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In Vivo Three-Dimensional Kinematics of the
Cervical Spine During Head Rotation in
Patients With Cervical Spondylosis
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Study Design. Kinematics of the cervical spine during head rotation
was investigated using 3-dimensional (3D) magnetic resonance
imaging (MRI) in patients with cervical spondylosis (C5).
Objective. To demonstrate in vivo 3D kinematics of the spondylotic
cervical spine during head rotation.

Summary of Badkground Data. Several in vivo studies have
identified kinematic differences between normal and zpondylotic
subjects, but only two-dimensional flexion/extension motion has
been investigated. Differences of in vive 3D cervical motion during
head rotation between normal and spondylotic subjects have yet to
be clarified.

Methods. Ten healthy volunteers (control group) and 15 patients with
C5 (CS group) undenwent 3D MRI of the cervical spine with the head
rotated to 5 poeitions (neutral, +45” and *maximal head rotation).
Relative motionz of the cervical spine were calculated by automati-
cally superimpoasing a segmented 3D MRI of the vertebra in the neu-
tral pasition over images for each position using volume registration.
The 3D motions of adjacent vertebra were represented with 6 degrees
of freedom by Euler angles and translations on the coordinate system.
Results. Compared with the control group, the C5 group showed
significantly decreased mean axial rotation and mean coupled lateral
bending at C5-C6 and C6-C7 and significantly increased mean cou-
pled lateral bending at C2-C3 and C3-C4, although both the groups
showed the same pattern of coupled motions.
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Condusion. The in vivo 3D kinematics of the spondylotic cervical
spine during head rotation was accurately depicted and compared
with those of healthy cervical spinec for the first time.

Key words: kinematics, coupled motion, cervical spondylosis,
volume registration. Spine 2011;36:778-783

he human cervical spine is composed of highly specific

tissues and structures, which together provide the ex-

tensive range of motion and considerable load-carrying
capacity required for physical activities of daily living (ADL).
This is 1 reason why degenerative changes in the cervical
spine start as early as middle age and affect more than 95% of
patients older than 65 years.! Even though nerve root or cord
compression develops in 10% to 15% of the population.? the
pathophysiology of cervical spondylosis (CS) remains poorly
understood.?

Achieving a better understanding of this pathophysiol-
ogy requires clarification of the differences in kinematics
between the normal and spondylotic cervical spine. Several
kinematic studies associated with aging and/or degenera-
tion of the cervical spine have been reported using simple
extension and flexion radiography,*” motion analysis,*
cineradiography,’ and magnetic resonance imaging (MRI).*
However, most of these studies have investigated only
2-dimensional flexion/extension motion, and 3-dimensional
(3D) analysis using a motion analyzer has been vague and
indirect. No study comparing in vivo 3D cervical motion
during head rotation between normal and spondylotic sub-
jects has been conducted, despite the importance of these
motions in ADL. This is because of the difficulty in measur-
ing in vivo cervical segmental motion, particularly during
head rotation and lateral bending, which involves complex
3D motions called “coupled motion.” We have developed a
3D MRI system to evaluate the in vivo 3D kinematics of the
spine'’-'* and have already reported accurate in vivo 3D ki-
nematics of the normal cervical spine using this method.'*-*?
The objectives of this study were to investigate in vivo 3D
kinematics of the spondylotic cervical spine during head ro-
tation and to compare those with kinematics of the healthy
cervical spine.
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MATERIALS AND METHODS

Subjects in this study comprised 10 healthy volunteers (control
group) and 15 patients with CS (CS group). The 10 healthy
volunteers (S men, 5 women; mean age, 25.1 years; range,
22-31 years) had neither neck pain nor any medical history
of cervical spine disorders. As for the control group, all sub-
jects were included in our previous publications'-"* and ret-
rospective analysis was performed. The 15 patients (7 men,
8 women; mean age, 60.2 years; range, 41-70 years) had been
referred to our institution because of axial and/or neurologic
symptoms and showed radiographic findings of CS as fol-
lows: loss of disc space height; spondylotic bars; foraminal
osteophytes; and kyphosis. Subjects with a history of cervical
Spine Surgery, trauma, tumors, infection, rheumatoid arthritis,
or ossification of the posterior longitudinal ligament were ex-
cluded. All study protocols were approved in advance by the
institutional review board.

Each subject was placed supine on the MRI table and
underwent 3D MRI in 5§ positions with the head rotated 0°
(neutral position), 45°, and maximally to the left and right.
All subjects were instructed to rotate the head as perpendicu-
lar as possible to the axis of the body trunk, and the shoul-
ders were fixed to the table with a band. In the control group,
MRI was performed using a 1.0-T commercial magnetic res-
onance system (Signa LX; General Electric, Milwaukee, WI).
A 3D fast-gradient recalled acquisition in the steady state se-
quence was used with the following settings: repetition time,
8.0 ms; echo time, 3.3 ms; slice thickness, 1.5 mm; no inter-
slice gap; flip angle, 10% field of view, 24 cm; and 256 x 224
in-plane acquisition matrix. In the CS group, MRI was per-
formed using a 1.5-T commercial magnetic resonance system
(MAGNETOM Espree; Siemens, Erlangen, German). A 3D
multiecho data imaging combination sequence was used with
the following settings: repetition time, 40.0 ms; echo time,
20.0 ms; slice thickness, 1.3 mm; no interslice gap; flip angle,
12° field of view, 24 cm; and 256 x 226 in-plane acquisition
matrix. All subjects provided informed consent to undergo
3D MRI for the kinematics study and those for whom MRI
proved difficult to perform because of axial and/or neuro-
logic symptoms were excluded. All examinations were per-
formed by the first or second author.

W
+Z"

Figure 1. Anatomic orthogonal coordinate
system for Oc, C1, and subaxial cervical
vertebrae (C5). The methods have been
fully described in previous studies.

Spime
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MRI data were saved in Digital Imaging and Communi-
cations in Medicine format and transmitted to a computer
workstation, where image processing was performed using
software developed in our laboratory (Virtual Place M series;
Medical Imaging Laboratory, Tokyo, Japan). The method
used in this study has been fully described in previous re-
ports''-* and is, therefore, only described briefly here. This
method showed high accuracy as follows: 0.24° for flexion/
extension, (.31° for lateral bending, 0.43° for axial rota-
tion, 0.52 mm for superoinferior translation, 0.51 mm for
anteroposterior translation, and 0.41 mm for lateral transla-
ton.'" As a result of image processing (volume registration
method), 3D motions of each vertebra expressed as a matrix
were obtained. For easier comprehension of complicated 3D
motions, relative 3D cervical motions of all motion segments
were calculated by converting the matrix obtained by image
processing into a matrix representing relative motion with
respect to the inferior adjacent vertebra, and these motions
were expressed in 6 degrees of freedom by Fuler angles with
the sequence of yaw (X)-pitch (Y)-roll (Z) and translations
using a previously defined coordinate system as follows: the
z-axis of occipital bone (Oc) was parallel to the line connect-
ing anterior and posterior borders of the foramen magnum,
with anterior considered positive. The y-axis was defined as
perpendicular to the z-axis, with superior being positive. The
x-axis was positive to the left. The coordinate system of Cl1
was defined using 2 points: the posteroinferior border of the
anterior arch and the anteroinferior border of the posterior
arch. Origins were located at the anterior border of the fora-
men magnum on Oc and the posteroinferior border of the
anterior arch on C1. The coordinate system of subaxial cervi-
cal vertebrae was defined as follows: the origin was located at
the most inferior point on the posterior wall of the vertebral
body in the midsagittal plane. The z-axis was defined as the
line connecting anterior and posterior points in the inferior
plane of the vertebral body, with anterior considered posi-
tive. The y-axis was defined as perpendicular to the z-axis,
with superior being positive. The positive x-axis was directed
to the left (Figure 1)."*-** The coordinate system was always
set with moving vertebrae (suprajacent vertebra of the func-
tional spinal unit) in this study. Mean values and standard
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*P < 00!
P < 0.05.
AR ind awial rotation; Cp LB, coupled lateral bending: Cp F/E. coupled flexion/extension; C5. cervical spondylosis.

deviations for range of motion to 1 side were computed in
each group. Segmental motions were calculated as the average
of the sum between left and right motions for coupled exten-
sion flexion, coupled anteroposterior translation, and coupled
superoinferior translation, using constant codes between left
and right rotation, and also calculated as the average differ-
ence between left and light motions for main axial rotation,
coupled lateral bending, and lateral translation, using differ-
ing codes between left and right rotation.

In addition, degree of head rotation was measured accu-
rately on the absolute spatial coordinate system using volume
registration of the occiput. A 3D animation of each subject
was also constructed to facilitate an understanding of these
complex motions using methods that have been fully de-
scribed in previous studies. !’

Comparisons of rotations and translations by spinal level
between groups were performed using the nonparametric
Mann-Whitney U test. Values of P < 0.05 were considered
statistically significant.

RESULTS

Mean (*standard deviation) maximal head rotation was 72.0
+ 5.3% in the control group and 63.4 * 8.9° in the CS group.
As a large range of mobility was identified between groups,
only kinematics at 45° of head rotation was compared.

Main Axial Rotation at 45° Head Rotation

Significant decreases in axial rotation were observed at
(5-C6 and C6-C7 in the CS group at both 45° (Table 1 and
Figure 2).

Coupled Lateral Bending at 45° Head Rotation

In both groups, coupled lateral bending opposite to head
rotation to 1 side was observed in the upper cervical spine,
whereas the subaxial cervical spine displayed coupled lateral
bending in the same direction as head rotation (Table 1 and
Figure 3). Significant decreases in coupled lateral bending
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were observed at Oc—C1, C5-Cé, and C6-C7, and significant
increases were also observed at C1-C2, C2-C3, and C3-C4
in the CS group compared with the control group.

Coupled Flexion/Extension at 45° Head Rotation

In both groups, extension coupled with head rotation to 1
side occurred in the upper and middle cervical spine, whereas
in the lower cervical spine, flexion was coupled with head ro-
tation (Table 1 and Figure 4). Significant decreases in coupled
flexion/extension were observed at C6-C7, and significant in-
creases were observed at Oc-Cl1 in the CS group compared
with the control group.

Coupled Translations at 45° Head Rotation

Although coupled translations were barely seen and most of
these values were beyond the limit of accuracy and too small
to analyze statistically, concerning lateral translation, the CS
group showed a tendency toward larger motion in the middle

35
30 B control .
g 25 Cervical spondylosis
% s
2 20
g 15
3
: lo LL] e
5 m
0 _}_ 1 ol -; .L ii W -t
oeCl - Q03 304 [4L5 506 C6L7 C7-T1
-5

Figure 2. Main axial rotation by spinal level for the Control and
CS groups at 45° head rotation. Data represent mean * standard
deviation. *P < 0.05 and **F < 0.01.

May 2081

Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

23

s o= cae o e T SR N P BN e T T e S R e S s ST UTAR T S Y TIUET & A DTN




BiomMECHANICS

3D Kinematics in Cervical Spondybosis » Nagamoto ct al

& . +
m

- m
(I
rogd
fl'
. ®

-

Side of rotation

T
I &
Ig I; l1
3

203 (3-C4 Ca-CS 506 CB-C7 C7-T1

Motion (degrees)

U T I Controt

&
h-]
h
[
2
,_HJ
-
'y
T
&
(]

" Cervical spondylosis

.an

Figure 3. Coupled |ateral bending by spinal level for the Control and
CS groups at 45" head rotation. Data reprezent mean * standard
deviation. *P <2 0.05 and **P < 0.01.

cervical spine compared with the control group (Table 2 and
Figure 5).

DISCUSSION

Hypomobility at the Lower Cervical Segments in the

General agreement is seen in the literature that the most com-
monly involved level is at C5-Cé6, followed by C6-C7 with
increasing age.*''* Degenerative changes are speculated to
arise most frequently at these levels because maximum dis-
tribution of axial load occurs at the lower cervical levels rep-
resenting the sites of lordotic inversion.'®'™'* To the best of
our knowledge, few studies have addressed the in vivo kine-
matic changes of cervical motion segments after degeneration,
despite a number of 2-dimensional flexion/extension motion
studies of the normal cervical spine. Dvorak et al* showed
significant hypomobility in sagittal rotation at C6-C7 in sub-
jects with degenerative spine based on a functional flexion/
extension radiographic study. Miyazaki et al'" revealed that

Coupled Translations by Spinal Level for Control and CS Groups at 45° Head Rotation
c2c3 c3-c4 c4C5 C5-C6 C6-C7 c7-m
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e
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Cervical spondylosis

-15

Figure 4. Coupled flexion/extension by spinal level for the Control
and CS groups at 45° head rotation. Data represent mean * standard
deviation. *P < 0.05 and **P <2 0.01.

decreased segmental motion during extension-flexion starts
at C4-C5 and C5-Ceé with increasing age in a kinetic MRI
study. No studies have clanified the kinematic changes oc-
curring head rotation, because of the difficulties inherent in
measuring such 3D motions in vivo. This study succeeded in
detecting kinematics of the cervical spine during head rotation
in patients with CS using a unique method. Comparison with
healthy cervical spines yielded comparable results to previous
cervical flexion/extension motion studies, showing significant
decreases in main axial rotation and coupled lateral bending
during headrotation at C5-Cé and C6—C7 segments in the CS
group. These results indicate that in the lower cervical spine
of the CS group, which is vulnerable to degeneration, motion
segments might have already been in the stabilization phase
put forward by Kirkaldy-Willis and Farfan'® and hypomobil-
ity might have been present.

As for main axial motion, significant compensatory mo-
tions were barely seen at the suprajacent segments. How-
ever, the question arises as to where compensation occurs,
because both groups were compared at 45° fixed head rota-
tion. Total cervical motion at 45° fixed head rotation and the

Lateral translation

Control (mm) 02+00 -02+00 -04+0.1 -0.5+00 -03 01 -02+00

CS5 (mm) -02*02 -06+03 -05+02 -05+04 -03 01 -02+00
Superoinferior tranclation

Control (mm) -0.1+01 -0.1+02 -0.0x03 0.1+03 +03 .2+

CS (mm) -02+01 -0.1 02 -0.1x0.1 -0.0 + 0.1 0102 0.1+02
Anteroposterior tranzlation

Control (mm) -0.1+02 -0.1 02 -00=03 0203 0404 0307

CS (mm) 0101 -0.1 02 -01202 0.1+ 0101 02+01
CS indicates cervical Spondylas.
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Figure 5. Coupled translations by spinal level
for the Control and CS groups at 45", Interverte-

contribution ratio ([total cervical rotation {*}/head rotation
] % 100) was 38.9° (89%) in the control group and 36.4°
(83%) in the CS group. Slight but significant decreases in
motion were identified in the CS group (P < 0.01, nonpara-
metric Mann-Whitney U test). Given the above findings, some
compensation can safely be said to occur beyond the upper
thoracic spine, but the precise location at which compensa-
tion occurred could not be identified.

Coupling Pattern of the Degenerative Cervical Spine

Although coupling patterns provide important clues for the
detection of selected elements of spine pathology,™ coupled
motion is thought to be difficult to assess precisely because of
the complex 3D motions and in vivo explorations have been
rare. White and Panjabi*' described abnormal coupled mo-
tion as 1 feature of abnormal spine kinematics. As we have
already succeeded in accurately detecting 3D coupled motion
of the cervical spine in vivo, we investigated coupled patterns
of the spondylotic cervical spine during head rotation and
compared the results with those of the healthy cervical spine.
Although almost the same coupling patterns were identified in
both groups, the spondylotic cervical spine showed significant
hypomobility in axial and lateral directions at the lower cer-
vical spine and significant lateral hypermobility, including
coupled lateral bending at the middle cervical spine (Table 3).
The fact that hypermobility in lateral directions was observed
at the middle cervical spine in the CS group compared with
the control group indicates that intervertebral mechanical
stresses are increased in lateral directions at the middle cervi-

782

www.ipinejournal.com

bral motion: are exprezzed in mm.

cal spine. As head axial rotation movements are reportedly
half as frequent as flexion/extension movements and just as
frequent as lateral bending movements,” head axial rotation
movements are often repeated during ADL. Given these con-
siderations, repetition of head rotation in ADL might have
promoted degenerative changes of the middle cervical spine
in the CS group.

This study has several limitations. First, the information
was not obtained from true real-time imaging in the upright
position. Second, the study was conducted using a small
sample size. Third, patients were grouped together in the CS
group despite a wide degree of variation in age, deformity,
and symptoms. In this regard, further research focused more
specifically on a particular subject group should be under-
taken to elucidate details of the natural history of cervical

Summary of Coupling Pattern for the
CS Group Co With the
Control Group
Motion LB F/E
Upper (OcC2) [N N N
Middle (C2-C5) | N Increased | N
Lower (C5-T1) Decreased | Decreased ([N

LB indicates [ateral bending: F/E. flexion/extension; N, no marked difference
between groups; CS, cervical spondylosis.
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spine motion after degeneration. Fourth, there might be some
differences between the images obtained from the 2 different
scanners in the 2 groups. Despite all these limitations, no oth-
er approaches to kinematic analysis have provided the kind of
information given in this study, and these findings thus repre-
sent a step toward a better understanding of CS.

In conclusion, we accurately determined in vivo 3D kine-
matics of the spondylotic cervical spine during head rotation
and compared the results with kinematics for the healthy cer-
vical spine for the first time. Comparison with healthy cervical
spine yielded comparable results with previous cervical flexion/
extension motion studies, significant decreases in main axial
rotation, and coupled lateral bending during head rotation at
(C5—Cé and C6-C7 segments in the spondylotic cervical spine.
Although almost the same coupling patterns were observed in
both groups, significant hypomobility in axial and lateral di-
rections at the lower cervical spine and significant hypermohbil-
ity in lateral directions at the middle cervical spine were appar-
ent in the spondylotic cervical spine. Because hy permobility in
lateral directions at the middle cervical spine in the CS group
were thought to reflect increased intervertebral mechanical
stresses, repeated head rotation in ADL might contribute to
the progression of degenerative changes in the middle cervical
vertebrae of the spondylotic cervical spine.

> Key Points

0 In vivo 3D kinematics of the spondylotic cervical
spine during head rotation was investigated for the
first time.

O Almost the same coupling pattemns were observed
in both healthy and spondylotic cervical spine.

0 Significant hypomobility at the lower cervical seg-
ments were observed in the spondylotic cervical
spine; significant decreases in main axial rotation
and coupled lateral bending at C5—C6 and in coupled
flexion/extension as well as main axial rotation and
coupled lateral bending at C6—C7.

O On the contrary, significant hypermobility in lateral
directions were observed at the middle cervical seg-
ments in the spondylotic cervical spine; significant
increases in coupled lateral bending at C2-C3 and
GG
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