICS software version 14.11 

(Materialise US, MI, USA) and imported into the finite element analysis software 

COMSOL Multiphysics v3.5a. (COMSOL, Inc., Burlington, MA). The objects were 

meshed as solid bodies with tetrahedron elements. Material properties for vertebrae 

(Young’s Modulus = 1000 MPa, Poisson’s ratio = 0.30, density = 2570  g/m
3
) and 

intervertebral disc (Young’s Modulus = 4.5 MPa, Poisson’s ratio = 0.40, density = 1200 

kg/m
3
) were obtained from the literature and assumed to be isotropic, elastic and 

homogenous. Known forces from previous uni-axial strain gage experiments were 

applied to this model to examine its efficacy. The model is exercised through a protocol 

of the maximum experimentally applied forces (200N compressive load) and the local 

stress and strain patterns are determined for the gage locations. The strain values as 
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D 

C 

measured where the strain gages were attached, averaged around 50μ (figure 3.12.) and 

were comparable to the experimental values of approximately 30μ.  

Figure 3.12. Finite element analysis showing an average of 50μ strain values at the articular 

pillars where uni-axial strain gages where attached and forces were applied to the superior facet. 

 
Figure 3.13. Compressive forces applied on the disc (A) and vertebral body (B) showing the 

stress values. For the equal compressive forces, the strain values are 3 magnitudes different in 

the disc (C) compared to vertebral body (D). 
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3.3.4. FACET FORCE MEASUREMENTS 

The force sensing resistors inserted to measure facet contact forces were calibrated back 

to known loads based upon the instrumentation utilized. The forces measured were over a 

(5mm diameter) 19.6 mm
2
 area which is about a quarter of the normal facet area [35, 95]. 

The slight height difference of the sensor though should have forced much of the facet 

loads to go through the sensor and be measured. The forces were recorded and correlated 

with the peak moments of bending in each direction for all 6 configurations. 

3.3.5. INTERVERTEBRAL FORAMEN AREA MEASUREMENT 

The data recorded for the intervertebral foramen occlusion transducer was a 2 kHz sine 

wave which was amplitude modulated based upon the level of occlusion to the neural 

space and subsequently to the transducer. The sinusoidal voltage signal was rectified and 

peaks were obtained from the 2 kHz signal acquired at 20 kHz. The peaks were then 

linearly interpolated and down sampled by 200 times to obtain a 100 Hz signal. Then the 

signal was calibrated to the cross-sectional area of the tube using each transducer’s 

individual and unique calibration exponential curve. The area output gives the 

intervertebral foramen area and the values were measured throughout the motion and 

correlated with the peak bending moments for each direction and configuration. The 

percentage change from neutral position was calculated for each configuration as the 

difference in area at neutral position from the current area divided by the area of the 

intact neutral position. The effect of bending position on intervertebral foramen area was 

calculated as the change in area from its configuration neutral position divided by the 

area of its configuration neutral position.  
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3.4. STATISTICAL TESTING 

All statistical analyses were performed using SPSS 17.0 (IBM Inc., Armonk, NY). An 

intra-class correlation coefficient was found for between surgeon variability on disc grade 

and anthropometric measurements. A repeated measures analysis of variance (ANOVA) 

was performed on each metric of spinal range of motion, neutral zone, elastic zone 

stiffness, strain measurements, facet forces, and intervertebral foramen area. For all tests, 

alpha value of 0.05 was used to determine significance.  If the comparison warranted a 

further contrasting of variables, pair wise t-tests were performed with Shaffer’s S1 

modified Bonferroni correction to statistically compare outcomes between cases. Each 

null hypothesis was tested independently to examine its role in the biomechanical 

response of the surgically augmented cervical spine.  The hypotheses are individually 

discussed below as to the statistical test utilized to evaluate the hypothesis. 

3.4.1. HYPOTHESES TESTING 

The hypotheses as stated above were examined by performing statistical tests on the 

outcome measures and identifying if those tests supported or rejected the null hypotheses. 

In the following section, each hypothesis is stated with its null hypothesis and the 

statistical testing of that null hypothesis. 

Hypothesis 1. The increase in disc height due to the device/spacer implantation will lead 

to increased lordosis of the cervical spine test segment (C4-C6) for both arthroplasty (2) 

and arthrodesis (2) configurations. The null hypothesis is that there is no change in the 

lordosis (sagittal plane alignment) of the spine segment tested with implantation of the 

devices measured during the neutral position (i.e. with no loads).  
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The change in the lordotic angle is the difference between the sagittal plane angle of the 

test specimen in neutral position for a given configuration and the sagittal plane angle in 

neutral position of the same intact specimen. A repeated measures ANOVA was utilized 

to see if the 4 configurations had any difference from each other and the tests of between-

subject effects showed if the intercept was significantly different from zero. This 

intercept value measures if the change in the lordotic angles is significantly different 

from zero.  

Hypothesis 2. The range of motion and neutral zone in each direction of loading will 

increase in order of arthrodesis, intact, and arthroplasty, for same level of disc 

distraction at the treatment level. The null hypothesis is that there is no change in the 

range of motion and neutral zone in each different type of surgery for a given disc 

distraction in each direction of loading.  

Using the position data from each vertebral flag, the relative motion of C5 will be 

calculated with respect to C6 for each direction of load applied. For this relative motion, 

the end range of motion and the neutral zone values are calculated using the methods 

described above in each surgical configuration type (intact, arthrodesis and arthroplasty). 

A one-factor repeated measures ANOVA will be utilized to investigate if differences in 

these values exist. If significant differences are observed, then a post-hoc pair-wise 

contrast test will be performed using Tu ey’s Honestly Significant Difference test.  

Hypothesis 3. An increase in the disc distraction for the surgically operated spine will 

result in decreased motion and neutral zone in a direction of motion specific fashion. The 
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null hypothesis is that there will be no change in the range of motion and neutral zone 

with different disc space heights.     

As described in hypothesis 2., the range of motion and neutral zone are calculated for 

each direction of loading with regard to different disc space heights for C5-C6 motion. A 

one-way repeated measures ANOVA will be used to investigate for differences. If 

significant differences are observed, then a post-hoc pair-wise test will be performed 

using Tu ey’s Honestly Significant Difference test. 

Hypothesis 4. The range of motion will increase in arthrodesis configuration at the 

adjacent level of treatment in a position dependent fashion. The null hypothesis is that 

there will be no change in the range of motion at the adjacent level after fusion with 

different spacer implants.     

As described in hypothesis 2., the range of motion is calculated for each direction of 

loading with regard to different spacer size implants for C4-C5 motion segment, which is 

adjacent to the C5-C6 treatment level. A one-way repeated measures ANOVA test will be 

run to investigate for differences.  

Hypothesis 5. The stiffness of the treatment level spinal segment will increase in the 

order of arthroplasty, intact and arthrodesis in direction specific loading. The null 

hypothesis is that there will be no change in the stiffness of the C5-C6 functional spinal 

unit during loading in specificity of direction for different surgical configurations. 

The elastic zone stiffness values are calculated for the C5-C6 motion segment as per the 

description in methods for each direction of bending. These values will then be compared 
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between intact, arthroplasty and arthrodesis using a repeated measures one-way ANOVA. 

A pair-wise t-test will be done to analyze any within factor (surgical case) differences.  

Hypothesis 6. The compressive strains in the first principal direction of the posterior 

elements in the neutral position will increase due to disc distraction (due to increased 

lordosis of the spine) for both arthroplasty and arthrodesis configurations. The null 

hypothesis is that there is no change in the compressive strains, Ɛ1, of posterior elements 

with disc distraction of the C5-C6 functional spinal unit.  

The right and left compressive strains, Ɛ1, of the C5 vertebra are measured in the neutral, 

no loads position after each type of surgery (total 4). A two-way repeated measures 

ANOVA is used to measure the difference between the right and left Ɛ1 strains and for the 

surgical configuration. This test is repeated for the Ɛ2 tensile strains and the direction of 

angle - Ɵ.  

Hypothesis 7. The change in compressive strains in the first principal direction of the 

posterior elements in a direction of bending specific fashion will decrease after 

arthrodesis. The null hypothesis is that there is no change in the compressive strains, Ɛ1, 

of posterior elements after arthrodesis during for each specific direction of bending.  

The change in the strains is measured by subtracting Ɛ1 at neutral position from the Ɛ1 

measured at peak moment applied in a specific direction of bending for each individual 

specimen for intact and other surgical configurations. The right and left sides are 

combined for flexion and extension activity, whereas for axial rotation and lateral 

bending the right and left sides are combined as ipsilateral and contralateral activities. A 

one-way repeated measures ANOVA is used to measure the changes between 
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configurations for the change in Ɛ1 strains, repeated for each direction of bending. The 

statistical test is repeated for Ɛ2 and angle – Ɵ in a similar fashion. Individual contrasts 

were used to identify the surgical augmentations with statistically distinct strains from 

intact using Tukey’s Honestly Significant Difference test.  

Hypothesis 8. Surgical augmentation will produce diminished load sharing in the facets 

in all directions of bending. The null hypothesis is that there is no change in the facet 

loading regardless of the surgical configuration in all directions of bending.  

Within each specimen across surgeries, forces normal to the facets were measured at peak 

moments for all directions of bending. The right and left sides are combined for flexion 

and extension activity, whereas for axial rotation and lateral bending the right and left 

sides are combined as ipsilateral and contralateral activities. A one-factorial ANOVA was 

utilized to investigate if a difference exists in facet loading based upon the type of 

surgical augmentation for each direction of bending. Individual contrasts were used to 

identify the surgical augmentations with statistically distinct load sharing from intact 

using Tu ey’s Honestly Significant Difference test.  

Hypothesis 9. With the increasing height of disc distraction, the space available for the 

neural tissues will increase in a position dependent fashion. The null hypothesis is that 

there will be no change in intervertebral foramen area with change in disc space height 

for every loading direction.  

The areas of right and left intervertebral foramen for C6 nerve will be calculated using 

the calibration curve. The change in area from neutral position to the peak load in each 

direction of loading will be computed. Two-way ANOVA will be used to analyze the 
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change in intervertebral foramen area (site of disc distraction) with respect to disc 

distraction for each bending direction (the right and left sides will be combined as 

ipsilateral and contralateral for bending and rotational directions). 

Hypothesis 10. With the increasing disc distraction in the lower intervertebral disc joint, 

there is a decrease in the space available for the upper intervertebral neural foramen in 

a position dependent fashion. The null hypothesis is that there will be no change in level 

above intervertebral foramen area with increasing disc distraction for each loading 

direction.  

The areas of right and left intervertebral foramen for C5 nerve will be calculated using 

the calibration curve. The change in area from neutral position to the peak load in each 

directional loading will be computed. Two-way ANOVA will be used to analyze the 

change in right and left C4-C5 intervertebral foramen area (level above disc distraction) 

with respect to disc distraction at level below for each bending direction.  
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CHAPTER 4: 

RESULTS 

Eleven cervical spine segments were tested from human cadaveric donations.  The 

specimen demographics are reported in table 4.1. below. The mean age of the subjects 

was 60 years ranging from 39 to 70 years including 5 males and 6 females.  

Table 4.1. Specimen Demographics 

Age Sex Height (cm) Weight (kg) Cause of Death 

66 F 165 100 Myocardial Ischemia 

63 M 188 84 Renal Failure 

39 F 165 91 Metastatic Malignant Melanoma 

66 M 180 61 Metastatic Prostate Cancer 

64 F 178 104 Respiratory Arrest 

56 M 190 127 Myocardial Ischemia 

47 M 190.5 136 T Cell Lymphoma 

61 F 177.8 53 Metastatic Ovarian Cancer 

70 F 160 52 Non-small Cell Lung Cancer 

67 F 162.5 63 COPD 

65 M 180 115 Lung Cancer 

 

The average disc degeneration grades using the Pfirrmann scale demonstrated a range of 

specimen disc health similar to that of the presumptive patient population. From the 

eleven specimens obtained for testing, there was 1 specimen with no disc degeneration, 4 

with mild degeneration, and 3 each with moderate and severe degeneration at C5-C6 

level. At the C4-C5 level, 3 specimens had healthy discs (grade I), 6 had mild 

degeneration (grade II) and 2 had moderate degeneration (grade III). These degeneration 

grades were the average from the 4 surgeons who rated the discs and agreed with an 

ICC1,1  = 0.72 and ICC1,1 = 0.79 single measures statistics for C4-C5 disc and C5-C6 disc 

respectively. The disc height measurements ranged from 4.01 mm to 8.2 mm for C4-C5 

disc and 1.65 mm to 7.19 mm for C5-C6 disc. The surgeons showed very high reliability 
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in disc height measurements with an ICC1,1  = 0.79 and ICC1,1 = 0.83 for single measures 

statistics for the C4-C5 disc and the C5-C6 disc respectively. The between-specimen 

average of the within-specimen maximum difference between any two surgeon 

measurements was 1.24 mm. When asked to choose the surgical disc spacer / arthroplasty 

size, the agreement between the surgeons diminished with ICC1,1  = 0.11 for single 

measures statistics. 

Figure 4.1. C4-C5 (A) and C5-C6 (B) disc height measurements by four surgeons for 11 
cadaveric cervical spines showing high consistency (ICC1,1 = 0.79 and ICC1,1 = 0.83 single 

measures respectively) according to disc grade. 

 

Surgeon perception of the simulated surgeries indicated a high level of satisfaction due to 

extremely good visibility of the structures. All implants had surgically correct placement 

and orientation in the spine as well as good purchase of the screws inserted into the 

vertebrae (figure 4.2.). For one specimen the cervical disc replacement surgery was not 

aligned in coronal plane with a slight shift towards the right, causing the device to have a 

slope in coronal plane where the footplate of the device was lower on the left side. This 

was observed for both the 6mm and 7mm disc replacement device. However, this device 

was still included in our analysis and did not differ in outcome measures from the other 

specimens.  

B A 
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Figure 4.2. The representative lateral fluoro images for one of the specimen showing the 
placement of the disc replacement device of 6mm (A) and 7mm (B) and fusion with spacer size of 

6mm (C) and 7mm (D). 

 

 

The insertion of the device increased the lordosis of the spine, which increased with the 

size of the device for arthroplasty (figure 4.3.). For all cases the lordotic angle change 

from baseline was significantly larger (p<0.05) and an arthroplasty of 6mm was different 
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from a 7mm arthroplasty device (p<0.01). The coronal and transverse plane positional 

rotations were not significantly different from the intact case regardless of implant size.  

Figure 4.3. Change in lordotic angle in sagittal plane for C4-C6 segment from intact case and 
after each surgical implantation performed at C5-C6 functional spinal unit. 

 

The change in disc height, calculated as difference between the device size and disc 

height, showed a significant correlation for arthroplasty configurations (p=0.027), but not 

for fusion scenarios. The arthroplasty group was linearly regressed (R square = 0.88) 

where the constant value was 2.49 and the slope constant was 1.33deg/mm, upon F-test 

evaluation these data exhibited a significant relationship (p<0.01).  

Figure 4.4. The change in lordotic angle of the specimen in relation to change in disc height for 
arthroplasty (A) and arthrodesis (B) cases. 

B A 
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The use of force sensing resistors (FSR) by slitting the facet the capsule on the lateral 

side for insertion into the facet joint, showed no change in kinematics and kinetics 

outcomes. None of the statistical test performed for various outcome measurements 

showed any significant difference between the intact case and the intact with FSR. Figure 

4.5. below shows the range of moment-angle plot in flexion-extension for one of the 

specimen. The strains values as you will see in the kinetics section also did not change 

with the slitting of the facet capsule.  

Figure 4.5. Representative plot of intact specimen undergoing flexion-extension overlaid by 

intact with force sensing resistor (FSR) scenario. 

 

4.1. KINEMATICS 

The range of motion and neutral zone for C4-C5 and C5-C6 segment in different 

directions of bending in different configurations is given in table 4.2. The representative 

moment-angle plots for different surgical configuration for axial rotation and flexion-

extension is shown in figure 4.6. The lateral bending in C4-C5 case showed fusion with 

6mm spacer was significantly different from prestige disc 7mm (p=0.030). The range of 

motion and neutral zone in lateral bending for C5-C6 was significantly different between 
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intact with FSR and prestige 7mm device scenario with p-values of 0.044 and 0.019 

respectively (figure 4.7.). For C5-C6, the flexion-extension range of motion was 

significantly different for fusion with 7mm spacer with intact (p=0.015) and intact with 

FSR (p=0.032). The ratio of the neutral zone to range of motion was evaluated to see how 

it changes with different surgical augmentation techniques. The ratio decreased for the 

C5-C6 segment in all directions for bending with the surgical procedure with significant 

difference observed between intact and prestige 6mm cases in lateral bending (p=0.049) 

(figure 4.8.). Almost significant lower values were observed for fusion with 7mm spacer 

compared to intact in axial rotation (p=0.07).  No differences were observed for the C4-

C5 segment in any direction of bending as expected. (table 4.2.).  

Figure 4.6. Representative plots for C5-C6 angular rotations during axial rotation (A) and 

flexion-extension (B) 

 

B A 
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Figure 4.8.  Neutral zone to range of motion ration for C5-C6 (A) and C4-C5 (B) (* p=0.07 and 
# p=0.04) 

 

The stiffness for lateral bending in C4-C5 showed a significant decrease in stiffness from 

the intact case to the 7mm spacer fusion case (p=0.038). The axial rotation did not show 

any significant difference between any case scenarios for either functional spinal units. 

The change in disc height had no correlation with the change in range of motion for any 

 

A 
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direction of bending.  

 

Figure 4.9. Stiffness of C5-C6 and C4-C5 functional spinal units under different directions of 

bending. The C5-C6 segment did not show significant changes, however, trends of increased 

stiffness were seen after fusion in all directions of bending. 
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Table 4.3. Stiffness (Nm/degree) values for C4-C5 and C5-C6 segmental units in different 

directions of bending (right and left combined for axial rotation and lateral bending) (values are 

mean ± standard deviation) 

  Intact 
Intact 

with FSR 

Prestige 

6mm  

Prestige 

7mm 

Fusion 

6mm 

Fusion 

7mm 

C4-

C5 

Axial 

Rotation 

1.36 ±  

0.55 

1.29 ± 

0.63 

1.24 ±  

0.63 

1.14 ± 

0.58 

1.16 ± 

0.37 

1.11 ± 

0.36 

Lateral 
Bending 

1.56 ± 
0.48 

1.40 ± 
0.38 

1.39 ± 
0.41 

1.32 ± 
0.47 

1.24 ± 
0.45 

1.20 ±  
0.52 

Flexion 
0.46 ± 

0.18 

0.43 ± 

0.17 

0.63 ± 

0.28 

0.82 ± 

0.37 

0.80 ± 

0.21 

0.70 ± 

0.37 

Extension 
0.73 ± 
0.30 

0.68 ± 
0.27 

0.46 ± 
0.17 

0.40 ± 
0.19 

0.51 ± 
0.32 

0.51 ± 
0.27 

C5-

C6 

Axial 

Rotation 

1.43 ± 

0.39 

1.02 ± 

0.30 

1.29 ± 

0.80 

1.42 ± 

0.99 

1.39 ± 

0.46 

1.94 ± 

1.06 
Lateral 

Bending 

1.17 ± 

0.50 

1.04 ± 

0.42 

1.12 ± 

0.63 

1.40 ± 

0.84 

1.26 ± 

0.59 

1.63 ± 

1.27 

Flexion 
0.35 ± 
0.20 

0.36 ± 
0.20 

1.31 ± 
1.23 

1.11 ± 
0.54 

1.28 ± 
1.10 

1.89 ± 
2.47 

Extension 
0.50 ± 

0.15 

0.50 ± 

0.19 

0.36 ± 

0.15 

0.64 ± 

0.51 

0.72 ± 

0.34 

1.41 ± 

1.60 

 

The helical axis of motion (HAM) was evaluated for a couple of specimens in this study 

to observe how the C5 vertebra moved over the C6 vertebra. A right hand co-ordinate 

system was developed in the local frame of reference where left was positive x-axis, 

posterior was positive y-axis and superior was positive z-axis. The origin for this co-

ordinate system was the mid-sagittal superior anterior point of the C6 vertebral body. The 

trends observed for the HAM results were; the concentration of the axes location, the 

spread of the axes and the amount of tilt for coupled motions involved. As each helical 

axis of motion vector has 4 dependent variables (unit vector n  and rotation φ), which 

have inter-dependency the averaging protocols between specimen and statistical analysis 

of these vectors has not been described. Hence, this was evaluated for qualitative 

purposes only to look at how the different surgical augmentation techniques affect the 

pathway of motion. The vectors were calculated during the loading cycle in each 
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direction of bending and normalized according to the amount of moment applied (figure 

4.10.). The location of the HAM was normalized for the size of the vertebral body and 

placed accordingly in the figure. In general, the intact specimen showed unit vectors very 

tightly located to each other and the vectors did not fan out. The axial rotation and lateral 

bending showed some degree of coupled motions observed as not being perpendicular to 

the plane of rotational activity. During flexion-extension the vectors moved antero-

posteriorly but pointed in the lateral or near coronal plane. In comparison, arthroplasty 

increased the distribution of the unit vectors in all directions of bending. The 7mm disc 

replacement device however showed lesser distribution than the 6mm disc replacement 

device. With arthroplasty there was an increase in the coupled motion activity seen as 

greater tilt of the helical axis of motion vectors. Fusion of the C5-C6 spinal segment 

concentrated the unit vectors by having a much narrower band of distribution and the 

bending activities were more planar.  
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4.2 KINETICS 

The strains in the articular pillars are predictive of the load transfer within the cervical 

spine for each of the different cases evaluated. Positive strain values indicate tensile 

strains and negative values are compressive strains. The medial rotations are positive and 

lateral rotations are negative. Thus, the rotations go from -90º to +90º with the vertical 

line in superior-inferior direction. The first principal strains (Ɛ1) and second principal 

strains (Ɛ2) were opposite in sign to each other in accordance to Poisson’s effect (table 

4.4.). In neutral position under no loading scenario, the right and left articular pillar 

strains were not significantly different from each other for any of the configurations. In 

the no loading scenario, for the intact case and intact with force sensing resistor (FSR) 

case, the first principal strain, Ɛ1, was different from all the other surgical configurations 

with p<0.004 and p<0.01, respectively. For the second principal strains, Ɛ2, the fusion 

7mm scenario was statistically different from fusion 6mm (p=0.009). The orientation of 

the strains for right and left articular pillars combined, angle – Ɵ, was significantly 

different between intact and the 4 surgical configurations (p<0.04).  

Figure 4.11. Posterior schematic view of the strains on the C5 vertebra articular pillars as 

observed in upright neutral position for each configuration of testing (red = compression, blue = 
tensile). 

Intact            Intact with          Prestige           Prestige             Fusion              Fusion 

                        FSR                   6mm               7mm                  6mm                7mm   
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Table 4.4. Strains (Ɛ1 and Ɛ2) and angles (Ɵ) with the superior-inferior vertical direction for the 

neutral position with no bending moments in different surgical configurations (strains are in 

microns and angles in degrees) (values as mean ± standard deviation)  

 Intact Intact 

with FSR 

Prestige 

6mm 

Prestige 

7mm 

Fusion 

6mm 

Fusion 

7mm 

Left 

Ɛ1 

-97.70 ± 

202.71 

-309.98 ± 

315.67 

-613.53 ± 

364.84 

-677.25 ± 

347.65 

-820.54 ± 

341.17 

-993.19 ± 

253.64 

Right 

Ɛ1 

-97.31 ± 

150.03 

-349.32 ± 

255.00 

-485.79 ± 

297.35 

-583.43 ± 

358.10 

-651.10 ± 

449.07 

-768.48 ± 

481.56 

Left 

Ɛ2 

7.91 ± 

39.29 

85.00 ± 

222.50 

244.53 ± 

574.34 

376.22 ± 

736.66 

479.61 ± 

877.41 

562.16 ± 

920.44 

Right 

Ɛ2 

53.52 ± 

126.69 

211.28 ± 

345.34 

533.33 ± 

523.30 

642.21 ± 

674.60 

607.61 ± 

757.58 

742.44 ± 

830.90 

Left Ɵ 4.71 ± 

53.11 

-1.91 ± 

55.30 

-10.52 ± 

56.51 

-2.86 ± 

53.34 

21.94 ± 

50.26 

6.63 ± 

49.06 

Right 

Ɵ 

36.89 ± 

47.92 

35.52 ± 

45.78 

2.75 ± 

43.72 

11.86 ± 

44.68 

7.02 ± 

42.86 

2.88 ± 

39.06 

 
 

The average strain profiles (Ɛ1, Ɛ2 and angle – Ɵ) in neutral position of the cervical 

articular pillars is shown in figure 4.11. with inward arrows being compressive (red) and 

outward arrows being tensile (blue) for different case scenarios.  

With bending in different directions it is observed that the compressive strains increased 

in the facets. The right and left strains were combined to find the average of change in 

strain values from neutral unloading condition to peak bending condition. The change in 

strain from the neutral condition to peak moment is given in table 4.5. for different 

bending conditions, where negative values indicate more compressive strains and positive 

values more tensile strains (figure 4.12.). The angles in table 4.5. are observed values and 

not the difference from intact case. In axial rotation, the Ɛ1 compressive strains were 

significantly different between intact case and both the fusion cases (p<0.01) and the 

intact Ɛ2 tensile strains were significantly different from the surgical augmentation cases  
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Table 4.5. Change in strains at C5 vertebra articular pillars from its neutral zone during peak 

moments of bending for different surgical augmentation scenarios (strains in microns and angles 

in degrees) (values as mean ± standard deviation) 

  Intact Intact 

with 

FSR 

Prestige 

6mm 

Prestige 

7mm 

Fusion 

6mm 

Fusion 

7mm 

Ipsilateral 

Rotation 

Ɛ1 -178.13 ± 

120.50 

-55.73 ± 

197.33 

-89.60 ± 

263.74 

-85.59 ± 

271.91 

-66.92 ± 

239.24 

-81.89 ± 

290.67 
Ɛ2 153.95 ± 

165.77 

76.58 ± 

192.93 

-54.62 ± 

221.42 

-33.44 ± 

198.31 

-38.40 ± 

122.22 

-69.47 ± 

146.39 

Ɵ 43.28 ± 

25.72 

39.54 ± 

38.40 

30.52 ± 

41.70 

35.14 ± 

39.81 

28.58 ± 

45.22 

26.65 ± 

46.07 

Contralateral 

Rotation 

Ɛ1 -272.02 ± 

225.75 

-107.13 ± 

154.87 

-279.24 ± 

240.23 

-224.50 ± 

220.01 

-137.99 ± 

245.25 

-149.00 ± 

206.47 

Ɛ2 173.27 ± 
174.64 

116.93 ± 
166.41 

94.69 ± 
210.73 

104.06 ± 
177.52 

124.11 ± 
225.91 

160.43 ± 
225.57 

Ɵ -42.10 ±  

13.60 

-26.32 ± 

51.07 

-21.99 ± 

47.54 

-23.27 ±  

50.48 

-16.88 ± 

49.12 

-11.24 ± 

52.21 

Ipsilateral 

Bending 

Ɛ1 -98.28 ±  

154.47 

-79.14 ± 

129.95 

-142.02 ± 

189.99 

-120.36 ± 

170.86 

-105.34 ± 

177.07 

-72.68 ± 

148.90 

Ɛ2 89.28 ± 

229.30 

20.92 ± 

157.14 

22.74 ± 

134.10 

6.39 ± 

117.69 

24.59 ± 

124.60 

15.34 ± 

135.17 
Ɵ -29.49 ±  

43.60 

-10.52 ± 

61.61 

-22.56 ± 

49.06 

-15.53 ± 

57.04 

-10.99 ± 

56.59 

19.57 ± 

58.55 

Contralateral 

Bending 

Ɛ1 -50.53 ± 
81.87 

-31.86 ± 
74.55 

-21.61 ± 
98.44 

-23.38 ± 
92.51 

-27.86 ± 
109.64 

-3.59 ± 
78.67 

Ɛ2 57.18 ±  

100.96 

-4.28 ± 

83.53 

9.01 ± 

95.29 

-17.72 ± 

76.46 

-11.87 ± 

65.98 

-26.24 ± 

60.53 

Ɵ 36.37 ± 
38.70 

31.23 ± 
48.70 

28.20 ± 
43.56 

31.98 ± 
44.74 

12.75 ± 
51.78 

1.74 ± 
55.19 

Flexion Ɛ1 -61.36 ± 

91.25 

-53.75 ± 

96.20 

3.74 ± 

95.28 

-1.72 ± 

74.88 

-16.52 ± 

139.21 

-8.21 ± 

106.28 
Ɛ2 -9.40 ± 

92.13 

-19.59 ± 

89.31 

-6.26 ± 

67.16 

-9.32 ± 

51.26 

-27.47 ± 

57.13 

-37.94 ± 

61.23 

Ɵ 34.48 ±  
39.94 

34.10 ± 
41.16 

27.97 ± 
40.19 

18.23 ± 
43.83 

24.09 ± 
47.17 

19.72 ± 
45.23 

Extension Ɛ1 -13.73 ± 

79.87 

6.31 ± 

83.16 

-63.49 ± 

113.40 

-29.61 ± 

139.30 

-36.23 ± 

111.97 

-5.58 ± 

87.96 

Ɛ2 79.67 ± 
149.32 

80.07 ±  
148.16 

22.15 ±  
109.33 

46.27 ±  
135.93 

63.25 ± 
168.37 

33.27 ±  
136.63 

Ɵ 24.67 ±  

53.85 

24.06 ± 

53.95 

14.26 ± 

52.98 

-2.23 ± 

50.71 

10.14 ± 

53.04 

16.36 ± 

48.71 

(positive values indicate the change is more tensile and negative values indicate the change is 
more compressive. Angles are not measured as difference, they are direct representative values, 

where medial is positive and lateral is negative) 
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Figure 4.12. Change in Ɛ1 strains from its neutral configuration for axial rotation (A), lateral 
bending (B), and flexion-extension (C) where negative values indicate the change is more 

compressive (* p=0.003 and # p=0.016) 
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(p<0.03). The ipsilateral and contralateral angles – Ɵ were significantly different from 

each other for all cases (p<0.008). In lateral bending, the Ɛ2 tensile strains were 

significantly different between intact and fusion 7mm scenarios (p=0.045), and the angles 

were also different between ipsilateral and contralateral bending in all cases (p<0.008). 

For flexion-extension no significant differences were observed. 

The facet forces were measured over 19.63mm
2
 diameter area between the C5 and C6 

zygapophyseal joint. The right and left side facet force were combined for analysis 

purposes. Figure 4.13. is the representative plot of the forces observed during flexion-

extension and lateral bending activities. The facet force increased on contralateral side 

and decreased on ipsilateral side with axial rotation. Similarly, as expected the facet 

forces increased with ipsilateral bending and decreased on the contralateral side (figure 

4.14.). In general the forces decreased with disc distraction, and there were no statistical 

differences observed between configurations for different bending activities. However 

there were consistent trends with p-values less than 0.1.  

Table 4.6. Forces over 19.63mm
2
 diameter area within C5-C6 facet during different surgical 

augmentation scenarios at peak moments of bending (values as mean (standard errors)) 

 Intact with 

FSR 

Prestige 

6mm 

Prestige 

7mm 

Fusion 

6mm 

Fusion 

7mm 

Neutral 3.43 (1.07) 0.85 (0.36) 0.37 (0.09) 0.50 (0.12) 1.29 (0.39) 

Ipsilateral 

Bending 

4.83 (2.32) 0.84 (0.60) 0.49 (0.24) 0.48 (0.17) 1.31 (0.73) 

Contralateral 

Bending 

2.77 (1.85) 0.70 (0.52) 0.32 (0.13) 0.44 (0.16) 1.30 (0.73) 

Ipsilateral 

Rotation 

1.36 (0.64) 0.67 (0.50) 0.30 (0.13) 0.45 (0.16) 1.14 (0.61) 

Contralateral 

Rotation 

12.62 (5.30) 0.78 (0.52) 0.51 (0.25) 0.53 (0.20) 1.08 (0.57) 

Extension 2.73 (2.33) 1.39  (1.05) 0.32 (0.14) 0.55 (0.26) 1.60 (0.80) 

Flexion 2.92 ( 2.68) 1.34 (1.06) 0.31 (0.14) 0.52 (0.25) 1.63 (0.82) 
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Figure 4.13. Representative plots of facet forces measured using force sensing resistor in right 
and left facet joint during lateral bending (A) and flexion-extension (B) (left lateral bending is 

positive and extension is positive) 

  

4.3. INTERVERTEBRAL FORAMEN AREA 

The intervertebral foramen area data was grouped for the right and the left side due to 

their similarity. No statistical differences were observed in either C4-C5 or C5-C6 

intervertebral foramen areas for any surgical configuration for any direction of bending. 
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other surgical configurations. The trends of decrease in the intervertebral foramen area in 

extension, ipsilateral bending and ipsilateral rotation, and increase in the area in flexion, 

contralateral bending and contralateral rotation were observed. The C4-C5 intervertebral 

foramen area had no affect with disc distraction.  

A significant correlation was seen between the percentage change in intervertebral 

foramen area at neutral position and the change in disc height, calculated as difference 

between the device size and disc height, for fusion scenarios (p=0.01). After linearly 

regressing the change in disc height and percentage change in intervertebral foramen 

area, the slope constant was 14.45 percent change in intervertebral foramen area per disc 

height change in millimeters (p=0.019) and the intercept was -26 (p=0.059) (figure 4.16.). 

This significant correlation was not seen with arthroplasty procedures.  

Table 4.7. Percentage change of the intervertebral foramen area from its neutral position for each 

different surgical configuration in every direction of bending (values as mean (standard error)) 

  Ipsilateral 

Rotation 

Contralateral 

Rotation 

Ipsilateral 

Bending 

Contralateral 

Bending 

Flexion Extension 

C4-

C5 

Intact -7.17 

(6.45)  

7.98  

(4.74) 

-24.33  

(8.17) 

14.88  

(18.94) 

-0.30 

(1.68) 

-21.91  

(8.91) 

Prestige 
6mm 

-9.44   
(9.53) 

-0.31  
(10.78) 

-14.23 
(11.15) 

-6.89  
(6.73) 

-3.96  
(3.11) 

-13.38  
(13.91) 

Prestige 

7mm 

-20.57  

(9.21) 

3.84  

(6.95) 

-10.96  

(4.02) 

-2.77  

(3.55) 

-2.11  

(1.37) 

-16.05  

(9.57) 

Fusion 

6mm 

-19.69   

(8.61) 

3.31  

(4.53) 

-14.20  

(4.92) 

6.08  

(9.42) 

0.003  

(1.03) 

-12.24  

(7.32) 

Fusion 

7mm 

-19.06  

(8.72) 

-1.44  

(3.54) 

-14.76  

(5.27) 

-0.47  

(2.76) 

2.30  

(3.30) 

-14.02  

(8.70) 

C5-

C6 

Intact -1.78  

(2.08) 

1.89  

(2.38) 

-18.67  

(5.78) 

0.30  

(5.98) 

-2.72  

(2.08) 

-1.38  

(3.71) 

Prestige 

6mm 

-5.21  

(1.93) 

-4.18  

(6.11) 

-16.03  

(5.24) 

-7.39  

(4.46) 

10.51  

(10.58) 

6.38  

(12.25) 

Prestige 

7mm 

-1.67  

(4.58) 

-2.23  

(3.65) 

-6.59  

(7.47) 

-4.00  

(5.63) 

-1.20 

(2.36) 

-6.07  

(10.27) 

Fusion 
6mm 

4.27  
(4.60) 

-3.71  
(2.22) 

-7.38  
(3.90) 

-7.91  
(4.86) 

-3.47  
(3.86) 

1.55  
(5.16) 

Fusion 

7mm 

-6.46  

(2.62) 

-6.86   

(4.49) 

-8.72 

(3.43) 

-3.35  

(8.08) 

-1.35 

(5.75) 

-0.06 

(3.62) 
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Figure 4.15. Percentage change of intervertebral foramen area for C5-C6 (A) and C4-C5 (B) for 

different surgical configurations from its neutral position 
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Figure 4.16. Significant correlation seen between percentage change in intervertebral foramen 
area to change in disc height (difference between device size and disc height) for fusion cases 

(p=0.01). 

 

 

The data tables describing the full statistical treatment of the experimental data can be 

found in Appendix C. 
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CHAPTER 5: 

DISCUSSION 

Utilizing an in vitro experimental approach, this research effort defined the optimized 

distraction or disc height for the respective arthrodesis or arthroplasty surgical options 

while considering the two important functions of spine which include both its kinetic and 

neuro-protective roles. This work followed a classical bench-top biomechanics research 

plan but was innovative due to the data integration paradigm (coupling kinetics, neuro-

protection, and kinematics) and its application to clinical practice. Individually, the 

biomechanical data sets are consistent with the cervical spine literature and together 

provide a much richer view of the changes which take place after surgical augmentation 

of the cervical spine. This chapter will revisit each of the stated hypotheses and identify 

those null hypotheses which were rejected and accepted based on the experimental data 

collected. Following this review of the main effects in this research, the individual 

parameters of kinematics, kinetics, and neuro-protection will be contextualized through 

comparisons with prior work. Next, the integration of the results into a few theses will 

provide a philosophy and tools which may guide the future of surgical augmentation of 

the cervical spine. All of these results will be placed into broader context via a thorough 

review of the limitations of this research effort and recommendations for future studies. 

5.1. EXAMINATION OF TESTED HYPOTHESES 

The results of each hypothesis testing are stated below with the understanding of the basis 

of the results.  
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Hypothesis 1. The increase in disc height due to the device/spacer implantation will lead 

to increased lordosis of the cervical spine test segment (C4-C6) for both arthroplasty (2) 

and arthrodesis (2) configurations. The null hypothesis is that there is no change in the 

lordosis (sagittal plane alignment) of the spine segment tested with implantation of the 

devices measured during the neutral position (i.e. with no loads). This null hypothesis 

was rejected.  

A difference in the lordotic angle was measured in all surgical cases from intact and 

between the 6mm and 7mm arthroplasty device. The cervical spine has inherent 

compressive strains in the posterior elements [43]. With the release of anterior attachment 

by discectomy the normal tendency for the spine would be to undergo hyper-lordosis, 

which is seen for both arthroplasty and arthrodesis. This increased lordosis is not 

inhibited by the design of the arthroplasty device which is unconstrained, and for fusion 

the spacer has an inherent angle of 6º which is greater than the normal 2.6º [96]. The 

increased disc distraction leads to increased reactionary compressive strains because of 

elasticity of the surrounding ligamentous structures and facet capsule thus increasing the 

lordosis.  

Hypothesis 2. The range of motion and neutral zone in each direction of loading will 

increase in order of arthrodesis, intact, and arthroplasty, for same level of disc 

distraction at the treatment level. The null hypothesis is that there is no change in the 

range of motion and neutral zone with each different type of surgery for a given disc 

distraction in each direction of loading. This null hypothesis was rejected.  
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The study showed decrease in increase in range of motion and neutral zone values for 

arthrodesis from intact, with no change between intact and arthroplasty cases. This is due 

to the fact that fusion is supposed to restrict motion, while arthroplasty is intended to 

retain the normal motion. Significant differences (p<0.044) were observed in lateral 

bending and flexion-extension only.  

Hypothesis 3. An increase in the disc distraction for the surgically operated spine will 

result in decreased motion and neutral zone in a direction of motion specific fashion. The 

null hypothesis is that there will be no change in the range of motion and neutral zone 

with different disc space heights. This null hypothesis was supported by the data.     

The range of motion and neutral zone calculated for each direction of loading with regard 

to different disc space heights for C5-C6 motion showed no significant correlation with 

disc space height. However, trends were observed for decreasing range of motion with 

larger arthroplasty devices in all directions of bending.  

Hypothesis 4. The range of motion will increase in arthrodesis configuration at the 

adjacent level of treatment in a position dependent fashion. The null hypothesis is that 

there will be no change in the range of motion at the adjacent level after fusion with 

different spacer implants. This null hypothesis was accepted.     

The range of motion calculated for each direction of loading with regard to different 

spacer size implants for C4-C5 motion segment, which is adjacent to the C5-C6 treatment 

level increased due to arthrodesis but was not significant. The experimental setup was 

such that each functional segmental unit undergoes same amount of loading for all 
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configurations of testing. Thus, the adjacent level should have no change in its range of 

motion and neutral zone values due to its repeated consistent loading.  

Hypothesis 5. The stiffness of the treatment level spinal segment will increase in the 

order of arthroplasty, intact and arthrodesis in direction specific loading. The null 

hypothesis is that there will be no change in the stiffness of the C5-C6 functional spinal 

unit during loading in specificity of direction for different surgical configurations. This 

null hypothesis was rejected. 

The elastic zone stiffness values calculated for the C5-C6 motion segment as per the 

description in methods for each direction of bending showed significant changes from 

intact. The lateral bending and flexion-extension stiffness showed significant change for 

fusion in comparison to intact. The decreased motion for the same amount of load 

applied, showed an increase in stiffness in fusion scenario due to restricted motion.  

Hypothesis 6. The compressive strains in the first principal direction of the posterior 

elements in the neutral position will increase due to disc distraction (due to increased 

lordosis of the spine) for both arthroplasty and arthrodesis configurations. The null 

hypothesis is that there is no change in the compressive strains, Ɛ1, of posterior elements 

with disc distraction of the C5-C6 functional spinal unit. This null hypothesis was 

rejected.  

The right and left compressive strains, Ɛ1, of the C5 vertebra as measured in the neutral, 

no loads position after each type of surgery (total 4) showed a significant increase 

(p<0.004). The increased disc distraction causes an increase in reactionary compressive 

strains due to the elasticity of the ligamentous structures around the functional spinal unit. 
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This compressive strain is directly measured via the rosette strain gage. The tensile 

strains, Ɛ2, showed an associated increase with significant changes observed only in 

fusion case scenarios. The direction of angle Ɵ showed a significant change (p<0.04) for 

all the surgical augmentation scenarios.   

Hypothesis 7. The change in compressive strains in the first principal direction of the 

posterior elements in a direction of bending specific fashion will decrease after 

arthrodesis. The null hypothesis is that there is no change in the compressive strains, Ɛ1, 

of posterior elements after arthrodesis during for each specific direction of bending. This 

null hypothesis was rejected.  

The change in the strains is measured by subtracting Ɛ1 at neutral position from the Ɛ1 

measured at peak moment applied for each individual specimen for intact and other 

surgical configurations showed significant changes for the two arthrodesis scenarios in 

lateral bending and axial rotation. The decreased motion and transfer of loads via the 

anterior instrumented vertebral body causes the decrease in compressive strains.   

Hypothesis 8. Surgical augmentation will produce diminished load sharing in the facets 

in all directions of bending. The null hypothesis is that there is no change in the facet 

loading regardless of the surgical configuration in all directions of bending. This null 

hypothesis was accepted.  

Within each specimen across surgeries, forces normal to the facets were measured at peak 

moments for all directions of bending and they showed a decrease in facet forces. 

However, these changes were not significant after statistical analysis. The increase in 

distance between facet joint or the transfer of loads at different contact points within facet 
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are the reasons for decreased measurement of the facet forces after surgical 

augmentation.  

Hypothesis 9. With the increasing height of disc distraction, the space available for the 

neural tissues will increase in a position dependent fashion. The null hypothesis is that 

there will be no change in intervertebral foramen area with change in disc space height 

for every loading direction. This null hypothesis was accepted.  

The areas of right and left intervertebral foramen for C6 nerve (C5-C6 intervertebral 

foramen) increased with increasing the size of device/spacer and changed in position 

dependent fashion. However, this increase in the inter-vertebral foramen size was not 

significant. The increase in the disc distraction increases the superior-inferior diameter of 

the intervertebral foramen, thus increasing the intervertebral foramen area which is 

directly related to the amount of disc distraction. 

Hypothesis 10. With the increasing disc distraction in the lower intervertebral disc joint, 

there is a decrease in the space available for the upper intervertebral neural foramen in 

a position dependent fashion. The null hypothesis is that there will be no change in level 

above intervertebral foramen area with increasing disc distraction for each loading 

direction. This null hypothesis was accepted.  

The areas of right and left intervertebral foramen for C5 nerve (C4-C5 intervertebral 

foramen area) did not change from neutral position to the peak load in each directional 

loading for any of the surgical augmentation procedure. The disc distraction at the 

inferior level did not affect the superior adjacent segment as the total height of the testing 
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cadaver specimen was not restricted and was allowed to change as required to maintain 

zero forces and moments in the three axes.  

5.2. CONTEXTUALIZATION OF EXPERIMENTAL RESULTS 

The equal distribution of sex and age range of 30-69 years makes this study directly 

comparable to the clinical setting. The specimens had an equal distribution of 

degeneration at the treatment level, C5-C6 disc, thus making the study relevant to a 

general clinical demographics scenario and not degeneration specific. The segment above 

the treatment level in all specimens exhibited less disc degeneration than at the site of 

interest and all but two of these levels were graded as healthy or mildly degenerated. 

Thus, the health of the adjacent segment did not appear to confound the results of this 

study.  

The loads applied were quasi-static nature and while in-vivo motions are dynamic. Care 

was taken to place the specimen in the center of cup and the specimen aligned correctly 

for application of pure moments in different directions of bending. The attachment of the 

flags to the cervical vertebrae was rigid and assumed to have no motion between the 

vertebra and flags. The attachment of the strain gages to the cervical articular pillars was 

assumed to be well bonded to the vertebra and in perfect alignment with the superior-

inferior vertical direction of the spine.  

The experimental procedure of slitting the facet capsule and inserting the force sensing 

resistors did not appreciably affect any of the results. The strains (Ɛ1, Ɛ2, and Ɵ) as well as 

the kinematics (range of motion, neutral zone and stiffness) comparing the intact case and 

intact after insertion of force sensing resistors showed no statistical difference in any of 
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the outcomes tested at peak moments in all directions of bending. The surgeries were 

performed while the specimen was loaded in the spine kinetic simulator (SKS), thus 

reducing the effects of placement-replacement in the SKS.  

The further understanding of the results observed from this experimental biomechanics 

study is detailed in each individualized section. The results are compared with the known 

literature in the field of study and supported by the sound arguments.   

5.2.1. KINEMATICS RESPONSE TO SURGICAL AUGMENTATION 

With increasing disc height we observed an increase in the lordotic angle for the 

arthroplasty device. We did not observe a similar effect with the fusion case scenario, 

which had a significant increase in the lordotic angle over intact for both disc height 

spacers, but no difference between them. The increased lordotic angle after the cervical 

spine augmentation is in agreement to clinical results for both the types of surgeries [97]. 

The increase in lordotic angle with increasing disc height has been shown in cervical and 

lumbar spine studies [83, 98].  

As seen in Table 5.1., the range of motion in the three directions of bending were within 

the ranges published and the mean values were comparable as well [21]. The 

experimental values measured for the neutral zone also compared well with the published 

values by Panjabi et al. [26] (table 5.1.). The range of motion and neutral zone at the 

treatment level were not significantly different for intact case and arthroplasty scenarios 

for the three directions of bending. The increase in device size during disc replacement 

procedures showed no correlation with the change in end range of motion. Flexion and 

extension individually showed a decrease in the range of motion with increasing disc 
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size, albeit not significant. For fusion, there was a decrease in the range of motion and 

neutral zone in comparison to intact for all the three directions of bending, with 

significant differences observed in flexion-extension activity. The values of range of 

motion were very similar for the two different spacer sizes with fusion scenarios.  

The adjacent segment, C4-C5, had no statistical difference for the different surgical 

augmentation procedures for different directions of bending in any of the range of 

motion, neutral zone and stiffness outcomes. However, the adjacent segment showed an 

increase in range of motion following fusion in all three directions of bending. The 

kinematic outcomes have been in consistent with other reported literature values after 

fusion and disc replacement surgeries [64-72].  

Table 5.1. Comparative values of range of motion (mean and range) and neutral zone (mean ± 

standard deviation) for intact specimen (shaded columns represent results from this study and 

clear columns from White and Panjabi et al. [21,26]).  

 

The stiffness values for the intact specimen at the C4-C5 and C5-C6 level were similar to 

each other. The stiffness of the cervical spine was lower in the flexion-extension direction 

compared to the other directions of bending. The flexion-extension motion is considered 

the primary motion of the cervical spine and having a lower stiffness value allows the 

body to spend less energy while performing the daily activities. The stiffness values for 
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the intact and the arthroplasty scenarios compared well with other experimental 

observations [99, 100]. Following arthrodesis, stiffness at the level of treatment 

increased. The stiffness at the adjacent level of treatment, C4-C5, after different treatment 

conditions did not significantly change from intact, however, trends of decreased stiffness 

across C4-C5 were seen after fusion at C5-C6. 

Evaluation of the pathway of motion by using helical axis of motion (HAM) produced 

greater insight on how the intact spine rotates and translates while experiencing bending 

moments. The location of the HAM vectors were in the center of the vertebral body and 

just below the upper end-plate of the C6 vertebra. The values were comparable to 

literature values of instantaneous center of rotation (ICR) when observed in the 2-

dimensional plane [1, 100-102].  The intact specimen showed some degree of coupled 

motion in axial rotation and lateral bending with very small diameter of the HAM 

locations in three directions of bending. The arthroplasty procedures showed an increase 

in the coupled motion of the cervical spine. With the increase in the size of the 

arthroplasty device, the pathway of motion resembled more like an arthrodesis procedure, 

may be due to the increased compressive forces from increased disc distraction causing 

the spine to behave in a stiffer manner as is the scenario due to fusion. The HAM location 

diameter in arthrodesis was very small with decreased coupled motions.  

This study was able to define the motion in the healthy spine and quantify the effect of 

surgical procedures on the biomechanics of kinematics. 
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5.2.2. KINETICS RESPONSE TO SURGICAL AUGMENTATION 

The force transmission through the facets was expected to increase during extension, 

ipsilateral bending and contralateral rotation and decrease during flexion, contralateral 

bending and ipsilateral rotation. Adjusting our facet force values based upon an equal 

load distribution across the entire facet, we found the force values on average to be 14.85 

N for neutral, 54.64 N for contralateral rotations, 20.9 N for ipsilateral bending and 12.62 

N in extension. Womack et al. [80], in a cervical spine computational model showed 

forces of 33.9N in ipsilateral axial rotation, 36.5 N in ipsilateral bending, and 70N during 

extension. In another computational modeling study by Lee et al. [103], the forces at 

extension observed were 35N. The higher forces observed in the two computation studies 

as compared to this study may be due to a follower load protocol used by the two 

computational studies which in addition applied a compressive force during bending. The 

facet forces decreased with increasing device size for arthroplasty, which is in agreement 

with the Womack et al. study. The trends of facet forces with different surgical 

augmentation procedures were maintained but with lower facet forces. Liu et al. [85], 

showed that disc distraction causes an increase in facet joint space, thus reducing the 

facet overlap area. The decrease in facet overlap area would then justify our results of 

decreasing facet force with increasing device size. 

For fusion, the trends of force change with bending scenarios were not observed and 

showed a constant force value during the experiment, confirming the fusion was secured. 

With fusion, the facet forces decreased in comparison to intact, but the increasing spacer 

size increased the facet forces, which is not consistent with the expected outcome. This 
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might be due to fact that the measurements of the forces for this study were over a small 

(25%) area of the facet surface and the forces might be transmitted at different contact 

points.  

The first principal strain, Ɛ1, in the superior-inferior direction of the posterior elements of 

the cervical spine showed only compressive strains. This is in agreement with the 

experiment by Pintar et al. [43] where they found that posterior elements of cervical spine 

did not experience tensile strains. The second principal strain, Ɛ2, in horizontal direction 

(medial-lateral) showed tensile strains in accordance with the Poisson’s effect. There was 

an increase in the compressive strains in Ɛ1 with disc distraction with either surgical 

augmentation. The increased lordosis of the cervical spine with disc distraction may be 

the reason for an increase in the compressive strains as the inferior articular facet of C5 

abuts against the superior articular process of C6. Chang et al. [77] measured the strains 

after arthroplasty and fusion and observed similar results of increased compressive 

strains. Computational modeling by Kang et al. [104] on three different cervical disc 

replacement devices, showed non-consistent results of increased stresses in facet joints 

for one disc and decreased stresses for two discs while comparing to intact after disc 

implantation. The increased stresses in facet joint directly lead to increased strains. The 

Ɛ1 strains became more compressive with ipsilateral rotation, ipsilateral bending and 

extension with an associate increase in Ɛ2 tensile strains. The changes in the Ɛ1 and Ɛ2 

strains with different directions of bending were not statistically different for the intact 

spine and the arthroplasty scenarios. For fusion, there was a decrease in the change of 

strains with different directions of bending, being significantly lower in axial rotation and 
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lateral bending. The reason for this decrease in the strains of the articular pillars in 

comparison to the intact case during bending is two-fold: after fusion the load is mainly 

carried along the anterior margin through the fusion plate/graft and there is an associated 

decrease in the extent of bending.  

The directions of the first principal strain for the axial rotation and lateral bending are 

almost parallel to each other and at about 20º - 45º degrees from the vertical. The 

rotational direction of the strain is dependent on the side of rotation/bending, i.e. left or 

right.  

The increasing compressive strains and decreasing facet forces in this study are 

contradictory results from this experimental investigation. This might be because the 

increased compressive strains are not being transferred through the facet surface. The 

surgical augmentation procedures lead to disc distraction and increased lordosis, 

changing the alignment of the facet overlap of the C5 and C6 vertebrae. This leads to 

transfer of loads more at the edges of the facet. As a result, increasing the rate of facet 

degeneration as has been observed in clinical studies [12, 82]. 

With the strains measured at the cervical articular pillars and forces normal to the facet 

surface known, we can compute the rough elastic modulus of the posterior 

elements/zygapophyseal joints. This is based on the assumption that all the forces 

measured were transmitted along the cervical articular pillars and the cortical and 

trabecular bone is treated as one unit.  The normal facet force was 3.43N / 5 mm
2
 

diameter area, and the average right and left compressive strain measured during the 

intact with FSR scenario was 329.645 microns. The elastic modulus or the Young’s 
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modulus would simply be stress divided by strain. This value needs to be corrected for 

the sagittal orientation, 49.65 degrees, and coronal orientation, 7.43 degrees, of the facet 

joint [95, 105]. The Young’s modulus of the posterior elements can be roughly computed 

to be 340 MPa. Other studies have used values of posterior element Young’s modulus of 

3500 MPa [106], 3.4 MPa [107] and 30 MPa [108]. These have all different order of 

magnitudes indicating heterogeneity in the modulus of the posterior elements between 

individuals.  

This study measured the forces at the facet joints for an intact cervical spine and after it is 

surgically altered with differing levels of disc distraction for arthrodesis and arthroplasty 

techniques.  

5.2.3. NEURO-PROTECTIVE ABILITY AFTER SURGICAL AUGMENTATION 

The neuro-protective role of the cervical spine was evaluated for the intact case and in 

relation to the different surgical augmentation techniques. As expected, we observed that 

with increasing disc height, there is concomitant increased intervertebral foramen area, 

however, we need to be cognizant that the associated increase in lordotic angle can offset 

the benefit of distraction. This is because the anteroposterior dimension or the foraminal 

width decreases with extension, and various studies have verified that extension leads to 

decrease in the foraminal area [48-50]. Hence, we have to be very cautious to not over 

distract and thus decrease the foraminal area. This understanding of the change in 

intervertebral foramen area is further corroborated with the results of this study which 

showed a significant positive correlation of increasing disc height increases the 

intervertebral foramen area only for arthrodesis and not with arthroplasty. This is because 
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in arthrodesis there is no change in lordotic angle with increasing size, whereas 

increasing device size for arthroplasty increases the lordotic angle thus not significantly 

affecting the change in intervertebral foramen area.  

The results of our study for the intact spine testing are in agreement with other studies 

[48-50]. The change for 6mm and 7mm implants for arthroplasty (8.07 ± 7.99% and 

11.59 ± 6.71%) and arthrodesis (1.51 ± 6.30% and 2.45 ± 7.07%) were different, where 

both the fusion cases showed a smaller increase in the inter-vertebral foramen area 

compared to the similar size arthroplasty procedure. Once, the intervertebral foramen size 

increased after the surgical procedure, the change from its neutral position for 

arthroplasty were similar to intact case in all directions of bending. Among the 

arthrodesis configurations, the changes in different directions were minimal and not as 

large as compared to the intact case, due to the minimal motion of the segmental unit.  

With flexion, contralateral bending and contralateral rotation there was an increase in the 

intervertebral-foramen area and decrease with extension, ipsilateral bending and 

ipsilateral rotation in accordance to other studies. The intervertebral foramen area 

decreased during extension, ipsilateral rotation and ipsilateral bending by 21.91%, 7.17% 

and 24.33%, respectively. The changes in the intervertebral foramen area are in 

accordance to other studies which showed a decrease of 15% in extension, and 10% in 

ipsilateral rotation and bending [48-50].  

Adjacent level foramen area, C4-C5, was not affected by the distraction of the lower 

functional spinal unit. There was no change in different directions of bending as well 

after adjacent level surgical implantations. Thus, the C4-C5 intervertebral foramen 
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provides a good control for this study as its robustness throughout the cases should have 

been observed since no change was made to this adjacent level. Furthermore, the 

repeatability of this measure on the C4-C5 intervertebral foramen produces greater 

confidence that the observed changes in the C5-C6 foramen areas are a result of the 

surgical augmentation. 

This study successfully quantified the neuro-protective role of the cervical spine during 

the intact case and then for subsequent surgical applications with differing levels of disc 

distraction.  

5.3. INTEGRATION OF RESULTS AND CLINICAL UTILITY 

With the segregated understanding of kinetics and kinematics we possibly have ignored 

the interaction between the force transmission, kinematics, and neuro-protection 

outcomes. This integrated knowledge is required for a clinically relevant approach 

towards biomechanical augmentation of cervical spine. A couple studies on the lumbar 

spine and one study on the cervical spine have tried to do an integrated approach for 

biomechanical understanding of the intact spine [109-111]. Of these studies, only one is 

an experimental investigation study of lumbar spine and the others are computational 

modeling efforts. This study is the first of its kind to look at the integrated approach of 

cervical spine forces and strain directions with the kinematic outcomes from 

experimental mechanics point of view. The study also adds onto that understanding how 

these relationships change with surgical augmentation techniques.  

In an intact spine at neutral position, the facets are carrying loads and the articular pillars 

are under compressive strains. With bending the facet forces increase or decrease 
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depending on the direction, and the compressive strains increase or decrease with the 

change in the orientation of the strain direction. With arthroplasty, disc distraction results 

in increased intervertebral foramen area, increased lordosis of the spine, and an 

associated increase in the compressive strains and decrease in facet forces. The changes 

during a direction of bending are similar to the changes observed during bending in the 

intact case. The size of the device does dictate a change in lordotic angle, compressive 

strains, facet forces, and range of motion in flexion-extension activity. With increasing 

arthroplasty device size, cervical spine extension results in increased lordosis, decreased 

articular pillars compressive strains, decreased facet forces, and decreased range of 

motion. Summed, these biomechanical outcomes demonstrate that spinal extension 

biomechanics may not be restored with arthroplasty devices which are too large for the 

disc space. Fusion of the cervical spine increases the intervertebral foramen area, 

increases the lordotic angle, and decreases the range of motion, while also producing an 

increase in the compressive strains in the articular pillars and decrease in the facet forces 

in neutral position. The changes during any direction of bending are restrictive and 

smaller as compared to changes seen with intact spine during bending in the same 

direction. The increasing disc height during fusion does not change the lordotic angle, 

whereas it does increase the compressive strain and the facet forces. Figure 5.1. and 5.2. 

summarize these results and may be clinically useful in guiding us to choose the 

appropriate surgery and the optimal amount of distraction.  
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Figure 5.1. The schematic of the changes seen after different sizes of arthroplasty and 

arthrodesis implantations. Notice the change in lordotic angle which increases with arthroplasty 
device size but the change is constant for the arthrodesis procedure. The increase in 

device/spacer size leads to an increase in intervertebral foramen area (yellow). The increased 

distraction leads to increased strains in articular pillars (text in posterior elements of vertebrae). 

 

The current clinical presentation of the patient with the identified indications for the 

surgery will help in choosing the surgical scenario, arthroplasty or arthrodesis. A few of 

the biomechanical consideration which are contra-indications for disc replacement 

surgery are; disk height loss >50% as compared with adjacent healthy segments, absence 

of motion <2°, or clinical instability described by translation >3 mm or rotational 

difference >11° between adjacent levels [112]. Once the patient has been selected for a 

particular surgery, there is no model which effectively decides on the optimal distraction 

of a disc space. This lack of consensus was found for our current study where the 

surgeons grading and measuring the discs identified the height of the disc space with a 
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Figure 5.2. The schematic for how the strains (red arrow) and range of motion (black curved 

arrow) change after the surgical procedures during a bending activity. The range of motion 
decreases with increased device in arthroplasty and the decreased range of motion is constant 

after arthrodesis. The compressive strains increase during a bending activity (extension shown 

here) which is similar to intact, however the change in compressive strains is decreased after 

arthrodesis. The intervertebral foramen area change is according to the bending activity (shown 
here for extension) and similar to the intact case. 

 

high degree of inter-rater reliability, but yet could not agree upon the height of the 

implant to select for a cervical arthroplasty (figure 5.3.). Given the heterogeneity of 

surgeon disc space fill characteristics, this may significantly alter procedure performance 

characteristics in as of yet to be determined ways. The surgeons are utilizing a lot of the 

factors in choosing disc size for a given patient, for example, the extent of disc collapse, 

adjacent disc height, general patient anthropometry (vertebral body size), unloading of 
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the facets, and the personal experience in amount of decompression performed and 

settling/subsidence expected. 

The biomechanics outcome results of this study provide information on how the kinetics 

and kinematics change with increasing disc size. The simplified equation (the intercept 

and constant values obtained from figure 4.4A) below might help in minimizing the over 

distraction of the disc, and help to choose an optimal disc height size for arthroplasty: 

                                  
                             

    
     Eq 14 

where the current disc height is measured in the middle of the anterior-posterior diameter 

in mid-sagittal plane and the change in lordotic angle is the difference of the normal 

lordotic angle (average C5-C6 segmental angle is 3.5º) and observed segmental angle at 

the disc level of treatment. If no change in lordosis is required, the equation considers a 

minimum change of 3º. The increased disc height due to the implantation of the  

arthroplasty device using the equation above allows for minimum increase of 8.07% in 

the intervertebral foramen area (8.07% was the mean change observed after 6mm prestige 

Figure 5.3. Suggested C5-C6 disc spacer/device size with 0.11 reliability between four surgeons. 
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disc replacement surgery). Utilizing this equation on the specimens of the current study, 5 

of them should have been optimized for 5 mm arthroplasty, 5 for 6 mm arthroplasty and 1 

for a 7mm arthroplasty. The sizes observed by the equation follow the general population 

C5-C6 intervertebral disc height observed as 5.4mm – 5.8mm [113, 114]. A detailed 

examination of the individual specimens tested with their optimal arthroplasty devices (6) 

revealed biomechanics—range of motion and compressive strains in the articular pillars 

were similar to the intact measurements. However, with in-vivo placement of these 

devices, where bone remodeling and subsidence is expected, the addition of 1mm to the 

device should be taken into consideration.  

Clinical Utility of Experimental Results:  

1. If the patient is a candidate for disc replacement surgery, the size of the arthroplasty 

device can be selected by the use of equation 14 given above. This equation relates to 

immediate post-operative biomechanics and an addition of 1mm in device size should be 

considered for in-vivo bone remodeling and subsidence effects.  

2. Over distraction during total disc replacement surgeries should be avoided as that 

might inadvertently produce biomechanical responses similar to fusion surgery. 

3. A larger size disc replacement device will lead to increased facet articular strains and 

abnormal loads (which are not via the facet surface), thus increasing the risk of facet 

degeneration in succeeding years.  

4. The presence of cervical facet joint degeneration should be carefully evaluated as this 

might exacerbate after performing disc replacement surgery and require subsequent 

fusion.  
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5. The distraction for fusion should be at least 1.8mm to avoid a non-significant increase 

in the intervertebral foramen area and thus no reduction in symptoms (figure 4.16.) 

6. Each 1mm change in disc height increases the intervertebral foramen area by 14.45% 

for arthrodesis procedures. Due to the poor biomechanical consequences of over 

distraction, spinal fusion distraction should be minimized based upon the foraminal area 

release needed.  

5.4. EXPERIMENTAL LIMITATIONS 

This experimental study, like all research, contained limitations which need to be 

addressed so as to properly contextualize the results of the study. These limitations were 

minimized where ever possible, but for many of them, the nature of the study and 

practical considerations created situations in data collection which were not ideal.  This 

section reviews these limitations within the research study and identifies how they were 

treated and how they affected the results. 

Ideally, this type of study would have used a randomized repeated measures experimental 

study design. Unfortunately, due to the cadaveric nature of the research the treatments 

(factors) in this study were not randomized and followed a similar pattern within each 

specimen. Therefore, the change in measurement values after repeated testing might be 

due to the inherent property of the specimen being viscoelastic and not because of the 

factorial treatment per se. Nevertheless full randomization was not possible due to the 

type of factorial treatment to the study wherein the arthroplasty could not follow the 

fusion and the smaller implants could not follow the larger implants maintaining clinical 

relevance. The C4-C5 segmental unit which did not go any treatment during the study 
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may serve to examine the repeated testing effects on the biomechanical outcomes. A 

detailed analysis of the C4-C5 results revealed no changes in the outcomes with the 

different factors (inferior level surgical changes), and this gives evidence that the changes 

seen at the C5-C6 segment (treatment unit) were not because of the factorial repeated 

measures treatment bias or the inherent viscoelastic behavior of the spine but because of 

the treatment itself. 

Other limitations of the current study include the use of an in vitro cadaveric model under 

kinetic control. This model, although representing the state of the art in biomechanical 

testing does not address the multifarious intraoperative factors and long-term effects, but 

rather the immediate post-operative biomechanical outcomes. The viscoelastic nature of 

the biological tissues and continuous adaptability of the surrounding structures during 

healing make the extrapolation of in-vitro experiments difficult and complicated beyond 

the initial post-operative response. The long term effects of tissue relaxation, continuous 

bone remodeling and their related effects are not understood and needs clinical trials 

evaluation.  

The cadaver studies are without active musculature and the forces experienced by the 

spine are not able to replicate the real world situation due to experimental limitations.  

Instead of replicating all of the individual forces on the cervical spine, these are summed 

into a force and moment about the superior most vertebra. This methodology of moment 

application without transverse plane shear has been shown to lead to the kinetics and 

kinematics which are similar to in-vivo results. Furthermore, the loading regime used was 
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pure moment bending and did not include an axial compressive force which would have 

been considered as the weight of the head.  

The technique of using follower loads for applying bending moments to the specimen to 

mimic muscular action has been known to transfer moments more physiologically, 

however, the path needs to be accurately placed in the locations of the instantaneous axis 

of rotation (IAR). The IAR for the spine changes as the rotations take place, thus having a 

fixed follower load path would make this setup non-physiological. The mean diameter of 

the positions of the IAR is 5mm and this would be of paramount error for rotations of 

10º-15º as observed in cervical spine. Thus, having a follower load would constrain the 

system in a manner leading towards incorrect physiological loads and wrong results. 

Furthermore, the loading protocol utilized is very robust in repeated experiments, always 

providing the same independent variable to the specimen with a high degree of accuracy. 

The loading protocol for the test was in accordance to the numerous biomechanical 

experimental testing studies in literature [70, 71, 99], thus making this study easier to 

compare to cervical spine kinetics and kinematics. 

While inter-surgeon variability is typically an issue in surgical experimental studies, two 

factors have minimized this limitation. First, to eliminate between surgeon variability 

only one surgeon performed all the experiments. Unfortunately, this also means that the 

variability between surgeons (i.e. their approach, technique, etc.) which is naturally 

present is not inherent in this study. Rather, the surgeon performed the surgery as taught 

by the manufacturer as close to the guidelines and made each specimen as similar as 

possible to the others. The second factor which helped minimize surgeon bias was that 
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the surgeon could visualize all of the structures and perform the ideal surgery without 

intraoperative limitations of visualization of structures or patient specific complications.  

For example, the factors like amount of resection of the disc or the snug fit approach of 

the implants are surgeon related and these factors were held uniform to the surgical 

guidelines between specimens. Thus the single surgeon bias while present in this study 

has been minimized to the greatest extent.  This could have been avoided by having more 

surgeons perform the experiment; however, this increase in specimens and time would 

have decreased the feasibility of the study.  

The measurement force applied during disc distraction and the post-operative 

measurement of the forces observed in the anterior elements of the cervical spine would 

have been helpful in painting the full picture of this surgical study. These additional data 

would have involved an invasive insertion of a force transducer which may have altered 

significantly the systemic biomechanics. Thus, this measurement was not included in the 

present study but may be added to subsequent studies to understand the full load sharing 

of these devices.  

There are a number of measurement system limitations that also need to be addressed in 

spite of their minimal effects on the outcomes. The kinematic markers were fixed to the 

spine via screws which were quite long so as to avoid bumping into each other and during 

surgical procedures. This might have allowed for some vibrational effects in the 

kinematic data. All data were low pass filtered though, so any vibrational effects were 

removed from the final kinematic data. The presence of the strain gages on the anterior 

elements of spine would have given a complete picture of force transfer through the 
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spine, but this was not possible due to the anterior approach of the surgical treatment. The 

force sensing resistor had an area of 19.63 mm
2 

for measuring the facet forces, which is 

4.33 times smaller compared to the average facet surface area for the inferior facet of C5 

is 84.7 mm
2
 or for the superior facet of C6 is 87.0 mm

2
. Thus, the facet force sensing 

resistors were too small in comparison to the surface area of the facet and might not have 

been fully able to capture the forces normal to the facet. Furthermore, these force sensing 

resistors only measured the normal forces between the facets where if the facet surfaces 

were not parallel (which may have been the case in severe distraction) then the forces 

measured may not reflect the entire load profile passing across the facets. This study was 

unable to quantify the force distribution or the contact points of force transmission within 

a facet joint which plays and important role in knowing how the forces are transmitted. 

The facet forces have shear forces due to the gliding of the facet surfaces with each other, 

which were also not accounted for. The stiffness of the intervertebral foramen occlusion 

transducer (IFOT) is a concern as it should be able to conform to small changes in area of 

the intervertebral foramen, but not collapse upon itself. Hence, the tubing used for the 

IFOTs was the most pliable latex rubber which also maintained its shape under 1 N of 

loading. The initial size of the inter-vertebral foramen is inconsistent, and so IFOT’s of 

varying sizes were used to snugly fit the foramen.   

5.5. SUMMARY 

This study was able to define the optimized distraction or disc height for the respective 

arthrodesis or arthroplasty surgical options while based upon the three important 

functions of spine which include its kinematics, kinetics and neuro-protective roles. The 
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results of this experimental work support an equation and philosophy for determining the 

optimal distraction of the cervical disc in arthrodesis or, the size of disc height in disc 

replacement devices based upon the presumptive post-operative kinetics, kinematics, and 

neuro-protective ability of the cervical spine. This experimental study provides clinicians 

with data to inform their decisions on arthroplasty size or arthrodesis spacer height for 

surgical intervention. This should minimize the biomechanical poor outcomes of 

arthroplasty and arthrodesis surgery which require revision surgery—altogether 

improving outcomes and reducing patient pain for those suffering from neck pain and 

disability. 

While this study represents an initial first step in gaining insight into the biomechanical 

outcomes subsequent to spinal surgery, there are many other factors which should be 

examined. For example the effects of coronal plane alignment are not well understood as 

are the effects of combined loading on these devices (i.e. lateral bending and rotation). 

These results apply to immediate post-operative biomechanics and long term effects of 

vertebral body subsidence, and related cause of facet arthrosis due to disc replacement 

surgeries needs further attention. The next step in developing a more detailed clinical 

decision making system, based on biomechanical competence of the cervical spine after 

surgery, would involve a clinical examination of implant selection and functional 

outcomes in a human subject trial.  
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APPENDIX A 

ANATOMY OF CERVICAL SPINE 

The cervical spine consists of osseous elements placed on top of each other with 

intervertebral discs, ligaments, and other soft tissues connecting them (figure A.1.). The 

osseous elements present in the neck are the cervical vertebrae. The cervical spine 

demonstrates a normal anterior convexity in sagittal plane (antero-posterior), called as 

cervical lordosis. The cervical spine consists of seven cervical vertebrae: 4 typical 

vertebrae from C3 to C6 and 3 atypical vertebrae, first cervical vertebra, atlas, the second 

cervical vertebra, axis and the seventh cervical vertebra. These vertebrae and the soft 

tissues which connect them, guide and dictate the motion capable at the cervical spine 

and thus how individuals move their head.  

Figure A.1. Image of the Cervical Spine
A
 

A.1. TYPICAL CERVICAL VERTEBRA  

A typical cervical vertebra (figure A.2.) has a vertebral body, a vertebral arch and bony 

projections for muscular attachment and articulations. The upper surface of the vertebral 

body is typically concave from side-to-side (in the coronal plane) and convex in antero-
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posterior direction (sagittal plane). The lower surface of the vertebral body is convex in 

the coronal plane and concave in sagittal plane. The upward projections on the either 

lateral sides of the upper surface of the vertebral body are called the uncus and 

corresponding convexity on the lateral sides of the lower surface of the vertebra are 

called the anvil. These articulations have been called uncovertebral joints or joints of 

Luschka.  

Bony projections from the postero-lateral aspect on either side of the vertebral body are 

called the pedicle that together with the laminae forms the vertebral arch which encloses 

an empty space called vertebral foramen. The vertebral foramina from all other levels 

form the boundary of the spinal canal protecting the spinal cord that passes through it. A 

vertebral notch is present on the inferior and superior aspect of each pedicle, such that the 

inferior and superior notch of the upper and lower cervical vertebra respectively form the 

intervertebral foramen for spinal nerve exit.  

Figure A.2. Typical Cervical Vertebra in superior view (A) and lateral view (B) [116] 



 

 116 

There is a transverse process projecting laterally from the junction of pedicle and lamina 

on either side of the arch, where muscles of the spinal column attach to the vertebra. The 

transverse process of the cervical vertebra is different from rest of the vertebrae that it has 

two elements, anterior and posterior, and is connected laterally by lamella. The two roots 

of the transverse process with lamella and pedicle surrounds the foramen transversarium 

through which the vertebral artery passes. The spinous process is the posterior bony 

projection in the midline of the vertebra at the junction of the laminae. There is a lateral 

mass at the junction of pedicle and lamina giving rise to superior and inferior articulating 

facets. The lateral mass in the lower cervical spine is also referred to the articular pillars 

as it formed by the fusion of the superior and inferior articulating processes.  

The scope of this project is limited to the middle and lower cervical spine. Further on, the 

detailed review will be limited to C3 to C7 segment of the cervical spine.   

A.2. FACET JOINTS AND UNCINATE PROCESSES 

A.2.1. ZYGAPOPHYSEAL JOINT OR FACET JOINT 

Each cervical vertebra has two superior and two inferior articulating facets. The superior 

articulating surface of the lower vertebra articulates with the inferior articulating surface 

of the vertebra above. The superior articulating facet width increased in size from C3 to 

C7 and the height remained the same. Similar trends were observed for inferior 

articulating facet. For both superior and inferior articulating facet width to height ratio 

increased from C3 to C7. The facet surface area for superior and inferior articulating 

facet remained roughly constant for the lower cervical spine. The ratio of the distance 

between the superior right and left facets to the distance between inferior right and left 
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facets increased in middle to lower cervical spine and crossed the value 1.0, implying that 

the superior interfacet distance increased more than the inferior interfacet distance [95].  

The facets joints in the cervical region are oriented in transverse plane. The superior facet 

is approximately at an angle of 45 degrees with the transverse plane such that it faces 

superiorly and posteriorly (figure A.3.). The superior articulating surface gradually 

becomes more vertical as it approaches the thoracic vertebrae. The superior articulating 

surface also starts turning outwards, from medial to lateral orientation. The inferior 

articulating facet correspondingly faces inferiorly and anteriorly [95, 117]. The change in 

facet joint orientation from the horizontal to vertical in transverse plane is correlated with 

the change from medial to lateral orientation in the coronal plane [105].  

Figure A.3. Orientation of the superior articulating facet of the C5 vertebra [95] (reprinted with 

permission) 

 

The oblique orientation of the facet joints between coronal and transverse plain also 

indicates important weight bearing function [35]. The facet joint restraints the anterior 

translation in the lower cervical spine. The intact facet joints with capsular ligaments 

provide axial rotational and lateral bending stability, and little flexion-extension stability 
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to spine [118]. The axial rotation and lateral bending are coupled motions due to the 

inclined orientation of the facet and their extent is directly related to each other [105].  

The facet joint degeneration cannot be avoided after 50 years of age. The severity of the 

degeneration also increases with age. Almost all the facets are involved of the middle and 

lower cervical spine with the lower facets showed increased degeneration. The cartilage 

of the facet joint showed evenly degeneration over the total joint surface area [119].  

A.2.2. UNCOVERTERBRAL JOINT 

The uncovertebral joints or the joints of Luschka consists of the uncinate process which 

project upward from the lateral surface of the vertebral body. The uncovertebral joint area 

almost remains the same for the whole cervical spine. The area of the superior 

articulating surface was twice the lower articulating surface. The angle of the 

uncovertebral joint in the transverse plane with the coronal plane increased in the lower 

cervical spine from C5 to C7 [120]. The relative height of the uncinate process with 

respect to vertebral width decreased as one descended the cervical spine [20].  

 The uncovertebral joints play a guiding role in the flexion-extension movement, with 

substantial contribution to stability of motion segment and greatest effect seen in 

extension. The posterior foraminal part of the uncus limits posterior translation and 

lateral bending. The uncovertebral joint also plays important role in coupling motion 

between axial rotation and lateral bending [121]. The surgical resection of this joint 

increases instability of spine [121, 122]. 
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A.3. INTERVERTEBRAL DISC AND LIGAMENTS 

A.3.1. INTERVERTEBRAL DISC 

The intervertebral disc is a cartilaginous structure and is present as an articulating 

structure between vertebral bodies. The intervertebral disc provides support to the spine 

in an upright position and allows for flexibility and mobility of the spine. The discs are 

present between each vertebra in the cervical spine except C1 and C2.  

Each disc has a strong outer ring of collagen fibers (type I and II) called the annulus 

fibrosis, and a soft center called the nucleus pulposus (figure A.4.). The annulus fibrosis 

consists of spirally arranged collagenous fiber bundles in alternating directions, in layers 

(lamellae). The fibers are oriented at an angle of 30 degrees to the disc plane and 120 

degrees to each other in adjacent lamellae. 15 to 25 lamellae comprise the annulus. The 

peripheral layers of the annulus attach directly into the osseous tissue of the vertebral 

body called Sharpey’s fibers, and to the anterior and posterior longitudinal ligaments [19, 

123].  

Figure A.4. Intervertebral disc [124] (reprinted with permission) 

The nucleus pulposus is gelatinous, with collagen fibers (type II), connective tissue cells, 

cartilage cells, glycosaminoglycan proteins and very high water content. The negative 
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charge on proteogylcans in the nucleus repels each other and creates a suction effect that 

pulls in water carrying positive ions. The positive ions within water give an 

electroneutrality condition in the nucleus. During compression water is squeezed 

outwards along with positive ions and the remaining fixed negatively charged ions repel 

each other and resist further compression. 

The intervertebral discs transmit bending moments, axial torque and axial loads in 

addition to absorbing peak loads. Discs acts as cushions or shock absorber and permit 

some movement between the vertebral bodies. Intervertebral disc plays a major role in 

tolerating compressive forces of spine. At lower loads the disc is more flexible but 

becomes stiffer with higher loads. This is achieved by the degree of hydration of the disc 

which changes its visco-elastic properties. The disc squeezes out fluid during loading and 

becomes stiffer achieving new equilibrium and builds up fluid again accordingly when 

the load is removed.  

During compression, pressure develops within the nucleus pulposus pushing the 

surrounding tissue radially outwards in all directions. Thus the vertebral end plates are 

pushed against each other and the annulus is pushed radially outward with a tensile force. 

During bending, there is a compressive force on the concave side of the bending load 

causing the disc to bulge and a tensile force on the other convex side causing the disc to 

collapse inward. The effect on the disc is combination of different forces due to different 

types of load [19].  

The decreased water content occurring with age within the nucleus plays a major role in 

the deterioration of the annulus. The inability of the nucleus to pressurize results in 
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compressive rather than tensile forces acting on the annulus and thus the annulus begins 

to collapse inward rather than bulging outward in tension.  

A.3.2. LIGAMENTS 

The cervical spine is joined together by ligaments (figure A.5.) that allow the spinal 

movement while supporting the head with the right balance of strength and flexibility. 

Ligaments also control the movements by preventing excessive flexion, extension, or 

rotation. They resist tension and buckle during compression. There are many ligaments in 

the cervical spine which run longitudinally. 

The bodies of vertebrae are connected together by 2 longitudinal ligaments. Anterior 

longitudinal ligament (ALL) present anterior to vertebral body and posterior longitudinal 

ligament (PLL) present within vertebral canal posterior to vertebral body. The lateral 

edges of ALL are attached to the vertebral body but more firmly with the annular fibres 

of the vertebral disc. Depending on the span of the fibers, the ALL is composed of 4 

layers. The superficial layer runs multiple motion segments and is attached to the anterior 

surface of the vertebral body. The second and third layer runs across single motion 

segments. The fourth layer runs just over the intervertebral disc attached to the anterior 

part of the inferior and superior margins of the vertebra above and below respectively 

[125].  

The PLL is also attached to the annular fibers of the intervertebral disc. It is wider near 

the disc and narrower near the vertebral body. The PPL is divided in three layers, where 

the superficial layer has central longitudinal part and lateral extension part that sweep out 



 

 122 

to the base of the pedicle. The superficial layer spans two or three segments, whereas the 

intermediate and deep layers span only one motion segment [125]. 

The ligamentum flava is composed of large amount of elastic fibers, running from the 

anterior inferior border of the laminae above to the posterior superior border of the 

laminae below. The ligamentum flava extend laterally joining the facet capsule. Capsular 

ligaments are attached just around the margins of the articular process and oriented in 

plane perpendicular to the facet joint. Posteriorly, ligaments present are the interspinous 

ligament found between the spinous processes of adjacent vertebrae, the supraspinous 

ligament connecting most superficially on the posterior aspects of adjacent vertebrae and 

intertransverse ligament present between the transverse processes of two vertebrae.  

The anterior ligament complex, ALL and PLL together, have a higher failure stress and 

Young’s modulus compared to the posterior ligament complex consisting of ligament 

flavum, capsular ligaments and interspinous ligaments. However the posterior ligament 

complex showed higher failure strain than the anterior ligament complex [115].    

Figure A.5. Ligaments of the spine
B
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A.4. NEURO-ANATOMY 

A.4.1. SPINAL CANAL 

The spinal canal is formed by sequential vertebral foramina and contains the spinal cord 

with its coverings. The spinal canal is anteriorly formed by the vertebral bodies and 

posterior border of intervertebral disc, posteriorly by the articular processes, ligamentum 

flavum, and lamina, and laterally by the pedicles. The lateral wall of the spinal canal has 

exits for the spinal nerve. 

The antero-posterior diameter of the spinal canal is approximately 18 mm, ranging from 

14 mm to 23 mm, whereas, the antero-posterior diameter of spinal cord is approximately 

10 mm. The spinal cord occupies roughly 40% of the spinal canal area. The antero-

posterior diameter of the spinal canal decreases maximally during extension by 2-3mm 

and the area decreases upto 9.2% of the original [49, 124].  

A.4.2. INTERVERTEBRTAL FORAMEN 

The intervetebral foramen is the opening between the vertebrae for the exit of the spinal 

nerve lined with dura and surrounded by veins and epidural fat. The nerve usually 

occupies only one-third of the foraminal space. It is bounded superiorly and inferiorly by 

the pedicle of the vertebrae, anteriorly by the postero-lateral part of intervertebral disc, 

uncinate process, and inferior part of the vertebral body, and posteriorly by the facet joint 

and articular process. The foramen has a vertical diameter of approximately 9 mm and 

horizontal diameter of approximately of 4 mm. The length of foramen ranges from 4 to 6 

mm. The nerve exits the intervertebral foramen at an angle of 45 degrees to the sagittal 

plane [46].  



 

 124 

The interevetebral foramen size increases from C2-C3 to C7-T1 [47]. In-vivo and in-vitro 

studies have shown that the intervertebral foramen size increases by 10% during 30 

degrees flexion and decreases by approximately 15% in 30 degrees of extension. 

Ispsilateral rotation also showed decrease in the foramen size [48-50]. Degenerative disc 

disease leads to decrease in the disc height leading to decrease in the foramen size. With 

every millimeter decrease in the disc height the foramen area decreases by 20% to 30% 

[6161].  

A.5. ARTICULATIONS 

The functional spinal unit is the smallest spinal segment that represents characteristics 

similar to entire spine. The middle and lower cervical spine segments show characteristic 

which can be represented by the functional spinal unit. The functional spinal unit consists 

of two vertebrae with the associated ligaments and facet joint capsules, and the 

articulations; intervertebral disc, facet joints and unco-vertebral joint specific to cervical 

spine.    

The intervertebral disc forms a cartilaginous joint between the two vertebral bodies. The 

intervertebral disc being wedge-shaped is thicker anteriorly and thinner posteriorly, the 

reason for cervical lordosis. The intervertebral disc stabilizes the spine while allowing 

flexibility and mobility to spine.  

The facet (zygapophyseal) joint, unlike the intervertebral disc, is a true synovial joint. 

Each joint has a menisci and articular cartilage and is surrounded by the synovial 

membrane inside the joint capsule which is fibrous in nature. The facet joint is formed 

between the inferior articulating facet of upper vertebra and superior articulating facet of 
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lower vertebra. Although it contributes to a limited extent to the support of the spinal 

column, this joint’s main function is to maintain stability of the spinal column by guiding 

the direction of vertebral movement. 

The uncovertebral joints mainly guide the flexion-extension movement of the cervical 

spine. These joint also contribute to the coupled motions of the spine and help in stability 

of the spine. 
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APPENDIX B 

CUSTOM MATLAB SCRIPTS FOR DATA ANALYSIS 

1. Spinal Mechanics 

The script includes import of data, filtering, aligning of the voltage channel gathered in 

vicon and axial channel of SKS for synchronizing the data, plotting moment-angle plots, 

finding range of motion, neutral zone via the double differentiation technique and when 

the moment crosses zero, and elastic zone stiffness with the R-square fit value.  
  
clear all 

  

t=1; 

  

trialnos = [10,14,27,40,53,66]; 

foldnos = {'Intact';'FSR';'Prestige 6mm';'Prestige 7mm';'Fusion 6mm';'Fusion 7mm'}; 

%% 

for v = 1:6 

 

fold = 30100; 

  

s1 = [int2str(fold) '\voltages\Trial ' sprintf('%02.0f',trialnos(v)) '.csv']; 

s2 = ['..\..\..\Instron\' int2str(fold) '\' char(strcat(foldnos(v))) '\' int2str(fold) 

'_AR_2Nm.csv']; 

s4 = [int2str(fold) '\Trial ' sprintf('%02.0f',trialnos(v)) '.csv']; 

  

  

threshold = csvread(s1 , 5); 

sks = csvread(s2 , 1); 

bbangle = csvread(s4,1); 

  

[b,a] = butter(3,2/50,'low'); 

  

instron_sync = filtfilt(b,a,(threshold(:,3)*5+0.02)); 

bbangle(:,3:8) = filtfilt(b,a,bbangle(:,3:8)); 

  

zposition = sks(:,2); 

  

  

%% 

% zposition(1:6666) = [];  

%  

for i=1:(length(instron_sync)-length(zposition)) 

errorval = instron_sync(i:i+length(zposition)-1)-zposition; 

   

  ssquare(i)=sqrt(sum(errorval.^2)); 

   

end     

  

indexvalue = find(ssquare == min(ssquare)); 

figure 

plot(zposition) 

hold on, plot(instron_sync(indexvalue:indexvalue+length(zposition)),'color','red'), hold 

off 

  

  

p=1; 

for q=1:length(sks) 

    if (sks(q,22)==3) 

        moment(p)= sks(q,12); 

        angle(p) = -bbangle(q+threshold(p,7); 
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        p=p+1; 

    end 

  

end 

moment = filtfilt(b,a,moment); 

figure, plot(moment,angle) 

  

figure, plot(angle) 

  

%% 

[maxmo, maxb] = max(moment); 

[minmo, minb] = min(moment); 

q = length(moment); 

  

  

%curvemo = moment(maxb:minb); 

%figure, plot(curvemo) 

%curvean = angle(maxb:minb); 

lowercurvemo = moment(round(1/4*q):round(3/4*q)); 

lowercurvean = angle(round(1/4*q):round(3/4*q)); 

%figure, plot(curvean, curvemo) 

  

lowerfit = polyfit(lowercurvean, lowercurvemo,5); 

lowerval = polyval(lowerfit, lowercurvean); 

%figure, plot( curvemo, curvean) 

  

[s2, r2] = min(abs(lowerval)); 

lower_neu_zone(t,v) = lowercurvean(r2); 

  

curvemo1 = moment(1:round(1/4*q)); 

curvemo2 = moment(round(3/4*q):q); 

uppercurvemo = [curvemo2, curvemo1]; 

  

curvean1 = angle(1:round(1/4*q)); 

curvean2 = angle(round(3/4*q):q); 

uppercurvean = [curvean2,curvean1]; 

  

%hold on, plot(curvean3, curvemo3) 

  

upperfit = polyfit(uppercurvean, uppercurvemo,5); 

upperval = polyval(upperfit, uppercurvean); 

  

[s1, r1] = min(abs(upperval)); 

upper_neu_zone(t,v) = uppercurvean(r1); 

  

  

  

neutral_zone_tot(t,v) = abs(lower_neu_zone(t, v)-upper_neu_zone(t, v)); 

  

figure, plot(angle, moment, uppercurvean, upperval, lowercurvean, lowerval) 

  

hold on, plot(lowercurvean(r2),lowercurvemo(r2),'s') 

hold on, plot(uppercurvean(r1),uppercurvemo(r1),'s') 

hold on, plot(uppercurvean, uppercurvemo,'green') 

hold on, plot(lowercurvean, lowercurvemo,'black') 

%% 

pow = 5; 

  

syms x  %creats a function from the determined polynomial coefficients 

motion = upperfit(1)*x^pow+upperfit(2)*x^(pow-1)+upperfit(3)*x^(pow-

2)+upperfit(4)*x^(pow-3)+upperfit(5)*x^(pow-4)+upperfit(6); 

% motion = upperfit(1)*x^pow+upperfit(2)*x^(pow-1)+upperfit(3)*x^(pow-2)+upperfit(4); 

  

f2 = diff(motion,2); 

inf_pt = solve(f2); 

upper_inf_pt = double(inf_pt) 

  

upper_value = input('choose number for the top curve: '); 
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%pt_1 = polyval(upperfit, inf_pt_bot(1)); 

[n1 , p1] = min(abs(uppercurvean-upper_inf_pt(upper_value))); 

%[n2 , p2] = min(abs(val2-inf_pt_top(2))) 

%[n3 , p3] = min(abs(val2-inf_pt_top(3))) 

  

syms x  %creats a function from the determined polynomial coefficients 

motion = lowerfit(1)*x^pow+lowerfit(2)*x^(pow-1)+lowerfit(3)*x^(pow-

2)+lowerfit(4)*x^(pow-3)+lowerfit(5)*x^(pow-4)+lowerfit(6); 

% motion = lowerfit(1)*x^pow+lowerfit(2)*x^(pow-1)+lowerfit(3)*x^(pow-2)+lowerfit(4); 

f2 = diff(motion,2); 

inf_pt = solve(f2); 

lower_inf_pt = double(inf_pt) 

  

%newf2 = diff(diff(motion)); 

lower_value = input('choose number for the bottom curve: '); 

  

%pt_2 = polyval(fit, inf_pt_top(2)); 

[m1 , d1] = min(abs(lowercurvean-lower_inf_pt(lower_value))); 

%[m2 , d2] = min(abs(val-inf_pt_bot(2))) 

%[m3 , d3] = min(abs(val-inf_pt_bot(3))) 

  

%% 

[m1 , d1] = min(abs(lowercurvean-uppercurvean(r1))); 

[n1 , p1] = min(abs(uppercurvean-lowercurvean(r2))); 

max_ang(t,v) = max(angle); 

min_ang(t,v) = min(angle); 

ROM(t,v) = max_ang(t, v) - min_ang(t, v); 

  

% upper_NZ_inf(t,v) = uppercurvean(p1); 

% lower_NZ_inf(t,v) = lowercurvean(d1); 

% neutral_zone_inf(t,v) = abs(uppercurvean(p1)-lowercurvean(d1)); 

  

%P1 = curvean3(p1) 

%D1 = curvean(d1) 

%P2 = curvean3(p2) 

%P3 = curvean3(p3) 

  

  

upper_mo_sec = uppercurvemo(p1:length(uppercurvemo));  %r1 p1 

upper_ang_sec = uppercurvean(p1:length(uppercurvean)); 

  

lower_mo_sec = lowercurvemo(d1:length(lowercurvemo));   %r2 d1 

lower_ang_sec = lowercurvean(d1:length(lowercurvean)); 

  

upper_stats= regstats(upper_mo_sec, upper_ang_sec); 

upper_stiffness(t,v) = upper_stats.beta(2); 

upper_R2(t,v) = upper_stats.rsquare; 

upper_datafit = upper_stats.beta(2)*upper_ang_sec+upper_stats.beta(1); 

  

lower_stats = regstats(lower_mo_sec, lower_ang_sec); 

lower_stiffness(t,v) = lower_stats.beta(2); 

lower_R2(t,v) = lower_stats.rsquare; 

lower_datafit =  lower_stats.beta(2)*lower_ang_sec+lower_stats.beta(1); 

  

% hold on, plot(lowercurvean(d1),lowercurvemo(d1),'*','Color','red') 

% hold on, plot(uppercurvean(p1),uppercurvemo(p1),'*','Color','red') 

hold on, plot(upper_ang_sec,upper_mo_sec, upper_ang_sec,upper_datafit) 

hold on, plot(lower_ang_sec,lower_mo_sec, lower_ang_sec,lower_datafit) 

%  

%% 

 

end 
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2. Helical Axis of Motion 

Importing of data, calculating the digitized points using the digitzer function, making a 

plane, converting to local frame of reference, finding the helical axis using the ISB 

Kinemat toolbox, finding the locations of HAM, importing a stl of C6 vertebra and 

plotting the HAM vectors.  

 

fold = 30100; 

 

data = importdata([int2str(fold) '\Trial 04.txt'], '\t', 1); 

data2 = importdata([int2str(fold) '\Trial 05.txt'], '\t', 1); 

data3 = importdata([int2str(fold) '\Trial 06.txt'], '\t', 1); 

%% 

ant_point = digitzer(data(:,39:50)); 

left_point = digitzer(data2(:,39:50)); 

right_point = digitzer(data3(:,39:50)); 

  

  

%% 

normz = cross(left_point-ant_point, right_point-ant_point); %plane for z rotation 

normz = normz/norm(normz); 

  

normy = cross(left_point-right_point,-normz); %plane for y rotation 

normy = normy/norm(normy); 

  

normx = cross(normz,-normy); %plane for y rotation 

 

  

%% 

data4 = importdata([int2str(fold) '\Trial 14.txt'], '\t', 1); 

mocap = data4(threshold(p)+6667*2:threshold(p)+6667*3,15:38); 

 

mocap = data(289+6667*2:289+6667*3,15:38); 

  

%% 

  

for i=1:length(mocap) 

     

    mocap1(i,1:3) = mocap(i,1:3)-point; 

    mocap1(i,4:6) = mocap(i,4:6)-point; 

    mocap1(i,7:9) = mocap(i,7:9)-point; 

    mocap1(i,10:12) = mocap(i,10:12)-point; 

    mocap1(i,13:15) = mocap(i,13:15)-point; 

    mocap1(i,16:18) = mocap(i,16:18)-point; 

    mocap1(i,19:21) = mocap(i,19:21)-point; 

    mocap1(i,22:24) = mocap(i,22:24)-point; 

  

end 

  

 

  

 upperneut = mocap1(1,13:24);            % head 

 lowerneut = mocap1(1,1:12);           % trunk 

  

  

uppermov=mocap1(:,13:24); 

lowermov=mocap1(:,1:12); 

  

[angles,helicang,T1,unitvector,angleofha,transofha]=cardan(upperneut,lowerneut,uppermov,l

owermov,'xyz'); 

  

figure,plot(helicang) 
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for i = 1:length(angleofha) 

s(:,i)=(sin(angleofha(i))/2/(1-cos(angleofha(i)))*(cross(unitvector(:,i),T1(1:3,4,i))))-

(0.5*(cross(unitvector(:,i),cross(unitvector(:,i),T1(1:3,4,i))))); 

end 

%% 

  

for i = 1:length(angleofha) 

     

    q(i) = -dot(s(:,i),[normx])/dot(unitvector(:,i),[normx]); 

end 

  

%% 

  

for i = 1:length(angleofha) 

     

    P(:,i) = s(:,i)+q(i)*unitvector(:,i); 

end 

  

unitvector = unitvector*20; 

  

%% 

% figure 

fv = stlread('..\rotated_c6_vertebra2.stl'); 

 

%% Render stl 

 

patch(fv,'FaceColor',       [0.5 0.5 0.5], ... 

         'FaceAlpha',       0.25,           ... 

         'EdgeColor',       'none',        ... 

         'FaceLighting',    'flat',     ... 

         'AmbientStrength', 0.5); 

  

camlight('headlight'); 

material('dull'); 

 

axis('image'); 

 

 

j=0.5; 

for i = 1:100:1666 

    hold on, 

quiver3(P(1,i),P(2,i),P(3,i),unitvector(1,i),unitvector(2,i),unitvector(3,i),'Color',[0 1 

0]) 

%     j=j-0.05 

     

end 

 

function [point]=digitzer(data) 

 

%% 

digitdata=data; 

  

p=1; 

  

for i = 50:length(digitdata)-50; 

% finding intersection points between the line made by first and third 

% marker in frame 1 and latter frames 

  

A1 = digitdata(i,1:3);     

A2 = digitdata(i,7:9);     

  

B1 = digitdata(i+1,1:3);     

B2 = digitdata(i+1,7:9); 

  

%A1 + t*(A2 - A1) and B1 + s*(B2 - B1).  

% solving for parameters using parametric equation  
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ts = [A2(:) - A1(:),-(B2(:)-B1(:))]\(B1(:) - A1(:)) ; 

  

  

% getting the point of intersection by using the parameters obtained in ts 

AA(p,:)= A1+(A2 - A1)*ts(1);  

  

     

% getting the average of the two intersection points  

% obtained using two paramteric equation. 

% AABB = (AA+BB)/2; 

  

% repeat the same procedure for first and second marker 

  

C1 = digitdata(i,1:3); 

C2 = digitdata(i,4:6); 

  

D1 = digitdata(i+1,1:3); 

D2 = digitdata(i+1,4:6); 

  

%A1 + t*(A2 - A1) and B1 + s*(B2 - B1).  

st = [C2(:) - C1(:),-(D2(:)-D1(:))]\(D1(:) - C1(:)) ; 

  

CC(p,:)= C1+(C2 - C1)*st(1);  

  

  

% CCDD = (CC+DD)/2; 

  

A1 = digitdata(i,1:3);     

A2 = digitdata(i,10:12);     

  

B1 = digitdata(i+1,1:3);     

B2 = digitdata(i+1,10:12); 

  

%A1 + t*(A2 - A1) and B1 + s*(B2 - B1).  

% solving for parameters using parametric equation  

ts = [A2(:) - A1(:),-(B2(:)-B1(:))]\(B1(:) - A1(:)) ; 

  

  

% getting the point of intersection by using the parameters obtained in ts 

EE(p,:)= A1+(A2 - A1)*ts(1);  

  

p = p+1; 

  

end 

%% 

point = [0 0 0];  

  

j =1; 

  

for i=1:length(AA) 

      

               

if (norm((AA(i,:)-digitdata(i,1:3)))>148 && norm((AA(i,:)-digitdata(i,1:3)))<152) 

  point = point+AA(i,:); 

  j=j+1; 

   

end 

  

end 

point = point / (j-1); 

q = j; 

  

%% 

  

j =1; 

  

for i=1:length(CC) 
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if (norm((CC(i,:)-digitdata(i,1:3)))>148 && norm((CC(i,:)-digitdata(i,1:3)))<152) 

  point = point+CC(i,:); 

  j=j+1; 

   

end 

  

end 

point = point /j; 

q = q +j; 

%% 

j =1; 

  

for i=1:length(EE) 

      

               

if (norm((EE(i,:)-digitdata(i,1:3)))>148 && norm((EE(i,:)-digitdata(i,1:3)))<152) 

  point = point+EE(i,:); 

  j=j+1; 

   

end 

  

end 

point = point /j; 

  

q = q+j; 

  

%% 

norm((point-digitdata(120,1:3))) 

q 

 

3. Strain Gage 

Aligning of the voltage channel gathered in analog data channels in laptop and axial 

channel of SKS for synchronizing the data 
 

 
clear all 

  

numfold = 30065; %[30047;30098;30407;30413;30428;30059;30399;30352;30047;30100]; 

numfold1={'Intact';'FSR';'Prestige 6mm';'Prestige 7mm';'Fusion 6mm';'Fusion 7mm'}; 

numfold2 = {'_AR_2';'_LB_2';'_FE_1';'_FE_15'}; 

[b,a] = butter(3,5/50,'low'); 

p=1; 

%% 

for i = 1:length(numfold1) 

         

   for j = 1:length(numfold2)  

       

      vol_data=importdata([num2str(numfold) '\Trial_' sprintf('%03.0f',p) 

'.lvm'],'\t',22);         

      sks = csvread(['..\Instron\' num2str(numfold) '\' char(strcat(numfold1(i))) '\' 

num2str(numfold) char(strcat(numfold2(j))) 'Nm.csv'],1,0); 

       

      instron_sync = downsample(vol_data.data(:,2)*5+0.02,20); 

      instron_sync = filtfilt(b,a,instron_sync);   

      zposition = sks(:,2);   

         

       

       

         for q=1:(length(instron_sync)-length(zposition)) 

            errorval = instron_sync(q:q+length(zposition)-1)-zposition; 

            ssquare(q)=sqrt(sum(errorval.^2)); 
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         end     

  

        indexvalue = find(ssquare == min(ssquare)); 

  

        figure 

        plot(zposition) 

        hold on, plot(instron_sync(indexvalue:indexvalue+26667),'color','red'), hold off 

        keyboard 

        threshold(p,1) = indexvalue; 

        p = p+1; 

       

        clear vol_data sks zposition instron_sync errorval ssquare indexvalue 

%       end 

   end 

    

end 

  

  

Converting the voltage to strains by filtering, down sampling, correcting for 

amplification, removing the zero load strains (found before the testing) from all the 

subsequent testing, changing to principal strains and finding the angles.   
clear all 

  

numfold = 30065; 

  

%% 

  

llat = input('choose the column number for left lateral: '); 

lmed = input('choose the column number for left medial: '); 

lmid = input('choose the column number for left middle: '); 

  

rlat = input('choose the column number for right lateral: '); 

rmed = input('choose the column number for right medial: '); 

rmid = input('choose the column number for right middle: '); 

  

threshold = importdata([num2str(numfold) '\threshold.csv']); 

  

%% 

for p=[1:15,17:20] 

       

% vol_data = importdata('30059\Trial_005.lvm','\t',22); 

vol_data=importdata([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.lvm'],'\t',22); 

[b,a] = butter(3,5/1000,'low'); 

  

filt_vol_data = filtfilt(b,a,vol_data.data(:,3:8)); 

  

filt_vol_data = (downsample(filt_vol_data,20))/500; 

  

%% 

if p==1 

     

vol_unconstrained = mean(vol_data.data(500:threshold(1)*20,3:8))/500; 

  

end 

  

%% 

for i=1:6 

vr(:,i) = (filt_vol_data(:,i)-vol_unconstrained(i))/10; 

  

end 

%% 

  

left_lateral = (-4*vr(:,llat))./(2.12+4.24*vr(:,llat))*1000000; 

  

left_middle = (-4*vr(:,lmid))./(2.12+4.24*vr(:,lmid))*1000000; 
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left_medial = (-4*vr(:,lmed))./(2.12+4.24*vr(:,lmed))*1000000; 

  

right_middle = (-4*vr(:,rmid))./(2.12+4.24*vr(:,rmid))*1000000; 

  

right_lateral = (-4*vr(:,rlat))./(2.12+4.24*vr(:,rlat))*1000000; 

  

right_medial = (-4*vr(:,rmed))./(2.12+4.24*vr(:,rmed))*1000000; 

%% 

% plot(right_lateral, 'DisplayName', 'right_lateral', 'YDataSource', 'right_lateral'); 

hold all; plot(right_medial, 'DisplayName', 'right_medial', 'YDataSource', 

'right_medial'); plot(right_middle, 'DisplayName', 'right_middle', 'YDataSource', 

'right_middle'); hold off; figure(gcf) 

% figure, plot(left_lateral, 'DisplayName', 'left_lateral', 'YDataSource', 

'left_lateral'); hold all; plot(left_medial, 'DisplayName', 'left_medial', 'YDataSource', 

'left_medial'); plot(left_middle, 'DisplayName', 'left_middle', 'YDataSource', 

'left_middle'); hold off; figure(gcf) 

  

%% 

  

right_C = (right_medial+right_lateral)/2; 

right_R = sqrt((right_medial-right_C).^2+(right_middle-right_C).^2); 

  

rdirect1 = right_C+right_R; 

rdirect2 = right_C-right_R; 

  

rang_strain = (atan2((2*(vol_data(:,5)-right_C)),(vol_data(:,4)-

vol_data(:,6)))/2)*180/pi; 

  

%% 

left_C = (left_lateral+left_medial)/2; 

left_R = sqrt((left_lateral-left_C).^2+(left_middle-left_C).^2); 

  

ldirect1 = left_C+left_R; 

ldirect2 = left_C-left_R; 

  

lang_strain = (atan2((2*(vol_data(:,2)-left_C)),(vol_data(:,1)-vol_data(:,3)))/2)*180/pi; 

  

%% 

% rang_strain = abs(abs(rang_strain)-45); 

% lang_strain = abs(abs(lang_strain)-45); 

rang_sign = ones(length(rang_strain),1); 

lang_sign = ones(length(rang_strain),1); 

  

%clockwise is positive 

for i=1:length(rang_strain) 

if right_middle(i)>right_C(i) 

    rang_sign(i)=-1; 

end 

  

if left_middle(i)>left_C(i) 

    lang_sign(i)=-1; 

end 

end 

%% 

%  

expo = 

{'left_lateral','left_middle','left_medial','right_medial','right_middle','right_lateral'

,... 

    

'ldirect1','ldirect2','rdirect1','rdirect2','lang_strain','rang_strain','rang_sign','lang

_sign'}; 

  

  

  

xlswrite([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls'], expo, 'Sheet1','A1'); 

xlswrite([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls'],... 

    [left_lateral,left_middle,left_medial,right_medial,right_middle,right_lateral,... 
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    ldirect1,ldirect2,rdirect1,rdirect2,lang_strain,rang_strain,rang_sign,lang_sign], 

'Sheet1','A2'); 

  

%% 

  

clearvars -except llat lmed lmid rlat rmed rmid p numfold vol_unconstrained 

  

  

end 

 

Outputting the strain gage data for each bending direction 

clear all 

  

numfold = 30065; 

  

  

threshold = importdata([num2str(numfold) '\threshold.csv']); 

  

%% 

for p= 14%4:4:24%[4,8,12,19,23]       %[1:3:11,17] [2:3:12,18] %1:4:24 

%[1,5,9,13,16,20]%[2,6,14,17,21] 

     

%%  

vol_data=xlsread([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls']); 

%% 

figure 

plot(vol_data(:,1:3), 'DisplayName', 'vol_data(1:28000,1:3)', 'YDataSource', 

'vol_data(1:28000,1:3)'); figure(gcf) 

figure 

plot(vol_data(:,4:6), 'DisplayName', 'vol_data(1:28000,4:6)', 'YDataSource', 

'vol_data(1:28000,4:6)'); figure(gcf) 

%% 

 outpu(p,1) = mean(vol_data(1:threshold(p),7)); 

 outpu(p,2) = mean(vol_data(1:threshold(p),8)); 

  

 outpu(p,4) = mean(vol_data(1:threshold(p),9)); 

 outpu(p,5) = mean(vol_data(1:threshold(p),10)); 

  

  

 outpu(p,7) = vol_data(threshold(p)+6667+6667+1666,7); 

 outpu(p,8) = vol_data(threshold(p)+6667+6667+1666,8); 

  

 outpu(p,10) = vol_data(threshold(p)+6667+6667+1666,9); 

 outpu(p,11) = vol_data(threshold(p)+6667+6667+1666,10); 

  

 outpu(p,13) = vol_data(threshold(p)+6667+6667+4999,7); 

 outpu(p,14) = vol_data(threshold(p)+6667+6667+4999,8); 

  

 outpu(p,16) = vol_data(threshold(p)+6667+6667+4999,9); 

 outpu(p,17) = vol_data(threshold(p)+6667+6667+4999,10); 

  

%% 

  

outpu(p,3) = mean(vol_data(1:threshold(p),11)); 

outpu(p,9) = vol_data(threshold(p)+6667*2+1667,11);  

outpu(p,15) = vol_data(threshold(p)+6667*2+4999,11);  

 

  

outpu(p,6) = mean(vol_data(1:threshold(p),12)); 

outpu(p,12) = vol_data(threshold(p)+6667*2+1667,12);  

outpu(p,18) = vol_data(threshold(p)+6667*2+4999,12);  

  

%% 
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4. Force sensing Resistors 

Importing data, naming the voltage channel to the corresponding force sensing resistor, 

filtering, downsampling to 100Hz from 2000Hz and back calculating the forces from the 

calibration files and saving data.  

 

clear all 

  

numfold = 30479; 

  

%% 

  

  

left_column = input('choose the column number for left force: '); 

right_column = input('choose the column number for right force: '); 

  

%% 

for p=5:24 

       

vol_data=importdata(['..\Analog Data\' num2str(numfold) '\Trial_' sprintf('%03.0f',p) 

'.lvm'],'\t',22); 

[b,a] = butter(3,5/1000,'low'); 

  

filt_vol_data = filtfilt(b,a,vol_data.data(:,9:10)); 

  

filt_vol_data = (downsample(filt_vol_data,20)); 

  

%% 

  

figure 

plot(filt_vol_data(:,left_column)) 

figure 

plot(filt_vol_data(:,right_column)) 

  

%% 

right_force = 0.0193*2.71828.^(1.7697*(filt_vol_data(:,right_column))); % changes 

according to the facet side and specimen number  

%   

left_force = 0.0696*2.71828.^(1.7319*(filt_vol_data(:,left_column))); % changes according 

to the facet side and specimen number 

  

figure, plot(right_force,'DisplayName','right_force','YDataSource','right_force'); hold 

all;plot(left_force,'DisplayName','left_force','YDataSource','left_force');hold 

off;figure(gcf); 

  

%% 

%  

expo = {'left_volt','right_volt','left_force','right_force'}; 

  

  

  

xlswrite([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls'], expo, 'Sheet1','A1'); 

xlswrite([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls'],... 

    [filt_vol_data(:,left_column),filt_vol_data(:,right_column),left_force,right_force], 

'Sheet1','A2'); 

  

  

%% 

  

clearvars -except left_column right_column p numfold 

  

  

end 
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Saving for output 

clear all 

  

numfold = 30098; 

  

%% 

  

  

threshold = importdata(['..\Analog Data\' num2str(numfold) '\threshold.csv']); 

  

%% 

for p=4:4:8 

       

% vol_data = importdata('30059\Trial_005.lvm','\t',22); 

data=importdata([num2str(numfold) '\Trial_' sprintf('%03.0f',p) '.xls']); 

  

%% 

figure, plot(data.data.Sheet1(:,3)); %%left 

figure, plot(data.data.Sheet1(:,4)); %%right  

  

%% force output 

%  

 outpu(p,1) = mean(data.data.Sheet1(1:threshold(p),3)); 

 outpu(p,2) = mean(data.data.Sheet1(1:threshold(p),4)); 

%    

 outpu(p,3) = data.data.Sheet1(threshold(p)+6667+6667+1666,3); 

 outpu(p,4) = data.data.Sheet1(threshold(p)+6667+6667+1666,4); 

%    

outpu(p,5) = data.data.Sheet1(threshold(p)+6667+6667+4999,3); 

outpu(p,6) = data.data.Sheet1(threshold(p)+6667+6667+4999,4); 

  

%% 

  

clearvars -except outpu threshold p numfold 

  

  

end 

 

 

5. IFOT 

Importing data, filtering, full wave rectification, finding the peaks and data reduction to 

100Hz from 20K Hz. 
 
 
numfold = 30479;%[30065;30098;30407;30413;30428;30352;30399;30059;30047;30100]; 

  

Wn = 60/10000; 

[b a] = butter(3,Wn,'high'); 

  

  

  

for i = 1:length(numfold) 

  

     

    for j = 1:24 

         

        data=importdata([num2str(numfold(i)) '\Trial_' sprintf('%03.0f',j) 

'.lvm'],'\t',22);         

        colu = zeros([length(data.data)/200 4]); 

        for p =3:6 
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            data.data(:,p) = filtfilt(b,a,data.data(:,p)); 

            data.data(:,p) = abs(data.data(:,p)); 

            pks = findpeaks(data.data(:,p));   

            colu1 = resample(pks,100,round(20000*length(pks)/length(data.data))); 

            if length(colu1)>length(data.data)/200 

               colu1(length(data.data)/200+1:end) = []; 

            end 

  

            colu(1:length(colu1),p-2)=colu1;     

            clear pks colu1 

        end 

  

        csvwrite([num2str(numfold(i)) '\Trial_' sprintf('%03.0f',j) '.csv'],colu); 

        clear colu data 

    

      

    end 

end 

  

 

Back Calculation to area from voltages observed and saving the voltage and area 

clear all 

  

numfold = 30098; %30100 30098 30059 30407 30047 

%% 

for j =[4,12,16,20,24] 

%% 

  

data=csvread([num2str(numfold) '\Trial_' sprintf('%03.0f',j) '.csv']); 

  

threshold = csvread(['I:\Hitesh CSpine Testing\Analog Data\' num2str(numfold) 

'\threshold.csv']); 

  

%% 

datanew = sgolayfilt(data,5,501); 

  

for i=1:4 

figure,plot(data(:,i)),hold on, plot(datanew(:,i),'color','red'),hold off 

end 

  

%% 

%  

right_c4_c5 = importdata('calibration\latest calibration\bB_Channel0.mat'); 

area_right_c4_c5 = right_c4_c5(datanew(:,1)); 

volt_right_c4_c5 = datanew(:,1); 

%  

right_c5_c6 = importdata('calibration\latest calibration\cC_Channel0.mat'); 

area_right_c5_c6 = right_c5_c6(datanew(:,2)); 

volt_right_c5_c6 = datanew(:,2); 

%  

left_c4_c5 = importdata('calibration\latest calibration\gG_Channel0.mat'); 

area_left_c4_c5 = left_c4_c5(datanew(:,3)); 

volt_left_c4_c5 = datanew(:,3); 

  

left_c5_c6 = importdata('calibration\latest calibration\aA_Channel3.mat'); 

area_left_c5_c6 = left_c5_c6(datanew(:,4)); 

volt_left_c5_c6 = datanew(:,4); 

  

%% 

  

%  

% %  

figure, plot(area_left_c4_c5(threshold(j):threshold(j)+6667*4)) 

h = legend('area left c4 c5'); 
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figure, plot(area_left_c5_c6(1:threshold(j)+6667*4)) 

h = legend('area left c5 c6'); 

  

figure, plot(area_right_c4_c5(threshold(j):threshold(j)+6667*4)) 

h = legend('area right c4 c5'); 

  

figure, plot(area_right_c5_c6(threshold(j):threshold(j)+6667*4)) 

h = legend('area right c5 c6'); 

  

%% 

 outpu(j,1) = area_left_c4_c5(threshold(j)+6667*2); 

 outpu(j,2) = area_left_c5_c6(threshold(j)+6667*2); 

 outpu(j,3) = area_right_c4_c5(threshold(j)+6667*2); 

 outpu(j,4) = area_right_c5_c6(threshold(j)+6667*2); 

  

 outpu(j,5) = area_left_c4_c5(threshold(j)+6667*2+1667); 

 outpu(j,6) = area_left_c5_c6(threshold(j)+6667*2+1667); 

 outpu(j,7) = area_right_c4_c5(threshold(j)+6667*2+1667); 

 outpu(j,8) = area_right_c5_c6(threshold(j)+6667*2+1667); 

  

 outpu(j,9) = area_left_c4_c5(threshold(j)+6667*2+4999); 

 outpu(j,10) = area_left_c5_c6(threshold(j)+6667*2+4999); 

 outpu(j,11) = area_right_c4_c5(threshold(j)+6667*2+4999); 

 outpu(j,12) = area_right_c5_c6(threshold(j)+6667*2+4999); 

  

  

%% 

  

 voltpu(j,1) = volt_left_c4_c5(threshold(j)+6667*2); 

 voltpu(j,2) = volt_left_c5_c6(threshold(j)+6667*2); 

 voltpu(j,3) = volt_right_c4_c5(threshold(j)+6667*2); 

 voltpu(j,4) = volt_right_c5_c6(threshold(j)+6667*2); 

  

 voltpu(j,5) = volt_left_c4_c5(threshold(j)+6667*2+1667); 

 voltpu(j,6) = volt_left_c5_c6(threshold(j)+6667*2+1667); 

 voltpu(j,7) = volt_right_c4_c5(threshold(j)+6667*2+1667); 

 voltpu(j,8) = volt_right_c5_c6(threshold(j)+6667*2+1667); 

  

 voltpu(j,9) = volt_left_c4_c5(threshold(j)+6667*2+4999); 

 voltpu(j,10) = volt_left_c5_c6(threshold(j)+6667*2+4999); 

 voltpu(j,11) = volt_right_c4_c5(threshold(j)+6667*2+4999); 

 voltpu(j,12) = volt_right_c5_c6(threshold(j)+6667*2+4999); 

  

  

end 
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APPENDIX C 

STATISTICAL ANALYSIS RESULTS 

Initial change in angle in axial plane 

 

Initial change in angle in coronal plane 

 

Initial change in angle in sagittal plane 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

4.744 4 1.186 1.398 .252 .123

Greenhou

se-

Geisser

4.744 2.068 2.294 1.398 .270 .123

Huynh-

Feldt

4.744 2.616 1.814 1.398 .266 .123

Lower-

bound

4.744 1.000 4.744 1.398 .264 .123

Sphericity 

Assumed

33.936 40 .848

Greenhou

se-

Geisser

33.936 20.681 1.641

Huynh-

Feldt

33.936 26.158 1.297

Lower-

bound

33.936 10.000 3.394

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Axial 

Plane

Error(Axial 

Plane)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

2.285 4 .571 1.575 .200 .136

Greenhou

se-

Geisser

2.285 2.072 1.103 1.575 .231 .136

Huynh-

Feldt

2.285 2.622 .871 1.575 .222 .136

Lower-

bound

2.285 1.000 2.285 1.575 .238 .136

Sphericity 

Assumed

14.506 40 .363

Greenhou

se-

Geisser

14.506 20.717 .700

Huynh-

Feldt

14.506 26.222 .553

Lower-

bound

14.506 10.000 1.451

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Coronal 

Plane

Error(fCor

onal 

Plane)
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Based on estimated marginal means  

a. Adjustment for multiple comparisons: Bonferroni. 

 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

173.283 4 43.321 52.066 .000 .839

Greenhou

se-

Geisser

173.283 2.676 64.763 52.066 .000 .839

Huynh-

Feldt

173.283 3.745 46.266 52.066 .000 .839

Lower-

bound

173.283 1.000 173.283 52.066 .000 .839

Sphericity 

Assumed

33.282 40 .832

Greenhou

se-

Geisser

33.282 26.757 1.244

Huynh-

Feldt

33.282 37.453 .889

Lower-

bound

33.282 10.000 3.328

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Sagittal 

Plane

Error(Sagit

tal Plane)

Lower 

Bound

Upper 

Bound

Change in 

FSR

.245 .223 -.252 .741

Change in 

P6

3.375 .556 2.137 4.613

Change in 

P7

5.087 .642 3.656 6.518

Change in 

F6

4.591 .469 3.546 5.635

Change in 

F7

4.719 .508 3.587 5.850

Lower 

Bound

Upper 

Bound

Change in 

P6
-3.130

* .441 .000 -4.710 -1.551

Change in 

P7
-4.842

* .515 .000 -6.686 -2.999

Change in 

F6
-4.346

* .395 .000 -5.761 -2.931

Change in 

F7
-4.474

* .385 .000 -5.851 -3.097

Change in 

FSR
3.130

* .441 .000 1.551 4.710

Change in 

P7
-1.712

* .245 .000 -2.589 -.835

Change in 

F6

-1.216 .373 .086 -2.552 .121

Change in 

F7

-1.344 .448 .134 -2.949 .262

Change in 

FSR
4.842

* .515 .000 2.999 6.686

Change in 

P6
1.712

* .245 .000 .835 2.589

Change in 

F6

.496 .320 1.000 -.648 1.641

Change in 

F7

.368 .362 1.000 -.928 1.664

Change in 

FSR
4.346

* .395 .000 2.931 5.761

Change in 

P6

1.216 .373 .086 -.121 2.552

Change in 

P7

-.496 .320 1.000 -1.641 .648

Change in 

F7

-.128 .341 1.000 -1.349 1.093

Pairwise Comparisons

Estimates

Measure:MEASURE_1

factor1 Mean Std. Error

95% Confidence 

Interval

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Change in 

FSR

Change in 

P6

Change in 

P7

Change in 

F6
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Linear Regression of change in lordotic angle for arthroplasty  

 

Linear Regression of change in lordotic angle for arthrodesis  

 

Model R R Square

Adjusted 

R Square

Std. Error 

of the 

Estimate

1 .938
a .880 .873 ########

Sum of 

Squares df

Mean 

Square F Sig.

Regressio

n

62.253 1 62.253 131.724 .000
a

Residual 8.507 18 .473

Total 70.760 19

Standardiz

ed 

Coefficient

s

B Std. Error Beta

(Constant) 2.488 .238 10.475 .000

Slope 

(degree/m

m)

1.330 .116 .938 11.477 .000

Model Summary
b

ANOVA
b

Model

1

Coefficients
a

Model

Unstandardized 

Coefficients

t Sig.

1

Model R R Square

Adjusted 

R Square

Std. Error 

of the 

Estimate

1 .169
a .029 -.020 ########

Sum of 

Squares df

Mean 

Square F Sig.

Regressio

n

1.508 1 1.508 .590 .451
a

Residual 51.122 20 2.556

Total 52.631 21

Standardiz

ed 

Coefficient

s

B Std. Error Beta

(Constant) 4.332 .541 8.013 .000

Slope 

(degree/m

m)

.181 .236 .169 .768 .451

Model Summary

ANOVA
b

Model

1

1

Coefficients
a

Model

Unstandardized 

Coefficients

t Sig.
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C5-C6 Axial Rotation Range of Motion 

 

C5-C6 Axial Rotation Neutral Zone 

 

C5-C6 Axial Rotation Stiffness 

 

C5-C6 Lateral Bending Range of Motion 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

43.903 5 8.781 4.047 .053 .366

Greenhou

se-

Geisser

43.903 1.854 23.682 4.047 .455 .366

Huynh-

Feldt

43.903 2.493 17.608 4.047 .290 .366

Lower-

bound

43.903 1.000 43.903 4.047 .842 .366

Sphericity 

Assumed

75.946 35 2.170

Greenhou

se-

Geisser

75.946 12.977 5.852

Huynh-

Feldt

75.946 17.453 4.351

Lower-

bound

75.946 7.000 10.849

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

AR ROM 

C5-C6

Error(AR 

ROM C5-

C6)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

16.948 5 3.390 1.856 .127 .210

Greenhou

se-

Geisser

16.948 2.239 7.571 1.856 .187 .210

Huynh-

Feldt

16.948 3.341 5.072 1.856 .160 .210

Lower-

bound

16.948 1.000 16.948 1.856 .215 .210

Sphericity 

Assumed

63.906 35 1.826

Greenhou

se-

Geisser

63.906 15.671 4.078

Huynh-

Feldt

63.906 23.389 2.732

Lower-

bound

63.906 7.000 9.129

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

AR NZ C5-

C6

Error(AR 

NZ C5-C6)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

6.299 5 1.260 3.741 .045 .200

Greenhou

se-

Geisser

6.299 2.325 2.710 3.741 .281 .200

Huynh-

Feldt

6.299 2.777 2.268 3.741 .205 .200

Lower-

bound

6.299 1.000 6.299 3.741 .722 .200

Sphericity 

Assumed

25.255 75 .337

Greenhou

se-

Geisser

25.255 34.872 .724

Huynh-

Feldt

25.255 41.653 .606

Lower-

bound

25.255 15.000 1.684

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 AR 

Stiffness

Error(C5-

C6 AR 

Stiffness)
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Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni 

 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

77.228 5 15.446 5.792 .001 .453

Greenhou

se-

Geisser

77.228 1.250 61.773 5.792 .035 .453

Huynh-

Feldt

77.228 1.392 55.495 5.792 .030 .453

Lower-

bound

77.228 1.000 77.228 5.792 .047 .453

Sphericity 

Assumed

93.338 35 2.667

Greenhou

se-

Geisser

93.338 8.751 10.666

Huynh-

Feldt

93.338 9.741 9.582

Lower-

bound

93.338 7.000 13.334

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 LB 

ROM

Error(C5-

C6 LB 

ROM)

Lower 

Bound

Upper 

Bound

Intact 8.959 2.082 4.035 13.883

FSR 9.228 2.043 4.398 14.059

P6 7.368 2.197 2.173 12.563

P7 6.483 2.186 1.313 11.652

F6 6.380 2.029 1.582 11.177

F7 5.987 2.354 .420 11.554

Lower 

Bound

Upper 

Bound

FSR -.269 .187 1.000 -1.085 .547

P6 1.591 .526 .288 -.699 3.881

P7 2.476 .756 .203 -.816 5.768

F6 2.579 1.037 .627 -1.939 7.098

F7 2.972 1.415 1.000 -3.189 9.133

Intact .269 .187 1.000 -.547 1.085

P6 1.860 .455 .070 -.122 3.843

P7 2.746
* .616 .044 .065 5.426

F6 2.849 .883 .218 -.996 6.693

F7 3.241 1.262 .556 -2.253 8.736

Intact -1.591 .526 .288 -3.881 .699

FSR -1.860 .455 .070 -3.843 .122

P7 .885 .409 1.000 -.898 2.668

F6 .988 .833 1.000 -2.638 4.614

F7 1.381 1.129 1.000 -3.538 6.300

Intact -2.476 .756 .203 -5.768 .816

FSR -2.746
* .616 .044 -5.426 -.065

P6 -.885 .409 1.000 -2.668 .898

F6 .103 .467 1.000 -1.930 2.136

F7 .496 .734 1.000 -2.702 3.694

Intact -2.579 1.037 .627 -7.098 1.939

FSR -2.849 .883 .218 -6.693 .996

P6 -.988 .833 1.000 -4.614 2.638

P7 -.103 .467 1.000 -2.136 1.930

F7 .393 .436 1.000 -1.508 2.293

Intact

FSR

P6

P7

F6

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor1 Mean Std. Error

95% Confidence 

Interval
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C5-C6 Lateral Bending Neutral Zone 

 

 

  
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni. 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

29.675 5 5.935 5.559 .001 .443

Greenhou

se-

Geisser

29.675 1.934 15.345 5.559 .018 .443

Huynh-

Feldt

29.675 2.659 11.160 5.559 .008 .443

Lower-

bound

29.675 1.000 29.675 5.559 .051 .443

Sphericity 

Assumed

37.370 35 1.068

Greenhou

se-

Geisser

37.370 13.537 2.761

Huynh-

Feldt

37.370 18.613 2.008

Lower-

bound

37.370 7.000 5.339

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 LB 

NZ

Error(C5-

C6 LB NZ)

Lower 

Bound

Upper 

Bound

Intact 3.689 1.134 1.007 6.371

FSR 3.432 1.125 .771 6.093

P6 1.763 .749 -.008 3.533

P7 2.133 1.057 -.367 4.634

F6 2.128 1.073 -.409 4.665

F7 1.717 1.030 -.719 4.153

Lower 

Bound

Upper 

Bound

FSR .257 .356 1.000 -1.295 1.809

P6 1.927 .515 .109 -.316 4.169

P7 1.556 .425 .121 -.295 3.406

F6 1.561 .610 .565 -1.097 4.219

F7 1.972 .654 .292 -.876 4.820

Intact -.257 .356 1.000 -1.809 1.295

P6 1.669 .613 .445 -1.001 4.340

P7 1.299
* .251 .019 .207 2.391

F6 1.304 .668 1.000 -1.603 4.211

F7 1.715 .704 .674 -1.350 4.780

Intact -1.927 .515 .109 -4.169 .316

FSR -1.669 .613 .445 -4.340 1.001

P7 -.371 .508 1.000 -2.584 1.843

F6 -.365 .406 1.000 -2.133 1.402

F7 .046 .393 1.000 -1.665 1.757

Intact -1.556 .425 .121 -3.406 .295

FSR -1.299
* .251 .019 -2.391 -.207

P6 .371 .508 1.000 -1.843 2.584

F6 .005 .554 1.000 -2.406 2.416

F7 .416 .594 1.000 -2.170 3.002

Intact -1.561 .610 .565 -4.219 1.097

FSR -1.304 .668 1.000 -4.211 1.603

P6 .365 .406 1.000 -1.402 2.133

P7 -.005 .554 1.000 -2.416 2.406

F7 .411 .123 .184 -.124 .946

95% Confidence 

Interval

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor1 Mean Std. Error

Intact

FSR

P6

P7

F6
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C5-C6 Lateral Bending Stiffness 

 

 
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni. 
 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

5.462 5 1.092 6.589 .000 .305

Greenhou

se-

Geisser

5.462 1.431 3.816 6.589 .011 .305

Huynh-

Feldt

5.462 1.540 3.546 6.589 .009 .305

Lower-

bound

5.462 1.000 5.462 6.589 .021 .305

Sphericity 

Assumed

12.434 75 .166

Greenhou

se-

Geisser

12.434 21.468 .579

Huynh-

Feldt

12.434 23.104 .538

Lower-

bound

12.434 15.000 .829

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 LB 

Stiffness

Error(C5-

C6 LB 

Stiffness)

Lower 

Bound

Upper 

Bound

Intact 1.174 .130 .897 1.451

FSR 1.038 .110 .803 1.272

P6 1.174 .161 .831 1.517

P7 1.493 .211 1.044 1.943

F6 1.263 .146 .951 1.575

F7 1.751 .323 1.062 2.441

Lower 

Bound

Upper 

Bound

FSR .136 .060 .595 -.074 .346

P6 .000 .087 1.000 -.305 .304

P7 -.319 .140 .571 -.809 .170

F6 -.089 .075 1.000 -.352 .173

F7 -.577 .246 .500 -1.436 .281

Intact -.136 .060 .595 -.346 .074

P6 -.136 .073 1.000 -.391 .118

P7 -.455
* .125 .037 -.892 -.019

F6 -.225 .068 .073 -.463 .013

F7 -.713 .251 .185 -1.588 .161

Intact .000 .087 1.000 -.304 .305

FSR .136 .073 1.000 -.118 .391

P7 -.319
* .090 .043 -.632 -.006

F6 -.089 .063 1.000 -.307 .129

F7 -.577 .205 .196 -1.291 .137

Intact .319 .140 .571 -.170 .809

FSR .455
* .125 .037 .019 .892

P6 .319
* .090 .043 .006 .632

F6 .230 .088 .300 -.078 .538

F7 -.258 .158 1.000 -.808 .292

Intact .089 .075 1.000 -.173 .352

FSR .225 .068 .073 -.013 .463

P6 .089 .063 1.000 -.129 .307

P7 -.230 .088 .300 -.538 .078

F7 -.488 .195 .363 -1.166 .190

1 .577 .246 .500 -.281 1.436

2 .713 .251 .185 -.161 1.588

3 .577 .205 .196 -.137 1.291

4 .258 .158 1.000 -.292 .808

5 .488 .195 .363 -.190 1.166

Intact

FSR

P6

P7

F6

6

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor1 Mean Std. Error

95% Confidence 

Interval
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C5-C6 Flexion-Extension Range of Motion 

 

  
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni. 
 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

390.253 5 78.051 12.276 .000 .711

Greenhou

se-

Geisser

390.253 1.609 242.546 12.276 .005 .711

Huynh-

Feldt

390.253 2.257 172.898 12.276 .001 .711

Lower-

bound

390.253 1.000 390.253 12.276 .017 .711

Sphericity 

Assumed

158.952 25 6.358

Greenhou

se-

Geisser

158.952 8.045 19.758

Huynh-

Feldt

158.952 11.286 14.084

Lower-

bound

158.952 5.000 31.790

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 FE 

ROM

Error(C5-

C6 FE 

ROM)

Lower 

Bound

Upper 

Bound

Intact 10.796 1.472 7.013 14.579

FSR 11.539 1.945 6.539 16.539

P6 7.596 1.326 4.186 11.005

P7 5.801 1.194 2.732 8.869

F6 3.279 .531 1.914 4.645

F7 3.205 .902 .887 5.523

Lower 

Bound

Upper 

Bound

FSR -.743 .582 1.000 -3.795 2.309

P6 3.200 1.917 1.000 -6.858 13.259

P7 4.995 1.601 .394 -3.406 13.396

F6 7.517 1.544 .069 -.585 15.619

F7 7.591
* 1.107 .015 1.780 13.402

Intact .743 .582 1.000 -2.309 3.795

P6 3.943 2.299 1.000 -8.122 16.008

P7 5.738 1.913 .451 -4.298 15.774

F6 8.259 2.076 .158 -2.634 19.153

F7 8.334
* 1.436 .032 .801 15.867

Intact -3.200 1.917 1.000 -13.259 6.858

FSR -3.943 2.299 1.000 -16.008 8.122

P7 1.795 .555 .346 -1.117 4.708

F6 4.316 1.190 .227 -1.929 10.562

F7 4.391 1.232 .242 -2.075 10.857

Intact -4.995 1.601 .394 -13.396 3.406

FSR -5.738 1.913 .451 -15.774 4.298

P6 -1.795 .555 .346 -4.708 1.117

F6 2.521 1.176 1.000 -3.650 8.693

F7 2.596 .792 .330 -1.560 6.751

Intact -7.517 1.544 .069 -15.619 .585

FSR -8.259 2.076 .158 -19.153 2.634

P6 -4.316 1.190 .227 -10.562 1.929

P7 -2.521 1.176 1.000 -8.693 3.650

F7 .074 1.018 1.000 -5.266 5.415

Intact

FSR

P6

P7

F6

Std. Error

95% Confidence 

Interval

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor1 Mean
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C5-C6 Flexion-Extension Neutral Zone 

 

C5-C6 Flexion-Extension Stiffness 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

11.266 5 2.253 9.179 .000 .647

Greenhou

se-

Geisser

11.266 1.645 6.849 9.179 .010 .647

Huynh-

Feldt

11.266 2.345 4.803 9.179 .003 .647

Lower-

bound

11.266 1.000 11.266 9.179 .029 .647

Sphericity 

Assumed

6.137 25 .245

Greenhou

se-

Geisser

6.137 8.224 .746

Huynh-

Feldt

6.137 11.727 .523

Lower-

bound

6.137 5.000 1.227

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 FE 

NZ

Error(C5-

C6 FE NZ)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

23.937 5 4.787 4.415 .002 .329

Greenhou

se-

Geisser

23.937 1.848 12.956 4.415 .031 .329

Huynh-

Feldt

23.937 2.303 10.392 4.415 .021 .329

Lower-

bound

23.937 1.000 23.937 4.415 .065 .329

Sphericity 

Assumed

48.799 45 1.084

Greenhou

se-

Geisser

48.799 16.628 2.935

Huynh-

Feldt

48.799 20.731 2.354

Lower-

bound

48.799 9.000 5.422

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C5-C6 FE 

Stiffness

Error(C5-

C6 FE 

Stiffness)
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 Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni. 
 

C4-C5 Axial Rotation Range of Motion 

 

Lower 

Bound

Upper 

Bound

Intact .481 .069 .326 .636

FSR .507 .072 .344 .669

P6 .977 .350 .185 1.768

P7 .952 .185 .534 1.369

F6 1.260 .269 .651 1.869

F7 2.363 .728 .717 4.009

Lower 

Bound

Upper 

Bound

FSR -.026 .029 1.000 -.140 .089

P6 -.496 .382 1.000 -2.006 1.015

P7 -.471 .197 .612 -1.251 .309

F6 -0.779* .266 .025 -1.829 .271

F7 -1.882* .695 .036 -4.630 .866

Intact .026 .029 1.000 -.089 .140

P6 -.470 .387 1.000 -2.002 1.062

P7 -.445 .193 .698 -1.208 .318

F6 -0.754* .271 .032 -1.826 .318

F7 -1.857* .700 .039 -4.623 .910

Intact .496 .382 1.000 -1.015 2.006

FSR .470 .387 1.000 -1.062 2.002

P7 .025 .286 1.000 -1.107 1.157

F6 -.284 .402 1.000 -1.873 1.306

F7 -1.387 .765 1.000 -4.412 1.639

Intact .471 .197 .612 -.309 1.251

FSR .445 .193 .698 -.318 1.208

P6 -.025 .286 1.000 -1.157 1.107

F6 -.309 .243 1.000 -1.269 .652

F7 -1.412 .658 .907 -4.013 1.190

Intact 0.779* .266 .025 -.271 1.829

FSR 0.754* .271 .032 -.318 1.826

P6 .284 .402 1.000 -1.306 1.873

P7 .309 .243 1.000 -.652 1.269

F7 -1.103 .665 1.000 -3.735 1.528

F6

95% Confidence 

Interval

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Intact

FSR

P6

P7

Measure:MEASURE_1

factor1 Mean Std. Error

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

11.333 5 2.267 .976 .446 .122

Greenhou

se-

Geisser

11.333 1.245 9.099 .976 .371 .122

Huynh-

Feldt

11.333 1.384 8.189 .976 .378 .122

Lower-

bound

11.333 1.000 11.333 .976 .356 .122

Sphericity 

Assumed

81.267 35 2.322

Greenhou

se-

Geisser

81.267 8.718 9.321

Huynh-

Feldt

81.267 9.687 8.389

Lower-

bound

81.267 7.000 11.610

Error(C4-

C5 AR 

ROM)

C4-C5 AR 

ROM

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source
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C4-C5 Axial Rotation Neutral Zone 

 

C4-C5 Axial Rotation Stiffness 

 

C4-C5 Lateral Bending Range of Motion 

 

C4-C5 Lateral Bending Neutral Zone 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

9.447 5 1.889 2.414 .059 .287

Greenhou

se-

Geisser

9.447 1.845 5.120 2.414 .137 .287

Huynh-

Feldt

9.447 2.627 3.596 2.414 .111 .287

Lower-

bound

9.447 1.000 9.447 2.414 .171 .287

Sphericity 

Assumed

23.485 30 .783

Greenhou

se-

Geisser

23.485 11.070 2.121

Huynh-

Feldt

23.485 15.762 1.490

Lower-

bound

23.485 6.000 3.914

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C4-C5 AR 

NZ

Error(C4-

C5 AR NZ)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

24.365 5 4.873 11.538 .000 .622

Greenhou

se-

Geisser

24.365 1.333 18.283 11.538 .052 .622

Huynh-

Feldt

24.365 1.528 15.943 11.538 .033 .622

Lower-

bound

24.365 1.000 24.365 11.538 .115 .622

Sphericity 

Assumed

14.783 35 .422

Greenhou

se-

Geisser

14.783 9.329 1.585

Huynh-

Feldt

14.783 10.698 1.382

Lower-

bound

14.783 7.000 2.112

Error(C4-

C5 LB 

ROM)

C4-C5 LB 

ROM

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source



 

 151 

 

C4-C5 Lateral Bending Stiffness 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

4.151 5 .830 3.980 .058 .362

Greenhou

se-

Geisser

4.151 2.090 1.986 3.980 .402 .362

Huynh-

Feldt

4.151 2.998 1.385 3.980 .217 .362

Lower-

bound

4.151 1.000 4.151 3.980 .863 .362

Sphericity 

Assumed

7.301 35 .209

Greenhou

se-

Geisser

7.301 14.631 .499

Huynh-

Feldt

7.301 20.989 .348

Lower-

bound

7.301 7.000 1.043

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C4-C5 LB 

NZ

Error(C4-

C5 LB NZ)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

1.376 5 .275 4.541 .001 .232

Greenhou

se-

Geisser

1.376 2.968 .464 4.541 .008 .232

Huynh-

Feldt

1.376 3.781 .364 4.541 .004 .232

Lower-

bound

1.376 1.000 1.376 4.541 .050 .232

Sphericity 

Assumed

4.547 75 .061

Greenhou

se-

Geisser

4.547 44.521 .102

Huynh-

Feldt

4.547 56.710 .080

Lower-

bound

4.547 15.000 .303

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C4C5_LB

_Stiffness

Error(C4C

5_LB_Stiff

ness)
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Based on estimated marginal means 
a. Adjustment for multiple comparisons: Bonferroni. 
 

C4-C5 Flexion Extension Range of Motion 

 

 

Lower 

Bound

Upper 

Bound

Intact 1.560 .120 1.303 1.817

FSR 1.402 .095 1.199 1.605

P6 1.389 .103 1.169 1.610

P7 1.320 .117 1.070 1.570

F6 1.236 .113 .995 1.477

F7 1.196 .130 .917 1.474

Lower 

Bound

Upper 

Bound

FSR .158 .057 .215 -.041 .357

P6 .171 .112 1.000 -.220 .561

P7 .240 .088 .234 -.067 .547

F6 .324
* .072 .007 .072 .576

F7 .364
* .095 .024 .034 .694

Intact -.158 .057 .215 -.357 .041

P6 .013 .114 1.000 -.386 .411

P7 .082 .103 1.000 -.277 .441

F6 .166 .083 .945 -.122 .454

F7 .206 .105 1.000 -.159 .572

Intact -.171 .112 1.000 -.561 .220

FSR -.013 .114 1.000 -.411 .386

P7 .069 .075 1.000 -.192 .331

F6 .153 .086 1.000 -.146 .452

F7 .194 .078 .375 -.077 .465

Intact -.240 .088 .234 -.547 .067

FSR -.082 .103 1.000 -.441 .277

P6 -.069 .075 1.000 -.331 .192

F6 .084 .061 1.000 -.127 .295

F7 .124 .082 1.000 -.163 .411

Intact -.324
* .072 .007 -.576 -.072

FSR -.166 .083 .945 -.454 .122

P6 -.153 .086 1.000 -.452 .146

P7 -.084 .061 1.000 -.295 .127

F7 .040 .070 1.000 -.202 .283

Intact

FSR

P6

P7

F6

Measure:MEASURE_1

(I) 

C4C5_LB

_Stiffness

(J) 

C4C5_LB

_Stiffness

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Measure:MEASURE_1

C4C5_LB

_Stiffness Mean Std. Error

95% Confidence 

Interval

Pairwise Comparisons

Estimates

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

8.564 5 1.713 2.278 .078 .313

Greenhou

se-

Geisser

8.564 1.269 6.749 2.278 .181 .313

Huynh-

Feldt

8.564 1.504 5.693 2.278 .172 .313

Lower-

bound

8.564 1.000 8.564 2.278 .192 .313

Sphericity 

Assumed

18.793 25 .752

Greenhou

se-

Geisser

18.793 6.344 2.962

Huynh-

Feldt

18.793 7.522 2.499

Lower-

bound

18.793 5.000 3.759

Error(C4-

C5 FE 

ROM)

C4-C5 FE 

ROM

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source
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C4-C5 Flexion Extension Neutral Zone 

 

C4-C5 Flexion Extension Stiffness 

 

Strain E1 in neutral condition 

Source factor1

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Linear 4.490 1 4.490 1.449 .283 .225

Quadratic .040 1 .040 .026 .878 .005

Cubic .291 1 .291 .125 .738 .024

Order 4 .222 1 .222 .135 .728 .026

Order 5 .052 1 .052 .124 .739 .024

Linear 15.492 5 3.098

Quadratic 7.766 5 1.553

Cubic 11.652 5 2.330

Order 4 8.209 5 1.642

Order 5 2.077 5 .415

Tests of Within-Subjects Contrasts

Measure:MEASURE_1

C4-C5 FE 

NZ

Error(C4-

C5 FE NZ)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

.022 5 .004 .071 .996 .006

Greenhou

se-

Geisser

.022 1.831 .012 .071 .919 .006

Huynh-

Feldt

.022 2.178 .010 .071 .943 .006

Lower-

bound

.022 1.000 .022 .071 .795 .006

Sphericity 

Assumed

3.421 55 .062

Greenhou

se-

Geisser

3.421 20.141 .170

Huynh-

Feldt

3.421 23.960 .143

Lower-

bound

3.421 11.000 .311

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

C4C5_FE

_Stiffness

Error(C4C

5_FE_Stiff

ness)
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Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

12441.174 1 12441.174 .018 .899 .003

Greenhou

se-

Geisser

12441.174 1.000 12441.174 .018 .899 .003

Huynh-

Feldt

12441.174 1.000 12441.174 .018 .899 .003

Lower-

bound

12441.174 1.000 12441.174 .018 .899 .003

Sphericity 

Assumed

4255498.17 6.00 709249.69

Greenhou

se-

Geisser

4255498.17 6.00 709249.69

Huynh-

Feldt

4255498.17 6.00 709249.69

Lower-

bound

4255498.17 6.00 709249.69

Sphericity 

Assumed

8321780.43 5.00 1664356.09 40.50 0.00 0.87

Greenhou

se-

Geisser

8321780.43 1.87 4445920.56 40.50 0.00 0.87

Huynh-

Feldt

8321780.43 2.69 3094284.73 40.50 0.00 0.87

Lower-

bound

8321780.43 1.00 8321780.43 40.50 0.00 0.87

Sphericity 

Assumed

1232943.01 30.00 41098.10

Greenhou

se-

Geisser

1232943.01 11.23 109783.53

Huynh-

Feldt

1232943.01 16.14 76407.46

Lower-

bound

1232943.01 6.00 205490.50

Error(E1 

neutral 

Test 

Configurat

ion)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E1 neutral 

Test 

Configurat

ion

E1 neutral 

Right and 

Left Side

Error(E1 

neutral 

Right and 

Left Side)
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Strain E2 in neutral configuration 

Lower 

Bound

Upper 

Bound

Intact 85.011 49.349 -35.741 205.763

FSR 411.011 115.864 127.502 694.520

P6 659.904 98.700 418.393 901.415

P7 745.849 99.742 501.788 989.909

F6 921.654 114.616 641.198 1202.111

F7 1018.200 134.395 689.348 1347.052

Lower 

Bound

Upper 

Bound

FSR -326.000 99.035 .249 -791.259 139.259

P6 -574.893
* 81.799 .006 -959.177 -190.609

P7 -660.838
* 91.391 .005 -1090.186 -231.489

F6 -836.643
* 108.012 .004 -1344.076 -329.211

F7 -933.189
* 125.118 .004 -1520.982 -345.396

Intact 326.000 99.035 .249 -139.259 791.259

P6 -248.893
* 18.655 .000 -336.533 -161.253

P7 -334.838
* 33.589 .001 -492.635 -177.040

F6 -510.643
* 85.708 .015 -913.295 -107.992

F7 -607.189
* 83.949 .005 -1001.573 -212.805

Intact 574.893
* 81.799 .006 190.609 959.177

FSR 248.893
* 18.655 .000 161.253 336.533

P7 -85.944 25.307 .218 -204.835 32.946

F6 -261.750 76.249 .209 -619.963 96.463

F7 -358.296 79.336 .061 -731.008 14.416

Intact 660.838
* 91.391 .005 231.489 1090.186

FSR 334.838
* 33.589 .001 177.040 492.635

P6 85.944 25.307 .218 -32.946 204.835

F6 -175.806 56.543 .313 -441.441 89.830

F7 -272.351 59.505 .057 -551.902 7.199

Intact 836.643
* 108.012 .004 329.211 1344.076

FSR 510.643
* 85.708 .015 107.992 913.295

P6 261.750 76.249 .209 -96.463 619.963

P7 175.806 56.543 .313 -89.830 441.441

F7 -96.546 23.215 .089 -205.608 12.516

FSR

P6

P7

F6

Measure:MEASURE_1

(I) factor2 (J) factor2

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor2 Mean Std. Error

95% Confidence Interval

Pairwise Comparisons

Intact
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Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

1085864.9 1 1085864.9 0.720619 0.428504 0.107225

Greenhou

se-

Geisser

1085864.9 1 1085864.9 0.720619 0.428504 0.107225

Huynh-

Feldt

1085864.9 1 1085864.9 0.720619 0.428504 0.107225

Lower-

bound

1085864.9 1 1085864.9 0.720619 0.428504 0.107225

Sphericity 

Assumed

9041095.5 6 1506849.2

Greenhou

se-

Geisser

9041095.5 6 1506849.2

Huynh-

Feldt

9041095.5 6 1506849.2

Lower-

bound

9041095.5 6 1506849.2

Sphericity 

Assumed

6554047.5 5 1310809.5 7.847819 8.03E-05 0.566719

Greenhou

se-

Geisser

6554047.5 1.229314 5331469.1 7.847819 0.021681 0.566719

Huynh-

Feldt

6554047.5 1.384538 4733744.3 7.847819 0.017019 0.566719

Lower-

bound

6554047.5 1 6554047.5 7.847819 0.031107 0.566719

Sphericity 

Assumed

5010855.3 30 167028.51

Greenhou

se-

Geisser

5010855.3 7.375882 679356.8

Huynh-

Feldt

5010855.3 8.307226 603192.35

Lower-

bound

5010855.3 6 835142.55

Error(E2 

neutral 

test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E2 neutral 

Right and 

Left Side

Error(E2 

neutral 

Right and 

Left Side)

E2 neutral 

test 

configurati

on
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Angle in neutral  

Lower 

Bound

Upper 

Bound

Intact -38.621 24.698 -99.055 21.812

FSR -251.256 70.366 -423.436 -79.077

P6 -540.179 169.567 -955.093 -125.264

P7 -607.203 190.772 -1074.005 -140.401

F6 -761.066 256.891 -1389.654 -132.477

F7 -835.153 266.714 -1487.777 -182.528

Lower 

Bound

Upper 

Bound

FSR 212.635 57.821 .155 -59.002 484.272

P6 501.557 163.831 .333 -268.110 1271.224

P7 568.582 182.301 .309 -287.857 1425.020

F6 722.444 248.043 .403 -442.845 1887.734

F7 796.531 257.766 .321 -414.433 2007.496

Intact -212.635 57.821 .155 -484.272 59.002

P6 288.922 126.175 .929 -303.840 881.685

P7 355.947 129.784 .504 -253.768 965.662

F6 509.809 191.988 .566 -392.137 1411.755

F7 583.896 201.906 .414 -364.644 1532.436

Intact -501.557 163.831 .333 -1271.224 268.110

FSR -288.922 126.175 .929 -881.685 303.840

P7 67.024 66.149 1.000 -243.740 377.788

F6 220.887 136.921 1.000 -422.356 864.130

F7 294.974 142.456 1.000 -374.273 964.221

Intact -568.582 182.301 .309 -1425.020 287.857

FSR -355.947 129.784 .504 -965.662 253.768

P6 -67.024 66.149 1.000 -377.788 243.740

F6 153.863 75.516 1.000 -200.907 508.633

F7 227.950 83.022 .502 -162.081 617.980

Intact -722.444 248.043 .403 -1887.734 442.845

FSR -509.809 191.988 .566 -1411.755 392.137

P6 -220.887 136.921 1.000 -864.130 422.356

P7 -153.863 75.516 1.000 -508.633 200.907

F7 74.087
* 11.393 .009 20.565 127.608

1 -796.531 257.766 .321 -2007.496 414.433

2 -583.896 201.906 .414 -1532.436 364.644

3 -294.974 142.456 1.000 -964.221 374.273

4 -227.950 83.022 .502 -617.980 162.081

5 -74.087
* 11.393 .009 -127.608 -20.565

Intact

FSR

P6

P7

F6

6

Pairwise Comparisons

Measure:MEASURE_1

(I) factor2 (J) factor2

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor2 Mean Std. Error

95% Confidence Interval
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Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

5828.219 1 5828.219 .236 .644 .038

Greenhou

se-

Geisser

5828.219 1.000 5828.219 .236 .644 .038

Huynh-

Feldt

5828.219 1.000 5828.219 .236 .644 .038

Lower-

bound

5828.219 1.000 5828.219 .236 .644 .038

Sphericity 

Assumed

147907.335 6 24651.223

Greenhou

se-

Geisser

147907.335 6.000 24651.223

Huynh-

Feldt

147907.335 6.000 24651.223

Lower-

bound

147907.335 6.000 24651.223

Sphericity 

Assumed

14704.683 5 2940.937 23.155 .000 .794

Greenhou

se-

Geisser

14704.683 1.317 11164.155 23.155 .001 .794

Huynh-

Feldt

14704.683 1.542 9537.491 23.155 .000 .794

Lower-

bound

14704.683 1.000 14704.683 23.155 .003 .794

Sphericity 

Assumed

3810.249 30 127.008

Greenhou

se-

Geisser

3810.249 7.903 482.139

Huynh-

Feldt

3810.249 9.251 411.889

Lower-

bound

3810.249 6.000 635.042

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Angle 

neutral 

right and 

left side

Error(Angl

e neutral 

right and 

left side)

Angle 

neutral 

test 

configurati

on

Error(Angl

e neutral 

test 

configurati

on)
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Strain E1 Axial Rotation 

Lower 

Bound

Upper 

Bound

Intact 31.482 7.100 14.109 48.855

FSR 1.582 1.470 -2.016 5.180

P6 -3.096 .483 -4.279 -1.913

P7 -4.024 1.044 -6.578 -1.470

F6 -4.281 1.349 -7.581 -.981

F7 -6.970 2.060 -12.011 -1.929

Lower 

Bound

Upper 

Bound

FSR 29.900 6.593 .059 -1.074 60.875

P6 34.578
* 7.087 .042 1.285 67.871

P7 35.506
* 7.110 .037 2.106 68.906

F6 35.763
* 6.705 .027 4.263 67.264

F7 38.452
* 7.096 .025 5.116 71.789

Intact -29.900 6.593 .059 -60.875 1.074

P6 4.677 1.736 .538 -3.479 12.834

P7 5.606 2.279 .737 -5.102 16.313

F6 5.863 2.205 .564 -4.496 16.222

F7 8.552 2.992 .433 -5.503 22.607

Intact -34.578
* 7.087 .042 -67.871 -1.285

FSR -4.677 1.736 .538 -12.834 3.479

P7 .928 .672 1.000 -2.230 4.087

F6 1.186 .979 1.000 -3.413 5.784

F7 3.875 1.741 1.000 -4.303 12.052

Intact -35.506
* 7.110 .037 -68.906 -2.106

FSR -5.606 2.279 .737 -16.313 5.102

P6 -.928 .672 1.000 -4.087 2.230

F6 .257 .667 1.000 -2.877 3.391

F7 2.946 1.553 1.000 -4.349 10.242

Intact -35.763
* 6.705 .027 -67.264 -4.263

FSR -5.863 2.205 .564 -16.222 4.496

P6 -1.186 .979 1.000 -5.784 3.413

P7 -.257 .667 1.000 -3.391 2.877

F7 2.689 1.814 1.000 -5.834 11.212

F6

(I) factor2 (J) factor2

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor2 Mean Std. Error

95% Confidence Interval

Intact

FSR

P6

P7

Pairwise Comparisons

Measure:MEASURE_1
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Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

297304.982 1 297304.982 .781 .396 .066

Greenhou

se-

Geisser

297304.982 1.000 297304.982 .781 .396 .066

Huynh-

Feldt

297304.982 1.000 297304.982 .781 .396 .066

Lower-

bound

297304.982 1.000 297304.982 .781 .396 .066

Sphericity 

Assumed

4186826.146 11 380620.559

Greenhou

se-

Geisser

4186826.146 11.000 380620.559

Huynh-

Feldt

4186826.146 11.000 380620.559

Lower-

bound

4186826.146 11.000 380620.559

Sphericity 

Assumed

349933.952 5 69986.790 5.173 .001 .320

Greenhou

se-

Geisser

349933.952 2.001 174891.663 5.173 .014 .320

Huynh-

Feldt

349933.952 2.446 143073.887 5.173 .009 .320

Lower-

bound

349933.952 1.000 349933.952 5.173 .044 .320

Sphericity 

Assumed

744058.521 55 13528.337

Greenhou

se-

Geisser

744058.521 22.009 33806.284

Huynh-

Feldt

744058.521 26.904 27655.958

Lower-

bound

744058.521 11.000 67641.684

E1 AR ipsilateral and contralateral

Measure:MEASURE_1

Source

factor1

Error(E1 

AR 

ipsilateral 

and 

contralater

al)

E1 AR test 

configurati

on

Error(E1 

AR test 

configurati

on)
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Lower 

Bound

Upper 

Bound

Intact 241.036 40.076 152.829 329.243

FSR 92.165 39.066 6.181 178.148

P6 166.031 51.397 52.907 279.156

P7 173.267 55.787 50.481 296.052

F6 118.962 43.053 24.203 213.721

F7 115.441 39.445 28.623 202.259

Lower 

Bound

Upper 

Bound

FSR 148.872 37.559 .333 8.842 288.902

P6 75.005 39.336 1.000 -71.652 221.662

P7 67.769 45.809 1.000 -103.021 238.560

F6 122.074
* 22.514 .003 38.137 206.011

F7 125.595
* 28.606 .016 18.944 232.246

Intact -148.872 37.559 .333 -288.902 -8.842

P6 -73.867 44.679 1.000 -240.444 92.710

P7 -81.102 53.541 1.000 -280.718 118.514

F6 -26.797 29.205 1.000 -135.682 82.087

F7 -23.277 31.427 1.000 -140.445 93.892

Intact -75.005 39.336 1.000 -221.662 71.652

FSR 73.867 44.679 1.000 -92.710 240.444

P7 -7.235 15.009 1.000 -63.194 48.723

F6 47.069 29.263 1.000 -62.033 156.172

F7 50.590 21.584 .584 -29.880 131.060

Intact -67.769 45.809 1.000 -238.560 103.021

FSR 81.102 53.541 1.000 -118.514 280.718

P6 7.235 15.009 1.000 -48.723 63.194

F6 54.305 36.535 1.000 -81.907 190.517

F7 57.826 26.148 .736 -39.661 155.312

Intact -122.074
* 22.514 .003 -206.011 -38.137

FSR 26.797 29.205 1.000 -82.087 135.682

P6 -47.069 29.263 1.000 -156.172 62.033

P7 -54.305 36.535 1.000 -190.517 81.907

F7 3.521 16.106 1.000 -56.527 63.569

Intact

FSR

P6

P7

F6

Std. Error

95% Confidence Interval

Pairwise Comparisons

Measure:MEASURE_1

(I) factor2 (J) factor2

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Estimates

Measure:MEASURE_1

factor2 Mean
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Strain E2 Axial Rotation 

 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

997370.874 1 997370.874 2.733 .127 .199

Greenhou

se-

Geisser

997370.874 1.000 997370.874 2.733 .127 .199

Huynh-

Feldt

997370.874 1.000 997370.874 2.733 .127 .199

Lower-

bound

997370.874 1.000 997370.874 2.733 .127 .199

Sphericity 

Assumed

4014526.850 11 364956.986

Greenhou

se-

Geisser

4014526.850 11.000 364956.986

Huynh-

Feldt

4014526.850 11.000 364956.986

Lower-

bound

4014526.850 11.000 364956.986

Sphericity 

Assumed

472247.760 5 94449.552 9.497 .000 .463

Greenhou

se-

Geisser

472247.760 3.215 146895.544 9.497 .000 .463

Huynh-

Feldt

472247.760 4.698 100511.030 9.497 .000 .463

Lower-

bound

472247.760 1.000 472247.760 9.497 .010 .463

Sphericity 

Assumed

547002.266 55 9945.496

Greenhou

se-

Geisser

547002.266 35.363 15468.035

Huynh-

Feldt

547002.266 51.683 10583.767

Lower-

bound

547002.266 11.000 49727.479

Error(E2 

AR 

ipsilateral 

and 

contralater

al)

E2 AR test 

configurati

on

Error(E2 

AR test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E2 AR 

ipsilateral 

and 

contralater

al
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Lower 

Bound

Upper 

Bound

Intact -179.085 30.383 -245.958 -112.212

FSR -108.877 28.814 -172.297 -45.457

P6 -3.518 23.468 -55.170 48.135

P7 -38.235 21.448 -85.442 8.972

F6 -54.168 22.348 -103.357 -4.980

F7 -45.483 18.016 -85.135 -5.830

Lower 

Bound

Upper 

Bound

FSR -70.208 26.642 .348 -169.537 29.121

P6 -175.567
* 37.141 .009 -314.039 -37.096

P7 -140.850
* 27.793 .005 -244.470 -37.229

F6 -124.917
* 31.234 .031 -241.366 -8.467

F7 -133.602
* 24.874 .003 -226.339 -40.866

Intact 70.208 26.642 .348 -29.121 169.537

P6 -105.360 35.107 .181 -236.248 25.528

P7 -70.642 27.951 .422 -174.852 33.568

F6 -54.709 35.908 1.000 -188.586 79.168

F7 -63.395 30.747 .955 -178.030 51.241

Intact 175.567
* 37.141 .009 37.096 314.039

FSR 105.360 35.107 .181 -25.528 236.248

P7 34.718 25.656 1.000 -60.934 130.369

F6 50.651 34.413 1.000 -77.651 178.953

F7 41.965 28.425 1.000 -64.013 147.943

Intact 140.850
* 27.793 .005 37.229 244.470

FSR 70.642 27.951 .422 -33.568 174.852

P6 -34.718 25.656 1.000 -130.369 60.934

F6 15.933 25.926 1.000 -80.729 112.595

F7 7.247 17.057 1.000 -56.346 70.840

Intact 124.917
* 31.234 .031 8.467 241.366

FSR 54.709 35.908 1.000 -79.168 188.586

P6 -50.651 34.413 1.000 -178.953 77.651

P7 -15.933 25.926 1.000 -112.595 80.729

F7 -8.686 10.667 1.000 -48.455 31.084

F6

Measure:MEASURE_1

(I) factor2 (J) factor2

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Measure:MEASURE_1

factor2 Mean Std. Error

95% Confidence Interval

Pairwise Comparisons

Estimates

Intact

FSR

P6

P7
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Angle Axial Rotation 

 

 

 

 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

79351.323 1 79351.323 10.601 .008 .491

Greenhou

se-

Geisser

79351.323 1.000 79351.323 10.601 .008 .491

Huynh-

Feldt

79351.323 1.000 79351.323 10.601 .008 .491

Lower-

bound

79351.323 1.000 79351.323 10.601 .008 .491

Sphericity 

Assumed

82337.180 11 7485.198

Greenhou

se-

Geisser

82337.180 11.000 7485.198

Huynh-

Feldt

82337.180 11.000 7485.198

Lower-

bound

82337.180 11.000 7485.198

Sphericity 

Assumed

747.917 5 149.583 .432 .824 .038

Greenhou

se-

Geisser

747.917 1.420 526.757 .432 .590 .038

Huynh-

Feldt

747.917 1.570 476.462 .432 .609 .038

Lower-

bound

747.917 1.000 747.917 .432 .525 .038

Sphericity 

Assumed

19048.565 55 346.338

Greenhou

se-

Geisser

19048.565 15.618 1219.624

Huynh-

Feldt

19048.565 17.267 1103.175

Lower-

bound

19048.565 11.000 1731.688

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Angle AR 

ipsilateral 

and 

contralater

al

Error(Angl

e AR 

ipsilateral 

and 

contralater

al)

Angle AR 

test 

configurati

on

Error(Angl

e AR test 

configurati

on)

Lower 

Bound

Upper 

Bound

Ipsilatral 30.647 10.719 7.055 54.239

Contralate

ral

-16.302 12.226 -43.212 10.608

Lower 

Bound

Upper 

Bound

Ipsilatral Contralate

ral
46.949

* 14.420 .008 15.212 78.686

Pairwise Comparisons

Measure:MEASURE_1

(I) factor1 (J) factor1

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

factor1 Mean Std. Error

95% Confidence Interval

Estimates

Measure:MEASURE_1
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E1 Strain Lateral Bending 

 

E2 strain Lateral Bending 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

216886.202 1 216886.202 2.209 .165 .167

Greenhou

se-

Geisser

216886.202 1.000 216886.202 2.209 .165 .167

Huynh-

Feldt

216886.202 1.000 216886.202 2.209 .165 .167

Lower-

bound

216886.202 1.000 216886.202 2.209 .165 .167

Sphericity 

Assumed

1080246.567 11 98204.233

Greenhou

se-

Geisser

1080246.567 11.000 98204.233

Huynh-

Feldt

1080246.567 11.000 98204.233

Lower-

bound

1080246.567 11.000 98204.233

Sphericity 

Assumed

28809.226 5 5761.845 .642 .669 .055

Greenhou

se-

Geisser

28809.226 2.273 12676.165 .642 .554 .055

Huynh-

Feldt

28809.226 2.896 9948.621 .642 .589 .055

Lower-

bound

28809.226 1.000 28809.226 .642 .440 .055

Sphericity 

Assumed

493849.022 55 8979.073

Greenhou

se-

Geisser

493849.022 25.000 19754.125

Huynh-

Feldt

493849.022 31.854 15503.608

Lower-

bound

493849.022 11.000 44895.366

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E1 LB 

ipsilateral 

and 

contralater

al

Error(E1 

LB 

ipsilateral 

and 

contralater

al)

E1 LB test 

configurati

on

Error(E1 

LB test 

configurati

on)
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Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

74489.364 1 74489.364 .600 .453 .048

Greenhou

se-

Geisser

74489.364 1.000 74489.364 .600 .453 .048

Huynh-

Feldt

74489.364 1.000 74489.364 .600 .453 .048

Lower-

bound

74489.364 1.000 74489.364 .600 .453 .048

Sphericity 

Assumed

1488612.186 12 124051.015

Greenhou

se-

Geisser

1488612.186 12.000 124051.015

Huynh-

Feldt

1488612.186 12.000 124051.015

Lower-

bound

1488612.186 12.000 124051.015

Sphericity 

Assumed

174605.218 5 34921.044 6.832 .000 .363

Greenhou

se-

Geisser

174605.218 2.215 78844.824 6.832 .003 .363

Huynh-

Feldt

174605.218 2.738 63779.482 6.832 .001 .363

Lower-

bound

174605.218 1.000 174605.218 6.832 .023 .363

Sphericity 

Assumed

306705.541 60 5111.759

Greenhou

se-

Geisser

306705.541 26.575 11541.343

Huynh-

Feldt

306705.541 32.852 9336.071

Lower-

bound

306705.541 12.000 25558.795

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E2 LB 

ipsilateral 

and 

contralater

al

Error(E2 

LB 

ipsilateral 

and 

contralater

al)

E2 LB test 

configurati

on

Error(E2 

LB test 

configurati

on)
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Lower 

Bound

Upper 

Bound

Intact -91.013 29.787 -155.914 -26.112

FSR -35.992 17.526 -74.178 2.195

P6 -8.570 20.765 -53.812 36.673

P7 3.404 12.698 -24.262 31.070

F6 -8.602 9.854 -30.072 12.869

F7 5.451 15.504 -28.329 39.232

Lower 

Bound

Upper 

Bound

FSR -55.021 21.140 .347 -132.158 22.116

P6 -82.444 31.192 .322 -196.261 31.374

P7 -94.417 29.804 .122 -203.168 14.333

F6 -82.412 25.757 .115 -176.397 11.573

F7 -96.465
* 26.063 .045 -191.567 -1.362

Intact 55.021 21.140 .347 -22.116 132.158

P6 -27.422 20.558 1.000 -102.436 47.591

P7 -39.396 16.805 .556 -100.715 21.923

F6 -27.390 13.425 .959 -76.376 21.595

F7 -41.443 16.789 .444 -102.705 19.818

Intact 82.444 31.192 .322 -31.374 196.261

FSR 27.422 20.558 1.000 -47.591 102.436

P7 -11.974 16.263 1.000 -71.316 47.369

F6 .032 17.857 1.000 -65.128 65.192

F7 -14.021 14.921 1.000 -68.467 40.425

Intact 94.417 29.804 .122 -14.333 203.168

FSR 39.396 16.805 .556 -21.923 100.715

P6 11.974 16.263 1.000 -47.369 71.316

F6 12.005 10.010 1.000 -24.521 48.531

F7 -2.047 9.712 1.000 -37.485 33.390

Intact 82.412 25.757 .115 -11.573 176.397

FSR 27.390 13.425 .959 -21.595 76.376

P6 -.032 17.857 1.000 -65.192 65.128

P7 -12.005 10.010 1.000 -48.531 24.521

F7 -14.053 8.925 1.000 -46.621 18.515

Intact

FSR

P6

P7

F6

Measure:MEASURE_1

(I) factor2 (J) factor2

Mean 

Difference 

(I-J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Measure:MEASURE_1

factor2 Mean Std. Error

95% Confidence 

Interval

Pairwise Comparisons

Estimates
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Angle Lateral Bending 

 

 

 

 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

49044.271 1 49044.271 10.286 .008 .462

Greenhou

se-

Geisser

49044.271 1.000 49044.271 10.286 .008 .462

Huynh-

Feldt

49044.271 1.000 49044.271 10.286 .008 .462

Lower-

bound

49044.271 1.000 49044.271 10.286 .008 .462

Sphericity 

Assumed

57215.372 12 4767.948

Greenhou

se-

Geisser

57215.372 12.000 4767.948

Huynh-

Feldt

57215.372 12.000 4767.948

Lower-

bound

57215.372 12.000 4767.948

Sphericity 

Assumed

3825.378 5 765.076 .438 .820 .035

Greenhou

se-

Geisser

3825.378 2.286 1673.542 .438 .676 .035

Huynh-

Feldt

3825.378 2.853 1340.791 .438 .718 .035

Lower-

bound

3825.378 1.000 3825.378 .438 .521 .035

Sphericity 

Assumed

104763.014 60 1746.050

Greenhou

se-

Geisser

104763.014 27.430 3819.346

Huynh-

Feldt

104763.014 34.237 3059.943

Lower-

bound

104763.014 12.000 8730.251

Error(Angl

e LB 

ispilateral 

and 

contralater

al)

Angle LB 

test 

configurati

on

Error(Angl

e LB test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Angle LB 

ispilateral 

and 

contralater

al

Lower 

Bound

Upper 

Bound

Ipsilateral -12.542 8.927 -31.991 6.908

Contralate

ral

22.920 9.935 1.274 44.566

Lower 

Bound

Upper 

Bound

Ipsilateral Contralate

ral
-35.462

* 11.057 .008 -59.553 -11.371

(J) factor1

Mean 

Difference (I-

J) Std. Error Sig.
a

95% Confidence 

Interval for Difference
a

Measure:MEASURE_1

factor1 Mean Std. Error

95% Confidence Interval

Pairwise Comparisons

Estimates

Measure:MEASURE_1

(I) factor1
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E1 Strain Flexion Extension 

 

E2  Strain Flexion Extension 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

21888.991 1 21888.991 .402 .554 .074

Greenhou

se-

Geisser

21888.991 1.000 21888.991 .402 .554 .074

Huynh-

Feldt

21888.991 1.000 21888.991 .402 .554 .074

Lower-

bound

21888.991 1.000 21888.991 .402 .554 .074

Sphericity 

Assumed

272354.140 5 54470.828

Greenhou

se-

Geisser

272354.140 5.000 54470.828

Huynh-

Feldt

272354.140 5.000 54470.828

Lower-

bound

272354.140 5.000 54470.828

Sphericity 

Assumed

16183.532 5 3236.706 1.121 .375 .183

Greenhou

se-

Geisser

16183.532 1.903 8502.526 1.121 .362 .183

Huynh-

Feldt

16183.532 3.042 5319.829 1.121 .372 .183

Lower-

bound

16183.532 1.000 16183.532 1.121 .338 .183

Sphericity 

Assumed

72212.652 25 2888.506

Greenhou

se-

Geisser

72212.652 9.517 7587.836

Huynh-

Feldt

72212.652 15.211 4747.530

Lower-

bound

72212.652 5.000 14442.530

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E1 FE 

(extension 

and 

flexion)

Error(E1 

FE 

(extension 

and 

flexion))

E1 FE test 

configurati

on

Error(E1 

FE test 

configurati

on)
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Angle Flexion Extension 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

8571.868 1 8571.868 .242 .644 .046

Greenhou

se-

Geisser

8571.868 1.000 8571.868 .242 .644 .046

Huynh-

Feldt

8571.868 1.000 8571.868 .242 .644 .046

Lower-

bound

8571.868 1.000 8571.868 .242 .644 .046

Sphericity 

Assumed

177250.642 5 35450.128

Greenhou

se-

Geisser

177250.642 5.000 35450.128

Huynh-

Feldt

177250.642 5.000 35450.128

Lower-

bound

177250.642 5.000 35450.128

Sphericity 

Assumed

19949.024 5 3989.805 1.107 .382 .181

Greenhou

se-

Geisser

19949.024 1.836 10864.909 1.107 .365 .181

Huynh-

Feldt

19949.024 2.850 7000.080 1.107 .376 .181

Lower-

bound

19949.024 1.000 19949.024 1.107 .341 .181

Sphericity 

Assumed

90079.516 25 3603.181

Greenhou

se-

Geisser

90079.516 9.180 9812.067

Huynh-

Feldt

90079.516 14.249 6321.751

Lower-

bound

90079.516 5.000 18015.903

Error(E2 

FE test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

E2 FE 

(extension 

and 

flexion)

Error(E2 

FE 

(extension 

and 

flexion))

E2 FE test 

configurati

on
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Facet Force Axial Rotation 

Type III Sum 

of Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

2734.365 1 2734.365 .733 .431 .128

Greenhou

se-

Geisser

2734.365 1.000 2734.365 .733 .431 .128

Huynh-

Feldt

2734.365 1.000 2734.365 .733 .431 .128

Lower-

bound

2734.365 1.000 2734.365 .733 .431 .128

Sphericity 

Assumed

18648.763 5 3729.753

Greenhou

se-

Geisser

18648.763 5.000 3729.753

Huynh-

Feldt

18648.763 5.000 3729.753

Lower-

bound

18648.763 5.000 3729.753

Sphericity 

Assumed

3527.846 5 705.569 .876 .511 .149

Greenhou

se-

Geisser

3527.846 1.272 2772.709 .876 .412 .149

Huynh-

Feldt

3527.846 1.511 2334.115 .876 .425 .149

Lower-

bound

3527.846 1.000 3527.846 .876 .392 .149

Sphericity 

Assumed

20137.915 25 805.517

Greenhou

se-

Geisser

20137.915 6.362 3165.476

Huynh-

Feldt

20137.915 7.557 2664.754

Lower-

bound

20137.915 5.000 4027.583

Error(Angl

e FE test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Angle FE 

(extension 

and 

flexion)

Error(Angl

e FE 

(extension 

and 

flexion))

Angle FE 

test 

configurati

on
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Facet Force Lateral Bending 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

54.028 2 27.014 9.703 .001 .447

Greenhou

se-

Geisser

54.028 1.075 50.255 9.703 .007 .447

Huynh-

Feldt

54.028 1.096 49.286 9.703 .007 .447

Lower-

bound

54.028 1.000 54.028 9.703 .009 .447

Sphericity 

Assumed

66.821 24 2.784

Greenhou

se-

Geisser

66.821 12.901 5.180

Huynh-

Feldt

66.821 13.155 5.080

Lower-

bound

66.821 12.000 5.568

Sphericity 

Assumed

153.532 4 38.383 3.512 .014 .226

Greenhou

se-

Geisser

153.532 2.201 69.764 3.512 .041 .226

Huynh-

Feldt

153.532 2.715 56.540 3.512 .030 .226

Lower-

bound

153.532 1.000 153.532 3.512 .085 .226

Sphericity 

Assumed

524.671 48 10.931

Greenhou

se-

Geisser

524.671 26.409 19.867

Huynh-

Feldt

524.671 32.585 16.101

Lower-

bound

524.671 12.000 43.723

Error(AR_

Test_Conf

iguration)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

AR_Neutr

al_Ispilate

ral_Contra

lateral

Error(AR_

Neutral_Is

pilateral_

Contralate

ral)

AR_Test_

Configurat

ion
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Facet Force Flexion Extension 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

6.737 2 3.369 5.829 .007 .267

Greenhou

se-

Geisser

6.737 1.258 5.357 5.829 .020 .267

Huynh-

Feldt

6.737 1.315 5.125 5.829 .018 .267

Lower-

bound

6.737 1.000 6.737 5.829 .028 .267

Sphericity 

Assumed

18.492 32 .578

Greenhou

se-

Geisser

18.492 20.124 .919

Huynh-

Feldt

18.492 21.035 .879

Lower-

bound

18.492 16.000 1.156

Sphericity 

Assumed

64.438 4 16.109 1.199 .320 .070

Greenhou

se-

Geisser

64.438 2.356 27.346 1.199 .318 .070

Huynh-

Feldt

64.438 2.789 23.100 1.199 .320 .070

Lower-

bound

64.438 1.000 64.438 1.199 .290 .070

Sphericity 

Assumed

859.835 64 13.435

Greenhou

se-

Geisser

859.835 37.702 22.806

Huynh-

Feldt

859.835 44.632 19.265

Lower-

bound

859.835 16.000 53.740

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

LB_Neutra

l_Ipsilater

al_Contral

ateral

Error(LB_

Neutral_Ip

silateral_

Contralate

ral)

LB_Test_

Configurat

ion

Error(LB_

Test_Conf

iguration)
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IFOT C4-C5 Neutral 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

.150 2 .075 .648 .536 .075

Greenhou

se-

Geisser

.150 1.021 .147 .648 .447 .075

Huynh-

Feldt

.150 1.029 .146 .648 .448 .075

Lower-

bound

.150 1.000 .150 .648 .444 .075

Sphericity 

Assumed

1.855 16 .116

Greenhou

se-

Geisser

1.855 8.164 .227

Huynh-

Feldt

1.855 8.235 .225

Lower-

bound

1.855 8.000 .232

Sphericity 

Assumed

80.502 4 20.126 1.482 .231 .156

Greenhou

se-

Geisser

80.502 1.972 40.831 1.482 .257 .156

Huynh-

Feldt

80.502 2.612 30.824 1.482 .250 .156

Lower-

bound

80.502 1.000 80.502 1.482 .258 .156

Sphericity 

Assumed

434.558 32 13.580

Greenhou

se-

Geisser

434.558 15.773 27.551

Huynh-

Feldt

434.558 20.893 20.799

Lower-

bound

434.558 8.000 54.320

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

FE_Neutra

l_Extensio

n_Flexion

Error(FE_

Neutral_E

xtension_

Flexion)

FE_Test_

Configurat

ion

Error(FE_

Test_Conf

iguration)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

472.116 3 157.372 1.926 .134 .084

Greenhou

se-

Geisser

472.116 1.948 242.420 1.926 .160 .084

Huynh-

Feldt

472.116 2.144 220.221 1.926 .155 .084

Lower-

bound

472.116 1.000 472.116 1.926 .180 .084

Sphericity 

Assumed

5147.634 63 81.708

Greenhou

se-

Geisser

5147.634 40.898 125.866

Huynh-

Feldt

5147.634 45.020 114.340

Lower-

bound

5147.634 21.000 245.125

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT 

C4C5 

Neutral

Error(IFOT 

C4C5 

Neutral)
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IFOT C5-C6 Neutral 

 

IFOT C4-C5 Axial Rotation Ipsilateral 

 

IFOT C4-C5 Axial Rotation Contralateral 

 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

1814.264 3 604.755 1.451 .234 .051

Greenhou

se-

Geisser

1814.264 2.690 674.571 1.451 .237 .051

Huynh-

Feldt

1814.264 3.000 604.755 1.451 .234 .051

Lower-

bound

1814.264 1.000 1814.264 1.451 .239 .051

Sphericity 

Assumed

33754.975 81 416.728

Greenhou

se-

Geisser

33754.975 72.617 464.838

Huynh-

Feldt

33754.975 81.000 416.728

Lower-

bound

33754.975 27.000 1250.184

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT C5-

C6 Neutral

Error(IFOT 

C5-C6 

Neutral)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

433.422 4 108.356 .508 .730 .048

Greenhou

se-

Geisser

433.422 1.218 355.888 .508 .525 .048

Huynh-

Feldt

433.422 1.298 333.995 .508 .536 .048

Lower-

bound

433.422 1.000 433.422 .508 .492 .048

Sphericity 

Assumed

8529.383 40 213.235

Greenhou

se-

Geisser

8529.383 12.179 700.357

Huynh-

Feldt

8529.383 12.977 657.275

Lower-

bound

8529.383 10.000 852.938

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT AR 

C4-C5 

ipsilateral

Error(IFOT 

AR C4-C5 

ipsilateral)
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IFOT C5-C6 Axial Rotation Ipsilateral 

 

IFOT C4-C5 Axial Rotation Contralateral 

 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

822.072 4 205.518 1.172 .338 .105

Greenhou

se-

Geisser

822.072 1.975 416.152 1.172 .330 .105

Huynh-

Feldt

822.072 2.459 334.361 1.172 .334 .105

Lower-

bound

822.072 1.000 822.072 1.172 .304 .105

Sphericity 

Assumed

7016.460 40 175.412

Greenhou

se-

Geisser

7016.460 19.754 355.189

Huynh-

Feldt

7016.460 24.586 285.380

Lower-

bound

7016.460 10.000 701.646

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT AR 

C4-C5 

contralater

al

Error(IFOT 

AR C4-C5 

contralater

al)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

632.844 4 158.211 1.023 .407 .093

Greenhou

se-

Geisser

632.844 1.762 359.124 1.023 .371 .093

Huynh-

Feldt

632.844 2.110 299.886 1.023 .380 .093

Lower-

bound

632.844 1.000 632.844 1.023 .336 .093

Sphericity 

Assumed

6183.602 40 154.590

Greenhou

se-

Geisser

6183.602 17.622 350.905

Huynh-

Feldt

6183.602 21.103 293.023

Lower-

bound

6183.602 10.000 618.360

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT AR 

C5-C6 

ipsilateral

Error(IFOT 

AR C5-C6 

ipsilateral)



 

 177 

 

IFOT C4-C5 Lateral Bending Ipsilateral and Contralateral 

 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

IFOT AR C4-C5 ipsilateral
Sphericity 

Assumed

554.492 4 138.623 .686 .606 .059

Greenhou

se-

Geisser

554.492 2.203 251.705 .686 .527 .059

Huynh-

Feldt

554.492 2.778 199.625 .686 .557 .059

Lower-

bound

554.492 1.000 554.492 .686 .425 .059

Sphericity 

Assumed

8894.935 44 202.158

Greenhou

se-

Geisser

8894.935 24.232 367.068

Huynh-

Feldt

8894.935 30.554 291.118

Lower-

bound

8894.935 11.000 808.630

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

Error(IFOT 

AR C5-C6 

contralater

al)

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

3167.333 1 3167.333 2.493 .149 .217

Greenhou

se-

Geisser

3167.333 1.000 3167.333 2.493 .149 .217

Huynh-

Feldt

3167.333 1.000 3167.333 2.493 .149 .217

Lower-

bound

3167.333 1.000 3167.333 2.493 .149 .217

Sphericity 

Assumed

11433.767 9 1270.419

Greenhou

se-

Geisser

11433.767 9.000 1270.419

Huynh-

Feldt

11433.767 9.000 1270.419

Lower-

bound

11433.767 9.000 1270.419

Sphericity 

Assumed

334.636 4 83.659 .342 .848 .037

Greenhou

se-

Geisser

334.636 1.609 207.994 .342 .670 .037

Huynh-

Feldt

334.636 1.906 175.554 .342 .705 .037

Lower-

bound

334.636 1.000 334.636 .342 .573 .037

Sphericity 

Assumed

8797.043 36 244.362

Greenhou

se-

Geisser

8797.043 14.480 607.535

Huynh-

Feldt

8797.043 17.156 512.781

Lower-

bound

8797.043 9.000 977.449

Error(IFOT 

LB C4-C5 

test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT LB 

C4-C5 

ipsilateral 

and 

contralater

al

Error(IFOT 

LB C4-C5 

ipsilateral 

and 

contralater

al)

IFOT LB 

C4-C5 test 

configurati

on
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IFOT C5-C6 Lateral Bending Ipsilateral and Contralateral 

 

IFOT C4-C5 Flexion and Extension 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

725.634 1 725.634 3.186 .102 .225

Greenhou

se-

Geisser

725.634 1.000 725.634 3.186 .102 .225

Huynh-

Feldt

725.634 1.000 725.634 3.186 .102 .225

Lower-

bound

725.634 1.000 725.634 3.186 .102 .225

Sphericity 

Assumed

2505.026 11 227.730

Greenhou

se-

Geisser

2505.026 11.000 227.730

Huynh-

Feldt

2505.026 11.000 227.730

Lower-

bound

2505.026 11.000 227.730

Sphericity 

Assumed

611.136 4 152.784 .739 .571 .063

Greenhou

se-

Geisser

611.136 2.890 211.483 .739 .532 .063

Huynh-

Feldt

611.136 4.000 152.784 .739 .571 .063

Lower-

bound

611.136 1.000 611.136 .739 .408 .063

Sphericity 

Assumed

9099.889 44 206.816

Greenhou

se-

Geisser

9099.889 31.787 286.274

Huynh-

Feldt

9099.889 44.000 206.816

Lower-

bound

9099.889 11.000 827.263

Error(IFOT 

LB C5-C6 

test 

configurati

on)

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT LB 

C5-C6 

ipsilateral 

and 

contralater

al

Error(IFOT 

LB C5-C6 

ipsilateral 

and 

contralater

al)

IFOT LB 

C5-C6 test 

configurati

on
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IFOT C5-C6 Flexion and Extension 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

6070.944 1 6070.944 2.957 .129 .297

Greenhou

se-

Geisser

6070.944 1.000 6070.944 2.957 .129 .297

Huynh-

Feldt

6070.944 1.000 6070.944 2.957 .129 .297

Lower-

bound

6070.944 1.000 6070.944 2.957 .129 .297

Sphericity 

Assumed

14370.272 7 2052.896

Greenhou

se-

Geisser

14370.272 7.000 2052.896

Huynh-

Feldt

14370.272 7.000 2052.896

Lower-

bound

14370.272 7.000 2052.896

Sphericity 

Assumed

261.929 4 65.482 .920 .466 .116

Greenhou

se-

Geisser

261.929 2.012 130.158 .920 .422 .116

Huynh-

Feldt

261.929 2.827 92.658 .920 .444 .116

Lower-

bound

261.929 1.000 261.929 .920 .369 .116

Sphericity 

Assumed

1991.934 28 71.140

Greenhou

se-

Geisser

1991.934 14.087 141.404

Huynh-

Feldt

1991.934 19.788 100.664

Lower-

bound

1991.934 7.000 284.562

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT FE 

C4-C5 

Flexion 

and 

Extension

Error(IFOT 

FE C4-C5 

Flexion 

and 

Extension)

IFOT FE 

C4-C5 test 

Configurat

ion

Error(IFOT 

FE C4-C5 

test 

Configurat

ion)
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IFOT C5-C6 Linear Regression Arthrodesis 

Type III 

Sum of 

Squares df

Mean 

Square F Sig.

Partial Eta 

Squared

Sphericity 

Assumed

95.265 1 95.265 .061 .812 .008

Greenhou

se-

Geisser

95.265 1.000 95.265 .061 .812 .008

Huynh-

Feldt

95.265 1.000 95.265 .061 .812 .008

Lower-

bound

95.265 1.000 95.265 .061 .812 .008

Sphericity 

Assumed

12546.604 8 1568.326

Greenhou

se-

Geisser

12546.604 8.000 1568.326

Huynh-

Feldt

12546.604 8.000 1568.326

Lower-

bound

12546.604 8.000 1568.326

Sphericity 

Assumed

1398.285 4 349.571 .774 .550 .088

Greenhou

se-

Geisser

1398.285 1.555 899.185 .774 .451 .088

Huynh-

Feldt

1398.285 1.861 751.269 .774 .470 .088

Lower-

bound

1398.285 1.000 1398.285 .774 .405 .088

Sphericity 

Assumed

14455.079 32 451.721

Greenhou

se-

Geisser

14455.079 12.440 1161.940

Huynh-

Feldt

14455.079 14.890 970.801

Lower-

bound

14455.079 8.000 1806.885

Tests of Within-Subjects Effects

Measure:MEASURE_1

Source

IFOT FE 

C5-C6 

flexion and 

extension

Error(IFOT 

FE C5-C6 

flexion and 

extension)

IFOT FE 

C5-C6 test 

configurati

on

Error(IFOT 

FE C5-C6 

test 

configurati

on)
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IFOT C5-C6 Linear Regression Arthroplasty 

 

Model R R Square

Adjusted 

R Square

Std. Error 

of the 

Estimate

1 .560
a .313 .268 31.49664

Sum of 

Squares df

Mean 

Square F Sig.

Regressio

n

6793.396 1 6793.396 6.848 .019
a

Residual 14880.574 15 992.038

Total 21673.970 16

Standardiz

ed 

Coefficient

s

B Std. Error Beta

(Constant) -26.001 12.736 -2.041 .059

Slope (% 

change 

area/ mm

14.454 5.524 .560 2.617 .019

1

Model Summary

ANOVA
b

Model

1

Coefficients
a

Model

Unstandardized 

Coefficients

t Sig.

Model R R Square

Adjusted 

R Square

Std. Error 

of the 

Estimate

1 .151
a .023 -.047 37.65467

Sum of 

Squares df

Mean 

Square F Sig.

Regressio

n

461.852 1 461.852 .326 .577
a

Residual 19850.240 14 1417.874

Total 20312.092 15

Standardiz

ed 

Coefficient

s

B Std. Error Beta

(Constant) 1.669 16.729 .100 .922

Slope (% 

change 

area/ mm

4.017 7.039 .151 .571 .577

Model

Unstandardized 

Coefficients

t Sig.

1

Model Summary

ANOVA
b

Model

1

Coefficients
a


