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Six-Degrees-of-Freedom Cervical Spine Range of
Motion During Dynamic Flexion-Extension After
Single-Level Anterior Arthrodesis
Comparison with Asymptomatic Control Subjects
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Background: The etiology of adjacent-segment disease following cervical spine arthrodesis remains controversial. The
objective of the current study was to evaluate cervical intervertebral range of motion during dynamic flexion-extension in
patients who had undergone a single-level arthrodesis and in asymptomatic control subjects.

Methods: Ten patients who had undergone a single-level (C5/C6) anterior arthrodesis and twenty asymptomatic control
subjects performed continuous full range-of-motion flexion-extension while biplane radiographs were collected at thirty
images per second. A previously validated tracking process determined three-dimensional vertebral position on each pair
of radiographs with submillimeter accuracy. Six-degrees-of-freedom kinematics between adjacent vertebrae were calcu-
lated throughout the entire flexion-extension movement cycle over multiple trials for each participant. Cervical kinematics
were also calculated from images collected during static full flexion and static full extension.

Results: The C4/C5 motion segment moved through a larger extension range of motion and a smaller flexion range of
motion in the subjects with the arthrodesis than in the controls. The extension difference between the arthrodesis and
control groups was 3.8° (95% Cl [confidence interval], 0.9° to 6.6°; p = 0.011) and the flexion difference was —2.9° (95%
Cl, —5.3°to —0.5°; p = 0.019). Adjacent-segment posterior translation was greater in the arthrodesis group than in the
controls, with a C4/C5 difference of 0.8 mm (95% ClI, 0.0 to 1.6 mm) and a C6/C7 difference of 0.4 mm (95% ClI, 0.0 to
0.8 mm; p=0.016). Translation range of motion and rotation range of motion were consistently larger when measured on
images collected during dynamic functional movement as opposed to images collected at static full flexion or full
extension. The upper 95% CI limit for anterior-posterior translation range of motion was 3.45 mm at C3/C4 and C4/C5,
but only 2.3 mm at C6/C7.

Conclusions: C5/C6 arthrodesis does not affect the total range of motion in adjacent vertebral segments, but it does
alter the distribution of adjacent-segment motion toward more extension and less flexion superior to the arthrodesis and
more posterior translation superior and inferior to the arthrodesis during in vivo functional loading. Range of motion
measured from static full-flexion and full-extension images underestimates dynamic range of motion. Clinical evaluation of
excessive anterior-posterior translation should take into account the cervical vertebral level.
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egenerative changes adjacent to fused cervical vertebrae

have been well documented'”, and may occur as early as

seventeen months following surgery’. The reported
prevalence of these degenerative changes has ranged from 16%
(of 112 patients)® to 25% (of 374 patients)* within ten years after
the operation, and the changes require adjacent-level surgery in
6% to 10% of patients™". In a twenty-one-year follow-up study
of fifty patients who had undergone anterior cervical spine ar-
throdesis, 32% developed recurrent pain at an average of 7.2
years after surgery, and 16% required surgery for disc disease at
an adjacent level’. The most likely location for adjacent-segment
degeneration is unclear, as one study suggested that progressive
degeneration occurs with equal frequency superior and inferior
to the fused segment' while another indicated that adjacent-
segment degeneration is level-dependent and most prevalent at
the C5/C6 and C6/C7 discs*. The degeneration may progress as a
result of underlying spondylosis*'*", increased motion in adja-
cent vertebrae®” ", or a combination of these factors'”.

Fig. 1-A

Digitally Reconstructed Radiograph #1

Digitally Reconstructed Radiograph #2

3D Bone Model

Fig. 1-B

Simulated X-ray Source #2

Simulated X-ray Source #1
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Investigations designed to identify mechanical factors
that may expedite adjacent-segment degeneration have pri-
marily focused on excessive motion adjacent to the fused seg-
ment during flexion-extension. To identify excessive motion,
the normal range of motion in asymptomatic subjects must
first be defined. This has been previously accomplished by
manually identifying anatomic landmarks on two-dimensional
lateral radiographs'®'**. These measurements have inherent
limitations, including potential differences between ranges of
motion calculated from radiographs collected in static posi-
tions compared with dynamic muscle-driven movement®, the
high measurement variability associated with manual digiti-
zation®****”*, and the inability to assess motion that occurs out
of the film plane. Numerous authors have noted the necessity
for three-dimensional'******) in vivo™****** measurements of
the cervical spine under dynamic load'******,

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

Figs. 1-A and 1-B Biplane radiograph data col-
lection system. Fig. 1-A X-ray tubes (left) directed
x-rays through subject-to-image intensifiers (right).
2.5-ms x-ray pulses (70 kV, 160 mA) were gen-
erated by cardiac cine-angiography generators at
arate of 30 Hz, and images were collected by high-
speed cameras synchronized to the x-ray pulses.
Head motion relative to the trunk was determined
with use of reflective markers placed on the head
and trunk (Vicon-MX, Vicon, Oxford, United King-
dom). (Reproduced, with modification, from:
Anderst WJ, Baillargeon E, Donaldson WF 3rd, Lee
JY, Kang JD. Validation of a noninvasive technique
to precisely measure in vivo three-dimensional
cervical spine movement. Spine [Phila Pa 1976].
‘!' 2011 Mar 15;36[6]:E393-400. Reproduced with
permission.) Fig. 1-B Virtual x-ray system for
model-based tracking. A three-dimensional CT
reconstruction of the bone was placed in a
computer-generated reproduction of the x-ray
system. Simulated x-rays were then passed
through the three-dimensional CT reconstruction
to generate digitally reconstructed radiographs.
Bone position and orientation were determined
by optimizing the correlation between the digitally
reconstructed radiographs (green in figure) and
the edge-enhanced radiographs (red in figure).
(Reproduced, with permission, from: Bey MJ,
Zauel R, Brock SK, Tashman S. Validation of a
new model-based tracking technique for mea-
s suring three-dimensional, in vivo glenohumeral
- joint kinematics. J Biomech Eng. 2006
Aug;128[4]:604-9.)
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dynamic flexion-extension in patients who had undergone
single-level anterior cervical discectomy and fusion and
asymptomatic control subjects. The first aim was to assess
differences in intervertebral range of motion, in terms of all
six degrees of freedom (three translations and three rotations),
between control subjects and patients who had undergone
single-level anterior cervical discectomy and arthrodesis.
The second aim was to compare static range-of-motion mea-
surements with those obtained during dynamic, functional
movement.

Materials and Methods

Subjects
Following institutional review board approval, subjects who were at least
eighteen years of age and scheduled to undergo, or had recently undergone,
single-level anterior cervical discectomy and arthrodesis 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 sex
distribution of the subjects treated with arthrodesis. Control-subject recruitment
was accomplished through an advertisement in an employee newsletter and word
of mouth. Data from thirty subjects (ten patients treated with C5/C6 arthrodesis
and twenty controls) who provided informed consent to participate in this study
were included in the present analysis. Demographic and surgical details for the
control and arthrodesis groups are summarized in the Appendix.

Data Collection and Processing
High-resolution computed tomography (CT) scans (0.29 x 0.29 X 1.25-mm
voxels) (GE LightSpeed 16; GE Healthcare, Waukesha, Wisconsin) of the cer-
vical spine (C2-C7) were acquired for each participant. Bone tissue was seg-
mented from the CT volume with use of a combination of commercial software
(Mimics software; Materialise, Leuven, Belgium) and manual segmentationss.
A three-dimensional model of each vertebra was generated from the segmented
bone tissue’”. Markers were interactively placed on the three-dimensional bone
models to define bone-specific anatomic coordinate systems.

Subjects performed continuous full-range-of-motion flexion-extension to
the beat of a metronome set at a rate of forty to forty-four beats per minute to
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complete one full movement cycle in approximately three seconds. Biplane radio-
graphs were collected at thirty images per second for three seconds during two or
three dynamic movement trials per subject (Fig. 1-A). A total of seventy-eight
dynamic flexion-extension 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 on each pair of radiographs with submillimeter
accuracy38 for all static and dynamic trials (Fig. 1-B). Details regarding the model-
based tracking process, including hardware and software specifications, calibration
and distortion correction procedures, and computational algorithms, have been
described previously”™". Tracked data were filtered at 1.7 Hz with use of a fourth-
order, low-pass Butterworth filter with the filter frequency determined with use of
residual analysis'. Six-degrees-of-freedom kinematics between adjacent verte-
brae (three translations: medial-lateral, superior-inferior, and anterior-posterior;
three rotations: flexion-extension, twist, and lateral bend) were calculated for
every frame in each trial in accordance with established standards for reporting
spine kinematics'>** (Fig. 2). Three-dimensional motion data for C2 were not
available for four subjects treated with arthrodesis, 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 of any asymptomatic control subject.
Thus, C2/C3 data are presented only for the asymptomatic control group.

Analyzed Parameters

The six-degrees-of-freedom range of motion was calculated from the maximum
and minimum values for each of the six kinematic parameters describing relative
motion between adjacent bones (three translations and three rotations) for each
motion segment for each trial (Fig. 3). The standard deviation of these range-of-
motion 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 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 range of motion for each parameter was then calculated

SYEE
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Fig. 2

Three-dimensional bone models at five instants of the flexion cycle from a representative control subject. Sagittal views are above, and coronal views are

below. Intervertebral kinematics were determined for each pair of adjacent vertebrae (superior bone motion relative to immediately inferior bone) with use of

coordinate systems embedded within each vertebral body.
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TABLE | Rotation Range of Motion (in Degrees) During Dynamic Flexion-Extension*

Cc2/C3 C3/C4

Group Flex-Ext Twist Lat Bend Flex-Ext Twist Lat Bend
Controlt 10.2+2.4 1.9+0.8 28+1.2 142+ 2.6 1.9+0.8 26+1.4
C5/C6 arthrodesist N/A N/A N/A 13.2+3.1 2.1+0.8 2.5+0.9
Difference N/A N/A N/A -1.0 0.2 -0.2
95% Cl¥ N/A N/A N/A —-3.2t01.2 —-0.5t00.8 —-1.11t00.8
*The following significant differences between the control and arthrodesis groups were identified (marked by asterisks within the table): C5/C6
(flexion-extension): control > arthrodesis (p < 0.001) and C6/C7 (twist): control > arthrodesis (p < 0.001). N/A = not available. TThe values are
given as the mean and standard deviation. ¥The 95% confidence interval of the difference between groups.

by finding the maximum and minimum values of each parameter over all
dynamic-movement trials for a given subject (the dynamic range of motion).
Intervertebral range of motion was also calculated from the static full-flexion
and static full-extension images for each subject (the static range of motion).
An additional measurement, termed “clinical anterior-posterior range of
motion,” was calculated with use of 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 it is typically measured clinically®.

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 maximum amount of extension and posterior

translation were determined relative to this static neutral position for the dy-
namic flexion-extension trials.

Disc height in the anterior anulus, nucleus, and posterior anulus re-
gions was determined for each subject to assess disc degeneration. The methods
used to determine disc height are provided in the Appendix.

Statistical Design and Analysis

Sample size was determined by using variability estimates from previous studies that
employed CT model-based tracking and kinematic measurement techniques similar
to those utilized in the current study39’4l, and power was set at 0.80, so that dif-
ferences between groups as small as 1.0° in rotation could be detected®. Analysis of
variance was used to assess all differences between the control and arthrodesis

12 7 C5/C6 Rotations

Bend Min.

Bend Max.

Rotation (deg)

.12 4 “*Flexion-Extension

Fig. 3

=Twist

3.0

Twist Min.

Time (s)

~*-Lateral Bend

Flexion-extension (F-E), twist, and lateral bend angles between C4 and C5 for a representative subject. The arrows indicate maximum and minimum values
for each curve over the entire flexion-extension trial. Maximum and minimum values for each rotation curve were determined for each cervical motion

segment for each trial. The process was identical for determining translation range of motion. The symbols along the curves indicate instants when each

of the ninety frames of biplane x-ray data were collected and analyzed.
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TABLE | (continued)

C4/C5 C5/C6 Cce/C7
Flex-Ext Twist Lat Bend Flex-Ext Twist Lat Bend Flex-Ext Twist Lat Bend
159+2.1 1.9+0.7 28+ 1.6 14.6 + 4.7 1.6+0.7 2.0+0.8 12.5+ 4.6 1.5+0.5 2.3+1.0
16.7 £ 2.9 2.4+0.9 2.7+1.2 2.9+ 0.9% 22+1.1 25+1.2 12.6 + 4.2 2.6 £ 0.9%* 3.3+0.9
0.8 0.5 0.0 —-11.8 0.6 0.5 0.1 1.1 1.0
—1.1t02.7 -0.2t01.1 -1.2t01.1 —-14.9to —8.7 -0.1t01.3 —-0.2t01.3 —3.51t0 3.6 0.5t01.6 0.2t01.8

groups. Paired t tests were performed to identify differences between static and
dynamic six-degrees-of-freedom range of motion within all subjects. Significance
was set at p < 0.05 for all tests, and significance levels were adjusted for multiple
comparisons with use of the false discovery rate””. The p values listed in all tables
were significant after adjustment for multiple comparisons.

Source of Funding

This project was funded by National Institutes of Health/National Institute of Ar-
thritis and Musculoskeletal and Skin Diseases (NIH/NIAMS) Grant R03-AR056265
and a 21st Century Development Grant from the Cervical Spine Research Society.

Results
Specific Aim 1
Rotation Range of Motion
he dynamic range of motion in the asymptomatic controls
during the flexion-extension movement was largest in the
flexion-extension direction, followed by the lateral bend di-
rection, and smallest in the twist direction at every motion
segment (Table I). Significant differences between the control
group and C5/C6 arthrodesis group were identified at the
operatively treated motion segment, with flexion-extension range
of motion significantly less in the arthrodesis group (average dif-
ference: —11.8°% 95% confidence interval [CI], —14.9° to —8.7%
p < 0.001). Twist rotation inferior to the operatively treated seg-
ment was also significantly larger (p < 0.001) in comparison with
the value in the controls. The total range of motion in the flexion-

extension direction did not differ significantly between the control
and arthrodesis groups at any motion segment that had not been
included in the operation (all p > 0.370).

The flexion-extension range of motion was further
characterized by separating the total flexion-extension range of
motion into a flexion range of motion and an extension range
of motion with use of the static neutral trial as a reference. In
the control group, the flexion range of motion was larger than
the extension range of motion at each motion segment; how-
ever, this difference did not reach significance at any level (p =
0.096) (Table II). The distribution of the flexion and extension
ranges of motion in the subjects treated with C5/C6 arthrodesis
was opposite that of the controls. In the subjects treated with
arthrodesis, the extension range of motion was larger than the
flexion range of motion at each motion segment that had not
been included in the operation. In fact, the extension range of
motion at the C4/C5 motion segment was significantly greater
in the C5/C6 arthrodesis group than it was in the asymptomatic
control subjects (average difference: 3.8° 95% CI, 0.9° to 6.6°%
p = 0.011) while the flexion range of motion was significantly
less in the C5/C6 arthrodesis group in comparison with the
asymptomatic control group (average difference: —2.9° 95% CI,
—5.3°to —0.5% p=0.019) (Table IT and Fig. 4). The overall head
range of motion relative to the trunk was 40.9° £ 9.7° in flexion

control

A\
\\

fusion

C5

extension

control

fusion

C5

flexion

Fig. 4

Representation of flexion-extension range of motion in the C5/C6 arthrodesis (fusion) and control groups. The neutral position of C4 and C5 are shown as
solid bones, with the movement in control subjects (red) and subjects treated with arthrodesis (blue) represented by bone outlines in full extension (left) and

flexion (right). The total range of motion adjacent to the arthrodesis did not differ between groups; however, the subjects treated with arthrodesis had greater
extension and posterior translation range of motion at full extension and less flexion and anterior translation at full flexion.
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TABLE Il Flexion and Extension Rotation Range of Motion (in Degrees) During Dynamic Flexion-Extension*

C2/C3 C3/C4
Group Flex Ext Flex Ext
Controlt 59+24 4.2+22 79+3.6 6.3+3.3
C5/C6 arthrodesist N/A N/A 6.1+3.1 71+22
Difference N/A N/A -1.8 0.8
95% Cl¥ N/A N/A —4.5t00.9 —-1.5t03.2

*No significant differences between flexion and extension ranges of motion were identified in the control group or arthrodesis group at any motion
segment. The following significant differences between the control and arthrodesis groups were identified (marked by asterisks within the table):
C4/C5 (extension): control < arthrodesis (p = 0.011); C4/C5 (flexion): control > arthrodesis (p = 0.019); C5/C6 (flexion): control > arthrodesis
(p < 0.001); and C5/C6 (extension): control > arthrodesis (p < 0.001). N/A = not available. TThe values are given as the mean and standard

deviation. ¥The 95% confidence interval of the difference between groups.

and 45.3° + 12.8° in extension in the control group and 35.3° +
8.5° and 43.5° + 11.6°, respectively, in the arthrodesis group.

Translation Range of Motion

The only significant difference between the control and C5/
C6 arthrodesis groups in total dynamic translation range
of motion was at the fused motion segment, with the anterior-
posterior range of motion significantly less in the arthrodesis
group (average difference: —2.6 mm; 95% CI, —3.2 to —2.0 mm;
p < 0.001) (Table IIT). The total anterior-posterior range of
motion was larger superior to the C5/C6 motion segment in
comparison with the value in the controls; however, this dif-
ference did not reach significance (p = 0.063).

When the total anterior-posterior range of motion was
divided into an anterior range of motion and a posterior
range of motion with use of the static neutral trial as a ref-
erence, trends were similar to those found in the analysis of
the flexion and extension components of the total dynamic
range of motion (Fig. 4 and Appendix). Specifically, anterior
translation was consistently less and posterior translation was
consistently greater in the C5/C6 arthrodesis group, in compar-
ison with the controls, at each nonfused motion segment. The
difference in posterior translation was significant at the C6/C7
motion segment (average difference: 0.4 mm; 95% CI, 0.0 to

0.8 mm; p = 0.016), but not at the C4/C5 motion segment after
correcting for multiple comparisons (p = 0.043).

Clinical Translation Range of Motion

Intervertebral translation in the control subjects, as typically
measured clinically, ranged from 1.1 to 2.3 mm, with no sig-
nificant differences among levels (see Appendix). The only sig-
nificant difference between the control and arthrodesis groups in
terms of clinical anterior-posterior translation occurred at the
fused motion segment (p < 0.001).

Trial-to-Trial Variability
Trial-to-trial variability results and discussion are provided in
the Appendix.

Specific Aim 2

Static Versus Dynamic Range of Motion

The intervertebral range of motion measured during dynamic,
functional movement tended to be larger than the intervertebral
range of motion measured on static full-flexion and full-extension
images (see Appendix). In the control subjects, the dynamic
range of motion was significantly greater than the range of mo-
tion measured on static images in all three rotational and trans-
lational degrees of freedom at the C2/C3, C3/C4, and C4/C5

TABLE Ill Translation Range of Motion (in Millimeters) During Dynamic Flexion-Extension*

C2/C3 C3/C4

Group Med-Lat Sup-Inf Ant-Post Med-Lat Sup-Inf Ant-Post
Controlt 0.6 +0.2 0.7+0.3 38+1.1 0.6+0.4 0.7+0.3 3.8+0.8
C5/C6 arthrodesist N/A N/A N/A 0.8+0.3 0.7+0.3 3.7+£0.8
Difference N/A N/A N/A 0.2 -0.0 -0.0
95% Cl¥ N/A N/A N/A —-0.1t0 0.5 -0.2t00.2 —0.7 10 0.6
*The following significant difference between the control and arthrodesis groups was identified (marked by asterisk within the table): C5/C6
(anterior-posterior): control > arthrodesis (p < 0.001). N/A = not available. TThe values are given as the mean and standard deviation. $The 95%
confidence interval of the difference between groups.
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TABLE Il (continued)

C4/C5 C5/C6 C6/C7
Flex Ext Flex Ext Flex Ext
8.0+ 2.6 79+33 7.4+29 7.3+3.8 7.1+3.9 54+23
5.1+3.7% 11.7 £ 4.1% 22 +1.1% 0.6 £ 1.4* 59+3.1 6.7 £ 3.0
—-2.9 3.8 -5.2 -6.7 -1.2 1.3
—-5.3t0 -0.5 0.91t06.6 —7.1t0 —-3.2 —9.2to0 -4.1 —-4.1to1.7 —-1.1t0 3.6

motion segments. The effect of measuring range of motion with
images collected during active motion, as opposed to images
collected with the subject stationary, was typically greater in the
C5/C6 arthrodesis group than it was in the control subjects (see
Appendix).

Disc Height

Disc height measurements indicated no significant differences
between the control and arthrodesis groups. Details of these
results are provided in the Appendix.

Discussion
No significant differences between the control and C5/C6
arthrodesis groups were identified for range of motion at
the unfused cervical vertebrae in the primary directions of
motion during flexion-extension (i.e., flexion-extension rota-
tion and anterior-posterior translation). This result agrees with
those of previous reports that indicated that adjacent-segment
kinematics remained unchanged approximately one year after
arthrodesis*™*, but they contradict those in another report that
demonstrated significantly less intersegmental range of motion
at “almost every level” when subjects treated with arthrodesis
were compared with control subjects™. The lack of significant
in vivo differences in the total range of motion between the
arthrodesis and control groups contradicts in vitro studies
that showed excessive motion following arthrodesis in cadaver
specimens'®*'*, suggesting that in vitro test protocols may
not adequately replicate in vivo loading. The small flexion-
extension rotation at the C5/C6 motion segment observed in

the subjects treated with C5/C6 arthrodesis consistently fol-
lowed the flexion-extension patterns of adjacent vertebrae,
indicating that the flexion-extension range of motion calculated
in the present study represented actual motion at the operatively
treated segment, and was not merely noise in the measurement
system.

The results of the current study indicate that the total
range of motion in secondary components of motion (i.e., twist
and bend rotation as well as medial-lateral and superior-inferior
translation), on average, are less than 2.8° in rotation and 0.7 mm
in translation in asymptomatic subjects. Single-level anterior
arthrodesis does not appear to have a clinically relevant effect on
range of motion in these secondary components of total motion
during the flexion-extension movement.

According to our results, single-level anterior arthrodesis
appears to affect the distribution of the total flexion-extension
range of motion and total anterior-posterior translation range of
motion (Table II and Appendix). The absence of significant
differences between the flexion and extension ranges of motion
and between the anterior and posterior translation ranges of
motion in the control subjects contradicts a previous study that
demonstrated significant differences between anterior and pos-
terior translation in control subjects”. 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 range of motion and between
anterior and posterior translation range of motion adjacent
to the arthrodesis revealed a kinematic difference between the

TABLE lll (continued)

C4/C5 C5/C6 C6/C7
Med-Lat Sup-Inf Ant-Post Med-Lat Sup-Inf Ant-Post Med-Lat Sup-Inf Ant-Post
0.6 £0.3 0.6 £0.3 3.9+0.7 0.6 £0.5 0.6 £0.3 3.2+1.3 0.7+£0.6 0.7+0.4 2.4+1.0
0.7 £0.3 1.0+0.5 4.5+0.9 1.0+ 0.5 0.7+0.3 0.6 £ 0.3* 1.3+0.9 09+04 2.9+0.8
0.1 0.4 0.6 0.4 0.0 —-2.6 0.6 0.2 0.4
-0.1t00.4 0.0t0 0.8 -0.0to 1.2 0.0t0 0.8 —-0.2100.3 —-3.2t0 -2.0 0.1to1l.1 —-0.1t00.5 —-0.4t01.2
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arthrodesis and control groups and suggests that it may be ad-
vantageous to evaluate range of motion clinically by measuring it
from neutral to full flexion and from neutral to full extension,
rather than with 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
effect disc homeostasis™* and lead to disc degeneration.

Clinical anterior-posterior translation in the control sub-
jects was well below the standard of 3.5 mm to indicate excessive
translation or pathology”. The 3.5-mm standard, determined in
experiments on cadaver specimens, agrees well with the current
in vivo data that showed that the upper boundary for the 95%
confidence interval for anterior-posterior translation range of
motion was 3.45 mm at the motion segments with the greatest
anterior-posterior translation range of motion (C3/C4 and C4/
C5). However, the present data also suggest that the standard
anterior-posterior translation measurement used to identify
excessive translation is level-dependent, with 2.3 mm being
the upper boundary for the 95% confidence interval for the
anterior-posterior translation range of motion at the C6/C7
motion segment.

The results of this study indicate that range-of-motion
measurements performed with use of only static end-range-
of-motion images significantly underestimate the six-degrees-
of-freedom range of motion in the cervical spine. The present
results confirm a previous suggestion that there may be dif-
ferences between static and dynamic measurements of range
of motion®. Single end-range images obtained during either
static positioning or dynamic movement underestimate the
range of motion because of muscular and inertial force dif-
ferences between static and dynamic conditions and because
all motion segments do not reach their maximum range of
motion simultaneously. Furthermore, as has been previously
demonstrated, static cervical flexion-extension range of mo-
tion may be increased by an average of 2° to 3° per motion
segment by manually applying force to the head™, suggesting a
potential for additional range of motion 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 patients who have
undergone an arthrodesis should be interpreted with the
understanding that these measurements may underestimate
the functional flexion-extension range of motion by up to 3°
at each vertebral level.

There were several limitations associated with this
study. First, dynamic, functional movement testing was not
performed on the subjects before the C5/C6 arthrodesis be-
cause they had pain and limited movement prior to the sur-
gery. As a result, the data for the arthrodesis group were
compared with those for control subjects of approximately
the same age. It is important to note that the subjects in the
arthrodesis group were tested approximately seven months
after the surgery, earlier than adjacent-segment disease gen-
erally occurs’. Therefore, while the present results provide
valuable information regarding the short-term effects of ar-
throdesis, they may not be representative of longer-term ef-
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fects. One benefit of this short-term data, however, is that, if
kinematic differences are observed after 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 of the study is that the age range
of the subjects treated with arthrodesis (and therefore of the
age-matched controls as well) was relatively narrow for this
investigation. Although this age group is highly relevant from a
clinical perspective, the results presented here should be con-
sidered to be representative only for the age group included in
this cohort and with consideration of the well-known changes
that occur in the spine with age'>**'. The percentages of
smokers in the control and arthrodesis groups were slightly
lower and slightly higher, respectively, than the percentage
of smokers in large clinical trials involving subjects treated
with anterior arthrodesis or arthroplasty (32% to 45% rates
of smokers)*'**. Additional study involving a larger number of
patients will be necessary to determine if a relationship exists
between smoking and cervical kinematics following arthrode-
sis. Although no significant group differences in either the total
flexion-extension range of motion or the total anterior-posterior
translation range of motion were identified in this study, other
kinematic differences such as the instant center of rotation®**
and the sequencing of the intervertebral rotations™* may exist
between controls and subjects treated with single-level arthrod-
esis. Furthermore, measurements of total range of motion may
not even be the appropriate parameters to characterize the me-
chanical effects of arthrodesis on subsequent disc degeneration
because end-range-of-motion positions are encountered much
less frequently than mid-range-of-motion positions during ac-
tivities of daily living. Thus, additional and alternative kinematic
measurements may prove more effective in identifying me-
chanical factors that lead to disc degeneration following ar-
throdesis. Finally, the range-of-motion results presented here
are limited to the flexion-extension movement. The effect of
C5/C6 arthrodesis on range of motion during twisting and
bending rotations may or may not follow the patterns de-
scribed here.

Appendix
@ A table showing subject demographic and surgical details;
tables showing anterior and posterior translation range of
motion, clinical anterior-posterior translation range of motion,
differences between dynamic and static ranges of motion, and
trial-to-trial variability in range of motion during dynamic
flexion-extension; and a table showing disc height by vertebral
level and anatomic location are available with the online
version of this article as a data supplement at jbjs.org. Also
available with the online version of this article as a data sup-
plement at jbjs.org are figures demonstrating disc regions and
measurement of disc height. In addition, a description of disc
height calculations, trial-to-trial variability results, and disc
height results along with a trial-to-trial variability discussion
are available with the online version of this article as a data sup-
plement at jbjs.org. ®
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