
SPINE Volume 31, Number 2, pp 155–160
©2006, Lippincott Williams & Wilkins, Inc.

Kinematics of the Cervical Spine in Lateral Bending
In Vivo Three-Dimensional Analysis

Takahiro Ishii, MD,* Yoshihiro Mukai, MD,† Noboru Hosono, MD, PhD,‡
Hironobu Sakaura, MD,† Ryutaro Fujii, MD,† Yoshikazu Nakajima, PhD,�
Shinichi Tamura, PhD,§ Motoki Iwasaki, MD, PhD,† Hideki Yoshikawa, MD, PhD,†
and Kazuomi Sugamoto, MD, PhD†

Study Design. Kinematics of the cervical spine during
lateral bending were investigated using a novel system of
three-dimensional motion analysis.

Objectives. To demonstrate in vivo intervertebral cou-
pled motions of the cervical spine during lateral bending
of the neck.

Summary of Background Data. No previous studies
have successfully documented in vivo three-dimensional
intervertebral motions of the cervical spine during lateral
bending.

Methods. Twelve healthy volunteers underwent three-
dimensional magnetic resonance imaging (MRI) of the
cervical spine in 7 positions with 10° increments of lateral
bending. Relative motions of the cervical spine were cal-
culated automatically by superimposing a segmented
three-dimensional-MRI of the vertebra in the neutral po-
sition over images of each position using volume regis-
tration.

Results. Mean maximum lateral bending of the cervi-
cal spine to one side was 1.6° to 5.7° at each level. Cou-
pled axial rotation opposite to lateral bending was ob-
served in the upper cervical levels (Oc–C1, 0.2°; C1–C2,
17.1°), while in the subaxial cervical levels, it was ob-
served in the same direction as lateral bending except for
at C7–T1. Coupled flexion-extension motion was small at
all vertebral levels (�1.1°).

Conclusions. We succeeded in identifying in vivo cou-
pled motions of the cervical spine in lateral bending for
the first time.

Key words: kinematics, coupling motion, volume reg-
istration. Spine 2006;31:155–160

During lateral bending and axial rotation, the cervical
spine displays complex motions comprising flexion-

extension, lateral bending, axial rotation, and transla-
tions, best known as coupled motions.1,2 These com-
bined motions have been investigated through in vivo
studies using biplanar radiography, which was at one
stage the only tool able to depict intervertebral coupled
motions in living subjects.3,4 However, the methodologic
accuracy of this technique was unreliable because of dif-
ficulties in precisely identifying the same reference points
on four separate views of the same vertebra.5 Biplanar
radiographic studies have revealed coupling patterns of
the cervical spine for axial rotation, but not for lateral
bending. In vitro studies using cadaver specimens with
the absence of paraspinal musculature have primarily
investigated coupled motions of the cervical spine.6–8

However, the results are of limited use because in vitro
motions are not physiologic due to the absence of muscle
tone. No previous studies have successfully documented
intervertebral in vivo three-dimensional motions of the
cervical spine during lateral bending. We have developed
an in vivo three-dimensional motion analysis system us-
ing three-dimensional magnetic resonance imaging
(MRI) and reported the kinematics of the cervical spine
in axial rotation using this original method.9,10 The pur-
pose of this study was to elucidate, for the first time, in
vivo coupled motions of the cervical spine during lateral
bending.

Materials and Methods

In vivo kinematics of the cervical spine during lateral bending
were studied using the three-dimensional imaging system. Sub-
jects comprised 12 healthy volunteers (6 men, 6 women) with a
mean age of 23.6 years (range, 20–30 years). All subjects pro-
vided written informed consent before participation in this
study and had no current neck or shoulder symptoms or history
of cervical disorders or trauma before entry in the study.

Acquisition of Three-Dimensional MRI. MRI was per-
formed on the neck using a 1.0-T imager (Signa LX, General
Electric, Milwaukee, WI). The three-dimensional images were
obtained using a three-dimensional-fast GRASS (gradient re-
called acquisition in the steady state) pulse sequence (repetition
time, 8.0 milliseconds; echo time, 3.3 milliseconds; 1.5 mm
slice thickness; no interslice gap). Flip angle was 10°, and a
24-cm field of view was used (imaging matrix, 256 � 224). A
torso-phased array coil was settled in front and behind the neck
to receive more signals.

All participants were instructed to bend the neck bilaterally
centering around the spinous process of T1 in a plane parallel
to the MRI table without head axial rotation using an original
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kinematic device (Figure 1). The shoulders were tightly fixed to
the table with a band. The three-dimensional images were ob-
tained from neutral to maximum bending in 10° steps (0°, 10°,
20°, and maximum) in just 7 positions, and degree of lateral
bending of the head was measured on coronal scout-view im-
ages with the tilting angle of the foramen magnum. Scan time
for each position was approximately 5 minutes. Scan data were

saved in Digital Imaging and Communications in Medicine
format and transferred via a compact disc to a computer work-
station. Data were reformatted into coronal, axial, and sagittal
views of the spinal anatomy on the computer workstation,
where image processing for the kinematic study was performed
using a commercially available three-dimensional image anal-
ysis software (Virtual Place M-series, Medical Imaging Labo-
ratory, Tokyo, Japan).

Image Processing of Three-Dimensional MRI

Segmentation. Segmentation was defined as extracting a
range of images required for processing. Contours of individual
vertebrae only in the neutral position were semiautomatically
cropped from three-dimensional-MRI using intensity threshold
techniques.

Volume Registration. Volume registration was defined as su-
perimposing three-dimensional images automatically by opti-
mizing voxel-intensity similarity measures, in which the corre-
lation coefficient was used. Using this method, segmented
three-dimensional MRIs of the vertebrae were superimposed
over images for each position. The transformation matrix re-
quired to register two three-dimensional MRIs was calculated.

Motion Analysis. Relative three-dimensional cervical motion
in lateral bending was derived by converting the matrix ob-
tained from volume registration into the matrix representing
relative motion with respect to the inferior adjacent vertebra on
the anatomic orthogonal coordinate system (Figure 2). Further-
more, this was expressed in 6° of freedoms by Euler angles with
the sequence of yaw (X)-pitch (Y)-roll (Z) and translations. In
addition, degree of head lateral bending was measured on the
absolute spatial coordinate system using volume registration of
the occiput.

Visualization of Motion. Surface models of the cervical spine
were reconstructed from three-dimensional MRI data using the
marching cubes algorithm in the Visualization Toolkit.11,12 A
three-dimensional animation of cervical motion was produced

Figure 1. A, Original kinematic device for lateral bending. A custom
head holder attached to the upper sheet, rotating on the lower sheet
(black arrows). B, The device was fixed to the head of the volunteer
using bands. All participants were instructed to bend the neck bilat-
erally in a plane parallel to the MRI table without axial rotation.

Figure 2. Anatomic orthogonal coordinate system. Rotational motions of superjacent vertebrae were measured on the coordinate system
settled in subjacent vertebrae. For translation, movements of the origin set in superjacent vertebrae were calculated along axes of the
subjacent coordinate system. A, Occipital-atlantal segment. The origin of CI was located at the anteroinferior point on the posterior arch
in the midsagittal plane. The Z-axis was parallel to the line connecting the posteroinferior border of the anterior arch and the anteroinferior
border of the posterior arch, 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. B, Atlanto-axial segment. Similar to CI, the coordinate system of C2 was defined using two
points: posteroinferior border of the vertebral body and posteroinferior border of the laminae. The origin of C2 was located at the
posteroinferior border of the laminae. C, Subaxial segments. 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 connected anterior and posterior point in inferior plane of
the vertebral body with anterior considered positive. The Y-and X-axis were defined as for the upper cervical spine.
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by moving surface bone models with the matrices derived from
volume registration, and displayed on the computer monitor.

Accuracy. Precision of this in vivo methodology described
here was as follows: 0.24° for flexion-extension; 0.31° for lat-
eral bending; 0.43° for axial rotation; 0.52 mm for superoin-
ferior translation; 0.51 mm for anteroposterior translation;
and 0.41 mm for lateral translation, as described in detail pre-
viously.9

Statistical Analysis. Means and standard deviations for
range of motion to one side were computed. Intervertebral
motions of different levels under lateral bending were com-
pared using a factorial analysis of variance. Fisher’s least signif-
icant difference post hoc test was used at a confidence level of 95%
to determine which levels differed significantly from one another
for lateral bending.

Results

Mean (�SD) angle of lateral bending of the head from
neutral to maximum was 30.3° � 3.7°. The three-

dimensional intervertebral motions of the cervical spine
during lateral bending are shown in Figures 3 to 6 (Fig-
ures 3a, b, and 4 are available on ArticlePlus.) Means and

Figure 5. Intervertebral motions of the cervical spine in lateral bending. The degree of head axial rotation was plotted on the x-axis,
whereas the degree of rotational motion along each axis on the anatomic orthogonal coordinate system and length of translational motion
at each level of cervical spine was plotted on the y-axis. Approximate curves for motions were drawn.

Figure 6. Mean maximum degree of intervertebral cervical mo-
tions to one side in lateral bending.
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standard deviations for ranges of intervertebral motions
to one side are presented in Table 1.

Lateral Bending. Mean maximum lateral bending at
each level of the cervical spine to one side was 1.9° � 0.9°
at Oc-C1, 1.6° � 1.3° at C1–C2, 3.7° � 2.0° at C2–C3,
3.5° � 1.4° at C3–C4, 3.3° � 1.0° at C4–C5, 4.3° � 1.4°
at C5–C6, 5.7° � 1.9° at C6–C7, and 4.1° � 2.7° at
C7–T1. Maximum lateral bending was significantly
greater at C6–C7 than at other levels (P � 0.05). Max-
imum lateral bending was significantly lower in the up-
per cervical levels (Oc-C1 and C1–C2) than in the sub-
axial cervical levels (P � 0.05).

Coupled Axial Rotation. Coupled axial rotation opposite
to lateral bending was observed in the upper cervical
levels (Oc-C1, 0.2° � 1.0°; C1–C2, 17.1° � 4.7°), while
the subaxial cervical levels except for C7–T1 displayed
axial rotation in the same direction as lateral bending
(C2–C3, �0.9° � 0.9°; C3–C4, �1.8° � 0.7°; C4–C5,
�1.1° � 0.9°; C5–C6, �1.2° � 1.0°; C6–C7, �0.8° �
0.9°; C7–T1, 0.4° � 1.0°).

Coupled Flexion-Extension. Coupled flexion-extension
was small at all vertebral levels (�1.1°).

Coupled Translations. Coupled translations were barely
seen, except for at C1–C2. Coupled lateral translation at
C1–C2 (7.7 � 1.9 mm) occurred in the same direction as
lateral bending.

Discussion

Coupled motion is defined as all motions that take place in
association with the principal motion, and its measurement

can be accomplished only by using three-dimensional mo-
tion analysis methods with high precision. Moreover, to
easily understand coupled motion, three-dimensional
motion should be described using not only a combina-
tion of numerical angles of simple motions such as flex-
ion-extension, axial rotation, or lateral bending, but also
visual information, such as three-dimensional anima-
tion. We have developed a three-dimensional imaging
system for accurate in vivo three-dimensional motion
analysis that can create three-dimensional animations of
the motion, and succeeded in achieving the first valid
measurements and visualizations of in vivo interverte-
bral coupled motions for the cervical spine during lateral
bending.

Regarding coupled motions during lateral bending,
only in vitro studies have provided quantitative data at
every level of the cervical spine (Table 2). In our study,
lateral bending of cervical spine accompanied coupled
axial rotation in the same direction at almost all subaxial
levels. These results support the findings of a previous in
vitro study by Panjabi et al.8 We have reported that cou-
pled lateral bending accompanied by axial rotation of
the head was in the same direction as axial rotation at
subaxial cervical levels.10 Thus, lateral bending and axial
rotation were always combined in the same direction at
the subaxial cervical spine. This coupling pattern can be
explained by the oblique orientation of the zygapophy-
sial joints. Movement at an articular facet can be re-
solved in two directions: upward and forward on one
side; and downward and backward on another side. Lat-
eral bending is a combination of upward movement on
one side and downward movement on another side, and

Table 1. Three-Dimensional Intervertebral Motions (°) on One Side

Level Main LB Coupled AR Coupled F-E Coupled SI-T Coupled LT Coupled AP-T

Oc–C1 1.9 (0.9) 0.2 (1.0) �1.1 (1.4) �0.8 (0.7) 0 (0.7) 0.1 (0.5)
C1–C2 1.6 (1.3) 17.1 (4.7) 0.2 (2.0) �0.3 (0.8) 7.7 (1.9) 1.4 (0.7)
C2–C3 3.7 (2.0) �0.9 (0.9) 0 (0.9) 0.1 (0.1) �0.2 (0.3) 0.1 (0.2)
C3–C4 3.5 (1.4) �1.8 (0.7) 0.5 (0.9) 0.1 (0.1) �0.2 (0.2) 0.1 (0.2)
C4–C5 3.3 (1.0) �1.1 (0.9) 0.8 (1.0) 0.2 (0.1) �0.1 (0.3) �0.1 (0.3)
C5–C6 4.3 (1.4) �1.2 (1.0) 0.7 (1.2) 0.2 (0.2) �0.1 (0.3) 0 (0.3)
C6–C7 5.7 (1.9) �0.8 (0.9) 0.4 (1.8) 0.1 (0.4) �0.1 (0.4) 0 (0.5)
C7–T1 4.1 (2.7) 0.4 (1.0) 0.5 (1.5) 0.3 (0.4) 0.2 (0.9) 0 (0.5)

LB � lateral bending; AR � axial rotation; F-E � flexion-extension; SI-T � superoinferior translation; LT � lateral translation; AP-T � anteroposterior translation.
Values are mean (SD). Positive values represent: opposite direction to lateral bending for coupled AR, flexion for coupled F-E, superior for coupled SI-T, same
direction as lateral bending for coupled LT, and anterior for coupled AP-T.

Table 2. Comparison of Mean Ranges of Lateral Bending on One Side (°)

Oc–C1 C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C7 C7–T1

In vitro
White and

Panjabi (1978)
Cadaver 8 0 10 11 11 8 7 4

Panjabi (1988) Cadaver 5.5 6.7 — — — — — —
Panjabi (2001) Cadaver 4.6 (0.8) 3.3 (1.7) 4.8 (0.9) 4.5 (1.0) 4.7 (0.9) 3.3 (0.8) 2.7 (0.8) —

In vivo
Present study 3D-MRI 1.9 (0.9) 1.6 (1.3) 3.7 (2.0) 3.5 (1.4) 3.3 (1.0) 4.3 (1.4) 5.7 (1.9) 4.1 (2.7)

Values are mean range � SD. No in vivo intersegmetal data are available for comparison.
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this automatically involves forward movement on one
side and backward movement on the other side, which is
axial rotation. Consequently, lateral bending to the left is
coupled with axial rotation to the left, and vice versa
(Figure 7). The main difference between lateral bending
and axial rotation is the movement of the upper cervical
spine. We have previously reported that, in axial rotation,
coupled lateral bending with axial rotation at the upper
cervical level occurs in the opposite direction to axial rota-
tion, contrasting with subaxial cervical levels.9,10 Similar to
axial rotation, coupled axial rotation with lateral bend-
ing at upper cervical level was observed in the opposite
direction to lateral bending, as opposed to the situation
at the subaxial cervical level (Figure 8). The upper cervi-
cal spine, which has the loosest joint in whole spine, may
thus compensate for coupled motion of the subaxial cer-
vical spine during lateral bending or axial rotation. Our

results for coupled axial rotation during lateral bending
at the upper cervical spine were not consistent with the
findings of an in vitro study by Panjabi et al.8 They re-
ported that coupled axial rotation with lateral bending
was observed in the same direction as lateral bending at
all levels, including the upper cervical level. These differ-
ences in results would be caused by the difference be-
tween methods, in vivo or in vitro. To face forward, the
muscle contraction around the upper cervical spine must
affect the coupled motion of the upper cervical spine
during lateral bending.

Coupled flexion-extension and translations with
lateral bending were barely seen except for C1–C2,
which was also observed by Panjabi et al.8 The inter-
vertebral disc, uncinate process, and tight joint cap-
sules might all create resistance against lateral trans-
lations. Coupled lateral translations at C1–C2 were
the greatest, and the atlas moved laterally with respect
to the axis in the direction of lateral bending. This
coupling pattern may be explained by the triangular
shape of the lateral masses of the atlas. Critical tissues
related to spinal motion, such as the intervertebral
disc, are well known to degenerate from the third de-
cade of life, and kinematic studies using specimens
from aged cadavers might not adequately represent
physiologic motion of the spine. In vivo studies are
more appropriate for demonstrating normal kinemat-
ics given that younger healthy subjects can be used for
examination. In clinical situations, both in vitro and in
vivo studies have important roles to play. In vitro
studies represent an important method for simulating
newly developed instrumentations, surgical tech-
niques, and injuries.13–17 However, adequate load in
cadaveric specimens to simulate in vivo conditions re-
mains unclear for lateral bending, with no in vivo
available data for comparison. The advantage of in
vivo studies is that these can assess not only healthy
volunteers, but also patients with a diseased or surgi-
cally modified spine.

Our innovative system facilitates noninvasive, quan-
titative, and accurate in vivo three-dimensional motion
analyses. Although this study has some disadvantages
that the information is not obtained from true real-time
three-dimensional imaging in the upright position, the
present data can serve as a basis for understanding ab-
normal conditions. In the future, in vivo three-
dimensional motion analysis using our system should
provide useful clinical data.
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Figure 7. Intervertebral motion of the subaxial spine in lateral
bending. Coupled axial rotation with lateral bending is explained
by the oblique orientation of the apophyseal joint. For lateral
bending, one articular process moves ventrally, and the contralat-
eral process moves dorsally. However, ventral motion implies
forward motion, and dorsal motion implies backward motion. This
combination of forward motion on one side and backward motion
on the other constitutes coupled axial rotation.

Figure 8. Coupling pattern of the cervical spine during lateral
bending. With left lateral bending of the neck, left axial rotation at
the subaxial level and right axial rotation at the upper level is
coupled, and vice versa.
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Key Points

● In vivo three-dimensional intervertebral motions
of the cervical spine during lateral bending were
investigated using three-dimensional-MRI.
● Coupled axial rotation opposite to lateral bend-
ing was observed in the upper cervical levels, while
in the subaxial cervical levels except for C7–T1, it
occurred in the same direction as lateral bending.
● Coupled flexion-extension and translations with
lateral bending were barely seen except for at
C1–C2.
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