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Abstract
Study Design—Case-control.

Objective—To precisely quantify and compare intervertebral segmental contributions to cervical
spine flexion-extension during continuous, functional flexion-extension in asymptomatic subjects
to single-level anterior arthrodesis patients.

Summary of Background Data—Segmental contributions to cervical flexion-extension have
traditionally been determined using single images collected at full flexion and full extension.
These calculations neglect mid-range motion, and assume percentage contributions to motion
remain constant throughout the entire flexion-extension range of motion (ROM).

Methods—6 single-level (C5/C6) anterior arthrodesis patients and 18 asymptomatic control
subjects performed flexion-extension while biplane radiographs were collected at 30 images per
second. A previously validated tracking process determined three-dimensional vertebral position
with sub-millimeter accuracy during continuous flexion-extension. Mixed-effects models of
segmental percentage contribution to C2/C7 flexion-extension were developed to identify
differences in percentage contribution within each motion segment, among motion segments, and
between control and arthrodesis patients over the full ROM.

Results—The C2/C3, C3/C4 and C4/C5 motion segments made their maximum contributions
during the mid-range of motion. The C5/C6 and C6/C7 motion segments, in contrast, made their
maximum contributions near the start and end of the ROM. Arthrodesis patients’ contribution
from the C4/C5 motion segment increased significantly over the range of motion from 30% to
95% of the total flexion-extension ROM (average increased contribution of 5.1%) and arthrodesis
patients’ contribution from the C6/C7 motion segment increased significantly over the entire
flexion-extension ROM (average increased percentage contribution of 8.9%) in comparison to
controls.

Conclusion—Cervical motion segment contributions to flexion-extension change significantly
during the flexion-extension motion. The largest change in percentage contribution to motion,
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relative to controls, occurs at the C6/C7 motion segment, over the entire range of motion,
suggesting a potential mechanical mechanism for the clinical observation of increased incidence
of adjacent segment degeneration at C6/C7 rather than at C4/C5 following C5/C6 arthrodesis.
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Introduction
Degenerative changes adjacent to cervical arthrodesis have been widely reported1–7. These
degenerative changes occur in 16%6 to 25%4 of the patients within 10 years of the
operation, and require adjacent level surgery in 6% to 10% of the patients5,8–11. The
etiology of adjacent segment disease following cervical arthrodesis remains controversial.
The disease may progress due to the underlying spondylosis4,12,13, the arthrodesis may lead
to increased motion in adjacent vertebrae, resulting in overload and instability2,14–17, or
adjacent segment degeneration may result from a combination of these two factors1,5. In an
attempt to eliminate the potential overload of adjacent segments following arthrodesis,
several motion-preserving disc replacement devices have been recently developed18–21.

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 motion22–26, 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
segments27, 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 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.

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

Data Collection
High-resolution CT scans (0.29×0.29×1.25 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 segmentation28. 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 mSv29,30.

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).

Data Processing
A previously validated tracking process determined three-dimensional vertebral position in
each pair of radiographs with sub-millimeter accuracy31 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 previously31–34. 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 analysis35. Six degree-of-freedom (DOF) kinematics between
adjacent vertebrae (3 translations, 3 rotations) were calculated following established
standards for reporting spine kinematics36,37. 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.

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
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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.

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 1). 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 midrange of motion,
and decreased their percentage contributions near the start and end of the ROM (Figure 1).
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 of motion (Figure 1). 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).

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 2). The reduced
contribution 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 2C). 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 2E).
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.

C2/C7 flexion-extension ROM in the control group (67°±10°) was significantly greater than
in the arthrodesis group (57°±7°) (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 3).
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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)38–40 and images collected from selected midrange positions41. 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 degeneration at the C56 and C67
disc levels42,43. 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 3 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 subjects27. 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
segment4. The results of the current study suggest a potential mechanical mechanism for this
clinical finding. The C6/C7 motion 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.
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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 pain44, 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 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 age45–48.
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Key Points

1. Cervical segmental percentage contributions to flexion-extension varied
substantially within each motion segment over the full range motion.

2. 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. 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 made their smallest contributions during the
mid-range of motion.

3. The reduced contribution from the C5/C6 motion segment in arthrodesis patients
was compensated by an increased contribution from the C4/C5 motion segment
from 30% to 95% of the total C2/C7 ROM and by an increased contribution
from the C6/C7 motion segment over the entire ROM. The C2/C3 and C3/C4
motion segment contributions were not significantly different between control
and arthrodesis groups.

4. 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. Therefore cervical spine mechanics cannot be fully
characterized by static or end-position measurements.
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Figure 1.
Control group average segmental percentage contributions to C2/C7 flexion-extension. Data
for each motion segment is represented by observed data (dots), predicted contributions
from the mixed-model analysis (solid lines), and 95% confidence interval (dash-dot).
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Figure 2.
Control and arthrodesis group average segmental percentage contributions to C2/C7 flexion-
extension. Data for each motion segment is represented in an identical fashion to Figure 1.
The control group data is designated by darker symbols and arthrodesis group is designated
by lighter symbols. Differences between groups are statistically significant at all ROM
percentages when the 95% confidence interval boundaries do not overlap.
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Figure 3.
Average range of motion at each motion segment for the control and arthrodesis groups.
Only the C5/C6 motion segment was significantly different between groups (p < .001; all
other p ≥ 0.197; unpaired t-tests). Error bars represent 95% confidence intervals.
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