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Approximately 25% of cervical arthrodesis patients require reoperation within 10 years 

of the initial surgery due to degeneration of motion segments adjacent to the arthrodesis. 

Adjacent segment degeneration is believed to result from one or more of the following distinct 

causes: 1) the natural history of the adjacent disc; 2) biomechanical stress on the adjacent level 

following the fusion; and 3) disruption of the adjacent segment anatomy due to the initial 

surgery.  The overarching hypothesis of this study is that, after fusion, mechanical factors initiate 

disc degeneration by exposing the disc tissue to novel, excessive loads. The aims of this study 

were to identify kinematic and arthrokinematic characteristics of cervical spine motion that 

differentiate asymptomatic subjects from single-level anterior fusion patients during in vivo 

functional loading, and to verify and validate a single-level, subject-specific finite element model 

of the sub-axial cervical spine.  Twenty asymptomatic control subjects and 17 single-level ACDF 

patients of similar age performed dynamic flexion-extension of the cervical spine while biplane 

radiographs were collected at 30 images per second.  A previously validated volumetric model-

based tracking process matched subject-specific vertebral bone models to each pair of 

radiographs with sub-millimeter accuracy.  Adjacent segment kinematics (total range of motion, 

contributions to motion, path of the center of rotation) were not significantly different between 

fusion and control groups.   Adjacent segment arthrokinematics (disc and facet joint capsule 
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deformation) were significantly different between groups. Inverse dynamics and finite element 

computational models indicated that, relative to the static neutral position, the force applied to 

the C56 motion segment increased by five times head weight during full extension.  

This study has identified differences in the mechanics of adjacent segments during 

dynamic functional loading.  The results suggest that in order to evaluate the effects of fusion on 

adjacent segments, from a mechanical perspective and clinical perspective, it may be most 

beneficial to assess arthrokinematic factors such as disc deformation and facet joint capsule 

deformation, rather than more traditional kinematic parameters such as range of motion and 

center of rotation. 
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1.0  INTRODUCTION 

1.1 BACKGROUND 

 

1.1.1 Anterior Cervical Fusion 

Anterior cervical fusion, introduced in the 1950s
1
, has emerged as the most popular surgical 

treatment for cervical spine disorders.  The number of anterior fusions increased eight-fold, from 

9,578 to 78,007 per year
2
 during the 1990’s.  By the year 2000, anterior fusion accounted for 

69.5% of all cervical spine disease procedures, and it was the most common surgical procedure 

to treat degenerative cervical spine disease in the United States
2
. The dramatic rise in anterior 

fusion procedures has been attributed to numerous factors, including the increased number of 

older persons, improved diagnostic and imaging technology, increased access to spine surgeons, 

and changes in the preferred choice of surgical technique
2-4

. 

1.1.2 Adjacent Segment Disease 

In spite of the widespread popularity of anterior cervical fusion, subsequent degeneration 

adjacent to the surgical site (adjacent segment disease) remains a concern for patients and 
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surgeons.  A 21-year follow-up report has indicated 32% of anterior fusion patients developed 

recurrent pain an average of 7.2 years after surgery, and 16% required surgery for disc disease at 

an adjacent level
5
.  It has also been reported that between 16%

6
 and 25%

7
 of patients who have 

anterior cervical fusion have new diseases at an adjacent level within 10 years of the operation.  

Even short-term follow-up (17 months) has revealed more pronounced degenerative changes 

adjacent to the fusion compared to remote levels
8
.  Although degenerative changes adjacent to 

fused cervical vertebrae have been well documented
5-11

, the etiology of adjacent segment disease 

remains unclear
12,13

.  This has led to an unresolved controversy among clinicians.  Some 

clinicians believe the disease may progress due to the underlying spondylosis
7,14

.  Alternatively, 

the fusion may lead to increased motion in adjacent vertebrae, resulting in overload and 

instability
10,12,15-17

.  

 

1.1.3 In Vivo Cervical Spine Movement 

This controversy remains unresolved, in part, due to the fact that a comprehensive understanding 

of cervical spine kinematics during functional movement in asymptomatic subjects (let alone 

fusion patients) does not yet exist.  Although in vivo range of motion between adjacent vertebrae 

during flexion-extension in asymptomatic subjects has been widely reported
16,18-20, 21-23

, it should 

be noted that all of these results were obtained by analyzing 2D lateral radiographs collected 

with subjects in static positions.  A small number of studies have reported cervical kinematics 

during dynamic movements. One study reported the timing of movement initiation in the cervical 

spine
24

, a second reported on translation and rotation range of motion in young subjects
25

, while 

a third reported the averaged location of the intervertebral center of rotation during flexion-
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extension
26

.  These studies were all completed by manually identifying landmarks on the 

vertebrae in order to calculate spine motion.  Manual identification of anatomical landmarks can 

lead to high variability in measurements, evident by the large standard deviations in these 

studies
22,23

.  Additionally, only one study has reported the precision of their measurements
23

, 

while none have reported the bias in their measurement techniques.  Therefore, the true 

intervertebral kinematics during functional motion remain ill defined due to limitations inherent 

in previous measurement techniques.  

More recently, automated measurements of 2D fluoroscopic images have been performed 

on data collected during very slow flexion-extension movements.  However, in spite of the 

automated measurement software employed, only the pair of images collected at full flexion and 

extension were analyzed
27

.  Unfortunately, even after the introduction of computer automated 

measurement techniques, insight into the dynamic behavior of the cervical spine during 

functional loading remains elusive. Numerous authors have noted the necessity for three-

dimensional
16,28-32

, in vivo 
21,28,30,33

 measurements of the cervical spine under dynamic 

load
16,27,33,34

.  Currently there is a complete absence of data regarding in vivo, 3D movement of 

cervical vertebrae during functional loading.  The present study addresses this shortcoming.  

Arthrokinematics refers to the specific movements of joint surfaces.  Normal joint surface 

movement is necessary to maintain long-term health of the joint.  The arthrokinematic behavior 

of the cervical spine has yet to be described in the literature.  Static measurements of disc height 

have been recorded from sagittal, static x-rays of the neck in the neutral position
23,35,36

.  

However, there are no reports describing changes in disc height during dynamic, functional 

motion.  Likewise, there are no reports describing relative motion at the facet joints in vivo.  The 
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proposed study will, for the first time, provide quantitative data revealing the relationship 

between vertebral body kinematics and disc and facet joint arthrokinematics. 

1.1.4 Computational Models 

Computational models are particularly useful because they can estimate tissue stress and strain 

without attaching or inserting measurement devices into the tissue.  The first step toward the 

creation of a clinically useful computational model is to develop a process by which subject-

specific models can be created and validated.  These models can later be used to evaluate the 

efficacy of surgical and non-surgical interventions and, potentially, be used to predict impending 

tissue failure.  Ultimately, this will lead to improved treatment for patients with cervical spine 

disorders.   

Model credibility must be established before clinicians and scientists can be expected to 

extrapolate information and base decisions on model predictions
37,38

.  In order to establish the 

credibility of a finite element model (as proposed in the current study) the model must be 

verified, validated, and a sensitivity analysis must be performed. The current study proposes to 

address this first, crucial step in the development of subject-specific finite element modeling of 

the cervical spine by performing convergence and sensitivity tests and by validating the 

kinematic output and disc pressure estimated by the model. 

A model that can accurately estimate disc stress will be beneficial to clinicians.  

Clinically, it would be interesting to know how normal movement, degeneration, and surgical 

treatment affect the stress and strain in the disc because excessive disc loading may drive the 

degenerative process in the cervical spine.  Internal disc stresses and strains are important for two 

reasons.  High stress concentrations and stress gradients have the potential to disrupt the internal 
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tissue architecture, leading to progressive structural failure as seen in advanced disc 

degeneration
39

.  Secondly, cell metabolism is sensitive to stresses and pressure in the 

surrounding matrix
39-41

.  It is unclear which mechanical signals affect the cells most: stress or 

strain.  While many studies have attempted to measure compressive forces in the spine, much 

less effort has been expended on trying to understand how the forces are distributed over the 

joint, even though it is stress (or pressure) that determines mechanical failure, and it is stress (and 

the resulting strain) that cells respond to
39

.   It is clear that a model that can provide accurate 

estimates of disc stress and strain will have a significant clinical impact. Therefore, the model in 

the proposed study will be validated using normal values of disc pressure from the literature
42.

  

The finite element model developed as part of this project will serve as the basis for 

future computational modeling of the cervical spine.  The ultimate goal of this work will be to 

generate subject-specific computational models of the cervical spine.  The single-level validated 

model will eventually be expanded to include the entire sub-axial cervical spine.  Furthermore, 

the model may be improved to incorporate subject-specific kinematics and kinetics using motion 

data determined from the biplane x-ray system and head-mounted marker trajectories. In an 

effort to further individualize the models, efforts will be made to include subject-specific disc 

material properties derived from MRI data
43,44

. 

1.1.5 Basic Science Significance 

The basic science portion of the present study proposes to quantify the movement of cervical 

vertebrae in asymptomatic subjects and fusion patients during in vivo, muscle-driven loading.  

This in vivo, dynamic data has not been reported previously.  Identification of dynamic 

movement characteristics of “normal” and “abnormal” vertebral movement patterns is crucial for 
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future research focusing on improving surgical and non-surgical treatments leading to more 

successful clinical outcomes. 

The computational models developed as part of this project will provide estimates of the 

in vivo forces applied to vertebrae and the associated stress within the disc during dynamic 

movement.  This information is necessary for in vitro loading paradigms that assess disc 

response load.  Additionally, forces applied to the disc may be used to apply realistic loading 

patterns to disc replacements in order to assess their feasibility. 

1.1.6 Clinical Significance 

This study will provide initial indications of specific in vivo vertebral movement patterns that 

may be detrimental to the health of vertebral discs following fusion.  This information will be 

valuable to clinicians, allowing them to advise their patients on post-surgical behavior 

modification and rehabilitation treatments that will avoid movements potentially associated with 

adjacent segment disease.   

Second, several new cervical artificial disc replacements have recently been approved for 

use in the United States. The effectiveness of these “motion preservation” devices and their in 

vivo behavior during muscle-driven movement is unknown.  Although more expensive than a 

traditional fusion, the new disc replacements have not yet proven to be superior in reducing the 

occurrence of adjacent segment disease.  For the clinician, it would be helpful to know the 

arthrokinematic changes that occur in adjacent segments following fusion, and if these changes 

can even be addressed by motion-preserving instrumentation.  Although a complete answer to 

these questions will require a prospective, randomized clinical trial to properly evaluate the 

effectiveness of non-surgical options, traditional fusion, and “motion preserving” devices, the 
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current proposal will provide initial data on in vivo effects of fusion that the clinician can use to 

advise their patients as to the recommended surgical procedure for degenerative disc disease. 

Finally, the information gained from the modeling portion of this study will form a basis 

for eventually evaluating the effects of surgical and non-surgical cervical spine interventions on 

spine tissue stress and strain. Ultimately, this will lead to improved treatment for patients with 

cervical spine disorders. 

 

1.2 SPECIFIC AIMS 

The proposed study employs a biplane radiographic system capable of tracking in vivo bone 

motion with sub-millimeter accuracy during functional loading.  The biplane radiographic 

system will be used to record precise, three-dimensional, in vivo, muscle-driven movement of 

cervical vertebrae in asymptomatic subjects and single-level anterior cervical fusion patients 

while they perform flexion-extension movements. Three-dimensional relative motion between 

adjacent vertebrae (joint kinematics), the corresponding small amplitude motion between 

articulating surfaces (joint arthrokinematics), and disc stress determined from computational 

modeling will provide a unique set of information to characterize cervical spine mechanics.  

Each specific aim intends to identify distinct mechanical characteristics that may affect 

cervical disc degeneration following single level anterior fusion.  It is hypothesized that 

kinematic data will provide evidence of in vivo motion patterns following fusion that are 

detrimental to adjacent segment intervertebral discs.  The arthrokinematic data is expected to 

reveal how modifications in joint kinematics following fusion lead to novel and destructive 
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adjacent segment surface interactions.  Finally, the computational model will be verified and 

validated as a first step in the process of identifying tissue loading that may negatively affect 

intervertebral disc homeostasis adjacent to the fused motion segment.  

1.2.1 Specific Aim 1 

The first Specific Aim is to identify kinematic characteristics of cervical spine motion 

that differentiate asymptomatic subjects from single-level anterior fusion patients during in vivo 

functional loading. 

Hypothesis 1: Six months after fusion surgery, vertebrae adjacent to the fused segment 

will move through significantly greater range of motion, exhibit a change in location of their 

center of rotation, and display a change in the order of sequential motion during flexion-

extension when compared to asymptomatic control subjects. 

1.2.2 Specific Aim 2  

The second Specific Aim is to identify arthrokinematic characteristics of cervical spine 

motion that differentiate asymptomatic subjects from single-level anterior fusion patients during 

in vivo functional loading.  

Hypothesis 2: Six months after fusion surgery, the compression and expansion of discs 

and the relative velocity between facet joint surfaces adjacent to the fused segment will be 

significantly different from corresponding discs and facets in asymptomatic control subjects.  
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1.2.3 Specific Aim 3  

The third specific aim is to verify and validate a single-level, subject-specific finite 

element model of the sub-axial cervical spine.  

A subject-specific finite element model, with tissue geometry and material properties 

derived from medical images, will be developed.  Convergence tests will be performed on disc 

and vertebra components of the models.  A sensitivity analysis of bone, disc and ligament 

mechanical properties will be completed.  The model will be validated using subject-specific in 

vivo kinematic data and previously published experimental results for disc stress. 

1.2.4 Summary of Aims  

The overarching hypothesis of this study is that mechanical factors initiate disc degeneration 

following fusion by exposing the disc tissue to novel, excessive loads.  In fact, measurable 

changes in the mechanical environment may precede perceptible alterations in the biological 

environment.  Thus, mechanical factors may be superior to biological or chemical indicators of 

impending disc degeneration.  By identifying mechanical characteristics that are potentially 

harmful to the disc, the information gained from this study may eventually be applied to evaluate 

the efficacy of surgical and non-surgical interventions. Ultimately, this will lead to improved 

treatment for patients with cervical degenerative disc disease. 
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2.0  INTERVERTEBRAL KINEMATICS 

 

2.1 RANGE OF MOTION 

2.1.1 Introduction 

Degenerative changes adjacent to fused cervical vertebrae have been well documented
5-11

, and 

may occur as early as 17 months following surgery
8
.  These degenerative changes occur in 16% 

(out of 112 patients)
6
 to 25% (out of 374 patients)

7
 of patients within 10 years of the operation, 

and require adjacent level surgery in 6% to 10% of patients
11,45-48

 (out of 38 to 180 patients).  A 

21-year follow-up report of 50 patients has indicated 32% of anterior arthrodesis patients 

developed recurrent pain an average of 7.2 years after surgery, and 16% required surgery for disc 

disease at an adjacent level
5
.  The literature is inconclusive as to the most likely location for 

adjacent segment degeneration, as one study suggested progressive degeneration occurs with 

equal frequency superior and inferior to the fused segment
49

 while another determined adjacent 

segment degeneration is level-dependent and most prevalent at the C5/C6 and C6/C7 discs
7
.  The 

etiology of adjacent segment disease following cervical arthrodesis remains controversial.  The 

disease may progress due to the underlying spondylosis
7,14,50

, the arthrodesis may lead to 
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increased motion in adjacent vertebrae, resulting in overload
10,12,15-17

, or adjacent segment 

degeneration may result from a combination of these two factors
9,11

. 

Investigations designed to identify mechanical factors that may expedite adjacent 

segment degeneration have primarily focused on excessive motion adjacent to the fused segment 

during flexion-extension.  In order to identify excessive motion, the normal range of motion 

(ROM) in asymptomatic subjects must first be defined.  This has been previously accomplished 

by manually identifying anatomic landmarks on 2D lateral radiographs
16,18-23,51

. These 

measurements have inherent limitations including potential differences between ROM calculated 

from radiographs collected in static positions versus during dynamic, muscle-driven movement
30

,  

the high measurement variability associated with manual digitization
22,23,25,27,52

, and the inability 

to assess motion that occurs out of the film plane.  Numerous authors have noted the necessity 

for three-dimensional
16,28-32

, in vivo
21,28,30,33

 measurements of the cervical spine under dynamic 

load
16,27,33,34

.  

The overall objective of the current study was to evaluate cervical intervertebral range of 

motion during dynamic flexion-extension in single-level anterior cervical discectomy and fusion 

(ACDF) patients and asymptomatic control subjects.  The first aim was to assess differences 

between control subject intervertebral ROM and intervertebral ROM following single-level 

ACDF in terms of all six degrees of freedom (3 translations and 3 rotations).  The second aim 

was to compare static ROM measurements to those obtained during dynamic, functional 

movement.  



  12 

2.1.2 Materials and Methods 

2.1.2.1 Subjects 

Following Institutional Review Board (IRB) approval, subjects who were at least 18 years of age 

and scheduled to undergo (or recently received) single-level ACDF surgery were identified 

during clinic visits.  Pregnant women, patients diagnosed with osteoporosis, and patients with 

any other injury or disease that interferes with spine function were excluded.  Asymptomatic 

controls were recruited to approximately match the age and gender distribution of the arthrodesis 

subjects.  Control subject recruitment was accomplished through an advertisement in an 

employee newsletter and word of mouth.  Data from 30 subjects (10 C5/C6 arthrodesis patients 

and 20 controls) who provided informed consent to participate in this study was included in the 

present analysis.  

2.1.2.2 Data Collection and Processing 

High-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical spine (C2-C7) were 

acquired on each participant (GE Lightspeed 16, GE Medical Systems, Waukesha, WI).  Bone 

tissue was segmented from the CT volume using a combination of commercial software (Mimics 

software, Materialise, Leuven, Belgium) and manual segmentation
53

.  A three-dimensional (3D) 

model of each vertebra was generated from the segmented bone tissue
54

.  Markers were 

interactively placed on the 3D bone models to define bone-specific anatomic coordinate systems.  

Subjects performed continuous full ROM flexion-extension to the beat of a metronome 

set at a rate of 40 to 44 beats per minute to complete one full movement cycle in approximately 3 

seconds.  Biplane radiographs were collected at 30 images per second for 3 seconds for two to 

three dynamic movement trials per subject (Figure 1).  A total of 78 dynamic flexion-extension 
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trials were included in this analysis.  Three static trials were also collected for each subject: one 

in the neutral position, one in full flexion, and one in full extension. For the flexion radiograph, 

subjects were instructed and encouraged to flex their head down as far as possible, pushing the 

chin into the chest if possible.  For the extension radiograph, they were instructed and 

encouraged to look up and back as far as possible.  For the neutral radiograph, they were 

instructed to look directly forward.  A previously validated tracking process determined three-

dimensional vertebral position in each pair of radiographs with sub-millimeter accuracy
55

 for all 

static and dynamic trials (Figure 2).  Details describing the model-based tracking process, 

including hardware and software specifications, calibration and distortion correction procedures, 

and computational algorithms have been described previously
55-58

. 

 

Figure 1: Biplane X-ray data collection system. 
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Figure 2: Virtual X-Ray system for model-based tracking. 

 

 

Tracked data was filtered at 1.7 Hz using a fourth-order, low-pass Butterworth filter with the 

filter frequency determined using residual analysis
59

.  Six degree-of-freedom (DOF) kinematics 

between adjacent vertebrae (3 translations: medial-lateral (ML), superior-inferior (SI) and 

anterior-posterior (AP); 3 rotations: flexion-extension (FE), twist (TW) and lateral bend (LB)) 

were calculated for every frame in each trial in accordance with established standards for 

reporting spine kinematics
60,61

 (Figure 3).   
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Figure 3: Three-dimensional bone models at five instants of the flexion cycle. 

 

Three-dimensional motion data for C2 was not available for four arthrodesis subjects, either 

because the CT scan did not include enough of this bone or because the subject was positioned 

incorrectly within the field-of-view of the biplane X-ray system.  These oversights in data 

collection were corrected prior to testing any asymptomatic control subjects.  Thus, C2/C3 data 

is presented only for the asymptomatic control group. 

2.1.2.3 Analyzed Parameters 

Six degree-of-freedom (DOF) ROM was calculated from the maximum and minimum 

values for each of the six kinematic parameters describing relative motion between adjacent 

bones (3 translations and 3 rotations) for each motion segment for each trial (Figure 4). The 

standard deviation of these ROM values over all trials for a given subject defined the trial-to-trial 

variability.   It is important to note that these maximum and minimum values may have occurred 
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at any point of the movement cycle; they did not necessarily occur at the end of the head flexion-

extension range of motion.  This was especially true for parameters describing motion out of the 

flexion-extension plane.  The maximum overall ROM for each parameter was then calculated by 

finding the maximum and minimum value of each parameter over all dynamic movement trials 

for a given subject (the dynamic ROM).   

 

Figure 4: Intervertebral angles during the flexion-extension motion. 

 

Intervertebral range of motion was also calculated from the static full-flexion and static 

full-extension images for each subject (the static ROM).  An additional measurement, termed 

“clinical anterior-posterior ROM”, was calculated using the inferior-posterior edge of the 

superior vertebral body and the superior-posterior edge of the inferior vertebral body.  This 

measurement was similar to a previous method used to quantify anterior-posterior translation as 

is typically measured clinically
62

.   

Static alignment between adjacent vertebrae was determined from the static neutral trial 

from each subject.  The maximum amount of flexion and anterior translation as well as the 
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maximum amount of extension and posterior translation were determined relative to this static 

neutral position for the dynamic flexion-extension trials.  

Disc height in the anterior annulus, nucleus, and posterior annulus regions was 

determined for each subject in order to assess disc degeneration.  Nucleus and annulus regions 

were defined on the bone model endplate surfaces according to previous reports
49,50

 and disc 

height measurements were acquired within the central 1/3
rd

 of the disc width (Figure 5).  

Average disc height within the nucleus, anterior annulus, and posterior annulus region was 

determined from the static trial with the subject in an upright neutral position (Figure 6). 

 

 

Figure 5: Disc regions. 
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Figure 6: Color-coded disc height on a C6/C7 motion segment. 

 

 

2.1.2.4 Statistical Design and Analysis 

Sample size was determined using variability estimates from previous studies that used CT 

model-based tracking and kinematic measurement techniques that were similar to the current 

study
56,58

, and power set at 0.80, so that differences between groups as small as 1.0º in rotation 

could be detected
63

.  Analysis of variance was used to assess all differences between the control 

and arthrodesis groups.  Paired t-tests were used to identify differences between static and 

dynamic six DOF ROM within all subjects.  Significance was set at p < .05 for all tests and 

significance levels were adjusted for multiple comparisons using the False Discovery Rate
64

.  P-

values listed in all tables were significant after adjusting for multiple comparisons.  
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2.1.3 Results 

2.1.3.1 Rotational Range of Motion 

Dynamic ROM in asymptomatic controls during the flexion-extension movement was largest in 

the flexion-extension direction, followed by the lateral bend direction, and smallest in the twist 

direction at every motion segment (Appendix A, Table 2).  Significant differences between the 

control group and C5/C6 arthrodesis group were identified at the operated motion segment, with 

flexion-extension ROM significantly less in the arthrodesis group (average difference: -11.8º, 

95% CI -14.9º to -8.7º, p < .001).  Twist rotation was also significantly larger inferior to the 

operated segment (p < .001) in comparison to controls.  The total ROM in the flexion-extension 

direction was not significantly different between the control and arthrodesis groups at any non-

operated motion segment (all p > .370).  

Flexion-extension ROM was further characterized by separating the total flexion-

extension ROM into flexion ROM and extension ROM using the static neutral trial as a 

reference.  In the control group, the flexion ROM was larger than the extension ROM at each 

motion segment, however, this difference did not reach statistical significance at any level (p = 

.096) (Appendix A, Table 3).  The distribution of flexion and extension ROM in C5/C6 

arthrodesis subjects was opposite that of the controls.  In arthrodesis subjects, the extension 

ROM was larger than the flexion ROM at each non-operated motion segment.  In fact, for the 

C4/C5 motion segment, the extension ROM was significantly greater in C5/C6 arthrodesis  

patients in comparison to asymptomatic control subjects (average difference 3.8º, 95% CI 0.9º to 

6.6º, p = .011) while the flexion ROM was significantly less in C5/C6 arthrodesis patients in 

comparison to asymptomatic control subjects (average difference -2.9º, 95% CI -5.3º to -0.5º, p = 

.019) (Appendix A, Table 3; Figure 7).   Overall head ROM relative to the trunk was 40.9º ± 9.7º 
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in flexion and 45.3º ± 12.8º in extension for the control group, while overall head ROM relative 

to the trunk was 35.3º ± 8.5º and 43.5º ± 11.6º in flexion and extension, respectively, for the 

arthrodesis group. 

 

 

Figure 7: Representation of flexion-extension ROM in C5/C6 fusion and control 

groups. 

2.1.3.2 Translation Range of Motion 

The only significant difference between the control and C5/C6 arthrodesis groups in total 

dynamic translation ROM was at the fused motion segment, with anterior-posterior ROM 

significantly less in the arthrodesis group (average difference: -2.6 mm, 95% CI -3.2 to -2.0 mm, 

p < .001) (Appendix A, Table 4).  The total anterior-posterior ROM was larger superior to the 

C5/C6 motion segment in comparison to controls, however, this difference did not reach 

statistical significance (p = .063). 

When the total anterior-posterior ROM was divided into anterior ROM and posterior 

ROM using the static neutral trial as a reference, trends were similar to those found when 

analyzing flexion and extension components of the total dynamic ROM (Appendix A, Table 5; 
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Figure 7).  Specifically, anterior translation was consistently less and posterior translation was 

consistently greater in C5/C6 arthrodesis subjects in comparison to controls at each non-fused 

motion segment.  The difference in posterior translation was statistically significant at the C6/C7 

motion segment (average difference: 0.4 mm, 95%CI 0.0 to 0.8 mm, p = .016), but not at the 

C4/C5 motion segment after correcting for multiple comparisons (p = .043, N.S.). 

2.1.3.3 Clinical Translation Range of Motion 

Intervertebral translation in control subjects, as typically measured clinically, ranged from 1.1 

mm to 2.3 mm, with no significant differences among levels (Table 1).  The only significant 

difference between control and arthrodesis patients in clinical AP translation occurred at the 

operated motion segment (p < .001). 

Table 1: Clinical anterior-posterior translation range of motion during flexion-

extension. 

 

2.1.3.4 Trial-to-Trial Variability 

Average trial-to-trial variability in maximum rotational ROM (defined as the standard 

deviation of the maximum ROM for all trials for a given subject) was 0.9º or less for all 3 

rotational DOF in control subjects during dynamic trials.  Variability was consistently greater in 

flexion-extension rotation (0.4º to 0.9º) than in twist or lateral bend rotation (0.2º to 0.4º) for 

control subjects.  Trial-to-trial variability in rotation ROM was not significantly different 

between control and fusion groups (all p > .056). 
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 Trial-to-trial variability in maximum translation ROM was .22 mm or less for all 3 

translational DOF in control subjects during dynamic trials.  Significantly greater variability in 

C5/C6 fusion subjects in comparison to controls was observed in the medial-lateral direction 

inferior to the fused segment (p < .001).  

2.1.3.5 Static versus Dynamic Range of Motion 

Intervertebral ROM measured during dynamic, functional movement tended to be larger than 

intervertebral ROM measured from static full-flexion and full-extension images (Appendix A 

Table 7, Appendix A Table 8).  In control subjects, dynamic ROM was significantly greater than 

ROM measured from static images in all three rotational and translational DOF in the C2/C3, 

C3/C4 and C4/C5 motion segments.  The effect of measuring ROM using images collected 

during active motion, as opposed to images collected with the subject stationary, was typically 

greater in C5/C6 arthrodesis patients than in control subjects (Appendix A Table 7, Appendix A 

Table 8). 

2.1.3.6 Disc Height 

Disc height measurements indicated no significant differences between control and arthrodesis 

groups.  No differences in disc height were identified among disc levels in control subjects (p = 

.253), however, significant differences were observed among disc regions (Appendix A, Table 

8).  Nucleus height was significantly greater than anterior annulus height and posterior annulus 

height (p = .001 and p < .001, respectively), while anterior annulus height was significantly 

greater than posterior annulus height (p < .001).  Differences between fusion and control subject 

disc heights were further reduced when corrected for bone size. 
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2.1.4 Discussion 

No significant differences between control subject and C5/C6 arthrodesis patient ROM in non-

operated vertebrae were identified in the primary directions of motion during flexion-extension 

(i.e. flexion-extension rotation and anterior-posterior translation).  This result agrees with 

previous reports that indicated adjacent segment kinematics remained unchanged approximately 

one year after arthrodesis
13,65

, but these results contradict another report of significantly less 

intersegmental ROM at “almost every level” when arthrodesis subjects were compared to control 

subjects
66

.  The lack of significant in vivo differences between arthrodesis and control group 

total ROM contradicts in vitro studies that showed excessive motion following arthrodesis on 

cadaver specimens
12,67-70

, suggesting in vitro test protocols may not adequately replicate in vivo 

loading.  The small flexion-extension rotation observed in the C5/C6 arthrodesis subjects at the 

C5/C6 motion segment consistently followed the flexion-extension patterns of adjacent 

vertebrae, indicating the flexion-extension ROM calculated in the present study represented 

actual motion at the operated segment, and was not merely noise in the measurement system. 

The results of the current study indicate that the total ROM in secondary components of 

motion (i.e. twist and bend rotation, medial-lateral and superior-inferior translation), on average, 

are less than 2.8º in rotation and 0.7 mm in translation in asymptomatic subjects. Single-level 

anterior arthrodesis does not appear to have a clinically significant affect on ROM in these 

secondary components of total motion during the flexion-extension movement.  

The results indicate single-level anterior arthrodesis appears to affect the distribution of 

total flexion-extension ROM and total anterior-posterior translation ROM (Table 3 and Table 5).  

The absence of significant differences between flexion ROM and extension ROM and between 
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anterior translation and posterior translation ROM in control subjects contradicts a previous 

study that found significant differences between anterior and posterior translation in control 

subjects
25

.  The current study is the first to compare flexion and extension components of 

rotation and anterior and posterior components of translation in control and arthrodesis groups.  

The significant alteration in the balance between flexion and extension ROM and between 

anterior and posterior translation ROM adjacent to the arthrodesis reveals a kinematic difference 

between arthrodesis and control subjects and suggests that it may be advantageous to evaluate 

ROM clinically by measuring ROM from neutral to full-flexion and from neutral to full 

extension, rather than the current standard of full-extension to full-flexion.  It is not clear if the 

observed kinematic differences in the arthrodesis group modify disc stress and pressure enough 

to affect disc homeostasis
39-41,71

 and lead to disc degeneration. 

Clinical AP translation in control subjects was well below the standard of 3.5 mm to 

indicate excessive translation or pathology
72

.  The 3.5 mm standard, determined using cadaver 

specimens, agrees well with the current in vivo data that shows the upper boundary for the 95% 

confidence interval for AP translation ROM is 3.45 mm at the motion segments with the greatest 

AP translation ROM (C3/C4 and C4/C5).  However, the present data also suggests the standard 

AP translation measurement used to identify excessive translation is level dependent, with 2.3 

mm being the upper boundary for the 95% confidence interval for AP translation ROM at the 

C6/C7 motion segment. 

When reporting in vivo kinematic data, it is beneficial to be aware of the trial-to-trial 

variability within subjects.  Increased trial-to-trial variability may indicate joint instability or a 

deficit in neuromuscular control.  Furthermore, for research purposes, it is helpful to know how 

well a single movement trial represents the typical movement being analyzed.  The results of the 
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current study indicate that ROM measurements during flexion-extension are highly repeatable 

for subjects using the described protocol and measurement techniques.  This finding suggests, 

first, that subjects are capable of performing the flexion-extension movement in a highly 

repeatable fashion, and second, that the measurement tools used to characterize the motion have 

high precision.  The authors are not aware of any previous studies that collected and analyzed 

multiple trials from each subject to assess within-subject variability in cervical spine ROM.  The 

variability results presented here provide a standard that potentially can be used to identify 

cervical spine instability during dynamic, functional movement. 

The results of this study indicate ROM measurements that are performed using only static 

end range-of-motion images significantly underestimate the 6 DOF ROM in the cervical spine 

(CME2).  The present results confirm a previous suggestion that differences may exist between 

static and dynamic measurements of ROM
30

.  Single end-range images obtained during either 

static positioning or during dynamic movement underestimate ROM because of muscular and 

inertial force differences between static and dynamic conditions and because all motion segments 

do not reach their maximal ROM simultaneously.  Furthermore, as has been previously 

demonstrated, static cervical flexion-extension ROM may be increased an average of 2º to 3º per 

motion segment by manually applying force to the head
22

, suggesting the potential exists for 

additional ROM beyond standard flexion-extension views.  The clinical implication of this 

finding is that range of motion measured from static full-flexion and static full-extension images 

of arthrodesis patients should be interpreted with the understanding that these measurements may 

underestimate functional flexion-extension ROM by up to 3º. 

There were several limitations associated with this study.  First, pre-surgical dynamic, 

functional movement testing was not performed on the C5/C6 arthrodesis subjects due to pain 
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and limited movement prior to surgery.  As a result, arthrodesis subject data was compared to 

control subjects of approximately the same age.  It is important to note that arthrodesis subjects 

were tested approximately 7 months after surgery, earlier than adjacent segment disease 

generally occurs
8
.  Therefore, while the present results provide valuable information regarding 

the short-term effects of arthrodesis, they may not be representative of longer-term effects of 

arthrodesis.  One benefit of this short-term data, however, is that if kinematic differences are 

observed at longer-term follow-up it will be clear which kinematic changes occurred soon after 

surgery and which changes developed over a longer time period.  An additional limitation is that 

the age range of the arthrodesis subjects (and therefore the age-matched controls) was relatively 

narrow for this study.  Although this age group is highly relevant from a clinical perspective, the 

results presented here should be considered representative only for the age group included in this 

cohort considering the well-known changes that occur in the spine with age
49,71,73,74

.  The 

percentage of smokers in the control and arthrodesis groups were slightly less and slightly more, 

respectively, than the percentage of smokers in large clinical trials involving anterior 

arthrodesis/arthroplasty subjects (32% to 45% smokers)
45,49,75

 and further study involving a 

larger number of arthrodesis patients will be necessary to determine if a relationship exists 

between smoking and cervical kinematics following arthrodesis.  Although significant 

differences in total flexion-extension ROM and total anterior-posterior translation ROM were not 

identified in this study, other kinematic differences, such as the instant center of rotation
22,30,76

 

and the sequencing of the intervertebral rotations
24,77

 may exist between control and single-level 

arthrodesis subjects.  Furthermore, total ROM measurements may not even be the appropriate 

parameters to characterize the mechanical effects of arthrodesis on subsequent disc degeneration 

because end ROM positions are encountered much less frequently during activities of daily 
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living than mid-range of motion positions.  Thus, additional and alternative kinematic 

measurements may prove more effective in identifying mechanical factors that lead to disc 

degeneration following arthrodesis.  Finally, the ROM results presented here are limited to the 

flexion-extension movement.  The effect of C5/C6 arthrodesis on ROM during twisting and 

bending rotations may or may not follow the patterns described here.   

 

 

 

 

 

2.2 CONTINUOUS KINEMATICS 

2.2.1 Introduction 

Cervical spine kinematics are commonly assessed using static, end-range of motion 

radiographs collected with the head in full flexion and full extension
16,21-23,51

.  Previous studies 

have demonstrated significant inter-subject variability in intervertebral flexion-extension range 

of motion (ROM), ranging from 20% to 60% of the overall motion at each motion 

segment
22,23,25,27,78

.  This large variability makes it difficult to identify “abnormal” motion that 

may develop following injury, degeneration, or surgical intervention.  Furthermore, restricting 

data collection and analysis to static endpoint positions prohibits the characterization of mid-

range kinematics that make up the majority of spine motion during activities of daily living
79,80

.  
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While several studies have recorded two-dimensional, continuous cervical motion during 

dynamic flexion-extension, these studies failed to report intervertebral kinematics throughout the 

continuous motion
24,25,65,66

.  Thus, the high inter-subject variability in flexion-extension ROM, 

combined with the lack of any quantitative continuous kinematic data throughout the entire 

movement cycle, precludes the development of a precise and comprehensive definition of  

“normal” in vivo cervical kinematics during flexion-extension.  

The mechanical effects of arthrodesis and disc arthroplasty on adjacent segments are 

often evaluated by in vitro testing of cervical specimens
12,68-70,81,82

 and finite element models 

derived from in vitro tests
83-87

.  The preferred in vitro testing protocol is one that most closely 

follows the in vivo kinematic pattern for all segments of the cervical spine
88

.  Thus, the fidelity 

of in vitro testing is often evaluated by comparing in vivo and in vitro total range of motion 

measures over the entire subaxial spine
 
or at each intervertebral motion segment

12
,
89

,
90

.  The high 

variability in segmental in vivo range of motion, as well as the lack of data describing mid-range 

kinematics during in vivo functional loading, make it unclear how accurately the kinematic 

response of in vitro tests and finite element models represent actual in vivo motion during 

dynamic functional loading.  

The current study was carried out to address the aforementioned limitations to our current 

knowledge of in vivo cervical spine kinematics during functional loading. The objective of this 

study was to quantify intervertebral kinematics during continuous, functional flexion-extension 

in a group of asymptomatic control subjects.  As part of this objective, subject-specific disc 

height and static intervertebral orientation at each cervical level were used to more precisely 

define “normal” in vivo kinematics.  The hypothesis associated with this objective was that static 

disc height and static orientation would be associated with kinematics at each motion segment 
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during functional dynamic loading.   Finally, in order to demonstrate the benefit of assessing 

intervertebral kinematics using continuous data, continuous intervertebral kinematics were 

compared between single-level anterior arthrodesis patients and asymptomatic controls.  

 

2.2.2 Materials and Methods 

Following Institutional Review Board approval, data was analyzed from 6 single-level 

(C5/C6) anterior arthrodesis patients (average age: 48.8 ± 6.9 yrs; 1 M, 5 F; 7.6±1.2 mo. post -

surgery) and 18 asymptomatic control subjects of similar age (average age: 45.6 ± 5.8 yrs; 5 M, 

13 F) who provided informed consent to participate in this research study.  Arthrodesis subjects 

who were at least 18 years of age and scheduled to undergo (or recently received) single-level 

ACDF surgery were identified during clinic visits.  Pregnant women, patients diagnosed with 

osteoporosis, and patients with any other injury or disease that interferes with spine function 

were excluded.  Asymptomatic controls who had no history of cervical spine dysfunction or pain 

were recruited to approximately match the age and gender distribution of the arthrodesis 

subjects.  Control subject recruitment was accomplished through an advertisement in an 

employee newsletter and word of mouth. 

High-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical spine (C2-C7) 

were acquired on each participant (GE Lightspeed 16).  Bone tissue was segmented from the CT 

volume using a combination of commercial software (Mimics software, Materialise, Leuven, 

Belgium) and manual segmentation
53

.  A three-dimensional (3D) model of each vertebra was 

generated from the segmented bone tissue.  Markers were interactively placed on the 3D bone 

models to define bone-specific anatomic coordinate systems (Figure 8). 



  30 

 

 

 

Figure 8: The anatomic coordinate systems in a C6/C7 motion segment. 

Subjects were seated within a biplane X-ray system and directed to continuously move 

their head and neck through their entire range of flexion-extension (Figure 1).  A metronome set 

at 40 to 44 beats per minute was used to ensure the participants moved at a continuous, steady 

pace to complete each full movement cycle in 3 seconds or less.  Radiographs were collected at 

30 frames per second for 3 seconds for each trial of continuous flexion-extension (X-ray 

generator parameters: 70 KV, 160 mA, 2.5 ms X-ray pulses; source-to-subject distance 140 cm).  

Radiographs were collected for 2 or 3 trials for each subject, resulting in a total of 63 movement 

trials analyzed for this study.  Multiple trials from the same subject were averaged to yield a 

single average dataset for each subject used for statistical analysis.  A static trial with the subject 

looking forward with the head in the neutral position was also collected for each participant.  The 

effective radiation dose for each dynamic flexion-extension motion trial was estimated to be 0.16 

mSv (determined using PCXMC simulation software, STUK, Helsinki, Finland).  The effective 

dose of a cervical spine CT scan has been reported to be between 3.0 mSv and 4.36 mSv
91,92

.  
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A previously validated tracking process determined three-dimensional vertebral position 

with sub-millimeter accuracy
55

 for all static and dynamic trials.  Details describing the 

volumetric model-based tracking process, including hardware and software specifications, 

calibration and distortion correction procedures, and computational algorithms have been 

described previously
55-58

.  Tracked data was filtered at 1.0 Hz using a fourth-order, low-pass 

Butterworth filter with the filter frequency determined using residual analysis
59

.  Six degree-of-

freedom (DOF) kinematics between adjacent vertebrae (3 translations, 3 rotations) were 

calculated following established standards for reporting spine kinematics
60

,
61

.  Intervertebral 

position and orientation in each frame of the continuous dynamic trial were normalized to the 

static neutral trial for each subject.  Only the flexion-extension component of vertebral rotation 

and the anterior-posterior component of vertebral translation were included in the current 

analysis, as we have previously demonstrated that intervertebral motion out of the flexion-

extension plane during in vivo flexion-extension is relatively small (an average 2.1º of rotation 

ROM and 0.6 mm of translation ROM)
93

.   

C2 motion relative to C7 (C2/C7) was interpolated to obtain C2/C7 motion at 1% 

increments of the total cervical ROM for each participant.  In this way, the total cervical spine 

flexion-extension ROM of each participant was standardized to 100%, allowing for comparisons 

among subjects.  Segmental kinematics were then interpolated to obtain relative intervertebral 

motion for every 1% increment of C2/C7 spine motion.  Flexion and extension portions of the 

overall movement were analyzed separately.  

The static neutral trial was used to define intervertebral orientation and disc height of 

each motion segment for each participant.  An automated computer algorithm determined disc 

height at each level.  This algorithm identified the nucleus region of the disc on each bone 
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surface model according to previous reports
42,94

.  Disc height measurements were then acquired 

within the nucleus region and across the entire central 1/3
rd

 of the disc width.  Therefore, the disc 

height recorded for each disc was the average disc height within the central nucleus region when 

the head was in a static, upright neutral position.  

A regression equation relating range of motion to disc height at each motion segment was 

determined (Appendix A).  A second regression equation relating static orientation to average 

flexion-extension angle at each motion segment was also determined (Appendix A). 

The regression equations developed using control subject data were applied to the 

continuous kinematic data from arthrodesis subjects to adjust flexion-extension and anterior-

posterior translation according to disc height and static orientation at each motion segment. 

Analysis of variance (ANOVA) was used to identify statistically significant differences 

in flexion-extension angle between arthrodesis and control groups at each motion segment at 

every 10% interval of C2/C7 ROM. 

2.2.3 Results 

Disc height was significantly correlated to ROM at the C5/C6 and C6/C7 motion 

segments in control subjects (Table 2).  A significant relationship between static orientation and 

average flexion-extension angle was identified at the C2/C3, C3/C4, C4/C5 and C5/C6 motion 

segments during flexion and extension in control subjects (Table 3). Similarly, significant 

correlations between disc height and AP translation were identified at C5/C6 and C6/C7 motion 

segments (correlation coefficients (r) from 0.650 to 0.690; p-values from .002 to .004) and 

between static positioning and average AP translation value at all motion segments (correlation 

coefficients (r) from -0.486 to -0.776; p-values from <.001 to .041) in control subjects.  
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Table 2: The relationship between disc height and flexion-extension range of 

motion. 

 

 

Table 3: The relationship between static orientation and average flexion-extension 

angle. 

 

The average inter-subject variability in flexion-extension angle over the continuous 

movement path for the control group decreased 15% to 46% after accounting for differences in 

disc height and static orientation angle (Table 4).  Similarly, the average inter-subject variability 

in AP translation was reduced 14% to 33% after adjusting for disc height and static orientation 

angle (Table 4).   
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Table 4: Inter-subject variability in flexion-extension and anterior-posterior 

translation before and after accounting for disc height and static orientation. 

 

Continuous motion path data revealed nearly identical motion paths in arthrodesis and 

control groups at the C2/C3 motion segment (Figure 9A, 9B).  The motion paths for the two 

groups diverged when in a flexed orientation (at the C3/C4 motion segment) (Figure 9C, 9D) and 

when in an extended orientation (at the C6/C7 motion segment) (Figure 9I, 9J).  The consistent 

offset between groups at the C4/C5 motion segment (Figure 9E, 9F) approached significance 

during flexion from 40% to 90% of the C2/C7 ROM (all p < .10) and during extension from 30% 

to 70% of the C2/C7 ROM (all p < .10).  As expected, statistically significant differences 

between groups were identified at the C5/C6 motion segment (0% through 40% and 70% 

through 100%, all p < .002 for flexion and all p < .009 for extension).  Significant differences 

were also identified at the C6/C7 motion segment near full extension (p = .013 at 0% and 10% of 

ROM during flexion and p = .047 at 100% ROM during extension).  Differences between 

arthrodesis and control in AP translation continuous motion paths were consistent with these 

flexion-extension differences.  
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Figure 9: Average intervertebral flexion-extension curves for the control and fusion 

groups. 
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2.2.4 Discussion 

This is believed to be the initial report of continuous cervical kinematic data during in 

vivo flexion-extension.  The results indicate that disc height and static orientation are parameters 

that explain a significant portion of the inter-subject variability in cervical kinematics.  The logic 

behind evaluating these two variables was that increased disc height would allow for increased 

ROM at each motion segment, and that subjects with more extended (or flexed) static orientation 

angles would tend to be in more extension (or flexion) during their complete active motion cycle 

after standardizing each subject’s ROM to 100%.  This study has shown that 27% to 38% of the 

inter-subject variability in C5/C6 and C6/C7 flexion-extension ROM is associated with 

differences in disc height at C56 and C67.  This finding is in agreement with a previous 

multivariate analysis study that determined cervical ROM was associated with the severity of 

disc degeneration
52

.  The lack of association between disc height and ROM at more superior disc 

levels most likely occurred due to little variability in disc height at C23, C34 and C45 in our 

healthy, asymptomatic subjects.  The present study also demonstrated that 31% to 48% of the 

inter-subject variability in average flexion-extension angle is associated with differences in static 

orientation at the upper motion segments (C2/C3 through C5/C6).  This result indicates static 

orientation should be taken into account when flexion ROM and extension ROM are measured 

relative to the static neutral position
25

,
93

.   

After accounting for disc height and static orientation, the average inter-subject 

variability in the continuous flexion-extension motion paths was 1.9º.  In contrast, previous 

studies have reported inter-subject variability from 3.4º to 7.2º in flexion-extension range of 

motion
22,23,25,27,78

.  Adjusting for disc height and static orientation reduced inter-subject 

variability and helped achieve the primary study objective, to develop a more precise description 
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of intervertebral kinematics during continuous, functional flexion-extension for asymptomatic 

control subjects.  

As demonstrated in Figure 3, the continuous intervertebral motion paths may provide 

useful clinical information that cannot be obtained from static flexion-extension radiographs.  

For example, at the C4/C5 motion segment, if only end ROM data points were selected to 

measure ROM, the likely conclusion would be there is no difference in kinematics one level 

above the arthrodesis in comparison to controls.  However, the continuous motion data indicates 

a consistent offset toward more extension in the arthrodesis group relative to control subjects at 

C4/C5.  This preliminary result suggests the mechanical loading applied to the C45 disc may be 

altered by C5/C6 arthrodesis, providing a potential explanation for the occurrence of adjacent 

segment degeneration superior to the arthrodesis.  Similarly, the continuous motion paths for the 

C6/C7 motion segment indicate that from full flexion to the neutral orientation, the C6/C7 

motion segment kinematics are nearly identical in control subjects and arthrodesis patients.  

However, as the spine moves into extension, the control group and arthrodesis patient motion 

paths begin to diverge.  This suggests C5/C6 arthrodesis may alter the mechanics of the C6/C7 

motion segment in extension, implying a potential explanation for adjacent segment degeneration 

inferior to the operated motion segment.  The continuous kinematic results suggest that studies 

that report only adjacent segment total range of motion following arthrodesis or 

arthroplasty
65,95,96

 may overlook potential long-term clinically significant effects of these 

procedures (e.g. an offset toward extension in C4/C5 found in the present study).  Furthermore, 

static, end-range images cannot be used to identify specific ranges of motion where kinematics 

are altered following surgery (e.g. extreme extension affected C6/C7 kinematics in the present 

study).  
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As previously noted, data from cervical arthrodesis patients was included in the current 

analysis to highlight the advantages of collecting and analyzing in vivo kinematics continuously, 

throughout the entire flexion-extension movement.  Due to the small sample of arthrodesis 

patients, differences between arthrodesis and control groups should only be viewed as potentially 

suggesting that anterior cervical arthrodesis may affect adjacent segment kinematics.  A larger 

sample of arthrodesis patients will be necessary to conclusively establish in vivo kinematics in 

arthrodesis patients.  Furthermore, arthrodesis patient testing occurred relatively soon after 

surgery.  Differences between arthrodesis and control groups may become more apparent with 

longer-term follow-up testing.  An additional limitation of the current study is the relatively 

narrow age range for the asymptomatic control subjects.  Although the control subjects in this 

study were within a clinically relevant age range, continuous kinematics from younger and older 

asymptomatic cohorts may differ from the current results.  

In conclusion, inter-subject variability in cervical flexion-extension kinematics is 

influenced by disc height and the static orientation of each motion segment.  The continuous 

kinematic technique described may help in the design of the next generation of motion-

preserving technology, perhaps allowing for patient-specific implant designs. Continuous 

kinematic techniques may also detect clinically important differences between arthrodesis and 

arthroplasty that are not apparent at static, end range of motion positions. Finally, the continuous 

motion path curves may be used to evaluate and improve the fidelity of in vitro cervical spine 

mechanical testing protocols.    
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2.3 CONTRIBUTIONS TO MOTION 

2.3.1 Introduction 

Degenerative changes adjacent to cervical arthrodesis have been widely reported
5-11

.  These 

degenerative changes occur in 16%
6
 to 25%

7
 of the patients within 10 years of the operation, and 

require adjacent level surgery in 6% to 10% of the patients
11,45-48

.  The etiology of adjacent 

segment disease following cervical arthrodesis remains controversial.  The disease may progress 

due to the underlying spondylosis
7,14,50

, the arthrodesis may lead to increased motion in adjacent 

vertebrae, resulting in overload and instability
10,12,15-17

, or adjacent segment degeneration may 

result from a combination of these two factors
9,11

.  In an attempt to eliminate the potential 

overload of adjacent segments following arthrodesis, several motion-preserving disc replacement 

devices have been recently developed
97-100

.  

The effects of anterior arthrodesis or disc arthroplasty on adjacent segment kinematics are 

often evaluated clinically using full flexion and full extension radiographs.  These end-range 

images are not necessarily representative of mid-range cervical kinematics and are characterized 

by substantial inter-subject variability in range of motion
22,23,25,27,78

, potentially due to variable 

patient effort during imaging.  These limitations associated with static end-range imaging make it 

impossible to determine if cervical motion segment contributions to flexion-extension are 

constant or if they fluctuate throughout the range of motion.  Furthermore, while arthrodesis may 

not affect overall range of motion in adjacent segments
93

, it is not clear if it affects the normal 

patterns of contributions to motion, which may reflect altered disc loading following arthrodesis. 

Collecting continuous cervical kinematics over the entire flexion-extension motion and 
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performing a within-subject analysis of the segmental contributions to overall spine motion may 

overcome the limitations associated with static, end-range imaging.  

The first objective of this study was to characterize segmental percentage contributions to 

cervical flexion-extension in an asymptomatic control group.   The hypothesis tested was that 

segmental contributions to spine motion would be level dependent and uniform over the entire 

range of motion.  Specifically, contributions from the C4/C5 and C5/C6 motion segments were 

expected to be the largest and contributions from C2/C3 and C6/C7 were expected to be the 

smallest throughout the entire range of motion.  The second objective of this study was to assess 

the effect of single-level anterior arthrodesis on adjacent segment contributions to cervical 

flexion-extension.  It was hypothesized that motion segments adjacent to the arthrodesis would 

disproportionally increase their contribution to cervical flexion-extension over the entire range of 

motion.  

 

2.3.2 Materials and Methods 

2.3.2.1 Subjects 

Following Institutional Review Board (IRB) approval, data was collected from 6 single-

level (C56) anterior arthrodesis patients (average age: 48.8 ± 6.9 yrs.; 1 M, 5 F; 7.6±1.2 mo. 

post-surgery) and 18 asymptomatic control subjects of similar age (average age: 45.6 ± 5.8 yrs.; 

5 M, 13 F) who provided informed consent to participate in this research study.  Pregnant 

women, patients diagnosed with osteoporosis, and patients with any other injury or disease that 

interferes with spine function were excluded.  Patients were identified during clinic visits.  
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Control subjects were recruited through an advertisement in an employee newsletter and word of 

mouth. 

2.3.2.2 Data Collection 

High-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical spine (C2-C7) 

were acquired on each participant (GE Lightspeed 16).  Bone tissue was segmented from the CT 

volume using a combination of commercial software (Mimics software, Materialise, Leuven, 

Belgium) and manual segmentation
53

.  A three-dimensional (3D) model of each vertebra was 

generated from the segmented bone tissue.  Markers were interactively placed on the 3D bone 

models to define bone-specific anatomic coordinate systems.  The effective dose of a cervical 

spine CT scan has been reported to be between 3.0 mSv and 4.36 mSv
91,92

. 

 

Subjects were seated within a biplane X-ray system and directed to continuously move their head 

and neck through their entire range of flexion-extension.  A metronome set at 40 to 44 beats per 

minute was used to ensure the participants moved at a continuous, steady pace to complete each 

full movement cycle in 3 seconds or less.  Biplane radiographs were collected at 30 images per 

second for 3 seconds for each trial of continuous flexion-extension (X-ray parameters: 70 KV, 

160 mA, 2.5 ms X-ray pulses, source-to-subject distance 140 cm).  Radiographs were recorded 

for 2 or 3 trials for each subject, resulting in a total of 63 movement trials analyzed for this study.  

Multiple trials from the same subject were averaged to yield a single average dataset for each 

subject used for statistical analysis.  A static trial with the subject looking forward with the head 

in the neutral position was also collected for each participant.  The effective radiation dose for 

each 3-second dynamic flexion-extension motion trial was estimated to be 0.16 mSv (determined 

using PCXMC simulation software, STUK, Helsinki, Finland).   
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2.3.2.3 Data Processing 

A previously validated tracking process determined three-dimensional vertebral position 

in each pair of radiographs with sub-millimeter accuracy
55

 for all static and dynamic trials.  

Details describing the volumetric model-based tracking process, including hardware and 

software specifications, calibration and distortion correction procedures, and computational 

algorithms have been described previously
55-58

.  Tracked bone movement data was filtered at 1.0 

Hz using a fourth-order, low-pass Butterworth filter with the filter frequency determined using 

residual analysis
59

.  Six degree-of-freedom (DOF) kinematics between adjacent vertebrae (3 

translations, 3 rotations) were calculated following established standards for reporting spine 

kinematics
60,61

.  Intervertebral position and orientation in each frame of the continuous dynamic 

trial were normalized to the static neutral trial for each subject.  Only the flexion-extension 

component of vertebral rotation is presented in the current analysis.  

C2 flexion-extension motion relative to C7 (C2/C7) was interpolated to obtain C2/C7 

motion at 1% increments of the total cervical ROM for each participant.  In this way, the total 

cervical spine flexion-extension ROM (from C2 to C7) of each participant was standardized to 

100%, allowing for comparisons among subjects.  Segmental flexion-extension rotation was then 

interpolated to obtain relative flexion-extension at each intervertebral motion segment for every 

1% increment of C2/C7 spine motion.  Initial analysis was performed separately for the flexion 

and extension motions. 
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2.3.2.4 Statistical Design and Analysis 

Statistical analysis was performed by fitting separate mixed-effects models for control and 

arthrodesis groups, with the random intercept for individual subjects and the cluster variation 

among motion segments (C2/C3, C3/C4, C4/C5, C5/C6 and C6/C7) to account for the 

dependency in the data.  Each fitted model included motion segment, percent contribution, 

squared percent contribution, and their interaction terms with the motion segment to capture the 

curvature in the percentage contribution curves over the ROM.  Differences in percent 

contributions between groups and between motion segments were assessed at given movement 

percentages by comparing point-wise 95% confidence intervals (CI) from the fitted models. 

2.3.3 Results 

Percentage contributions to C2/C7 flexion-extension were not significantly different at any 

motion segment between the flexion and extension movement (all p > .190 for direction of 

movement; all p > .571 for direction by group interaction).   Thus, segmental flexion 

contributions and segmental extension contributions to overall C2/C7 motion were combined at 

corresponding percentages of ROM for analysis purposes.   

Segmental percentage contributions varied substantially within each motion segment over 

the full range of flexion-extension in control subjects (Figure 10).  Two general patterns of 

contributions to flexion-extension were apparent.  The C2/C3, C3/C4 and C4/C5 motion 

segments, in general, made their maximum contributions during the mid-range of motion, and 

decreased their percentage contributions near the start and end of the ROM (Figure 10).  The 

C5/C6 and C6/C7 motion segments, on the other hand, made their maximum contributions near 

the start and end of the ROM, and generally made their smallest contributions over the mid-range 
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of motion (Figure 10).  The lack of overlap between 95% confidence interval boundaries from 

different motion segments (e.g. C3/C4 and C4/C5 from 70% to 100% of total C2/C7 ROM), 

indicate the contributions being compared are statistically different at all of the non-overlapping 

movement percentage points at a significance level of .05.  Similarly, within a single motion 

segment, the 95% confidence intervals may be used to identify portions of the flexion-extension 

movement cycle where the contributions due to a specific motion segment are statistically 

different at a significance level of .05 (e.g. the C6/C7 contribution from 40% to 60% of total 

ROM is less than the C6/C7 contribution from 0%-25% and 75%-100% of total C2/C7 ROM). 

 

 

 

Figure 10: Control group segmental percentage contributions to C2/C7 flexion-

extension. 

 

Segmental percentage contributions to C2/C7 flexion-extension in arthrodesis patients 

followed patterns similar to those in control subjects, with the obvious exception of very little 

motion attributed to the operated (C5/C6) motion segment (Figure 11).  The reduced contribution 
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from the C5/C6 motion segment in arthrodesis patients was compensated by an increased 

contribution from the C4/C5 and C6/C7 motion segments.  The contribution from the C4/C5 

motion segment in arthrodesis patients was significantly increased over the range of motion from 

30% to 95% of the total C2/C7 ROM relative to controls (Figure 11C). The contribution from the 

C6/C7 motion segment in arthrodesis patients was significantly increased over the entire flexion-

extension range of motion relative to controls (Figure 11E).  The C2/C3 and C3/C4 motion 

segment contributions were not significantly different between control and arthrodesis groups at 

any percentage of the C2/C7 flexion-extension movement.  The average differences between 

arthrodesis and control groups in percentage contribution from the C2/C3, C3/C4, C4/C5, C5/C6 

and C6/C7 motion segments were 1.7%, 2.5%, 5.1%, -18.2% and 8.9%, respectively, where 

positive (or negative) values indicate increased (or decreased) percentage contributions in 

arthrodesis patients relative to controls. 
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Figure 11: Control and arthrodesis group segmental percentage contributions to 

C2/C7 flexion-extension. 

 

C2/C7 flexion-extension ROM in the control group (67º+10º) was significantly greater 

than in the arthrodesis group (57º+7º) (p = .037).  This difference between groups was primarily 

due to the reduced ROM at C5/C6 in the arthrodesis group (p < .001).  No significant differences 

in total range of motion were observed at any other motion segment (Figure 12). 
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Figure 12: Average range of motion at each motion segment. 

 

 

2.3.4 Discussion 

Segmental percentage contributions to cervical spine flexion-extension have been reported 

previously using end ROM data (a single full extension and a single full flexion radiograph)
101-

103
 and images collected from selected midrange positions

77
.  These studies found that, in control 

subjects, segmental contributions were greatest at the C4/C5 motion segment and decreased 

progressively in the superior and inferior motion segments.  The current study provides a more 

detailed and comprehensive analysis of segmental contributions to flexion-extension.  The 

current study indicates that in asymptomatic subjects, midrange flexion-extension is dominated 

by C3/C4 and C4/C5 motion, while contributions from C5/C6 and C6/C7 motion segments 

increase near the start and end of the ROM.  Although the C5/C6 and C6/C7 motion segments 

increase their contributions to spine flexion-extension when loads on the spine are greatest, a 

clear connection cannot yet be made between these kinematic results and increased disc 
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degeneration at the C56 and C67 disc levels
104,105

.  Further computational modeling of the in 

vivo cervical spine (e.g. inverse dynamics or finite element modeling) will be necessary to reveal 

the interaction between kinematics, loading, and disc stress that may lead to degeneration at 

specific motion segments.  

The results indicate that cervical motion segment percentage contributions change 

significantly through the flexion-extension motion.  These fluctuations in segmental 

contributions suggest that the distribution of compressive and shear loads also fluctuates among 

the motion segments over the full range of motion.  These results make it clear that cervical spine 

mechanics cannot be fully characterized by static measurements.  It is evident that the motion of 

the vertebrae, and accompanying deformation of the discs, are dependent on the orientation of 

the head and the muscular loading that occurs with functional motion. This information cannot 

be obtained from single full-flexion and full-extension radiographs.   

As hypothesized, the motion segments adjacent to the arthrodesis significantly increased 

their contributions to C2/C7 flexion-extension.  Care should be taken to avoid misinterpretation 

of this result.  The increased percentage contributions from motion segments adjacent to the 

arthrodesis do not necessarily indicate an increased total ROM at these motion segments.  This is 

because overall C2/C7 motion was decreased in the arthrodesis groups.  As Figure 12 

demonstrates, and as we have previously reported for this cohort, there were no significant 

differences in the total flexion-extension ROM at each non-operated motion segment in 

arthrodesis and control subjects
93

.  A previous clinical study that included 374 cervical 

arthrodesis patients identified a significantly higher risk of new adjacent segment disease at the 

C6/C7 motion segment in comparison to the C4/C5 motion segment
7
.  The results of the current 

study suggest a potential mechanical mechanism for this clinical finding.  The C6/C7 motion 
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segment percentage contribution is, on average, 8.9 percentage points higher in arthrodesis 

patients than in controls, while the C4/C5 motion segment contribution is only 5.1 percentage 

points higher in arthrodesis patients than controls, on average.  Additionally, the increase in 

percentage contribution from the C6/C7 motion segment is continually greater than the increase 

from the C4/C5 motion segment over the entire ROM.  This implies that even if the arthrodesis 

patients are advised to limit their ROM following surgery (i.e. avoid full extension and full 

flexion), the largest change in percentage contribution to motion, relative to controls, will still 

occur at the C6/C7 motion segment, even over the mid-range of motion.  

The results indicate C5/C6 arthrodesis does not drastically alter the pattern of cervical 

motion segment contributions to flexion-extension.  Following arthrodesis, C2/C3, C3/C4 and 

C4/C5 continue to make their largest contributions to motion through the mid-range, while the 

C6/C7 motion segment still contributes more near the ends of the range of motion.  Although 

these results suggest the pattern of motion experienced by the discs is not affected by single-level 

arthrodesis, further research will be required to determine if arthrodesis affects the shear and 

compressive forces applied to cervical discs following arthrodesis.   

One limitation of the current study is that the surgical patients were not tested prior to 

surgery.  Therefore, it is not certain that the observed differences between groups were entirely 

due to the surgery, as some differences may have existed due to underlying spondylosis.  

However, pre-surgical testing of surgical patients has indicated substantial variability in range of 

motion related to pain
65

, and therefore pre-surgical data was unlikely to be informative.  Second, 

surgical patient testing occurred relatively soon after surgery.  Follow-up testing will be 

necessary to evaluate the longer-term effects of arthrodesis on segmental contributions to 

flexion-extension.  An additional limitation of the current study is the relatively narrow age 
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range for the asymptomatic control subjects.  Although the control subjects in this study were 

within a clinically relevant age range, continuous kinematics from younger and older 

asymptomatic cohorts may differ from the current results given the well-known changes that 

occur in the spine with age
49,71,73,74

. 

2.4 RELIABILITY, VARIABILITY AND ACCURACY OF THE 

INTERVERTEBRAL INSTANT CENTER OF ROTATION 

2.4.1 Introduction 

Lateral radiographs collected at full-flexion and full-extension have traditionally been used to 

assess cervical spine kinematics, quantify normal motion, and diagnose abnormalities.  These 

static radiographs are most often used to evaluate intervertebral range of motion (ROM) between 

adjacent cervical vertebrae.  ROM has limited clinical application, however, due to measurement 

inaccuracy inherent to the manual digitizing of vertebral landmarks and the wide inter-subject 

variability in “normal” ROM reported for asymptomatic subjects
23,25,78,106

.   

As an alternative to ROM, the instant center of rotation (ICR) has been proposed for 

evaluating the quality of movement and exploring abnormalities in the cervical spine
30

.  Full-

flexion and full-extension radiographs have previously been manually digitized to determine the 

ICR in asymptomatic subjects
76,106-108

 and symptomatic or surgical patients
76,108

.  While 

abnormalities in the ICR may correspond to specific pathologies
109

, the clinical utility of 

measurements obtained from images collected only at the ends of the ROM remains limited.  The 

dynamic function of muscles and ligaments cannot be assessed from static end ROM 
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measurements, and end ROM data points are not necessarily representative of mid-range motion 

where the majority of our activities of daily living occur
79,80

. In addition, the ICR will change 

location during dynamic motion and may not be fully described by a single point
110

. 

In an attempt to fully characterize joint motion, the path of the ICR through a full range 

of motion, i.e. the centrode 
111

, may be calculated.  The centrode has been determined for various 

joints including the wrist
112

, knee
113-115

, lumbar spine
116

, and foot/ankle
117,118

.  Centrode 

information may be particularly valuable to clinicians, as the centrode indicates how motion 

occurs between adjacent bones during continuous motion (i.e. motion quality), not simply how 

much motion occurs between adjacent bones (i.e. ROM).  Furthermore, characterizing the 

centrode during cervical spine motion is currently of particular interest due to the recent FDA 

approval of several cervical disc replacement devices in the United States
97,119,120

.  These disc 

replacements have either fixed or variable centers of rotation, and it is not clear how well these 

designs mimic in vivo cervical spine function. 

ICR calculations are notoriously sensitive to factors such as tracking error, marker 

placement, and rotation step size.  Therefore, it is important that the experimental methods are 

thoroughly validated and expected errors are quantified prior to implementing these calculations 

in a new application
121

.  Although parametric sensitivity analyses using simulated data may be 

used to identify factors influential to determining the ICR
121-124

, assessing the accuracy of ICR 

calculations obtained from in vivo data proves to be more difficult.  In vivo, during dynamic 

motion, a “known” center of rotation is not available to use as a gold standard for comparison in 

parametric evaluations.  In this situation, the accuracy of ICR calculations may be assessed 

through a simulation experiment designed to characterize the computational accuracy given the 

expected in vivo tracking error and marker distribution.  Furthermore, the in vivo reliability may 
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be assessed by analyzing multiple trials from the same subject, while the in vivo sensitivity may 

be assessed by a parametric evaluation of factors affecting the ICR calculation.   

The purpose of the present study was to assess the sensitivity, reliability and accuracy of 

in vivo dynamic cervical spine ICR path calculations obtained using biplane radiographs and a 

volumetric model-based tracking algorithm.  The in vivo sensitivity and reliability were 

evaluated with respect to movement direction (flexion versus extension), rotation step-size, filter 

frequency, and tracking error using a large cohort of asymptomatic subjects.  The experimental 

accuracy was determined by a simulation experiment using parameters appropriate for the in 

vivo protocol (i.e. tracking noise, distance from bone to ICR, filter frequency, rotation step size).   

2.4.2 Materials and Methods 

2.4.2.1 In Vivo Data 

Following Institutional Review Board (IRB) approval, data was collected from 20 asymptomatic 

subjects (13 F, 7 M; average age: 45.6 ± 5.7 yrs.) who provided informed consent to participate 

in this research study.  Subjects were seated within a biplane X-ray system and, for each trial, 

directed to continuously move their head and neck through their entire range of flexion-

extension.  A metronome set at 40 to 44 beats per minute was used to ensure the participants 

moved at a continuous, steady pace to complete each full movement cycle in approximately 3 

seconds.  Radiographs were collected at 30 frames per second for 3 seconds for each trial of 

flexion-extension (X-ray parameters: 70 KV, 160 mA, 2.5 ms X-ray pulses, source-to-subject 

distance 140 cm). Radiographs were recorded for 2 or 3 separate trials for each subject (allowing 

for a rest period between trials), resulting in a total of 50 trials included in the present in vivo 

analysis.  In addition, high-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical 
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spine (C2-C7) were acquired from each participant (GE Lightspeed 16). The effective radiation 

dose for each dynamic flexion-extension motion trial was estimated to be 0.16 mSv (determined 

using PCXMC simulation software, STUK, Helsinki, Finland).  The effective dose of a cervical 

spine CT scan has been reported to be between 3.0 mSv and 4.36 mSv
91,92

. 

Bone tissue was segmented from the CT volume using a combination of commercial 

software (Mimics software, Materialise, Leuven, Belgium) and manual segmentation
53

.  A three-

dimensional (3D) model of each vertebra was generated from the segmented bone tissue.  

Markers were interactively placed on the 3D bone models to define bone-specific anatomic 

coordinate systems.  In vivo bone motion of C2 through C7 vertebrae was tracked using a 

volumetric model-based tracking technique previously described in detail (Figure 2)
55,56,58

.  This 

model-based tracking technique has been previously validated in vivo to have a precision of 0.33 

mm or better for intervertebral translations and 1.1º for intervertebral rotations of the cervical 

spine
55

. Cervical spine intervertebral kinematics were determined following established 

standards for reporting spine kinematics
60,61

.  Intervertebral flexion-extension angle during 

dynamic movement trials was normalized to a trial collected with the participant in the static 

neutral position.  

A series of ICR locations was calculated between each pair of adjacent vertebrae over the 

subject’s full range of motion using the finite helical axis (FHA) method 
125

.  Each ICR was 

defined as the intersection point of the computed FHA and the sagittal anatomical plane of the 

inferior vertebra.  The anterior-posterior (AP) and superior-inferior (SI) location of each ICR was 

defined with respect to the inferior bone anatomic coordinate system and expressed as a 

percentage of the inferior bone size.  The path of ICR positions during flexion-extension was 

interpolated at 1º increments of intervertebral flexion-extension to allow for comparison among 
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trials, movement direction, and participants.  ICR locations calculated to be more than 200% of 

inferior bone width or height (for AP ICR and SI ICR, respectively) from the inferior bone origin 

were excluded from analysis.  Due to inter-subject variability in flexion and extension range of 

motion at each motion segment, and the fact that the ROM was not centered about the neutral 

position for all subjects, ICR data were available at different ranges of intervertebral flexion-

extension for each participant (Figure 13).  Therefore, analysis was restricted to ICR values at 1º 

intervals that contained data from at least 6 participants (Figure 13 and Table 5) as has been 

previously done for evaluating ICR repeatability
115

.  

 

 

Figure 13: The number of subjects with available data at each intervertebral 

flexion-extension angle for each cervical motion segment. 
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Table 5: Intervertebral flexion-extension range of motion included in the analysis. 

 

 

The effects of movement direction (flexion versus extension), intervertebral rotation step-

size (0.5º, 1.0º, and 2.0º), filter frequency (1.0 Hz, 2.0 Hz, 4.0 Hz) and in vivo tracking errors 

(±0.5º, ±1.0º rotation; ±0.25 mm, ±0.5 mm translation) on ICR location were evaluated.  These 

filter frequencies were selected because a previous analysis of this in vivo kinematic data
93

 

indicated an optimal cutoff frequency of 1.7 Hz using residual analysis
59

.  A low-pass, 4
th

-order 

Butterworth filter was used to smooth the 6 DOF motion path of each bone (3 translations and 3 

rotations).  Differences in ICR location during the flexion and extension movements were 

calculated at each 1º increment of intervertebral flexion-extension for each motion segment.  The 

average of these differences was then calculated across all intervertebral flexion-extension angles 

for each subject for analysis purposes (Figure 14).   
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Figure 14: Flexion versus extension ICR comparison from a representative trial. 

 

Within-subject trial-to-trial variability (i.e. reliability) in ICR locations was determined in 

a similar fashion by calculating differences among trials in ICR location at each corresponding 1º 

increment of intervertebral flexion-extension (after averaging corresponding flexion and 

extension ICRs for each trial) and then averaging across all intervertebral flexion-extension 

angles for each subject (Figure 15).   

 

 

Figure 15: The path of the ICR over three flexion-extension trials. 
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Inter and intra-subject sensitivity to filter frequency and step size were determined by 

processing each trial for each individual at each level of filter frequency and step size (50 trials 

by 3 filter frequencies by 3 step sizes).  The sensitivity to in vivo tracking error was assessed by 

systematically modifying the tracking results in each of the six degrees of freedom for one 

motion segment of one subject.  Rotation tracking errors of ±0.5º and ±1.0º were introduced 

independently in each rotational degree of freedom, and tracking errors of ±0.25 mm and ±0.5 

mm were introduced independently in each translational degree of freedom.  

 

2.4.2.2 Simulated Data 

Simulated bone motion data was created to assess the effects of tracking error, distance from the 

moving bone to the ICR, filter frequency, and rotation step size on ICR accuracy.  Values 

included in the parametric evaluation were selected to span the range of potential values 

encountered during in vivo cervical spine motion using the previously described in vivo testing 

conditions and equipment.  An initial dataset of “perfect” 3D bone motion was generated to 

simulate intervertebral flexion-extension about a fixed center of rotation.  The “moving bone” 

rotated through 15º of flexion-extension (from 8º extension to 7º flexion back to 8º extension) 

over 3.0 seconds, with data sampled at 30 Hz to replicate in vivo ROM and testing conditions.  

The “perfect” simulated bone motion followed a circular path about the ICR, with angular 

velocity varying in a sinusoidal pattern (highest at the center of motion, lowest at the ends) to 

replicate in vivo flexion-extension angular velocity.  At its peak, the moving bone was rotating 

about the fixed bone at 40º/s, also representative of our in vivo recorded motion.   The effect of 

tracking error was assessed by adding random, uniformly distributed 3D noise to the ideal 



  58 

dataset.  Random 3D noise in the translation of the center of the moving bone (mean = 0) was 

introduced at two levels: standard deviation = 0.2 mm and standard deviation = 0.3 mm. Random 

rotation noise about each axis of the moving bone (mean = 0) was introduced at one level: 

standard deviation = 1.0º.  These noise values were representative of the previously reported in 

vivo tracking precision using the model-based tracking technique for the cervical spine
55

.  It 

should be noted that the noise was added to the bone model motion, thus all “points” on the bone 

remained in the same location relative to each other after the noise was added.  This replicated 

our model-based tracking technique.  A low-pass, 4
th

-order Butterworth filter was used to smooth 

the 3D bone motion using filter frequencies of 1.0 Hz, 2.0 Hz and 4.0 Hz as part of the 

parametric evaluation.  Three distances from the known center of rotation to the center of the 

bone model were evaluated: 14 mm, 18 mm and 22 mm.  These ICR-to-bone center distances 

were selected to span the potential range of distances between the geometric center of each 

cervical vertebra and its center of rotation.  Rotation step sizes of 1.0º and 2.0º were selected for 

evaluation of the simulated data.  As in the in vivo experiment, the ICR paths were interpolated 

at 1º increments of rotation and flexion ICR values were averaged with extension ICR values at 

corresponding flexion-extension angles, yielding 16 ICR values for each flexion-extension cycle.  

The average error in these ICR values was determined by the distance from the known ICR on 

the sagittal plane of the “fixed” bone (a point at 0,0) to the calculated ICR: 

 where n = the number of ICR values calculated.  

The simulation was repeated 20 times for each combination of parameters investigated (noise, 

filter frequency, step size, and distance between bone and ICR), resulting in 320 ICRs for each 

combination of parameters (16 ICRs X 20 repeated simulations). 

  

   

AverageError =
Xcalculated( )

2
+ Ycalculated( )

2

å
n
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2.4.3 Results 

2.4.3.1 In Vivo Data 

The total number of ICR locations included in the analysis varied by vertebral level and rotation 

step size (Table 6).  The number of outliers excluded from analysis was greatest at the C2/C3 

motion segment (1.6% of the total ICRs calculated after interpolation at C2/C3) and 0.5º step 

size (0.6% of the total ICRs calculated after interpolation using 0.5º step size). 

 

Table 6: The number of ICR locations included in the in vivo analysis at each vertebral level and 

flexion-extension rotation step size after interpolating all ICR data to 1 degree intervals. 

 

Average bone height and bone depth were 13.5 mm and 14.7 mm, respectively.  Inter-

subject variability (defined as the 95% confidence interval (CI)) in bone height and depth was 

±0.7 mm and ±1.1 mm, respectively. ICR results were calculated as a percentage of bone size for 

each individual. Therefore, on average, a one percent increment in bone height represented 0.135 

mm and a one percent increment in bone depth represented 0.147 mm (Table 7). 
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Table 7: Bone height and depth. 

 

Average differences between flexion and extension motion ICR locations were always 

less than 5% of bone size and the 95% confidence intervals included zero for each vertebral 

level, each rotation step size, and each filter frequency (Figure 16).  This indicates ICR locations 

calculated during the flexion motion were not different from those calculated at corresponding 

intervertebral angle during the extension motion.  The 2 Hz filter frequency and 2º step size 

produced the minimum combination of intra-subject differences (the size of the bars in Figure 

16) and inter-subject variability (the size of the 95% CIs in Figure 16) in flexion versus extension 

differences.  

 

 

Figure 16: Average differences in ICR location during the flexion and the extension 

movement at corresponding angles of intervertebral rotation. 
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Trial-to-trial variability increased at the 4 Hz filter frequency and consistently decreased 

with increasing step size (Figure 17). Within-subject trial-to-trial variability in the SI direction 

was minimized by using the 1 Hz filter and 2º step size (3.7% bone height, which corresponds to 

0.5 mm), while variability in the AP direction was minimized by using the 2 Hz filter frequency 

and a 2º step size (6.7% bone depth, which corresponds to 1.0 mm).   Inter-subject differences in 

trial-to-trial variability, represented by the size of the 95% CI bars in Figure 17, consistently 

decreased with increasing step size.  

 

 

Figure 17: Trial-to-trial variability in the ICR at corresponding angles of 

intervertebral flexion-extension as a function of frequency and step size 

 

The inter-subject variability in ICR location, characterized by the 95% CI of the mean 

ICR location at each intervertebral flexion-extension angle, averaged ±1.2 mm in the SI direction 

and ±2.2 mm in the AP direction across all intervertebral flexion-extension angles and all motion 

segments. 
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ICR location was most sensitive to translation tracking errors within the flexion-

extension plane (Table 8).  Small errors in AP and SI tracking (±0.25 mm) led to substantial 

alterations in ICR location (86% and 80% bone size), while small errors in FE tracking (±0.5 

deg) led to smaller, yet substantial changes in ICR location (46% bone size). 

 

Table 8: Sensitivity to model-based tracking errors. 

 

2.4.3.2 Simulated Data 

Filtering the simulated data at 1 Hz, 2 Hz and 4 Hz resulted in average ICR location errors of 1.1 

mm, 3.1 mm and 6.8 mm, respectively, after applying noise levels appropriate for the given 

tracking system (Figure 18).  The evaluated step size and noise parameters had little effect on 

ICR error at lower cutoff frequencies of 1 Hz and 2 Hz.  The average ICR errors in the 18 mm 

and 22 mm bone-to-ICR configurations were different from 14 mm bone-to-ICR errors by only 

0.1 mm and 0.02 mm, respectively, across all combinations of filter frequency and step size.   
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Figure 18: Average ICR error using simulated data with 3D noise added. 

2.4.4 Discussion 

The in vivo results indicate that ICR locations are not different between the flexion movement 

and the extension movement at corresponding intervertebral flexion-extension angles.  This 

finding was consistent across all filter frequencies and all step sizes.  This suggests that 

differences in loading during the flexion motion versus the extension motion do not appreciably 

affect the motion path between adjacent vertebrae, at least in this group of asymptomatic 

subjects.  The small average difference between flexion and extension ICR for the 2 Hz filter and 

2º step size, in combination with the narrow 95% CI of the difference in flexion versus extension 

ICR path (±0.8 mm in the SI direction and ±1.0 mm in the AP direction), suggests the ICR path 

may be a sensitive indication of dysfunction during the flexion-extension movement.  This 

information may be used to evaluate a clinical cohort, such as whiplash patients, who have soft 

tissue injury that may preferentially affect movement in flexion or extension.  It is typically 

difficult to identify tissue damage in whiplash patients
126

, and differences between flexion and 

extension ICR paths may address this clinical challenge.  The consistent ICR path during flexion 
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and during extension implies that for a motion-preserving disc replacement to replicate in vivo 

motion, the disc replacement should allow a single path of the ICR for flexion and extension 

movements (i.e. there is no “hysteresis” in the flexion-extension ICR path). 

In vivo, the path of the ICR can reliably be characterized within 0.5 mm in the SI and 1.0 

mm in the AP direction, on average.  This trial-to-trial variability in the ICR path, at least when 

restricted to midrange motion of healthy controls, is comparable to the trial-to-trial variability in 

total ROM (0.1 mm in translation and 0.4º in rotation)
93

.  Given these trial-to-trial variability 

results, it appears that collecting 2 to 3 trials of flexion-extension movement is sufficient to 

reliably estimate the path of the center of rotation in vivo with a precision of 1.0 mm or better.  It 

should be noted that these trial-to-trial variability measures include variability due to tracking 

errors each trial and variability due to differences in movement by the subject from one trial to 

the next.  We have previously demonstrated that inter-operator variability in running the 

automated software to track individual bone models is 0.02 mm in translation and 0.06º in 

rotation
55

 

Although analytical models have been developed to estimate ICR calculation error due to 

marker cluster design (i.e. the number of markers and their locations relative to the ICR)
127

, the 

current application is unique in that entire bone models are tracked, not individual points on the 

bone.  Therefore, the errors in tracking marker locations (if there were markers placed on each 

bone) would not be independent.  The computational experiment using “ideal” simulated data 

with added noise suggests that the expected in vivo accuracy in the ICR calculation is between 

1.1 mm and 3.1 mm at filter frequencies of 1 Hz and 2 Hz, respectively.  It should be noted that 

the noise values applied for the simulation study were obtained from a previous in vivo 

validation study that required placing fiducial markers closely together in the cervical 
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vertebrae
55

.  Close placement of fiducial markers may have limited the accuracy of the “gold 

standard” reference values used to evaluate the model-based tracking accuracy.  For example, in 

practice, the trial-to-trial variability in intervertebral ROM
93

 was approximately one half of the 

variability expected given the previously reported accuracy of the model-based tracking system.  

Therefore, it is possible the noise added in the simulated experiment was approximately 2 times 

higher than the tracking error achieved in practice.   

The tracking errors estimated from simulated data are lower than several previous reports 

of ICR accuracy simulation experiments
121,128

 due to three factors: 1) the small distance between 

the bone and the ICR, 2) the tracking of the entire bone model rather than individual points on 

the bone, and 3) the filtering of tracked data.  Collecting continuous data at a high sample rate, 

then filtering the tracked data, clearly reduces the error associated with calculating the ICR.  

Additionally, a previous study has concluded that the small-step-size sensitivity of the ICR no 

longer applies following low-pass smoothing of data acquired at a relatively high sample rate, 

and the ICR may be accurately calculated for even small rotations
129

.  

The current study was designed to assess the sensitivity, reliability and accuracy of a 

model-based tracking system for determining the ICR at each cervical motion segment during in 

vivo flexion-extension.  Potential clinical applications for this information include assessing the 

effects of surgery (e.g. arthrodesis, disc replacement) on the ICR path of motion segments 

adjacent to the surgery and identifying mechanical alterations following injury (e.g. whiplash).  

A limitation of the current study is that the ICR analysis was limited to the mid-range of motion 

common to many subjects and the ICR at the ends of the ROM were generally not included in 

the analysis. Additionally, this study only reported variability within a single test session; inter-

session reliability in ICR calculations remains to be determined. 
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2.5 MOTION PATH OF THE INSTANT CENTER OF ROTATION 

2.5.1 Introduction 

Cervical spine kinematics are most often assessed through static lateral radiographs collected in 

the full-flexion and full-extension positions
22,23,130

.   Intervertebral range of motion (ROM) is the 

most common measurement acquired from these static end-range images.  However, ROM is 

highly variable among subjects
22,23,25,27,78

 and ROM measurements fail to characterize mid-range 

motion where the majority of our activities of daily living occur
79,80

.  Furthermore, ROM only 

provides information about the quantity of intervertebral motion (i.e. total translation and total 

rotation), while failing to characterize the quality of motion (i.e. how the motion occurs). 

The instant center of rotation (ICR) has been proposed as an alternative to ROM for 

evaluating the quality of spine movement and for identifying abnormal cervical spine 

kinematics
30

.  The location of the ICR between two adjacent cervical vertebrae reflects the 

combined relative translation and rotation that occur during flexion-extension (Figure 19).  It has 

been proposed that the location of the ICR has clinical significance, as specific abnormalities in 

the ICR may correspond to specific pathologies
109

.  Additionally, ICRs may be useful in 

diagnosing deviations of normal segmental motion in the sagittal plane
26

 and in diagnosing 

whiplash injuries
129

.  The ICR has recently been used to evaluate cervical adjacent segment 

motion quality following arthrodesis and arthroplasty
108,131,132

. 
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Figure 19: The effects of relative translation and rotation on the location of the 

instant center of rotation (ICR). 

 

 

The location of the center of rotation for each cervical motion segment has traditionally 

been measured using radiographs collected at the ends of the ROM
76,106-108,131

, although one 

study reported an average center of rotation by using a sequence of radiographs collected during 

the flexion-extension motion
26

.  These single locations for the center of rotation, calculated from 

end-range radiographs or from averaged data, fail to account for the fact that the ICR may 

change location during dynamic motion and may not be fully described by a single point
110

.   

Correctly identifying the in vivo path of the center of rotation between adjacent cervical 

vertebrae is clinically significant due to the recent FDA approval of several cervical disc 

replacement devices in the United States
97,119,120

.  These disc replacements have either fixed or 

variable centers of rotation, and it is not clear how well these designs mimic in vivo cervical 

spine movement.  Additionally, an abnormal motion path of the ICR in motion segments 
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adjacent to arthrodesis may reflect altered adjacent segment loading, potentially leading to 

adjacent segment degeneration.  

The first objective of this study was to characterize the movement path of the ICR at each 

cervical motion segment from C2 to C7 during dynamic in vivo flexion-extension in 

asymptomatic subjects.  It was hypothesized that the ICR location would undergo significant 

translation in the anterior-posterior direction, but not in the superior-inferior direction, during 

flexion-extension.  It was also hypothesized that the path of the ICR would be unique for each 

motion segment in asymptomatic spines.   The second objective of this study was to perform a 

preliminary comparison of ICR paths in asymptomatic subjects and single-level arthrodesis 

patients during flexion-extension.  It was hypothesized that the ICR path in motion segments 

adjacent to the arthrodesis would be significantly different in arthrodesis patients when compared 

to corresponding motion segments in asymptomatic subjects. 

 

2.5.2 Materials and Methods 

All subjects provided informed consent prior to participating in this Institutional Review Board-

approved study.  Participants included 20 asymptomatic subjects (7 M, 13 F, average age 46±6 

yrs.), 12 C5/C6 single-level anterior arthrodesis patients (2 M, 10 F, average age 47±10 yrs., 7±1 

months post surgery, 9 autograft, 3 allograft) and 5 C6/C7 single-level anterior arthrodesis 

patients (2 M, 3 F, average age 43±8 yrs., 7±1 months post surgery, 1 autograft, 4 allograft). 

Surgical indications were spondylotic radiculopathy due to disc herniation or stenosis.  All 

surgeries included fusion instrumentation, and patients were placed in a cervical collar for 3 

weeks post-surgery. Radiographic union was confirmed prior to dynamic movement testing.  
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Pregnant women, patients diagnosed with osteoporosis, and patients with any other injury or 

disease that interferes with spine function were excluded.  Healthy asymptomatic subjects were 

recruited through an employee newsletter to approximately match the age and sex distribution of 

the arthrodesis patients.   

High-resolution CT scans (GE Lightspeed 16) (0.29 mm x 0.29 mm x 1.25 mm voxels) of 

the cervical spine (C2-C7) were acquired on each participant.  Bone tissue was segmented from 

the CT volume using a combination of commercial software (Mimics software, Materialise, 

Leuven, Belgium) and manual segmentation
53

.  A three-dimensional (3D) model of each vertebra 

was generated from the segmented bone tissue.  Eight markers were interactively placed on the 

3D bone models to define bone-specific anatomic coordinate systems (4 on each endplate: most 

anterior, most posterior, left edge and right edge).  The origin of the anatomic coordinate system 

for each bone was defined as the average of the most anterior and most posterior points on the 

superior and inferior endplates. 

Subjects were seated within a biplane X-ray system and directed to continuously move 

their head and neck through their entire range of flexion-extension.  A metronome set at 40 to 44 

beats per minute was used to ensure the participants moved at a continuous, steady pace to 

complete each full movement cycle in 3 seconds or less.  Biplane radiographs were collected 

simultaneously at 30 images per second for 3 seconds for each trial of continuous flexion-

extension (X-ray parameters: 70 KV, 160 mA, 2.5 ms X-ray pulses, source-to-subject distance 

140 cm).  Radiographs were recorded for 2 or 3 trials for each subject, resulting in a total of 96 

movement trials analyzed for this study. A static trial with the subject looking forward with the 

head in the neutral position was also collected for each participant.  The effective radiation dose 

for each dynamic flexion-extension motion trial was estimated to be 0.16 mSv (determined using 
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PCXMC simulation software, STUK, Helsinki, Finland).  In comparison, the effective dose of a 

cervical spine CT scan has been reported to be between 3.0 mSv and 4.36 mSv
91,92

. 

A previously validated model-based tracking process was used to determine three-

dimensional vertebral position with sub-millimeter accuracy
55

 for all static and dynamic trials.  

The model-based tracking algorithm involved recreating the geometry of the biplane imaging 

system within the computer and passing simulated X-rays through the three-dimensional subject-

specific bone models to create digitally reconstructed radiographs (DRRs) (Figure 2).  A 

computer algorithm translated and rotated the 3D bone models in lab-based 3D space until the 

DRRs were matched to edge-enhanced versions of the original radiographs.  Details describing 

the volumetric model-based tracking process, including hardware and software specifications, 

calibration and distortion correction procedures, and computational algorithms have been 

described previously
55-58

.  

Tracked data was smoothed using a 1.0 Hz fourth-order, low-pass Butterworth filter
59

.  

The intervertebral flexion-extension angle in each frame of the continuous dynamic trial was 

normalized to the static neutral trial for each subject.  The C2 vertebra was not sufficiently 

captured in the CT scan and/or in the biplane radiographs for several arthrodesis patients.  

Therefore, ICR data at the C2/C3 motion segment was not included in the analysis for 

arthrodesis patients. 

The finite helical axis method
125

 was used to calculate the three-dimensional axis of 

rotation between adjacent vertebrae for each 2º change in intervertebral flexion-extension.  The 

ICR was defined as the point at which this three-dimensional axis of rotation vector intersected 

the sagittal anatomical plane of the inferior vertebra.  The anterior-posterior (AP) and superior-

inferior (SI) location of each ICR was defined with respect to the inferior bone anatomic 
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coordinate system and expressed as a percentage of the inferior bone size.  The path of ICR 

positions during flexion-extension was interpolated at 1º increments of intervertebral flexion-

extension to allow for comparison among trials and participants.  Multiple trials from the same 

subject were averaged to yield a single average dataset for each subject used for statistical 

analysis.  The instant center of rotation was not calculated for the motion segment included in the 

arthrodesis. 

The ICR calculation is highly sensitive to a number of factors, including the amount of 

rotation that occurs between start and end images (i.e. the step size), tracking (or digitizing) 

error, and the distance from the moving body to its center of rotation
121-124

.   We previously 

completed a parametric analysis of factors affecting ICR accuracy and precision during in vivo 

flexion-extension
133

.  Processing the data as described above, the within-subject reliability in 

ICR path location was 0.5 mm in the SI direction and 1.0 mm in the AP direction.  A 

computational experiment demonstrated the in vivo accuracy in ICR location was between 1.1 

mm and 3.1 mm
133

.  This parametric analysis also indicated there was no significant difference 

between ICR locations calculated during the flexion and extension movement.  Therefore, ICRs 

calculated during the flexion movement were averaged with ICRs calculated at corresponding 

angles during the extension movement for the present analysis.  

A previous study that calculated cervical motion segment ICRs indicated inter-subject 

variability in the ICR location would range between 1.0 mm and 2.2 mm
132

.  Setting power to 

80%, with an estimated inter-subject variability of 1.0 to 2.2 mm, the sample size calculation
134

 

indicated that between 6 and 21 subjects would be required per group (for inter-subject 

variability of 1.0 and 2.2 mm, respectively) in order to identify a difference between groups of 2 

mm in ICR location. 
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A linear mixed-model analysis was performed to characterize differences in the path of 

the center of rotation according to motion segment in control subjects.  Additionally, the length 

of the ICR path in the SI and AP directions was quantified.  In order to normalize the path 

lengths among motion segments with different amounts of flexion-extension, the change in 

location of the ICR per degree of intervertebral flexion-extension was determined by fitting a 

line through the ICR location versus intervertebral angle paths for each motion segment of each 

subject.  The change in ICR location per degree of flexion-extension was compared across 

motion segments using repeated measures analysis of variance.  Differences in ICR paths 

between control subjects and arthrodesis groups were identified using linear mixed-model 

analysis.  Significance was set at p < .05 for all tests, and the Bonferroni correction was applied 

to adjust for multiple comparisons in all cases.  

 

2.5.3 Results 

ICR data were available over different ranges of intervertebral flexion-extension for each 

participant due to inter-subject variability in flexion and extension range of motion at each 

motion segment.  Therefore, analysis was restricted to flexion-extension angles that contained a 

sufficient number of participants in each group (n = at least 6 in the control group, at least 4 in 

the C5/C6 arthrodesis group and at least 3 in the C6/C7 arthrodesis group) (Table 9).  For 

example, for the C4/C5 motion segment in the control group, the number of subjects available 

for each 1º increment of flexion from neutral to 10º of flexion was 19, 20, 19, 19, 18, 14, 11, 7, 5, 

4, 2.  Therefore, ICR values were included in the analysis up to +7º of flexion (7 participants) at 

the C4/C5 motion segment for the controls (Table 9). 
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Table 9: Flexion-extension range of motion included in the ICR analysis for each group and each 

motion segment. 

 

2.5.3.1 Control Group 

The mean SI location of the ICR became progressively more superior from the C2/C3 

motion segment to the C6/C7 motion segment (Figure 20, Figure 21, Table 10).  Significant 

differences in the mean SI location of the ICR were found between all motion segments (all p 

<.001 after correction for multiple comparisons) except the C3/C4 and C4/C5 levels (p = 1.000).  

The average SI location of the ICR did not change significantly with intervertebral flexion-

extension angle (p = .747).  The interaction between flexion-extension angle and motion segment 

level also was not significant (p = .844), indicating the effect of flexion-extension angle on SI 

ICR location was not significantly different among motion segments. 
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Figure 20: ICR path during flexion-extension in the asymptomatic cervical spine. 
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Figure 21: The mean superior-inferior motion path of the ICR at each motion 

segment in asymptomatic controls at 1° increments of flexion-extension. 

 

Table 10: Mean ICR location in the superior-inferior and anterior-posterior directions. 

 

 

The average AP location of the ICR path was posterior to the geometric center of the 

inferior vertebral body and not significantly different among levels (Figure 20, Figure 22, Table 

10). The AP ICR location was significantly affected by the angle of intervertebral flexion-

extension, indicating significant translation of the ICR in the AP direction during flexion-

extension (p <.001).  Furthermore, there was a significant interaction between intervertebral 

flexion-extension angle and motion segment level (p < .001), indicating differences among 
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motion segments in the relationship between AP location of the ICR and intervertebral flexion-

extension angle.  

 

 

 

 

Figure 22: The mean anterior-posterior motion path of the ICR at each motion 

segment in asymptomatic controls at 1° increments of flexion-extension. 

 

 

The change in ICR location in the AP direction per degree of flexion-extension generally 

decreased from the C2/C3 motion segment to the C6/C7 motion segment (Table 11).  The change 

in ICR location in the AP direction per degree of flexion-extension was significantly different 

among all motion segments (all p < .021), with the exception of the C6/C7 motion segment, 

which was not different from the C4/C5 and C5/C6 motion segments (both p = 1.000) (Table 

11). 

 



  77 

Table 11: Mean change in the AP location of the ICR per degree of intervertebral flexion-extension. 

 

The inter-subject variability in the ICR location in asymptomatic subjects, defined by the 

95% CI of the mean at each intervertebral flexion-extension angle, averaged ±1.2 mm in the SI 

direction and ±1.9 mm in the AP direction across all intervertebral flexion-extension angles and 

all motion segments (Figure 21, Figure 22).  While inter-subject variability in the SI direction 

was fairly consistent among motion segments (the 95% CI of the mean was 1.8 mm, 1.0 mm, 1.2 

mm, 1.2 mm and 0.9 mm for the C2/C3 through the C6/C7 motion segments, respectively) 

(Figure 21), inter-subject variability in the AP direction was by far the highest in the C2/C3 

motion segment (the 95% CI of the mean was 4.4 mm, 1.9 mm, 1.4 mm, 0.9 mm and 0.9 mm for 

the C2/C3 through the C6/C7 motion segments, respectively) (Figure 22). 

2.5.3.2 Asymptomatic versus Arthrodesis 

No significant differences between the control and arthrodesis groups were identified when 

comparing the average location of the ICR paths in the SI (all p ≥ .528) or AP direction (all p ≥ 

.579)  (Table 12).  The average 95% confidence interval of the difference in ICR location 

between asymptomatic and C5/C6 or C6/C7 arthrodesis patients was ±1.4 mm and ±2.0 mm, 

respectively.  No significant differences were observed when comparing the control and 

arthrodesis groups in terms of the change in ICR location in the AP direction per degree of 

flexion-extension (all p ≥ .249) (Table 13).  The average 95% confidence intervals for the 
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differences in the change in the AP ICR location per degree of flexion-extension between 

asymptomatic and arthrodesis groups was ±0.6 mm/deg. 

Table 12:  Difference between groups in mean ICR location. 

 

 

Table 13: Difference between groups in the change in anterior-posterior ICR location per degree of 

intervertebral flexion-extension. 

 

2.5.4 Discussion 

This is believed to be the first report of the motion path of the ICR in the cervical spine during in  

vivo functional movement.  This study has revealed important kinematic differences among 

motion segments during functional mid-range motion in asymptomatic subjects.  These level-

dependent differences include the average location of the ICR in the SI direction and the amount 

of AP translation in the ICR per degree of intervertebral flexion-extension.  These findings 

clearly illustrate that if the goal of cervical disc replacements is to replicate in vivo motion, they 
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should be designed to account for level-specific differences in the location and motion path of 

ICR.  For example, although the average ICR in the AP direction was located posterior to the 

geometric center of each inferior vertebra, it is clear that the ICR translates significantly in the 

AP direction with flexion-extension, and that the amount of this translation varies by motion 

segment.  Furthermore, although the SI position of the ICR did not change significantly within 

motion segments during flexion-extension, there were clear differences among motion segments 

in the average SI location of the ICR.  The average center of rotation was located posterior to the 

geometric center of the inferior vertebral body in the AP direction.  The center of rotation in the 

SI direction was located near the center of C3 for C2/C3 and moved progressively closer to the 

disc for each motion segment until C6/C7, where the ICR was located near the top endplate of 

C7 (Figure 20).  This variation in the SI location of the ICR with respect to motion segment is in 

agreement with previous studies that have reported single ICR locations for each cervical motion 

segment
26,76,106,107

. 

Previous studies have demonstrated significant inter-subject variability in intervertebral 

flexion-extension range of motion (ROM) in asymptomatic subjects, ranging from 20% to 60% 

of the overall motion at each motion segment
22,23,25,27,78

, which corresponds to standard 

deviations of 4º or more.  This large variability makes it difficult to identify abnormal motion 

that may develop following injury, degeneration, or surgical intervention.  In fact, if inter-subject 

variability is only 4º (a “best-case” scenario given previous results
22,23,25,27,78

), in order to detect a 

2º difference in ROM between groups, 64 subjects would be required per group
134

.  In 

comparison, the inter-subject variability in ICR location for asymptomatic subjects in this study, 

represented by the 95% CI of the mean, ranged between ±0.9 mm to ±1.4 mm in the lower 

cervical spine motion segments where the vast majority of degeneration requiring surgery occurs 



  80 

(C4/C5, C5/C6 and C6/C7).  Future studies that evaluate ICR motion paths in arthrodesis and 

arthroplasty patients in comparison to control subjects will most likely focus on these motion 

segments.  Using the data collection and processing tools described in the current study, it is 

estimated that with power set at 80%, between 13 and 26 subjects per group will be required to 

identify ICR path differences as small as 2 mm
134

 for ±0.9 mm and ±1.4 mm 95% CIs, 

respectively.  Given the lack of correspondence between ROM (in degrees) and ICR (in mm), it 

is difficult to definitively state that one measurement is more sensitive than the other, especially 

when the amount of change necessary to reach clinical significance it not well defined for either 

parameter.  

In the current study, the inability to detect significant differences between the 

asymptomatic and arthrodesis groups was influenced by the sample size and by the effect size of 

the treatment.  First, the relatively small sample sizes of the arthrodesis groups limited the 

statistical power of the study.  However, the 95% confidence intervals of the differences between 

groups were quite small, indicating the ICR motion paths were consistent between control and 

surgical groups.  Second, the effect size of the treatment (i.e. the differences between 

asymptomatic and arthrodesis groups) was small.  For example, the mean difference between 

asymptomatic and arthrodesis groups was 0.6 mm for average ICR location and 0.2 mm/deg for 

ICR translation per degree of flexion-extension.  The combination of narrow confidence intervals 

and small effect size provides preliminary evidence to suggest that single-level anterior 

arthrodesis does not appear to affect cervical motion quality during flexion-extension.   

While the current results suggest that single-level arthrodesis does not affect the quality 

of motion in adjacent segments, the effects of single-level disc arthroplasty on adjacent segment 

motion quality remain unknown.  Previous results investigating adjacent segment ICR following 
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arthroplasty or fusion have been contradictory.  While two studies have indicated arthroplasty
108

 

and arthroplasty or fusion
132

 do not affect adjacent segment center of rotation, another study 

found arthroplasty shifted the center of rotation in the superior motion segment in comparison to 

fusion
131

.  These studies, however, were performed using only full-flexion and full-extension 

radiographs to calculate a single, stationary center of rotation.  Further investigation will be 

necessary to compare adjacent segment effects on the motion path of the ICR following 

arthroplasty or fusion.  It is possible a poorly designed disc replacement could lead to significant 

alterations in adjacent segment motion quality.  This may be the case with current disc 

replacement designs that have a fixed center of rotation and/or fail to allow for vertebral level 

differences in motion.  The mechanical benefits of increased ROM associated with total disc 

replacements may be negated by poor motion quality, leading to no significant reduction in 

adjacent segment degeneration in comparison to arthrodesis
98,135

. 

A limitation of the current study was the relatively narrow, yet clinically important, age 

range of the subjects.  ICR motion paths may differ in young and older spines, given the 

degenerative changes that occur with age
49,71,73,74

.  A second limitation was the fact that the 

arthrodesis subjects were tested approximately 7 months after surgery.  This time frame is earlier 

than adjacent segment disease generally occurs
8
.  Therefore, while the present results provide 

valuable information regarding the short-term effects of arthrodesis, the results may not be 

representative of longer-term effects.  Furthermore, the current data only assesses adjacent 

segment motion quality in single-level arthrodesis patients.  The effects of multi-level arthrodesis 

on the quality of adjacent segment motion remain unknown. 
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3.0  INTERVERTEBRAL ARTHROKINEMATICS 

3.1 DISC DEFORMATION 

3.1.1 Introduction 

Degenerative changes adjacent to fused cervical vertebrae are well documented
5-11

, and lead to 

recurrent pain
5
 and ultimately adjacent level surgery in 6% to 16% of patients

5,11,45-48
.  The 

etiology of adjacent segment disease following cervical arthrodesis remains controversial.  The 

disease may progress due to the underlying spondylosis
7,14,136

, the arthrodesis may lead to 

increased motion in adjacent vertebrae, resulting in overload and instability
10,12,15,16

, or adjacent 

segment degeneration may result from a combination of these two factors
11,9

.   

Previous kinematic studies investigating adjacent segment disease have focused on 

vertebral range of motion (most often flexion-extension and anterior translation) when assessing 

spine mechanics in asymptomatic subjects and arthrodesis patients
65-66

.  One limitation of these 

kinematic studies is that they only take into account bone position at the end of the range of 

motion, typically under static loading conditions.  Relative motion between adjacent vertebrae in 

the middle range of motion (which is most often encountered in activities of daily living
79,80

) and 

during dynamic, functional loading is not assessed.  A second limitation is that kinematic reports 

that focus solely on bone range of motion fail to reveal how the coupled translation and rotation 



  83 

between adjacent vertebrae combine to deform the intervertebral disc throughout the movement.  

These are critical limitations because intervertebral disc deformation during dynamic, functional 

movement can reflect the magnitude and direction of the loads applied to the disc and the 

material properties of the disc.  Therefore, disc deformation patterns may be beneficial in 

identifying altered mechanical loading and modified disc material properties following cervical 

arthrodesis.  

Techniques to evaluate in vitro disc strain have progressed from adhering optical targets 

to the disc surface
137

 to using high-resolution MRI images and image correlation techniques
138

. 

In vitro testing, however, has limitations in replicating subject-specific in vivo dynamic loading 

and kinematics.  In vivo disc deformation during functional loading remains poorly defined due 

to limitations of previous studies, including the large error associated with manual identification 

of vertebral edges on radiographs
17,139 

and data collection restricted to static postures
17

.  

The primary aim of this study was to characterize cervical disc deformation in 

asymptomatic control subjects during in vivo dynamic flexion-extension.  It was hypothesized 

that each disc level would exhibit a unique shear and compression/distraction deformation 

pattern during dynamic loading.  A secondary aim was to assess disc deformation in single-level 

arthrodesis subjects.  It was hypothesized that discs adjacent to the arthrodesis would undergo 

increased shear and compressive deformation when compared to corresponding discs in 

asymptomatic control subjects. 



  84 

3.1.2 Materials and Methods 

3.1.2.1 Subjects 

Twenty asymptomatic control subjects (46+9 yrs.; 7 M, 13 F) and 15 single-level anterior 

arthrodesis patients (10 C5-C6 arthrodesis: 45+6 yrs.; 2 M, 8 F; 7+1 mo. post surgery; 5 C6-C7 

arthrodesis: 2 M, 3 F, average age 43±8 yrs.; 7±1 months post surgery) provided informed 

consent to participate in this Institutional Review Board-approved study.  Asymptomatic controls 

that reported no previous neck disability were recruited to approximately match the age and 

gender distribution of the arthrodesis patients.  Control subject recruitment was accomplished 

through an advertisement in an employee newsletter and word of mouth.  Arthrodesis subjects 

who were at least 18 years of age and scheduled to undergo (or recently received) single-level 

anterior cervical discectomy and fusion (ACDF) surgery were identified during clinic visits.  

Pregnant women, subjects diagnosed with osteoporosis, and subjects with any other injury or 

disease that interferes with spine function were excluded. 

3.1.2.2 Data Collection 

Subjects were seated within a biplane X-ray system (Figure 1) and, for each trial, directed to 

continuously move their head and neck through their entire range of flexion-extension.  A 

metronome set at 40 to 44 beats per minute was used to ensure the participants moved at a 

continuous, steady pace to complete each full movement cycle in approximately 3 seconds.  

Radiographs were collected at 30 frames per second for 3 seconds for each trial of flexion-

extension (X-ray parameters: 70 KV, 160 mA, 2.5 ms X-ray pulses, source-to-subject distance 

140 cm). Radiographs were recorded for 2 or 3 separate trials for each subject (allowing for a 

rest period between trials).  A total of 92 dynamic flexion-extension trials were included in this 
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analysis, however, multiple trials for each subject were averaged to obtain a single trial for each 

participant for statistical analysis.  An additional 0.1 s static trial was collected for each subject 

with the head in the neutral position. The effective radiation dose for each 3-second dynamic 

flexion-extension motion trial was estimated to be 0.16 mSv (determined using PCXMC 

simulation software, STUK, Helsinki, Finland).   

High-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical spine (C2-C7) 

were acquired on each participant (GE Lightspeed 16).  The effective dose of a cervical spine CT 

scan has been reported to be between 3.0 mSv and 4.36 mSv
91,92

.  Bone tissue was segmented 

from the CT volume using a combination of commercial software (Mimics software, Materialise, 

Leuven, Belgium) and manual segmentation
53

.  A three-dimensional (3D) model of each vertebra 

was generated from the segmented bone tissue.  Eight markers were placed on the 3D bone 

models to define bone-specific anatomic coordinate systems (4 on each endplate: most anterior, 

most posterior, left edge and right edge). 

3.1.2.3 Data Processing 

A previously validated bone-model-based tracking process was used to determine three-

dimensional vertebral motion with sub-millimeter accuracy for all static and dynamic trials
55

.  

The bone-model-based tracking algorithm involved recreating the geometry of the biplane 

imaging system within the computer and passing simulated X-rays through the three-dimensional 

subject-specific bone models to create digitally reconstructed radiographs (DRRs) (Figure 2).  A 

computer algorithm translated and rotated the 3D bone model in lab-based 3D space until the 

DRRs were matched to edge-enhanced versions of the original radiographs.  Details describing 

the volumetric model-based tracking process, including hardware and software specifications, 
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calibration and distortion correction procedures, and computational algorithms have been 

extensively described
55-58

.  Tracked bone movement data was filtered at 1.0 Hz using a fourth-

order, low-pass Butterworth filter with the filter frequency determined using residual analysis
59

.  

The tracked data was used to determine intervertebral flexion-extension using the bone-specific 

anatomic coordinate systems. 

Nucleus and annulus regions were defined on the vertebral endplate surfaces according to 

previous reports
42,94

, and all disc height and dynamic disc deformation measurements were 

acquired within the central 1/3
rd

 of the disc width
 
(Figure 5).  Average disc height within the 

nucleus (N), anterior annulus (AA) and posterior annulus (PA) regions was determined from the 

static trial using an automated computer algorithm that measured disc height over the entire 

central 1/3
rd

 of the disc width (Figure 23A and Figure 23B).  Average disc deformation was 

calculated every frame of dynamic movement within each disc region to determine shear and 

compression-distraction deformation (Figure 23C).  Disc deformations were normalized to disc 

height in the static neutral position to determine the average percent deformation within each 

anatomic region of the disc (Figure 24).  The disc deformation versus intervertebral flexion-

extension curves generated from the continuous motion data were interpolated at 1º increments 

of flexion-extension to facilitate statistical analysis.   
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Figure 23: Calculating disc height and disc deformation. 
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Figure 24: C23 to C67 disc compression-distraction deformation (above) and shear 

deformation (below) during dynamic flexion-extension. 

 

 

The average disc height across all three disc regions of all discs between C2 and C7
140

 

and the precision of the tracking system in measuring flexion-extension rotation and anterior-

posterior translation
55

 were used to estimate that the tracking system can determine disc 

deformation (shear and compression-distraction) with a precision of 3.6% or better.  A power 

calculation was performed to estimate the number of subjects necessary to identify differences 

between groups that were in excess of our tracking system variability (i.e. greater than 3.6%).  
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This power analysis indicated that 17 subjects would be necessary per group, with power set at 

0.80 and alpha equal to 0.05
134

. 

3.1.2.4 Data Analysis 

Within-subject differences in disc deformation during the flexion and extension movement 

directions were assessed within each disc region (posterior annulus, nucleus, anterior annulus) 

and disc level (C23 through C67) in control subjects.  These flexion versus extension differences 

were used to determine if disc deformation was dependent upon movement direction.  The 

within-subject trial-to-trial variability in disc deformation was also determined within each disc 

region and disc level in control subjects in order to assess within-subject repeatability in disc 

deformation during functional loading.  

A linear mixed-model analysis was performed to identify differences in disc 

compression-distraction and shear deformation curves at each disc level (C23 through C67) for 

each of the three disc regions (posterior annulus, nucleus, anterior annulus) in control subjects.  

Arthrodesis and control subject comparisons were also performed using linear mixed model 

analysis to identify differences in compression-distraction deformation curves at discs adjacent 

to the arthrodesis (C45 and C67 for the C5-C6 arthrodesis group, and C56 for the C6-C7 

arthrodesis group) for each of the three disc regions (posterior annulus, nucleus, anterior 

annulus).  In order to statistically compare shear deformation in control and arthrodesis groups, 

the slope of the line formed by the shear deformation versus flexion-extension angle plot was 

determined (i.e. the rate of shear deformation). T-tests were used to identify differences between 

arthrodesis and control subjects in terms of the rate of shear deformation (calculated by the slope 

of the shear deformation versus flexion-extension angle for each motion segment).  Significance 
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was set at p < .05 for all tests, with the Bonferroni correction applied in cases of multiple 

comparisons. 

3.1.3 Results 

3.1.3.1 Flexion versus Extension Differences 

The average difference in disc deformation between the flexion motion and the extension motion 

at identical angles of intervertebral flexion-extension was 0.9% and 0.1% for disc compression-

distraction and disc shear, respectively, across all disc levels (C23 through C67) and all disc 

regions (anterior annulus, nucleus, posterior annulus) in the control subject group.  Therefore, 

disc deformation values during flexion were averaged with deformation values during extension 

at each corresponding intervertebral angle for all subsequent analysis. 

3.1.3.2 Repeatability 

Within-subject trial-to-trial variability (i.e. standard deviation) in compression-distraction 

deformation at identical angles of intervertebral flexion-extension averaged 2.4% across all disc 

levels, with greatest variability in the C23 disc (3.8%) and smallest variability in the C56 disc 

(1.4%) in control subjects.  Within-subject trial-to-trial variability in shear deformation at 

identical angles of intervertebral flexion-extension was consistent across disc levels and 

averaged 1.1%. 
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3.1.3.3 Control Subject Disc Deformation 

A consistent pattern in control subject disc compression-distraction was evident across disc 

levels in each disc region.  Disc compression was greatest in the C23 disc, and compression 

decreased with each successive inferior disc (Figure 25).  In the control group in the anterior 

annulus region, the C23 disc was significantly more compressed than all other discs (all p < 

0.001).  Similarly, the C34 anterior annulus was significantly more compressed than the C45, 

C56 and C67 anterior annulus regions (all p < 0.002) (Figure 25A).  C45, C56 and C67 

compression-distraction patterns in the anterior annulus were not significantly different (all p = 

1.000) (Figure 25A).  In the nucleus region, the C23 disc was significantly more compressed 

than all other discs (all p < 0.001) (Figure 25B).  The C34 nucleus region was more compressed 

than the C56 and C67 nucleus regions (p < 0.001).  The C45 nucleus was more compressed than 

the C56 (p = 0.029) and C67 nucleus regions (p < 0.001).  Compression in the C56 and C67 

nucleus was not significantly different (p = 0.193) (Figure 25B).  In the posterior annulus region, 

the C23 disc was significantly more compressed than all other discs (all p < 0.002) (Figure 25C).  

No significant differences were identified among the C34, C45 and C56 posterior annulus 

regions (all p > 0.514); however, the C67 posterior annulus was significantly less compressed 

than all other disc levels (all p < 0.001) (Figure 25C).  
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Figure 25:  Mean disc compression-distraction deformation in the anterior annulus 

(A), nucleus (B), and posterior annulus (C) during flexion-extension in asymptomatic 

control subjects. 

 

 

The rate of disc shear deformation progressively decreased from the C23 disc to the C67 

disc (Figure 26).  The only significant difference in the rate of shear deformation occurred 
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between the C67 level and the C23, C34, C45 levels (all p < 0.001).  Static disc height within 

each disc region was not significantly different among disc levels  (Figure 27). 

 

 

 

Figure 26: Average rate of shear deformation in the anterior annulus (AA), nucleus 

(N) and posterior annulus (PA) for each cervical disc. 
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Figure 27:  Disc height in the anterior annulus (AA), nucleus (N) and posterior 

annulus (PA) in the static neutral position. 

3.1.3.4 Control versus Arthrodesis Adjacent Segment Deformation 

In the C5-C6 arthrodesis group, the C45 discs were significantly less compressed than in the 

control group in all disc regions (p = 0.003, p = 0.022 and p = 0.026 in the anterior annulus, 

nucleus and posterior annulus, respectively) (Figure 28).  No significant differences between the 

C5-C6 arthrodesis group and the control group were identified in the C67 disc compression-

distraction curves for any disc region (p = 0.759, p = 0.743, p = 0.398 in the anterior annulus, 

nucleus and posterior annulus, respectively).  In the C6-C7 arthrodesis group, the C56 discs were 

significantly less compressed than the control group in the nucleus (p = 0.023) and posterior 

annulus (p = 0.014) regions, but not the anterior annulus region (p = 0.137). 

No significant differences in the rate of shear deformation were identified at any disc 

level adjacent to the arthrodesis region when comparing the control and arthrodesis groups (all p 

> 0.264 and all p > 0.105 for the C5-C6 and C6-C7 arthrodesis groups, respectively) (Figure 26). 
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Figure 28: Mean disc compression-distraction deformation in the anterior annulus 

(A), nucleus (B), and posterior annulus (C) during flexion-extension in C56 arthrodesis 

patients. 
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3.1.4 Discussion 

The control subject data provides new insights into disc deformation during in vivo functional 

loading and provides a standard for comparison when evaluating the effects of surgery on 

adjacent cervical discs.  The mean control subject compression-distraction curves were “shifted” 

toward compression during in vivo functional loading (with the exception being the C67 disc).  

As an example, during the dynamic movement trial, when the intervertebral angle was identical 

to the neutral position angle, all three disc regions (anterior annulus, nucleus and posterior 

annulus) were compressed (with the exception being the C67 disc).  Similarly, at equivalent 

magnitudes of flexion or extension, the compression deformation was much greater than the 

distraction deformation (with the exception being the C67 disc) (Figure 25).  This shift toward 

compression likely reflects the effects of increased muscular forces necessary to produce the 

dynamic flexion-extension.   

Few reports of disc deformation are available to compare with the present results.  In one 

study, pre-operative flexion/extension radiographs of cervical fusion patients indicated that pre-

operative shear strain averaged 5% to 7% in segments adjacent to the surgical site
17

.  However, 

the magnitude of the pre-surgical adjacent segment range of motion was not provided, making it 

difficult to interpret this finding.  Another study used cineradiography to estimate lumbar disc 

deformation during standing flexion and extension
139

.  This study estimated maximum 

compressive and shear strains of 35% and 60%, respectively, at full flexion
139

.  In vitro studies of 

lumbar motion segments have reported strains averaging between 5% and 8%
137,141

.  

The disc deformation curves presented here may be used to improve in vitro organ level 

or explant mechanobiology dynamic loading regimens and in vivo controlled loading via external 

fixation devices
142-146

.  As previous studies have demonstrated, certain dynamic loading 
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conditions are beneficial to maintaining matrix homeostasis
147,148

 and improving various 

biological therapies
149,150

.  However, the loads applied to the disc during in vivo physiologic 

loading are currently unknown, so it is not clear how well these in vitro tests replicate in vivo 

loading.  The control subject disc deformation curves presented here provide valuable 

information regarding the in vivo deformation experienced by disc tissues during functional 

loading.  For example, the current results indicate that during dynamic flexion-extension, the 

anterior and posterior annulus regions of cervical discs undergo compression-distraction 

deformation of up to 20%, while the nucleus region is continuously compressed between 0% and 

15%, depending on disc level.  Similarly, the results indicate that during in vivo flexion-

extension, the peak shear deformation ranges from 16% (at C67) to 33% (at C45), given the 

average flexion-extension range of motion at each motion segment
140

.  This information may be 

used to guide in vitro and in vivo studies that investigate cell and tissue responses to stress and 

strain.  As noted previously, reproducing in vivo conditions is important because the wrong type 

or magnitude of loading will lead to very different cell responses, and potentially misleading 

results
39

.   

There are two potential explanations for the significant level-dependent differences in 

compression-distraction observed in this study.  First, the results may be explained by variation 

in disc material properties from the C23 disc to the C67 disc.  The present data indicate that the 

C23 disc compresses the most, and compression decreases with each successive inferior disc.  

This suggests the C23 disc is the most compliant, and compressive stiffness increases with each 

successive inferior disc.  This idea is supported by in vitro material testing that demonstrated 

compressive stiffness progressively increases from the C23 disc (637.5 N/mm) to the C67 disc 

(829.7 N/mm)
151

.  An alternative explanation for the observed level-dependent differences in 
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disc compression-tension is that in the static neutral position, which was used as a reference to 

normalize all disc deformation measurements, compressive loading on the C23 disc was 

relatively small (compared to the load applied during functional motion) and the static 

compressive loading on the C67 disc was nearly equivalent to the load applied during functional 

motion.  

The trend toward decreasing shear deformation per degree of flexion-extension, from the 

superior to inferior discs, indicates the translation between endplates decreases successively from 

C23 to C67 for a given amount of intervertebral flexion-extension.  As a result, even though the 

flexion-extension range of motion in the C2-C3 motion segment is slightly less than in the C6-

C7 motion segment
140

, the C23 disc undergoes considerably more shear deformation.  The 

significant decrease in C67 shear deformation, in comparison to superior discs, corresponds to a 

relatively fixed center of rotation in the C6-C7 motion segment in comparison to cranial levels 

during flexion-extension
152

.  

This study provides evidence to suggest that single-level anterior arthrodesis alters the 

compression-distraction patterns in the disc immediately superior to the arthrodesis while not 

affecting compression-distraction inferior to the fused site.  While it is not clear why this 

difference exists superior to the arthrodesis, potential explanations include a change in disc 

material properties, altered compression-distraction loads following arthrodesis, or there may be 

an iatrogenic cause.  The current shear deformation results agree with a previous study that 

reported no increase in the shear strain in discs adjacent to fusion using measurements obtained 

from static full-flexion and full-extension radiographs
17

.  

The relatively short time between surgery and testing for arthrodesis subjects is one 

limitation of this study.  Fusion may not have occurred in the arthrodesis group at 7 months post-
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surgery.  Fusion status was evaluated using total flexion-extension ROM during dynamic 

movement in a subgroup of 8 C5-C6 arthrodesis patients who have returned for follow-up testing 

2-years post surgery.  In this sample of 8, total ROM at the operated site decreased from 3.6° at 7 

months post-surgery to 2.4° at 24 months post-surgery.  Differences in disc deformation adjacent 

to the arthrodesis may be amplified as motion decreases in the operated segment.  Therefore, 2 -

year follow-up testing is being completed for the remainder of the arthrodesis group.  Another 

limitation is that the results are specific to single-level anterior arthrodesis and it would be 

inappropriate to extrapolate the results to different single-level or multiple-level anterior 

surgeries.  The asymptomatic control subjects, who were selected to approximately match the 

age of the arthrodesis patients, exhibited varying amounts of age-related spondylosis.  

Considering the well-known changes that occur in the spine with age
49,71,74,153

, the disc 

deformation patterns presented for the control group are likely representative only of subjects 

within their age-range.  We are currently collecting data on a cohort of young (20-35 years) 

asymptomatic subjects to assess the effect of age on spine kinematics.    Finally, the deformation 

values reported in this study were obtained using bone-to-bone measurements that represent in 

vivo tissue-level deformation.  The reported deformations do not necessarily represent localized 

or cell-level deformation. 
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3.2 FACET JOINT CAPSULE DEFORMATION 

3.2.1 Introduction 

The cervical facet joint has been identified as the most common source of neck pain
154,155

 and it 

is thought to play a role in chronic neck pain related to whiplash injury
156,157-159

.  Long-term 

symptoms are common following whiplash, with approximately half of those affected remaining 

symptomatic one year after the injury
160

.  The precise site of injury within the facet joint capsule 

(FJC) has yet to be identified, however, facet joint injury mechanisms may include excessive 

compression of the facet joint
161,162

 and/or capsular ligament strain beyond physiological 

limits
162,163

.  

Our current knowledge of cervical facet joint kinematics is based on mechanical testing 

of cadaver specimens subjected to loading conditions designed to simulate 

“physiologic”
156,162,164

, “whiplash”
162-164

, and “catastrophic”
156,163

 conditions.  Given our inability 

to accurately estimate in vivo cervical spine loads during dynamic movement, it is not clear how 

well these in vitro tests, performed under “physiologic loading”, replicate in vivo spine loading 

and kinematics.  As a result, our current perception of in vivo facet kinematics may be mistaken.  

The primary aim of the current study was to characterize subaxial cervical facet joint 

kinematics and FJC deformation during in vivo, dynamic flexion-extension in a group of 

asymptomatic control subjects.   It was hypothesized that FJC deformation is significantly 

different among motion segments and that FJC deformation is dependent upon anatomic region 

of the facet joint (e.g. anterior vs. lateral vs. posterior facet).  A secondary objective was to 

assess the effect of single-level anterior arthrodesis on FJC deformation during the flexion-
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extension motion.  It was hypothesized that FJC deformation adjacent to the arthrodesis would 

be significantly greater than in corresponding facet joints of age-matched control subjects. 

3.2.2 Materials and Methods 

3.2.2.1 Subjects 

Data from 14 asymptomatic control subjects (average age 43.4 ± 5.2 yrs, 5 M, 9 F) and 9 single-

level (C5-C6) anterior arthrodesis patients (average age 45.9 ± 9.5 yrs.; 2 M, 7 F; 6.9 ± 1.3 mo. 

post-surgery) was included in the present analysis.  Surgical indications were spondylotic 

radiculopathy due to disc herniation or stenosis.  The surgeon’s preferred approach to this 

problem was anterior fusion.  Exclusion criteria included pregnant females, previous diagnosis of 

osteoporosis, and any other injury or disease that interferes with spine function.  Patients were 

identified during clinic visits.  Control subjects were recruited through an advertisement in an 

employee newsletter and word of mouth.  

3.2.2.2 Data Collection 

High-resolution CT scans (0.29 x 0.29 x 1.25 mm voxels) of the cervical spine (C2 through C7) 

were acquired on each participant (GE Lightspeed 16, GE Medical Systems, Waukesha, WI).  

Three-dimensional (3D) bone models were generated from the CT volume using a combination 

of commercial software (Mimics software, Materialise, Leuven, Belgium) and manual 

segmentation
53

.  Markers were interactively placed on the 3D bone models to define bone-

specific anatomic coordinate systems.  

Participants were seated within a biplane X-ray system and directed to continuously 

move their head and neck through their full range of flexion-extension.  A metronome set at 40 
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to 44 beats per minute was used to assist the participants in moving at a continuous, steady pace 

to complete each full movement cycle in 3 seconds or less.  Biplane radiographs were collected 

at 30 images per second for 3 seconds for each trial of continuous flexion-extension (X-ray 

parameters: 70 KV, 160 mA, 2.5 ms X-ray pulses, source-to-subject distance 140 cm).  

Radiographs were recorded for 2 or 3 trials for each subject, resulting in a total of 59 movement 

trials analyzed for this study.  Multiple trials from the same subject were averaged to yield a 

single average dataset for each subject used for statistical analysis.  A static trial with the subject 

looking forward with the head in the neutral position was also collected for each participant.  The 

effective radiation dose for each 3-second dynamic flexion-extension motion trial was estimated 

to be 0.16 mSv (determined using PCXMC simulation software, STUK, Helsinki, Finland).  For 

comparison, the effective dose of a cervical spine CT scan has been reported to be between 3.0 

mSv and 4.36 mSv
91,92

. 

3.2.2.3 Data Processing 

A previously validated tracking process determined 3D vertebral position with sub-millimeter 

accuracy
55

 by matching bone models from the CT scan to the biplane radiographs for all static 

and dynamic trials.  The volumetric model-based tracking process
55-58

 and data processing 

techniques
55,140,152,165

 have been detailed previously. Intervertebral position and orientation in 

each frame of the continuous dynamic trial were normalized to the static neutral trial for each 

subject.  Only the flexion-extension component of vertebral rotation is presented in the current 

analysis.  

Four markers defining a facet-specific plane parallel to the facet surface were placed on 

each superior facet of the 3D bone model (Figure 29).  An automated computer algorithm 

identified attachment sites for fibers forming each FJC (Figure 30) using average FJC 
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dimensions from the literature
166

.  FJC fibers, lying on the surface of each bone model and 

oriented perpendicular to the plane of the facet joint in the neutral position
166

,  were represented 

by points connecting corresponding upper and lower FJC attachment sites (Figure 30).  In order 

to facilitate the analysis, the FJC fibers were grouped into fibers representing the anterior, lateral, 

posterior-lateral, posterior, and posterior-medial FJC (Figure 30).  While the fiber attachment 

sites remained fixed to the respective bone models, the points that represented the rest of the 

fiber were allowed to slide across the surface of the bone during the flexion-extension movement 

(Figure 31).  The total length of each FJC fiber (determined by adding the lengths between 

consecutive points representing the fibers), and the length of each fiber parallel and 

perpendicular to the facet joint surface were determined in the static neutral position. 

Intervertebral flexion-extension angles and FJC fiber deformations (total, shear and 

compression-distraction) relative to the static position were determined for each cervical motion 

segment (C2-C3 through C6-C7) over the entire flexion-extension motion.  This resulted in a 

continuous curve relating fiber deformation to intervertebral angle at each motion segment.  For 

analysis purposes, data at each motion segment was divided according to the intervertebral 

orientation relative to the neutral position (flexion or extension).  The rate of fiber deformation 

per degree of flexion-extension was then determined for each fiber group within each cervical 

motion segment.   
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Figure 29: Defining the plane of the facet. 

 

 

Figure 30: Posterior and lateral views of the facet joint capsule attachment sites and 

fibers. 
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Figure 31: A close-up view of the facet joint capsule demonstrating that the 

attachment sites remained fixed but the fibers were allowed to slide across the bone 

surfaces. 

3.2.2.4 Statistical Analysis 

FJC deformation values for the corresponding left and right facets of each subject were averaged 

to yield a single FJC length value at each motion segment for each instant of the flexion-

extension movement.  Repeated measures analysis of variance was used to identify differences in 

the rate of facet joint capsule fiber deformation among motion segments and among fiber regions 

for the control group (IBM SPSS Statistics, version 21).  Analysis of variance was used to 

identify differences between the control group and the C5-C6 arthrodesis group at the C4-C5 and 

C6-C7 motion segments.  The Bonferroni correction for multiple comparisons was used when 

significant main effects were identified, with significance set at p < .05 for all tests. 
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3.2.3 Results 

The primary mechanism driving facet joint capsule fiber deformation varied depending on fiber 

location and vertebral orientation.  In some cases increased deformation due to shear was 

countered by decreased deformation due to compression (e.g. Figure 32A and 32B, flexion 

ROM).  In other cases, shear and compression/distraction deformation combined to increase (e.g. 

Figure 32C-E Flexion ROM) or decrease (Figure 32D and 32E- extension ROM) fiber lengths. 
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Figure 32: Facet joint capsule deformation during flexion-extension. 

Fibers within all regions of the FJC increased in length as the motion segments moved 

from the neutral position into increased flexion (Figure 33).  The rate of fiber deformation in 

flexion was not different among motion segments (main effect of motion segment: p = .159).  

However, the rate of fiber deformation was different among fiber regions (main effect of fiber 

region: p < .001).  Post-hoc tests indicated fiber deformation rates in the anterior and lateral fiber 

regions were not different (p = .198), however, every other region was different from all others 

(all p < .001). 
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Figure 33: Rate of facet joint capsule deformation in a flexed orientation. 

 

 

 

As the cervical motion segments increased their flexed orientation, the anterior and 

lateral fibers increased length due to the shear deformation rate (0.17 mm/deg.) being greater 

than the compressive deformation rate (0.04 mm/deg.).  Simultaneously, the posterior-lateral, 

posterior and posterior-medial fibers increased length due to the combined effects of shear (0.26 

mm/deg.) and distraction (0.07 mm/deg.) deformation.  

As the motion segments moved from neutral orientation into more extension, only the 

anterior and lateral fiber regions consistently increased in length (Figure 34).  Therefore, only 

anterior and lateral fiber regions were included in the statistical analysis of the extension range of 

the movement.  The rate of fiber deformation during extension was different among motion 

segments (main effect of motion segment: p < .001).  Post-hoc tests indicated the rate of fiber 

deformation in the C3-C4 motion segment was greater than in C5-C6 and C6-C7 (p = .003 and p 

= .042, respectively).  The rate of deformation in the anterior region was also greater than in the 

lateral region (p = .001). 
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Figure 34: Facet joint capsule deformation in an extended orientation. 

 

When the cervical motion segments were in an extended orientation relative to the neutral 

position, the mechanism for increasing length was different for the anterior and lateral FJC 

fibers.  The anterior fibers were distracted more than the lateral fibers (p < .001), while the lateral 

fibers experienced more shear than the anterior fibers (p = .008). 

In an extended orientation, the rate of FJC deformation adjacent to the arthrodesis 

(0.434%/deg) was less than in corresponding FJCs in asymptomatic subjects (0.969%/deg) (p = 

.001) (Figure 35).  In the flexed orientation, the groups were not different (p = .284). 

 

Figure 35:  Rate of FJC deformation in an extended orientation for control and 

arthrodesis groups. 
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Although differences in the rate of FJC deformation were observed adjacent to the 

arthrodesis, control and arthrodesis groups were not different with respect to static neutral 

orientation (Table 14), total range of motion (Table 15) and flexion and extension components of 

total range of motion (Table 16).  Additionally, FJC fiber lengths in the static neutral position 

(Figure 36) were not different between control and arthrodesis groups at any fiber region or 

vertebral level (all p > .093). 

Table 14: Mean sagittal plane intervertebral orientation in the static neutral position. 

 

 

Table 15: Total intervertebral flexion-extension range of motion. 

 

 

Table 16: Flexion and extension components of total range of motion. 

 

 

 

Figure 36: Facet joint capsule fiber length in the static neutral position. 
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3.2.4 Discussion 

The first goal of this study was to determine if facet joint capsule deformation in control subjects 

varies significantly among motion segments and anatomic regions of the facet joint.  The second 

goal was to assess the effect of single-level anterior arthrodesis on FJC deformation during the 

flexion-extension motion.  

The experimental results indicate that FJC deformation is different among motion 

segments and among FJC regions during flexion-extension in asymptomatic control subjects. 

These motion segment-specific and FJC region-specific deformations in controls suggest to the 

basic scientist that strain data acquired from a single motion segment or from a single region of 

the FJC is not representative of all motion segments and all regions of the facet joint capsule.  

The experimental design of in vitro research should take these differences into consideration.   

Additionally, in this study, control subjects and arthrodesis patients demonstrated 

different rates of FJC deformation in the extended orientation.  This finding suggests that 

arthrodesis may affect adjacent segment facet joint mechanics.  

The current results contradict several previous in vitro reports of FCJ strain.  Some of 

these differences may have been associated with the high variability associated with spine 

mechanical testing (7.1% to 17.9% variability in strain
162

 versus 3% to 5% inter-subject 

variability in the current study).  Also, capsular strain distributions have been reported to be 

“highly non-uniform” across the surface of the facet capsule
156

.  In contrast, the current results 

indicate a highly organized and repeatable pattern of strain distribution among the five capsular 

regions when in flexion and when in extension.  One explanation for these differences may lie in 

the initial positioning of cadaver specimens prior to loading (the “neutral position”).  As the 

current study demonstrates, the neutral orientation is highly variable in vivo (Table 14).  It may 
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not be advantageous to position all specimens in the same “neutral” orientation for in vitro 

testing
156

.  Additional explanations for discrepancies between in vivo and in vitro results include 

differences in range of motion (e.g. only 2.6°±1.5° ROM in extension at C4-C5 under 

“physiologic loading”
164

), differences in loading, the age of the participants/specimens, and the 

techniques used to estimate capsular strain.  Overall, the current data indicate that FJC 

deformations calculated from in vitro “physiological loading” experiments differ substantially 

from in vivo results.  This also calls into question how well in vitro experiments designed to 

replicate “whiplash loading”
162-164

 reflect true in vivo facet kinematics during actual whiplash 

loading.  

Considering the well-known changes that occur in the spine with age
49,71,74,153

, the FJC 

deformation results presented for the control group are likely representative only of subjects 

within their age-range.  Also, arthrodesis patient data was collected approximately 7 months 

post-surgery, and significant changes in adjacent segment FCJ deformation may occur at a later 

date.  An additional limitation is that FJC dimensions were determined from mean values 

provided in the literature and not on a subject-specific basis.  Furthermore, changes in FJC 

lengths were presented as “deformation”, rather than “strain”, as the true zero strain length of the 

fibers is unknown.  Finally, the etiology of chronic neck pain following whiplash may be 

multifactorial
167

 and not solely related to FJC kinematics.   

Previous reports of in vivo spine kinematics have neglected to assess kinematics of the 

facet joints, instead focusing on the motion between adjacent vertebral bodies.  The current study 

is believed to be the first to characterize the facet joint capsule in vivo during dynamic, 

functional loading.  These novel results indicate that in asymptomatic controls, FJC deformation 

is dependent upon motion segment and upon FJC region.  Additionally, single-level arthrodesis 
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affects adjacent segment FJC deformation, suggesting a potential mechanical etiology for 

adjacent segment degeneration. 
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4.0  COMPUTATIONAL MODELING 

4.1 INVERSE DYNAMICS 

4.1.1 Introduction 

The most common surgical treatment for cervical spine disorders is anterior arthrodesis
2
, a 

surgery that involves replacing the degenerated intervertebral disc with a bone graft and 

attaching a rigid plate to the adjacent vertebrae to help stabilize the joint. It is believed 

arthrodesis may lead to increased motion in adjacent vertebrae, resulting in overload
10,12,15-17

 that 

leads to degeneration
5-11

 and potentially additional surgery
11,45-48

.  In an attempt to eliminate or 

minimize adjacent segment overload, several motion-preserving disc replacement devices have 

been recently developed
97-100

.   

The effects of degeneration and surgery on cervical spine mechanics are commonly 

evaluated through in vitro testing
12,68-70,81,82

 and finite element models derived from in vitro 

tests
83-87

.  Due to the fact that cervical spine specimens will buckle under a compressive load of 

approximately 10 N
168

, in vitro test protocols often apply only a moment to the specimen to 

simulate in vivo kinematics
85,90,169

.  However, pure-moment loading methods do not replicate the 

physiological response and are poorly suited for evaluating certain surgical procedures and 

instrumentation
88

.  More recently, “follower load” protocols have been developed to increase the 
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compressive force applied to spine and avoid bucking
87,170,171

.  However, it is not clear how well 

these protocols replicate in vivo dynamic, functional loading.    

An estimate of cervical spine loading may be obtained through inverse dynamics models.  

Previous inverse dynamics models of the cervical spine have primarily focused on the response 

of the head and neck to impacts
172-175

.  The biofidelity of these models may be increased by 

including muscular activation in the model
176

.  However, it is difficult to accurately and reliably 

obtain muscular activation parameters for deep neck muscles during dynamic movement
177

.    

The objectives of the current study were to estimate the load applied to the C2 vertebra 

during in vivo functional flexion-extension and to evaluate the effects of anterior cervical 

arthrodesis on spine loads.  The load applied to the superior cervical spine (C2) was estimated 

using subject-specific kinematic motion data obtained from conventional motion analysis (for 

head motion) and biplane radiography (for vertebral motion), in combination with muscular 

attachment and maximal muscle force parameters obtained from the literature.  The first 

hypothesis tested was that spinal loads would not be significantly different in asymptomatic 

control subjects and single-level anterior arthrodesis patients.  The second hypothesis tested was 

that the load applied to C2 would change significantly throughout the range of head flexion-

extension. 

4.1.2 Materials and Methods 

Following Institutional Review Board (IRB) approval, data were analyzed from 6 single-level 

anterior arthrodesis patients (average age: 43.2 ± 8.8 yrs; 2 M, 4 F; 3 C56 arthrodesis, 3 C67 

arthrodesis; 7.0 ± 0.6 mo. post-surgery) and 10 asymptomatic control subjects of similar age 



  116 

(average age: 44.7 ± 6.6 yrs; 3 M, 7 F) who provided informed consent to participate in this 

research study.  High-resolution CT scans (0.29x0.29x1.25 mm voxels) of the cervical spine 

(C2-C7) were acquired on each participant (GE Lightspeed 16, GE Medical Systems, Waukesha, 

WI).  Bone tissue was segmented from the CT volume using a combination of commercial 

software (Mimics software, Materialise, Leuven, Belgium) and manual segmentation
53

.  A three-

dimensional (3D) model of each vertebra was generated from the segmented bone tissue.  Three-

dimensional male and female skull models were generated using male and female data from the 

Visible Human dataset
178

 and scaled for each subject according to subject-specific anterior to 

posterior skull dimensions obtained from the sagittal scout view prior to the CT scan. 

Participants were seated within a biplane X-ray system (Figure 1) and, for each trial, 

directed to continuously move their head and neck through their entire range of flexion-

extension.  A metronome set at 40 to 44 beats per minute ensured the participants moved at a 

continuous, steady pace to complete each full movement cycle in 3 seconds or less.  Biplane 

radiographs were collected simultaneously, at 30 frames per second for 3 seconds, as the subject 

performed continuous flexion-extension.  Radiographs were recorded for 2 or 3 separate trials for 

each subject (allowing for a rest period between trials), resulting in a total of 42 movement trials 

analyzed for this study (25 control trials and 17 arthrodesis trials).  A trial with the subject 

stationary, looking forward with the head in the neutral position, was also collected for each 

participant.  Reflective markers were placed on the head and torso to determine head motion 

using conventional motion analysis techniques (sample rate 60 Hz; Vicon-MX, Oxford, UK).  

A previously validated volumetric model-based tracking process determined three-

dimensional vertebral position with sub-millimeter accuracy
55

 for all static and dynamic trials.  

Details describing the tracking process, including hardware and software specifications, 
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calibration and distortion correction procedures, and computational algorithms have been 

described previously
55-58

.  Three-dimensional bone positions and reflective marker data were 

filtered at 1.0 Hz and 10.0 Hz, respectively, using a fourth-order, low-pass Butterworth filter 

with the filter frequency determined using residual analysis
59

.  A calibration object containing 

radiopaque and reflective markers was used to co-register tracked vertebrae and head motion.   

The skull orientation relative to the head reflective markers was determined from the 

static neutral trial by manually aligning the foramen magnum to the spinal canal.  Correct 

alignment between the skull and C2 was verified using three-dimensional animations of the 

flexion-extension movement.   For each trial, it was visually confirmed that the foramen magnum 

remained aligned with the spinal canal passing through C2 as the skull and cervical spine moved 

through the entire range of flexion-extension.      

The musculoskeletal model included three flexor muscles that were active only when the 

head was in an extended orientation relative to the neutral position (sternocleidomastoid (SCM), 

longus capitis (LGC), infrahyoid), and four extensor muscles that were active only when the 

head was in a flexed orientation relative to the neutral position (trapezius (Trap), splenius capitis 

(SPL), semispinalis capitis (SSP) and rectus capitis posterior major (RCP)).  Attachment sites
179-

181
 and maximal force output

179,181
 for each muscle were obtained from the literature (Table 17).  

The longus capitis muscle was required to wrap around C2 and C3 when the vector from its 

origin to insertion intersected these bones, while all other muscles were modeled using straight 

line paths.  The infrahyoid attachment was defined as 35 mm anterior and 3 mm inferior to the 

C3 vertebra
182

, and its location remained constant relative to C3
183

. Muscle insertion sites were 

identified on the 3D skull models (and therefore did not vary among males nor among females, 

although they were scaled along with the size of the skull), while muscle origin sites were 
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determined from subject-specific reflective marker data (in the case of trapezius, infrahyoid and 

sternocleidomastoid) and subject-specific vertebral anatomy (for the remaining four muscles) 

(Figure 37).  Head mass (male = 4.2 kg; female = 3.4 kg), center of mass (59 mm superior and 

18 mm anterior to the occipital condyle) and moment of inertia about the skull anatomical axes 

values were obtained from the literature
169

. 

 

Table 17: Muscle attachments and peak forces. 
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Figure 37: The skull and cervical spine model in an extended orientation (A), in the 

neutral position (B), and in a flexed orientation (C). 

 

 

Two assumptions were made to determine the force applied by the skull on C2. The first 

was to require equal activation in all active muscles (i.e. the same percentage of maximum 

muscle force).  Second, zero co-contraction was assumed in antagonistic muscles. With these 

assumptions in place, the force applied by the skull on C2 was determined by solving the 

equations of dynamic equilibrium as follows:  The midpoint of the superior facets on C2 was 

used to represent the single point on C2 where the head applied force to the cervical spine.  The 

muscle moment arms for each frame of data  were determined for each muscle given the head, 

torso and spine position obtained from the tracked reflective and radiographic data.  This was 

accomplished by calculating the perpendicular distance from the midpoint of the C2 superior 

facets to the line of action of the muscle.  The maximum torque that could be generated (Tmax) 

was then determined using the muscle moment arms and corresponding maximal muscle forces 

(Table 17).  Next, the torque required by the muscles to counter the torque generated by the skull 
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angular acceleration and the weight of the head was determined: , 

where Tm is the total muscle torque, is the moment of inertia of the skull about the 

midpoint of the superior facets on C2, skull is the angular acceleration of the skull (obtained 

from head reflective markers) and TWH is the torque due to the weight of the head.  The torque 

required by the muscles was expressed as a percentage of maximum torque: .  The 

magnitude of each muscle force was then calculated by multiplying each maximum muscle force 

by TPercent.  The components of each muscle force were calculated from the muscle magnitudes 

and lines of action (from muscle attachments).  Then the total force applied to C2 was calculated:

where  was the force applied to C2,  was the mass and 

acceleration of the head,  was the force due to the weight of the head, and was the sum 

of the muscle forces.  Two-dimensional motion was assumed and muscular attachment sites and 

activation levels were assumed to be symmetric about the sagittal plane. 

Cervical spine kinetics were characterized by the following parameters: the total force 

applied to C2 due to muscular and inertial forces, and the moment arm of each muscle 

throughout the range of flexion-extension. 

Head flexion-extension angle, normalized to the static neutral trial, was calculated for 

each tracked data frame and interpolated at 1º intervals for each trial.   Forces and moment arm 

values that were calculated at each tracked radiographic frame were then interpolated to 

correspond to each 1º increment in head flexion-extension angle. Multiple trials from the same 

subject were averaged to yield a single average dataset for each subject used for statistical 

analysis.   
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Statistical analysis was carried out using data corresponding to 10º increments in head 

flexion-extension, from 40º of extension (-40º) to 40º of flexion.  An independent-samples t-test 

was used to test for differences between asymptomatic and arthrodesis groups in the total force 

applied to C2.  A paired-samples t-test was used to identify differences in the force applied to C2 

at identical angles of head flexion-extension during the flexion and extension movement 

directions.  Repeated measures analysis of variance was used to identify significant differences 

in muscle moment arms at each 10º increment of head flexion-extension.  Significance was set at 

p < .05 for all tests.  P-values were adjusted for multiple comparisons using the False Discovery 

Rate
64

.     

The sensitivity of the model to muscle attachment sites was evaluated by adjusting the 

SCM and SSP attachments to the skull and the infrahyoid attachment to the hyoid by ±8 mm, ±4 

mm, ±2 mm and ±1 mm in the anterior (+) and posterior (-) directions of the skull coordinate 

system.  The model was run with each of these independently altered attachment sites for the 

SCM, SSP and infrahyoid.  The percent change in total force applied to C2 was calculated for 

each altered attachment site at 10º increments of head flexion-extension. 

4.1.3 Results 

4.1.3.1 Total Force Applied to C2 

The total force applied to C2 was not different between asymptomatic and arthrodesis 

groups at any 10º interval of head flexion-extension, from 40º of extension to 40º of flexion 

(average absolute difference: 8.2 N; range of differences between groups: -32 N to +21 N; all p-

values ≥ 0.937).  Therefore, data from asymptomatic and arthrodesis subjects were combined to 

determine if the force applied to C2 differed during the flexion and extension movements.    
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The total force applied to C2 followed a consistent pattern within subjects.  In the flexed 

orientation (relative to the static neutral position), the force applied to C2 was slightly higher 

when the head was moving in the direction of flexion than in the direction of extension.  When 

the head was in an extended orientation, the force applied to C2 was higher when the head was 

moving in the direction of extension.  These differences in total force applied to C2 during the 

flexion and extension motions were statistically significant at all head orientations except for the 

neutral position (Figure 38 ).  The average within-subject trial-to-trial variability (i.e. standard 

deviation) in the total force applied to C2 averaged 8.6% of the total force applied to C2 over the 

range of motion from 40º of extension to 40º of flexion.   

 

 

Figure 38: The total force made by the skull on C2 as the head moved in flexion 

(blue) and extension (red). 

4.1.3.2 Flexor Muscle Moment Arms 

Flexor muscle moment arms were not significantly different between asymptomatic and 

arthrodesis groups at any 10º increment of head extension from neutral to 40º extension (SCM: 

average absolute difference between groups: 1.3 mm, range of differences between groups: 0.2 
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mm to 2.2 mm, all p ≥ .850; LGC: average absolute difference between groups: 0.6 mm, range of 

differences between groups: -0.5 mm to 0.9 mm, all p ≥ .828; infrahyoid: average absolute 

difference between groups: 5.9 mm, range of differences between groups: 2.9 mm to 9.5 mm, all 

p ≥ .197).  Therefore, asymptomatic and arthrodesis subjects were grouped for further statistical 

analysis.   

Flexor muscle moment arms were consistently greater when the head was moving in 

flexion versus extension (Figure 39).  These differences in muscle moment arms when moving in 

flexion versus extension were significant at each 10º increment of head motion for the LGC and 

infrahyoid muscles (all p ≤ .003 and all p ≤ .002, respectively), but only at 0°, 10° and 20° of 

extension for the SCM moment arm (p ≤ .033 ) (Fig. 39).  

 

 

Figure 39: Flexor muscle moment arms during flexion and extension. 

 

The SCM moment arm changed significantly each 10º of head flexion-extension from 

neutral to 40º of extension (all p ≤ .020).  On average, the sternocleidomastoid muscle functioned 

as a head flexor when the head was within 25º of the neutral position, and as the head orientation 

progressed beyond 25º of extension, the sternocleidomastoid muscle began to function as a head 

extensor.  The LGC moment arm significantly decreased each 10º of head flexion-extension 
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from neutral to 40º of extension (all p ≤ .001), while the infrahyoid moment arm significantly 

increased each 10º of head flexion-extension from neutral to 40º of extension (all p ≤ .001) (Fig. 

39). 

4.1.3.3 Extensor Muscle Moment Arms 

Extensor muscle moment arms were not significantly different between asymptomatic and 

arthrodesis groups at any 10º increment of head flexion from neutral to 40º flexion (Trap: 

average absolute difference between groups: 1.8 mm, range of differences between groups: 0.8 

mm to 3.5 mm, all p ≥ .832; SPL: average absolute difference between groups: 3.2 mm, range of 

differences between groups: -4.2 mm to -2.2 mm, all p ≥ .373; SSP: average absolute difference 

between groups: 0.5 mm, range of differences between groups: -0.9 mm to 0.8 mm, all p ≥ .875; 

RCP: average absolute difference between groups: 0.4 mm, range of differences between groups: 

-1.1 mm to 0.0 mm, all p ≥ .961).  Therefore, asymptomatic and arthrodesis subjects were 

grouped for further statistical analysis. 

Trapezius, splenius capitis and semispinalis muscle moment arms significantly increased 

at each successive 10º increment of head motion when the head was moving in extension  (all p 

≤ .001 for trapezius and semispinalis, all p ≤ .002 for splenius capitis)  (Figure 40).  The rectus 

capitis posterior muscle moment arm was significantly greater when the head was moving in 

extension from 10º to 40º of head flexion (all p ≤ .022).  
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Figure 40:  Extensor muscle moment arms during flexion and extension. 

 

Trapezius and splenius moment arms decreased significantly each 10º of head flexion 

from neutral to 40º of flexion (all p ≤ .016 and all p ≤ .038, respectively).  Similarly, the 

semispinalis moment arm decreased significantly each 10º of head flexion from neutral to 30º of 

flexion (all p ≤ .015).  The rectus capitis posterior major moment arm significantly decreased 

from 30º to 40º of head flexion (p = .019) (Figure 40). 

4.1.3.4 Sensitivity Analysis 

The model was relatively insensitive to changes in the semispinalis attachment location.  The 

maximum change in total force applied to C2 was less than 5%, and occurred at 40º of flexion 

with a +8 mm adjustment to the semispinalis attachment site.  The model was more sensitive to 

changes in the infrahyoid attachment site, estimating up to a 24% increase in the total force 

applied to C2 when the head was at 40º of extension.  The model was most sensitive to changes 

in the sternocleidomastoid attachment site, estimating a 59% increase in the total force applied to 

C2 with a -8 mm adjustment to the sternocleidomastoid attachment site and the head at 40º of 

extension (Figure 41). 
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Figure 41: Sensitivity of the model to changes in the sternocleidomastoid attachment 

site on the skull. 

4.1.4 Discussion 

The current in vivo data indicate that inertial and muscular forces combine to exert force on the 

upper cervical spine in a predictable pattern related to head orientation during flexion-extension.  

The model estimated the force applied by the head to C2 is smallest in the neutral position and 

increased slowly with head flexion and increased rapidly with head extension.  The statistically 

significant differences in force applied to C2 at corresponding head angles when moving in 

flexion and in extension have not been reported or discussed previously.  The differences in force 

stem from differences in muscle moment arms in flexion and extension for identical head angles 

(Figure 39 and Figure 40).  As we have reported previously, during flexion-extension, the head 

leads the motion and the vertebrae follow the head
184

.  Therefore, the spine orientation relative to 

the head is not identical when moving in flexion and in extension for any given head angle.  

From this, it follows that the muscle moment arms are different when moving in flexion and in 

extension for any given head angle. 
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The present model suggests the force applied to the top of C2 reaches maximum values 

of approximately 200 N (or about 5 times head weight) at 40º of head extension and 100 N (or 

about 2.5 times head weight) at 40º of head flexion.  In comparison, the literature contains wide-

ranging estimates of cervical spine loads.  It has been suggested that the compressive force 

applied to the cervical spine approaches three times the weight of the head (approximately 120 

N) due to muscle co-activation forces balancing the head in the neutral, relaxed posture, and that 

minimal to moderate isometric muscle effort increases this compressive force to 250 N, however, 

no experimental or modeling data were provided to support this assertion
170

.  A previous 

computational model predicted cervical spine forces from isometric contraction data and 

suggested that the compressive load is estimated to reach 1200N in activities involving maximal 

isometric muscle efforts
176

.  In agreement with the current results, this previous model estimated 

the compressive force at C2 in the neutral position, due to forces from muscles attached to the 

skull and head weight totaled approximately 53 N
176

.  The current results are also in agreement 

with Hattori who measured in vivo disc pressure in various head orientations and found the 

highest disc pressure in extension (approximately equivalent to a compression force of 155 N) 

and lowest disc pressure in the neutral position (approximately equivalent to a compression force 

of 63 N)
87,170,185

.  

The change in the force applied to C2 that occurred with head flexion-extension and the 

differences in force applied to C2 with movement direction suggest that cervical spine testing 

protocols that apply a constant follower load to the specimen may not accurately represent in 

vivo kinetics.  It is possible the biofidelity of in vitro tests may be improved by reproducing the 

shape of the force curves presented in Figure 38.  
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The current study is believed to be the first to estimate changes in muscle moment arm 

during active in vivo flexion-extension.  The results indicate that muscle moment arms change 

significantly during flexion-extension, and the magnitude of muscle moment arms are 

significantly different during flexion and extension movements.  These results suggest 

computational models of spine loading should account for head orientation and direction of 

movement when determining moment arms for muscles attached to the skull.  This in vivo data 

confirms a previous computational model that concluded that variations in muscle moment arms 

throughout the range of motion can alter muscle moment-generating capacities
186

.  The moment 

arms of the muscles attached to the hyoid appear to be the most dependent on head flexion angle.  

The importance of including muscles attached to the hyoid in cervical spine models has been 

noted previously
177,179,181

.  Results from the current study suggest the infrahyoid muscles may be 

particularly important when the head approaches full extension, as this is the orientation in which 

infrahyoid moment arm is largest (thus permitting the generation of a large flexor moment) and 

simultaneously the sternocleidomastoid muscles are exerting an extensor moment about the 

upper cervical spine.  This interpretation of the results suggests that when the head is near full 

extension, the required flexion torque may be generated, and forces on the cervical spine 

minimized, if sternocleidomastoid activation is decreased and infrahyoid activation is increased.  

There are currently no in vivo data to suggest infrahyoid muscles increase their activation and 

sternocleidomastoid muscles decrease activation in order to minimize forces on the spine at large 

head extension angles. 

The muscle moment arms determined in the current study, calculated geometrically 

(perpendicular distance method), are in general agreement with a recent cadaver-based study of 

neck muscle moment arms at C0-C1 measured by the tendon excursion method (SCM: 0.1 cm; 
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Trap: 4.6 cm; SPL: 1.3 cm; SSP: 4.9 cm; RCP: 1.9 cm)
180

).  A previous computational model of 

the neck included some muscle moment arms in the neutral position that were in agreement with 

values determined in the current study (SCM: 1 cm; LCG: 1 cm; Trap 5 cm) and some muscle 

moment arms that were substantially larger than in the current study (SPL: 5 cm; SSP: 6.2 

cm)
186

.  The current study, in agreement with previous cadaveric studies
180,181

, indicates that the 

sternocleidomastoid acts as a head flexor and extensor.  

One simplifying assumption of the model was that each muscle attachment site could be 

represented by a single point.  The model sensitivity to the location of this point varied by 

muscle (low sensitivity to SSP attachment site, high sensitivity to SCM attachment site), head 

flexion-extension angle (sensitivity increased as the head moved from the neutral position) and 

distance from the original attachment site (the model was relatively insensitive to moving the 

muscle attachment 4 mm or less from the original position, but highly sensitive to an 8 mm 

change in muscle attachment site).  These results suggest that if subject-specific attachment sites 

are included in the model (perhaps from MRI images), the model results will be substantially 

affected by errors in muscle attachment site in excess of ±4 mm.  The sensitivity analysis of the 

hyoid and sternocleidomastoid are particularly informative, as they indicate model sensitivity to 

hyoid kinematics (the hyoid was assumed fixed relative to C3) and model sensitivity to the broad 

attachment between the sternocleidomastoid and the skull.  

As with any computational model, there are assumptions and limitations associated with 

the model and results. The muscles that were selected for inclusion in the model have been 

established as the major force generating muscles responsible for flexion-extension of the 

skull
177,179,181

.  However, the muscle models do not include characteristics such as the force-

length-velocity relationship, active and passive stiffness parameters, muscle fiber length and 
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pennation angle.  While these muscle parameters could be included in future model 

development, it is not clear that a more complex model would yield additional functional or 

clinically significant information.  The assumption that co-contraction is minimal in the neck 

muscles has been supported by EMG data
177

 and this assumption has been made previously
176

.  It 

is extremely difficult to acquire muscle activation patterns (let alone muscle force estimates) 

from deep muscles of the neck.  Therefore, there are no reliable data available to provide a basis 

for the magnitude and timing of muscle co-contraction during dynamic, functional movement.  

Previous fine-wire EMG data for the anterior neck muscles
177

 support the common modeling 

assumption of uniform activation used in the current model.  The relatively small sample size 

limited the power of the study to detect significant differences between groups if they did, in 

fact, exist.  An additional limitation is that the current study only estimated forces applied to the 

C2 vertebra.  Forces applied to inferior vertebrae are affected by muscles that attach these 

vertebrae to more inferior bones.  More accurate estimates of the effects of arthrodesis on tissue-

level cervical disc mechanics may be determined by increasing the complexity of the model by 

adding muscles that attach the vertebrae to the torso.  Additionally, subject-specific finite 

element models that are subjected to loads that change in magnitude as the head moves through 

flexion-extension may reveal important tissue-level differences between asymptomatic and 

arthrodesis patients.  

 



  131 

 

4.2 FINITE ELEMENT MODEL 

4.2.1 Introduction 

Mechanical loading of the spine is one of the primary factors believed to influence intervertebral 

disc health 
187,188

.  Due to ethical and technical limitations, our knowledge of intervertebral in 

vivo disc loading is extremely limited 
185,189,190

.   Consequently, finite element models, based on 

cadaveric specimens, have been created to estimate disc loads 
191,192

. 

A limitation of the traditional finite element model development and validation paradigm 

is that it is not clear how well in vitro loading conditions replicate in vivo dynamic, functional 

loading.  For example, under axial compression, the cervical spine specimens buckle under as 

little as 10 N of compression load 
168

.  Therefore, in vitro tests used to validate cervical spine 

finite element models are often performed by applying pure bending moments to load spine 

specimens 
85

.  Using the “follower load” technique, compressive loads of up to 250 N may be 

applied to the cervical spine during mechanical loading tests 
170

.  Still, it is not clear how well 

these loading paradigms replicate in vivo loading.  There is no consensus in the literature 

regarding the magnitude of in vivo loads on the spine, with cervical spine loading estimates 

ranging from 120 N to 1200 N 
170,176,193

.  The inability to estimate in vivo loads applied to the 



  132 

cervical spine is a critical limitation to estimating intervertebral disc stresses during functional 

loading. 

Subject-specific validation is essential to developing accurate computational models of 

the cervical spine.  The high inter-subject variability in cervical kinematics has been well 

documented 
22,23,27,78,194

 and suggests that validating the kinematic output of a single model with 

group means 
84,195,196

 may be inappropriate.  

The aim of the current study was to develop and demonstrate a novel computational 

modeling approach to estimate the in vivo load applied to a cervical motion segment during 

flexion-extension.  In this technique, highly accurate kinematic data obtained from a biplane 

radiography system was used as the validation criteria.  A sensitivity analysis was performed to 

determine the kinematic response of the computational model to material properties and applied 

loads.  An optimization process, applied to the finite element model, was then implemented to 

determine the applied load necessary to replicate the in vivo kinematics.  The change in disc 

stress during the in vivo flexion-extension movement was then determined. 

4.2.2 Materials and Methods 

4.2.2.1 In Vivo Data 

The kinematic and anatomic data for this study was obtained from a 39 year-old female who 

consented to serve as a healthy control in an IRB-approved protocol to assess the effects of 

single-level anterior fusion on cervical spine kinematics.  Details on the collection and 

processing of biplane radiographs for this study have been provided previously 
197

.  To 

summarize, the participant was seated within a biplane X-ray system and radiographs were 

collected with the head in the static neutral position.  Next, the participant was directed to 
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continuously move her head and neck through its entire range of flexion-extension.  Radiographs 

were collected at 30 images per second for 3 seconds of continuous flexion-extension.  A high-

resolution CT scan (0.29x0.29x1.25 mm voxels) of the cervical spine (C2-C7) was acquired (GE 

Lightspeed 16, GE Medical Systems, Waukesha, WI).  A three-dimensional (3D) model of each 

vertebra was generated from the segmented bone tissue.  In vivo bone motion of C2 through C7 

vertebrae was tracked in each pair of radiographs using a previously validated volumetric model-

based tracking technique with sub-millimeter accuracy 
55

 .  Six degree-of-freedom (DOF) 

intervertebral translations and rotations were determined for the static trial and during the 

flexion-extension movement.  These intervertebral translations and rotations, recorded in vivo 

during dynamic, functional loading, served as the “gold standard” criteria for the optimization 

process described below.   

 

4.2.2.2 Finite Element Model 

The computational model consisted of the C5 and C6 vertebrae, cartilage endplates, the 

intervertebral disc (annulus, lamella, and nucleus), facet cartilage, and ligaments (anterior 

longitudinal ligament (ALL), posterior longitudinal ligament (PLL), ligamentum flavum (LF), 

interspinous ligament (ISL) and capsular ligaments (CL)).  TrueGrid was used to create 8-noded 

hexahedral elements for the bones, endplates, cartilage and intervertebral disc.  The vertebrae 

were modeled as rigid bodies, with the C6 vertebrae fixed in place.  Material properties for the 

disc and cartilage were assigned according to the literature (Table 18).  Lamellae were modeled 

using five concentric rings of tension-only rebar, with their orientation alternating between 

adjacent rings from +30° to -30°.  Articular cartilage was modeled using a three-element thick 

cartilage model, with thickness ranging from 0.5 mm to 1.0 mm from the edges to the center of 
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the facet, respectively 
198

.  Ligaments were modeled as tension-only springs, with resting lengths 

199
 and stiffness values 

200
 obtained from the literature.  Force applied to the model was 

distributed over the top surface of the C5 vertebral body. 

Table 18: Material properties used in the finite element model. 

 

Custom software was used to interactively place 8 fiducial markers on each vertebral 

body to define anatomic coordin8ate systems used to calculate intervertebral translation and 

rotation.  The location of these 8 fiducial markers, and the anatomic coordinate systems created 

from them, were identical in the in vivo kinematic data and the computational model run in 

Abaqus. 

 

4.2.2.3 Convergence Study 

A convergence study was performed on the vertebral body-disc-vertebral body portion of the 

model to assess the effect of mesh resolution on model predictions.  Sufficient resolution was 

attained when the evaluation criteria (in this case kinematic response and regional disc stress) 

changed by less than 5% 
201

 as mesh resolution of the intervertebral disc increased (96, 864, 1800 

and 4164 elements).  Nine separate forces were applied to the superior endplate of C5 as part of 

the convergence study: 3 magnitudes (22.5 N, 45 N and 76.5 N) of an anterior-compressive force 
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(+45° from vertical), 4 magnitudes (45 N, 90 N, 135N and 180 N) of a purely compressive force 

(0° from vertical), and 2 magnitudes (22.5 N, 45 N) of posterior-compressive force (-45° from 

vertical).  These force magnitudes were selected based on typical head weight of approximately 

45 N 
169

.  The parameters evaluated in the convergence study included the anterior-posterior and 

inferior-superior translations, the flexion-extension rotation, and the regional disc stress (average 

von Mises stress) within the anterior annulus, posterior annulus, posterior-lateral annulus and 

nucleus (average pressure).   

 

4.2.2.4 Sensitivity Analysis 

A sensitivity analysis was performed on the finite element model of the complete motion 

segment after adding posterior bone elements (facets, lamina, spinous process), facet cartilage, 

and all ligaments to the bone-disc bone model used in the convergence study. The sensitivity 

analysis was designed to assess sensitivity of the model to material properties (modulus for disc 

and cartilage, and stiffness for ligaments) and applied load (magnitude and direction).  The 

motion segment was oriented in the static neutral position for this subject (7.1° of extension), and 

material properties were assigned values within the range commonly reported in the literature 

(Table 18) to create a “base” model.  Two load values were applied independently to the model: 

an anterior-compressive load of 90 N (+45° from the vertical) and a posterior-compressive load 

of 90 N (-45° from the vertical).  Each material property and load (both magnitude and direction) 

was systematically adjusted from the base model value by ±10% and ±25% (load directions were 

varied by ±4.5° and  ±11.25°, corresponding to 10% and 25% changes in load direction).   Model 

sensitivity was assessed by calculating the change in anterior-posterior translation and flexion-
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extension rotation relative to the base model for the anterior-compressive and posterior-

compressive loads.  

 

4.2.2.5 Optimization 

The finite element analysis was iteratively run within a genetic algorithm optimization routine in 

Matlab.  The optimized parameters were the three components of the total force applied to the 

C5 vertebra (Fxlab, Fylab and Fzlab).  After each iteration of the optimization routine, the 

kinematic output of the model (relative rotations and translations between bones) was calculated 

by a Python program that read fiducial landmark locations from the Abaqus output file.  The 

optimization function (equation 1) weighted errors in translation (in mm) by a factor of 4 in 

comparison to errors in rotation (in degrees) in agreement with our previous in vivo validation 

study results 
55

.  Considering the primary motions were flexion-extension rotation and anterior-

posterior translation, errors in these components were weighted by an additional factor of 2.  

 

 

 

Each kinematic error value was the squared difference between the Abaqus output and the 

tracked in vivo data. 

The in vivo kinematic data for the C5-C6 motion segment included in the optimization 

process covered a range of motion of 20.3° in flexion-extension, 4.5° mm in anterior-posterior 

translation, and small out-of-plane motions (Figure 42).    
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Figure 42: The in vivo 6 DOF kinematics of the C5C6 motion segment. 

The genetic algorithm is a stochastic, heuristic algorithm.  The ability of the algorithm to 

correctly converge on a known solution was assessed by applying known forces to the C5 

vertebra and running the model in Abaqus.  The kinematic output of this model was calculated 

and used as a reference criterion to assess the precision of the optimization process.  The model 

was then run through the optimizing algorithm, with unknown forces but known criteria 

kinematics.  The force output of this optimization process was compared to the known forces 

applied initially.  This process was repeated three times to assess precision of the algorithm in 

arriving at the correct solution under various combinations of flexion, extension, compression 

and distraction forces.  

The genetic algorithm was run with 50 individuals in the initial population, and stopping 

criteria of 25 generations, 3 stall generations, or a change in the minimum error of less than 

0.001 over three generations.  Lower and upper bounds for the lab-based x, y, and z-components 

of the force applied to C5 (which roughly corresponded to the anterior-posterior, medial-lateral 
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and superior-inferior directions) were ±12 N, ±6 N and ±12 N, with the initial guess provided by 

the optimized solution of the previous frame.  Forces applied to C5, based in the laboratory 

coordinate system, were transformed into the anatomic coordinate system of C5 for analysis. 

Model validity was assessed by comparing 6 DOF kinematics recorded in vivo to the 6 DOF 

kinematics output by the model.  Average von Mises stress (relative to the static neutral stress) 

within the anterior annulus, posterior annulus, posterior-lateral annulus, and pressure within the 

nucleus (relative to the static neutral pressure) was calculated for each frame of the analyzed 

movement. 

 

 

4.2.3 Results 

4.2.3.1 Convergence Study 

Kinematic results were not affected by increasing resolution beyond 864 elements in the disc 

(Figure 43).  Disc stress results were not affected by increasing disc resolution beyond 1800 

elements (Figure 43).  Therefore, all subsequent disc models included at least 1800 elements. 
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Figure 43: Model convergence results. 

4.2.3.2 Sensitivity Analysis 

When anterior-compressive and posterior-compressive loads were applied to the model, the 

kinematic output was most sensitive to load magnitude and load direction, and to a lesser extent, 

annulus modulus (Figure 44).  After observing that the model was highly sensitive to load 

magnitude and load direction, these variables were selected as inputs to the optimization 

algorithm.  
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Figure 44: Sensitivity results. 

4.2.3.3 Optimization 

For a series of known solutions, the genetic algorithm estimated the total force and each 

component of the known force within 2.2 N, on average.  The average difference between the 

estimated and know force direction was 4.1° (Table 19). 
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Table 19: Comparison between known forces and forces determined from the 

optimization process. 

 

The absolute value of the difference between the in vivo kinematics and the kinematics 

output by the optimization process averaged 0.15°, 0.05°, 0.20° for flexion-extension, bend, and 

twist rotations, respectively, and 0.16 mm, 0.13 mm, 0.12 mm for anterior-posterior, medial-

lateral and superior-inferior translation, respectively, over all analyzed frames of movement 

(Figure 45). 

 

Figure 45: Differences between in vivo and optimized 6 degrees-of-freedom 

kinematics. 

As the head extended, relative to the static neutral position, the posterior shear force 

increased by approximately 260 N, while the compressive force decreased by approximately 135 
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N at full extension (Figure 46).  As the head moved to full flexion, relative to the static neutral 

position, the anterior shear force increased by approximately 320 N, while the compressive force 

decreased by approximately 380 N at full flexion (Figure 46).  The peak compressive force 

(approximately 140 N greater than in the static neutral position, occurred while moving in 

flexion, midway between full extension and the neutral position  

 

Figure 46: The model-estimated force necessary to reproduce the in vivo kinematics. 

Annulus pressure was greatest in the posterior-lateral annulus, posterior annulus and 

nucleus (0.9 MPa, 0.6 MPa, 0.3 MPa, relative to the static neutral), just after maximum extension 

as the motion segment began flexion, (Figure 47).   Peak pressure in the anterior annulus (0.4 

MPa relative to the static neutral pressure) occurred just after maximum flexion, as the motion 

segment began extension. 
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Figure 47: Model-estimated change in pressure within the intervertebral disc. 

Stress in the anterior and posterior-lateral annulus at full extension was approximately 1 

MPa greater than in the static neutral position (Figure 48).  Peak stress in the anterior annulus 

occurred at full extension, while peak stress in the posterior and posterior-lateral annulus 

occurred after full extension, as the motion segment moved into flexion.  At full flexion, peak 

stresses in the posterior and posterior-lateral annulus were approximately 0.75 MPa greater than 

in the static neutral position.  Peak stress in the anterior annulus at full flexion was 0.25 MPa 

greater than in the static, neutral position. 
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Figure 48: Model-estimated change in stress in the intervertebral disc. 

4.2.4 Discussion 

This study presents a computational framework for estimating in vivo forces during functional 

loading.  This computational modeling technique applies inverse methods to a finite element 

model in order to estimate in vivo forces, with highly accurate in vivo subject-specific kinematic 

data serving as the optimization criteria.  This technique may be implemented to estimate in vivo 

forces for a variety of joints, given the recent proliferation of biplane radiography and 

fluoroscopy systems that have sub-millimeter accuracy in tracking bone movement in three-

dimensions 
56,58,202-206

.   

It was previously demonstrated that the external angular motion and internal stresses of 

the discs were significantly influenced by variations in the material properties of soft tissues of 

the cervical spine (disc and ligament), but not by variations in material properties of the hard 
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tissues (vertebrae and endplates) 
207

.  The current sensitivity study extended this analysis by 

assessing the model response to external loads.  The results demonstrated that under combined 

shear and compressive loading, the model was most sensitive to the magnitude and direction of 

the applied load.  These results suggest that, although great efforts have been made to 

characterize material properties of the bones, endplates and ligaments in the cervical spine 

199,200,207
, the sensitivity of the model to changes in these material properties is relatively modest 

in comparison to proportional changes in the applied load.  

There are no previous reports of in vivo force and disc loads in the cervical spine during 

dynamic functional loading that can serve as a benchmark for the finite element model results.  

However, previous inverse dynamics musculoskeletal models have estimated loading in the 

cervical spine.  The compressive and anterior-posterior shear forces have been estimated to be up 

to 1164 N and 135 N, respectively, at the level of C4-C5 during isometric contractions in the 

neutral position 
176

.  Applying a previously described inverse dynamics model to the participant 

studied in the current analysis, the peak force applied to C2 was determined, and the compressive 

and shear components this force projected onto the C5 vertebrae were approximately 300 N and 

215 N, respectively, at full extension 
193

.  Also, given the distance from the point of force 

application (the top of C5) to the location of the instant center of rotation for the C5/C6 motion 

segment during flexion  (a moment arm of approximately 20 mm) 
208

, the estimated peak shear 

forces (280 N in extension and 320 N in flexion) correspond to moments of 5.6 Nm and 6.4 Nm, 

respectively, applied to the motion segment at full extension and full flexion.  While these peak 

moment values are higher than those typically applied in pure moment loading of cervical spine 

specimens 
90,209

 (1.5 Nm and 1.0 Nm, respectively), the range of motion in this relatively young, 

healthy participant (over 20°) was also much larger than what is commonly reached during in 
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vitro tests 
90,209

.  A more appropriate comparison may be the work of Nightingale and colleagues, 

who applied a 3.5 Nm moment to a series of female C56 motion segments and recorded an 

average flexion-extension range of motion of 22.8° 
210

.  In the current study, the forces applied to 

C5 were estimated by a optimization process that contained many local minimums for the 

objective function.  It is likely that by including a force minimization constraint in the objective 

function, the optimization process will indicate that much smaller forces may be applied in order 

to reproduce the in vivo kinematics with sufficient accuracy.  Requiring the objective function to 

minimize muscle stress 
211,212

, or minimize muscle activation 
176

 is a constraint commonly 

applied to musculoskeletal models to estimate in vivo forces.  

The changes in pressure estimated by the model are in line with in vitro experiments that 

recorded C56 disc pressure under a purely compressive load of 200 N (from 0.96 to 1.54 MPa in 

flexed, neutral and extended postures)
42

.  The result indicating that the greatest change in disc 

pressure occurs in the posterior-lateral annulus coincides well with the frequent clinical 

observation of disc protrusion into the neural foramen, as found in radiculopathy. 

As with any computational model, it is important to understand the assumptions and 

limitations of the model.  The ground substance of the disc was modeled fairly simply, using 

isotropic, linear mechanical properties.  Likewise, ligaments were assigned linear stress-strain 

behavior.  Increasing the model complexity may affect the force and disc stress estimates.  The 

force applied to the superior body (C5) was distributed across only the vertebral body, and not 

the facet surfaces.  This simplification of the distributed load on the motion segment may 

influence the force estimates, and therefore disc and facet joint cartilage stress.  The force and 

disc stress values reported were relative to the forces and stresses that existed when the spine was 

in its static, neutral position, and it is not currently practical to measure these forces and stresses 
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in vivo due to technical and ethical constraints.  Finally, it is possible that implementing a local 

search algorithm after the genetic algorithm could further refine the force estimates calculated by 

the genetic algorithm.   

Accurate knowledge of the internal forces that occur during in vivo functional movement 

would be invaluable to orthopaedic research.  For example, this information may be used to 

develop in vitro loading regimens to develop and test biologic treatments for cartilage and disc 

degeneration.  In the spine, this technique may be implemented to assess stress in adjacent 

segments following fusion.  This technique may be easily applied to more complex 

computational models (e.g. multi-segment, nonlinear, anisotropic, etc.) of the cervical motion 

segment or any of a number of joints in order to estimate in vivo loads applied during dynamic, 

functional motion. 
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5.0  CONCLUSION 

5.1 SUMMARY OF RESULTS 

5.1.1 Kinematics 

The results demonstrated that in the asymptomatic control subjects, the location and length of the 

path of the instant center of rotation is dependent upon motion segment.  This finding has 

implications for cervical arthroplasty.  Cervical dis replacements should be designed specifically 

for each motion segment, or they should allow for variation in the location and path of the center 

of rotation.  Data for the control group indicated that the contributions each motion segment 

makes to flexion-extension change significantly over the entire range of motion, with cranial 

motion segments (C23 though C45) making their maximal contributions near the midrange of 

motion, and caudal motion segments (C56 and C67) making their maximal contributions near the 

ends of the range of motion.  The clinical implication of this is that patients may be advised to 

avoid movements that require movement to the ends of the range of motion in order to limit the 

demands placed on the C56 and C67 discs. 

The results indicated that total range of motion in adjacent segments was not increased 7 

months after fusion surgery.   However, the distribution of the flexion-extension motion was 

shifted toward more extension and posterior translation and less flexion following fusion.  A 

prospective study will be necessary to discern if this difference was related to altered static 

alignment or alterations in movement patterns following fusion.  The data suggest that the 
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quality of adjacent segment motion (i.e. the path of the ICR) is not altered 7 months after 

surgery.  Although the relative contribution to motion for adjacent segments increases following 

fusion, this result must be interpreted carefully.  Total motion of the cervical spine is decreased 

after arthrodesis, therefore, the percentage contribution made by each non-fused motion segment 

must increase after arthrodesis, even if range of motion in the non-fused motion segments does 

not change. 

5.1.2 Arthrokinematics 

In asymptomatic subjects, the disc and facet joint capsule deformations are different among 

motion segments and different among anatomic regions of the cervical spine.  This finding 

suggests that future protocols account for these level-dependent and region-dependent 

differences when assessing disc and facet joint mechanics. 

Single-level anterior arthrodesis alters the compression-distraction deformation of the 

disc immediately superior to the arthrodesis, suggesting arthrodesis alters the load applied to the 

superior motion segment.  Additionally, adjacent segment facet joint capsule deformation in 

extension is significantly less in arthrodesis patients in comparison to controls, indicating that 

arthrodesis affects loading at the facet joints as well as on the discs.  Combined, these results 

provide evidence that suggests arthrodesis affects adjacent segment mechanics.  While this data 

does support the theory that fusion alters adjacent segment mechanics, it is not clear if these 

mechanical changes are large enough, on their own, to account for all of the degenerative 

changes that commonly occur in adjacent segments.  



  150 

5.1.3 Computational Modeling 

The computational modeling results indicate that in vitro protocols and finite element models 

that apply constant loads to the cervical spine do not accurately reflect in vivo cervical spine 

kinetics during dynamics functional motion.  The finite element results indicate that maximum 

stress and pressure in the intervertebral disc occurs in the posterior-lateral aspect of the annulus.  

This finding corresponds well with the clinical diagnosis of radiculopathy, where it is believed 

that bulging of the posterior-lateral annulus decreases the neural foramen area, allowing less 

space for the nerve root to pass through the foramen. 

5.2 FUTURE WORK 

The results from the present study provide a basis for a prospective study of single-level 

and two- level anterior cervical fusion patients.  The aim of this study will be to determine to 

what extent patient-specific factors, iatrogenic factors, and biomechanical factors influence 

cervical spine mechanics after single-level and two-level fusion.  This prospective study will 

identify the factors that are most closely associated with adjacent segment mechanics.  If the 

results indicate that spine mechanics are influenced primarily by patient-specific and iatrogenic 

factors, this will provide support for increased attention to patient-specific factors and surgical 

technique when performing cervical arthrodesis.  Alternatively, if the results indicate that 

adjacent segment mechanics are influenced primarily by increased stress after arthrodesis, this 

will provide support for increased attention to the design of motion-sparing devices.  
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APPENDIX A 

RANGE OF MOTION SUPPLEMENTARY MATERIAL 

A.1 TABLES 

Table 20: Rotation range of motion during dynamic flexion-extension. 
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Table 21: Flexion and extension components of total range of motion. 

 

Table 22: Translation range of motion during dynamic flexion-extension. 

 

Table 23: Anterior and posterior components of translation range of motion. 
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Table 24: Differences between dynamic and static rotation range of motion during flexion-extension. 

 

 

Table 25: Difference between dynamic and static translation range of motion during flexion-extension. 

 

 

Table 26: Disc height by vertebral level and anatomic location. 
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APPENDIX B 

CONTINUOUS KINEMATICS SUPPLEMENTARY MATERIAL 

B.1 MATERIALS AND METHODS 

B.1.1 Relationship Between Disc Height and Range of Motion 

Pearson correlation was used to identify significant relationships between disc height and 

flexion-extension range of motion and between static orientation and average flexion-extension 

angle during the dynamic movement for control subjects.  A regression equation relating disc 

height and flexion-extension ROM at each disc level was determined when significant 

correlations between these two variables were identified. This regression equation was used to 

predict ROM at each motion segment given the disc height.  A vertebral level-specific scale 

factor was then calculated for each motion segment for every subject using the predicted and 

actual ROM using the following equation: ScaleFactor = (Predicted_ROM – Actual_ROM) / 

Actual_ROM (1).  The scale factor and average flexion-extension angle over the entire flexion 

(or extension) movement were then input to equation (2), below, to determine the adjusted 

intervertebral flexion-extension angle at each 1% interval of C2/C7 ROM.  

 (2) 

  

Adjusted_Angle =Measured_Angle+ (Measured_Angle- Average_Angle)*ScaleFactor
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In this way, the slope of the segmental flexion-extension angle versus percent of C2/C7 ROM 

curves were adjusted to account for inter-subject differences in disc height (Figure 42). 

 

Figure 49: C5/C6 flexion-extension curves before (A) and after (B) adjusting for disc 

height during the flexion motion. 

B.1.2 Relationship Between Static Orientation and Average Flexion-Extension Angle 

A second regression equation relating static orientation and average flexion-extension angle at 

each motion segment was determined when significant correlations between these two variables 

were identified.   This regression equation was used to predict the average intervertebral flexion-

extension angle at each motion segment given the static orientation angle.  A vertebral level-

specific offset value was then calculated for each motion segment for every subject using the 

predicted and actual average flexion-extension angle using the following equation: OffsetValue = 

Measured_Average_Angle – Predicted_Average_Angle (3). The offset value was then used to 

determine the adjusted intervertebral flexion-extension angle at each 1% interval of C2/C7 ROM 

using the equation:  (4).  In this way, 

segmental flexion-extension angle versus percent C2/C7 ROM curves were adjusted to account 

  

Adjusted_Angle =Measured_Angle-OffsetValue
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for inter-subject differences in static orientation (Figure 43).  After segmental flexion-extension 

angles were adjusted to account for disc height and static orientation, as just described, a 3
rd

 

order polynomial was fit to the group mean flexion-extension angle versus percent of C2/C7 

ROM curve for each motion segment. 

 

Figure 50: C4/C5 flexion-extension curves before (A) and after (B) adjusting for 

static orientation during the flexion motion. 

The process described above was repeated using anterior-posterior translation curves in 

place of flexion-extension rotation curves to more precisely define the anterior-posterior 

translation motion path during flexion-extension. 

B.2 RESULTS 

Applying regression equations relating disc height to ROM reduced inter-subject variability in 

C5/C6 and C6/C7 flexion-extension curves by adjusting the slope of the flexion-extension curve 

for each participant (Figure 42). 
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Applying regression equations relating static orientation to average flexion-extension 

angle reduced inter-subject variability in C2/C3, C3/C4, C4/C5 and C5/C6 flexion extension 

curves by adjusting the mean value of the flexion-extension curve for each participant (Figure 

43). 

Third-order polynomials fit to flexion-extension versus percent of C2/C7 rotation ROM 

precisely described the mean continuous flexion-extension motion path at each motion segment 

for the control group (all R
2
 > .99) (Table 12).  Third-order polynomials fit to anterior-posterior 

translation versus percent of C2/C7 rotation ROM precisely described the mean AP translation 

motion path at each motion segment for the control group (all R
2
 > .99) (Table 13). 

Table 27: Third-order polynomial equations to describe flexion-extension angle 

versus C2/C7 percent range of motion during flexion and extension. 

 

 

Table 28: Third-order polynomial equations to describe anterior-posterior 

translation versus C2/C7 percent range of motion during flexion and extension. 
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