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T. Yamazaki™?, Y. Nagamoto®, H. Sakaura*, D. Maeda®, H. Yoshikawa* and K. Sugamoto®

! The Center for Advanced Medical Engineering and Informatics, Osaka University, Osaka, Japan
2 Division of Image Analysis, Osaka University Graduate School of Medicine, Osaka, Japan
3 Division of Orthopaedic Biomaterial Science, Osaka University Graduate School of Medicine, Osaka, Japan
*# Department of Orthopaedics, Osaka University Graduate School of Medicine, Osaka, Japan
3 Department of Radiology, Osaka University Hospital, Osaka, Japan

Abstract— To achieve 3D kinematic analysis of total joint
arthroplasty, 2D/3D image registration techmiques have at-
tracted attention in recent years. This study presents a 3D
spine kinematic measurement method on riding fitness ma-
chines using a 2D/3D image registration. First, in order to
create the 3D bone model of each spine, CT scan data from a
healthy volunteer are used. Next, under fluoroscopic surveil-
lance in the frontal and lateral planes, dynamie spine motions
on riding fitness machines are recorded as serial digital x-ray
images. 3D poses of each spine are estimated using a feature-
based 2D/3D image registration which uses two directional

fluoroscopic images and 3D surface model of spine, and finally -

the 3D kinematics are determined and visualized. In order to
validate the accuracy of pose estimation for each spine using a
feature-based 2D/3D image registration, computer simulation
test was performed. The result showed that the root mean
square errors were within 1.0 mm, 1.0 degree for all transla-
tions and rotations. In the clinical application 3D spine kine-
matic analysis using two type of riding fitness machines was
successfully performed, and as the results the dynamie move-
ment showed a smooth and reasonable physiologic pattern of
motion.

Keywords— 3D spine kinematics, 2D/3D image registration,
Accuraey, X-ray fluoroscopy, Riding fitness machine.

1. INTRODUCTION

To materialize 3D kinematic analysis of various joint in-
cluding artificial joint implants, previous works have re-
ported some different techniques for measuring the 3D joint
kinematics. Video-based motion analysis techniques of
skin-mounted markers has been used widely to study gross
body motion but less to study detailed joint motion due to
the problem of artefacts of skin and soft tissue movement.
While, existing accurate 3D measurement techniques, such
as computed tomography (CT) and magnetic resonance
imaging (MRI), allow assessing movements of the underly-
ing joint directly, However, CT and MRI are not yet capable
of achieving high frame rates required for estimating dy-
namic joint motion, and also the restrictions imposed by the
imaging environment (typically a small-diameter cylindrical
space) prevent full-motion kinematics measurements,

To eliminate these problems, for kinematic measurement
of artificial joint implants, researchers have recently used
3D pose estimation techniques called 2D/3D image registra-
tion [1-4], which determine the spatial position and orienta-
tion for metallic implants components (e.g. knee, hip, and
elbow implants components [5-7]) from X-ray fluoroscopic
images and computer aided design (CAD) models of the
implants. For normal bones kinematics without artificial
joint implants, although a CAD model of the bones is not
readily available from the manufacturer, the model can be
obtained CT or MRI scan data. Therefore, 3D pose estima-
tion of the normal bones can be achieved. This study
presents a 3D spine kinematic measurement method on
riding fitness machines wsing a 2D/3D image registration.
We also validate the accuracy of pose estimation for each
spine by computer simulation test, and apply the method to
dynamic 3D spine kinematic analysis on riding fitness ma-
chines.

1. MATERIALS AND METODS

A. Condition and requirement

To achieve 3D pose estimation of normal spine using X-
ray fluoroscopic images, it is necessary to have an accurate
geometrical model of each spine (thoracic, lumbar, and
sacral) and to know the geometrical parameters of the X-ray
imaging system.

The 3D geometry of each spine is taken from CT scan
data. Multidetector computed tomography (MDCT) data,
the 0.63 mm axial slice with 512 x 512 image matrix, from
a healthy volunteer was used to create 3D bone surface
models of thoracic, lumbar, and sacral spine. Segmentation
of the bone was performed by applying a thresholding filter.
Fig. 1 shows a 3D surface model of normal spine.

The geometrical parameters of the imaging system are
determined with a 3D calibration cube and a non-linear
calibration technique [8]. The calibration cube has evenly
spaced 129 metallic markers, which are employed as cali-
bration markers.

M. Long (Ed.): World Congress on Medical Physics and Biomedical Engineering, IFMBE Proceedings 39, pp. 222225, 2012,
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Fig. 2 Frontal and lateral dynamic FPD images of the spine,

B. Image acquisition and processing

Under fluoroscopic surveillance in the frontal and later-
a} planes, dynamic spine motions on a riding fitness ma-
chine were separately recorded as serial digital X-ray im-
ages (1024 x 1024 x 12 bits/pixels, 7.5Hz serial spot images
as a DICOM file) using a 17-inch dynamic flat-panel detec-
tor (FPD) system (C-vision, Shimadzu). This means that
two directional X-ray images {approximate bi-plane images)
are used to accurately estimate 3D poses of each spine mod-
el. To extract the contours of each spine from the acquired
image, a Canny’s edge detector was applied [9]. Generally,
the edges of a fluoroscopic bone image are not sharp like
with a metallic implant because of the low contrast of the
material. However, use of dynamic FPD images enabled us
to easily detect bone edges. False edges and noises detected
were manually erased, and the obtained contours were uti-
lized to estimate the 3D pose of the spine model. Fig. 2
shows the frontal and lateral dynamic FPD images of the
spine.

C. 2D/3D image registration

3D poses of each spine are estimated using a feature-
based 2D/3D image registration [2,4], which uses two direc-
tional FPD image contours and 3D bone surface model of
each spine. The basic principle of this algorithm is that the

IFMBE Proceedings Vol. 39

3D pose of a model can be determined by projecting rays
from contour points in an image back to the X-ray focus and
noting that all of these rays are tangential to the model sur-
face (Fig. 3). Therefore, 3D poses are estimated by mini-
mizing the sum of Euclidean distances between all projected
rays and the model surface. A cost function £ is defined as
the sum of Euclidean distance , from point g, on the projec-
tion rays {corresponding to the point p, on the contours) to
the closest point s, on the model surface.

N
E=Yd’ )
il

The distance 4, is given by
d; = +lg; — s @
where 0 < i <N and N is the number of contour points in

the frontal or lateral X-ray images. Negative values indicate
rays that cross the model surface. Thus, from single-plane

. X-ray images, the 3D poses of each spine model are esti-

mated by minimizing the cost function E (equation (1))
iteratively using a nonlinear optimization technique [10]. A
good function for determining convergence of the 3D pose
of the model from single-plane X-ray images is given by
root mean square distance (RMSD):

RMSD = ,idﬁ /N 3)

Finally, the 3D poses of each spine model are estimated
by minimizing the sum of two cost functions using approx-
imate bi-plane images (frontal and lateral images).

-
-
-
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Fig. 3 3D pose estimation of each spine model from a dynamic
FPD image,
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1. EXPERIMENTAL RESULTS

A. Computer simulation test

In order to validate the accuracy of pose estimation for
each spine using a feature-based 2D/3D image registration,
computer simulation test was performed. A set of 3 synthet-
ic silhouette images from the frontal and lateral directions
was created for each lumbar spine model (L1~L5) in known
typical orientations. Ten initial guess poses of each spine
mode! were randomly given from within £5 mm and %5
degree of the correct value. Errors in the 3D pose of the
model were determined by comparing the estimated pose to
the known pose. Fig. 4 shows representative lumbar spine
images from the frontal and lateral directions used for com-
puter simulation test. :

The results of the computer simulation test are summa-
rized in Table 1. The root-mean-square errors are given for
each lumbar spine model (L1~L5). For each spine model,
the error of all translations and rotations were within 1.0

mm and 1.0 degree, respectively. For translations, the error ~

of the translation Y was smaller, and for rotations, the error
of the rotation X and Z were comparatively smaller. In
addition, there were no so differences between the errors of
each spine model (L1~L5).

@ ®)

Fig. 4 Representative lumber spine images used for computer simulation
test. (a) frontal view, (b) lateral view.

Table | Root-mean-square errors of 3D pose estimation for each lumbar
spine model (L1-L5) by computer simulation test.

Translation (mm) Rotation (degrees)

X Y z X Y z

Li 0.50 0.16 0.50 0.2% 0.68 0.37
0.73 0.20 0.59 0.23 0.61 0.54
0.98 0.11 0.50 0.20 0.65 048
0.73 0.17 0.53 0.17 0.50 0.34
0.91 0.19 0.52 0.21 0.49 0.32
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B. Clinical application

We applied the present method to dynamic 3D spine
kinematic analysis on riding fitness machines. Experiments
were performed using two type of riding fitness machines,
products A (JOBA EU7800, Panasonic Electric Works) and
B (RODEOBOY2, Thrive). Both of products A and B are
designed to reproduce motions of a figure of eight, respec-
tively. A healthy male subject gave informed consent to
participate in this study, and the study was approved by the
authors’ Institutional Review Board. 3D kinematics from
twelfth thoracic to first sacral spine (total seven vertebras)
were determined and visualized.

As the results of the 3D spine kinematics, Fig. 5 visua-
lizes tip motions of the spinous process of thoracic, lumbar,
and sacral vertebras from axial view for products A and B,
respectively, The spine kinematics of product A clearly
showed motions of a figure of eight according to the design
concept, but that of product B was not observed as motions
of a figure of cight. In addition, the spine kinematics of
product A exhibited large lateral bending and axial rotation
compared with that of product B as shown in Fig. 6 and 7.

Fig. 5 Tip motions of the spinous process of the vertebras from axial
view for products A and B.

Lateral
bending

I

; i 1 :
Fig. 6 Lateral bending of the spine for products A and B.

Fig, 7 Axial rotaiton of the spine for products A and B.
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1v. DISCUSSION AND CONCLUSIONS

This study presented a 3D spine kinematic measurerment
method on riding fitness machines using a feature-based
2D/3D image registration. Utilizing two directional dynam-
ic FPD images (approximate bi-plane images), 3D determi-
nation of the spine kinematics was successfully performed.

In computer simulation test, the accuracy of pose estima-
tion for each lumbar spine (L1~L5) were validated, and the
error of all translations and rotations were within 1.0 mm
and 1.0 degree. Thus, the accuracy of present method was
found to be sufficient for analyzing 3D spine kinematics.

In the result of clinical application using two type of rid-
ing fitness machines (products A and B), the spine kinemat-
ics of product A clearly showed motions of a figure of eight
according to the design concept, and then exhibited large
lateral bending and axial rotations during spine motions.
These large motions might be caused by motions of a figure
of eight. Consequently, this type of evaluation is thought to
be helpful for developing health and welfare device and

assessing its safety and efficiency. As a future work, we are ~

planning to quantitative assessment of 3D spine kinematics
including normal joint, joint diseases and dysfunction.
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Three-dimensional motion of the uncovertebral joint during

head rotation

Clinical article
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Object. The uncovertebral joints are peculiar but clinically important anatomical structures of the cervical ver-
tebrae. In the aged or degenerative cervical spine, osteophytes arising from an uncovertebral joint can cause cervical
radiculopathy, often necessitating decompression surgery. Although these joints are believed to bear some relation-
ship to head rotation, how the uncovertebral joints work during head rotation remains unclear. The purpose of this
study is to elucidate 3D motion of the uncovertebral joints during head rotation.

Methods. Study participants were 10 healthy volunteers who underwent 3D MRI of the cervical spine in 11
positions during head rotation: neutral (0°) and 15° increments to maximal head rotation on each side {left and right).
Relative motions of the cervical spine were calculated by antomatically superimposing a segmented 3D MR image
of the vertebra in the neutral position over images of each position using the volume registration method. The 3D
intervertebral motions of all 10 volunteers were standardized, and the 3D motion of uncovertebral joints was visual-
ized on animations using data for the standardized motion, Inferred contact areas of uncovertebral joints were also
calculated using a proximity mapping technique.

Results. The 3D animation of uncovertebral joints during head rotation showed that the joints alternate between
contact and separation. Inferred contact areas of uncovertebral joints were situated directly lateral at the middle
cervical spine and dorsolateral at the lower cervical spine. With increasing angle of rotation, inferred contact areas
increased in the middle cervical spine, whereas areas in the lower cervical spine slightly decreased.

Conclusions. In this study, the 3D motions of uncovertebral joints during head rotation were depicted precisely

for the first time.

(http:/ithejns.org/doilabs/10.3171/2012.6 SPINE111104)

Key Worps ¢
head rotation *

HE uncovertebral joints (LLuschka joints) are small

but clinically important anatomical structures of

the cervical vertebrae. Each joint consists of the
uncinate process and corresponding recess located on
the inferolateral surface of the superior adjacent verte-
bral body. In the aged or degenerative cervical spine, os-
teophytes arising from an uncovertebral joint can cause
cervical radiculopathy, often requiring decompression
surgery. Although the biomechanical roles!-!318192¢ and
morphological characteristics*417 of the uncovertebral
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uncovertebral joint
volume registration *

¢ three-dimensional kinematics *
cervical

Jjoints have been investigated, the functions of uncover-
tebral joints have yet to be definitively clarified. Full
elucidation of the function, including kinematics, of the
uncovertebral joints is thus very important.

According to previous comparative anatomical in-
vestigations, uncinate processes are found only in ob-

This article contains some figures that are displayed in color
online but in black-and-white in the print edition.
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ligate or facultative bipedal animals, such as primates,
marsupials, and rodents.” In the upright position, rotation
of the cervical spine is needed to allow the animal to look
around. From this anatomical observation, uncovertebral
joints are believed to play some role in head rotation}*?
To the best of our knowledge, however, no studies have
reported kinematics of the uncovertebral joints during
head rotation. We have developed a 3D imaging system
to noninvasively evaluate relative motions of individual
cervical vertebrae in vivo.2-° The purpose of this study
was to elucidate 3D motion of the uncovertebral joints to
provide a better understanding of the function of these
joints during head rotation.

Methods

Study Population

Study participants were 10 healthy volunteers (5
men and 5 women) with neither neck pain nor a medi-
cal history of cervical spine disorders. Mean age at the
time of imaging was 25.1 years (range 22-31 years). All

study protocols were approved by the institutional review ~

board. Informed consent was obtained in all volunteers.

Acquisition of 3D MRI

Each volunteer was placed supine on the MRI table
and underwent 3D MRI in 11 positions with the head ro-
tated: 0° (neutral), 15°, 30°, 45° and 60°, and maximum
rotation to each side (left and right). We instructed all
volunteers to rotate the head as perpendicularly as pos-
sible about the axis of the body trunk. The shoulders of
each volunteer were fixed to the table using a band. All
3D MRI scans were acquired using a 1.0-T commercial
MRI system (Signa LX, General Electric) in conjunction
with a torso-phased array coil. A 3D fast-gradient re-
called acquisition in the steady state (GRASS) sequence
was used (TR 8.0 msec, TE 3.3 msec, slice thickness 1.5
mm, no interslice gap, flip angle 10°, FOV 24 cm, inplane
acquisition matrix 256 x 224). Magnetic resonance imag-
ing data were saved in DICOM 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).

Motion Analysis

Our original method used in the present stody has
been fully described in previous reports®* and will be
described here only briefly. First, regions of interest were
extracted in 3D from the 3D MRI data (segmentation) and
6 vertebrae from C-2 to C-7 were extracted semiautomati-
cally using an intensity threshold technique. Second, using
a volume registration method,*'® 3D motions of each ver-
tebra in an absclute coordinate system were calculated by
automatically superimposing the segmented region of each
vertebra on 3D MRI in the neutral position over images
of every position. Intervertebral motions of every motion
segment from C2-3 to C6-7 were then calculated by con-
verting the absolute motion (3 x 4 matrix) obtained from
the preceding image processing into a relative motion with
respect to the subjacent vertebra, These motions were ex-
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pressed in 6 df by Euler angles with the sequence of pitch
X), yaw (Y), roll (Z), and translations using a previously
defined anatomical coordinate system ®-® Accuracy of this
method was as follows: 0.24° for flexion-extension, 0.31°
for lateral bending, 0.43° for axial rotation, 0.52 mm for su-
peroinferior translation, 0.51 mm for anteroposterior trans-
lation, and 0.41 mm for lateral translation, as described in
detail previously.®

Creation of 3D Bone Models

Surface bone models constructed from 3D MRI data
provided insufficient information on configuration to in-
vestigate in vivo 3D kinematics of the uncovertebral joint,
due to a lack of spatial resolution. We therefore decided
to choose surface bone models from multidetector row
CT (LightSpeed 16, General Electric) for analysis, and
these models reproduced anatomical structures much
more accurately than models from 3D MRI. Computed
tomography data for the cervical spine were selected
from the DICOM server at our institution, based on ana-
tomical characteristics described in several studies of
the uncovertebral joints. #6148 The source of the data
was a 28-year-old man who was not part of the 10-pa-
tient cohort. More specifically, characteristics of the se-
lected CT data were as follows: the uncinate processes
situated laterally at middle cervical levels (C2-3, C3—4,
C4-5) and dorsolaterally at lower cervical levels (C5-6,
C6-7)17 demonstrated reduced height of the processes
in relation to the vertebral bodies at lower cervical levels
(Fig. 1)1 Regarding sagittal orientation of facets, facet
slope is more gradual as the cervical level descends cau-
dally. There were no degenerative changes, and normal
disc heights were maintained at all levels on conventional
2D MRI. In this way, 6 surface bone models from C-2 to
C-7 were created.

Three-Dimensional Visualization of Motion

All intervertebral motions from the 10 volunteers
were aggregated and standardized at every interverte-
bral level using our original operation algorithm. The
results of standardized 3D intervertebral motions were
expressed as matrices. A pair of CT vertebral models of a
functional spinal unit was displayed in virtual 3D space,
allowing us to obtain a 3D movie of intervertebral mo-
tions by introducing the matrices to the superior adjacent
vertebra alone and keeping the subjacent vertebra fixed
(Fig. 2, Video 1),

Vmeo 1. Clip showing 3D motion of the uncovertebral
joints, This 3D animation of the uncovertebral joints during head
rotation shows joints alternating between contact and separation
accompanying torsion of the intervertebral space, To allow a
better understanding of intervertebral motions, the subjacent
vertebra is always fixed in this clip, For example, C-3 is fixed in
the clip showing C2-3. Click here to view with Media Player.
Click here to view with Quicktime.

Creation of the animation was accomplished using origi-
nally developed software (Orthopedics Viewer, Osaka
University) that allowed the observer to closely examine
every uncovertebral joint from every observation point
needed. These 3D animations helped us to better under-
stand the joint kinematics.
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Fie. 1. Surface bone models created using CT data. We chose CT data with the following anatomical characteristics: unginate
processes situated laterally at middle cervical levels (C3-4) and dorsolaterally at lower cervical levels (C5-7), represented in the
upper row as dark gray areas, as well as relatively reduced height of the processes at lower cervical levels, represented in the

lower row as dashed lines.

Contact Area

‘We measured inferred contact areas of the uncover
tebral joints during head rotation from bone surface mod-
els using a proximity mapping method.'¢ Proximity map-
ping involves the visualization of distance from 1 bone to
the nearest neighboring bone. We defined the area within
a preset interbone distance as the inferred contact area.
Contact areas were investigated at 15° increments during
head rotation at every intervertebral level from C2-3 to
C6-7 (Fig. 3, Video 2).

Vmkeo 2. Clip showing inferred contact ar¢a of the uncover-
tebral joint, The inferred contact areas of the uncinate processes
during head rotation were situated directly lateral at the middie
cervical spine and dorsolateral at the lower cervical spine.
Click here to view with Media Player. Click here to view with
Quicktime.

Thresholds of preset interbone distances varied within
0.5-1.0 mm according to the individual joint size and in-
tervertebral space.

Results
Intervertebral Motion

In main axial rotation, C4—5 and C5—6 were the most
mobile segments and C2-3 was the least mobile segment,
as previously reported (Table 1). During head rotation,
larger rotation angles were observed in coupled lateral
bending than in main axial rotation in all segments, and
C2-3 and C3-4 were the most mobile segments in cou-
pled lateral bending, despite the immobility in axial rota-
tion (Table 2).

Behavior of Uncovertebral Joints

The 3D animation of uncovertebral joints during
head rotation showed joints alternating between contact
and separation accompanying torsion of the interverte-
bral space. On the side ipsilateral to head rotation, both
joint surfaces were in contact with each other, while those
on the contralateral side were separated (Fig. 2, Video

5

Fis. 2, The Behaviors of uncovertebral joints were shown in a 3D animation. Each paired image focuses on the left uncover-
tebral joint from a left anterior oblique view. Downward arrows show contact and upward arrows show separation of the joint. For
each [evel, left panels represent head rotation to the left, and right panels represent head rotation to the right.
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Fic. 3. Inferred contact areas projected on the uncinate process side. Each panel represents a cranial view with the upper part
of each panel as the ventral side. Inferred contact areas are shown using 5 different colors, as shown in the key.

1). This pattern of motion was strongly apparent in the
middle cervical spine, especially at the C2-3 level.

Contact Areas for Uncovertebral Joints

Inferred contact areas of the uncovertebral joints
are shown in Fig. 3 and Video 2. Inferred contact areas
showed that the uncovertebral joints were the first contact
areas in the intervertebral space during head rotation and
were situated directly lateral at the middle cervical spine
and dorsolateral at the lower cervical spine. The dimen-
sions (mm?) of inferred contact areas were also calculat-
ed (Fig. 4). With increasing rotation angle of the head,

inferred contact areas increased in the middle cervical
spine, but slightly decreased in the lower cervical spine.

Discussion

Roles for Uncovertebral Joints and Uncinate Processes
During Head Rotation

During head rotation, lateral flexion is coupled with
rotation in the cervical spine and is called “coupled mo-
tion.” Facet joints undoubtedly represent the biggest con-
tributors to such motion, due to their oblique orientation.”'®
In addition, several studies have suggested the contribution

TABLE 1: Intervertebral motion during head rotation: main axial rotation*

Head Rotation Angle (°) C2-3 C3-4 C4-5 C5-6 Cé-7
rt max 28+12 -47+£1.0 -49+£13 -45+0.8 -26%07
rt 60 -15+09 -3.6+0.8 -40+12 -38+06 -23+05
rt45 -07+0.8 -23+05 2713 -29+04 -20+08
rt 30 -02+07 -1.0£07 -7+ 14 -1.9+07 -1.2£08
rt 15 00+07 -0.2+05 -08+05 -1.3£07 -1.0+09
1t15 -04+£06 02£07 09+0.5 16£1.2 0711
1t 30 02404 11+09 1405 18+14 10+14
It45 0405 20+09 2107 24+14 12089
It 60 11207 2910 31£09 3315 2110
It max 15+06 38+10 3.9+141 40%15 24%09

* All values given in mean degrees + SD. Negative values = right axial rotation; positive values = left axial rotation.
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TABLE 2: Intervertebral motion during head rotation: coupled lateral bending*

Head Rotation Angle (%) C2-3 C3-4 C4-5 C5-6 Ce-7
rtmax 40£13 62x11 57+14 56+1.2 4918
60 25+£13 50%12 44+13 48%11 3614
45 08+1.0 31+12 35%1.2 3012 2517
30 -06+17 18+1.2 19+ 1.0 2413 17£19
16 -0.9+£16 07+08 13408 12+15 1.3£1.2
[t15 14+21 -04+£09 1713 -1.2£13 -1.6+27
1t 30 0420 -14£0.8 1611 -22x19 -1.2+18
i£45 -08£22 -23+08 ~26+0.8 -268x17 -25+20
teo -20+21 37412 -37+07 3713 -31%23
ftmax -35%18 -50+12 -48+1.0 -46¢ 1.4 -43%22

* All values given in mean degrees + SD. Negative values = [eft lateral bending; positive values = right lateral bending.

of uncinate processes to coupled motion.'”!® Hall” noted
that among vertebrates, uncinate processes on the cervi-
cal vertebrae are found only in obligate or facultative bi-
peds, which require rotation of the neck to look around.
Given these findings, he hypothesized that the uncoverte-
bral joints arose during evolution from quadrupedalism to
bipedalism, and bear some relationship to neck rotation.
To verify Hall’s hypothesis, Penning and Wilmink" cal-
culated the axis of rotation from the anatomical shape of
uncovertebral joints, using CT sections in the plane of the
facet joints in 2 different positions. These authors showed
that coupling of lateral bending and rotation of the middle
and lower cervical spine might be explained exclusively by
the axis and morphological structure of the uncovertebral
joints, and that the uncinate processes are also essential for
rotation. Clausen et al.! quantitatively investigated contri-
butions of the uncovertebral joints to motion of a spinal
segment, including axial rotation, for the first time. Using
finite element models, they elucidated that the presence of
the uncovertebral joint (a fissure) leads to increased mo-
tions, while the uncinate processes act as stabilizers with
respect to motion of the cervical spinal segment, particu-
larly during axial rotation and lateral bending of the cervi-
cal spine.! However, that study was performed using only

computer simulations, and the acquired data were not de-
rived from real sources. Moreover, they analyzed kinemat-
ics only at the C5—6 segment, whereas anatomical varia-

. tions at different vertebral levels may influence cervical

biomechanics.

In our study, with increasing angle of head rotation,
two opposite surfaces of the uncovertebral joint became
closer and closer on the ipsilateral side of rotation, while
surfaces on the contralateral side became more and more
separated. This pattern was strongly observed in the
middle cervical spine. Moreover, at these levels, inferred
contact areas were situated directly lateral and increased
with increasing angle of rotation, particularly at C2-3.

~ In the middle cervical spine, larger coupled lateral bend-
ing would accompany head rotation, as these levels show
a steeper sagittal inclination of facets than those of the
lower cervical spine!! Taking these findings together, we
speculated that the presence of large processes relative
to the vertebral body" might restrict excessive coupled
lateral bending and disperse mechanical stresses effec-
tively on large joint surfaces in the middle cervical spine.
In fact, the C2-3 segment, which has the largest uncinate
process, had the smallest motion in terms of both main
axial rotation and coupled lateral bending in our study.

mm? C2-C3 C3-C4 C4-Cs C5-Co6 C6-C7

80

0- . b nnn ¥ by ¥
bhgbel cupesd shzesi  CI3F%EF Ci3iBE
HoH oHH <l>|-|>|-l>|'(-l'ﬁ -H-H-H-H'ﬁ

Fie. 4. Inferred contact areas (mm?) shown as means of right and left rotation at each intervertebral level, according fo the
angle of head rotation. With increasing rotation angle of the head, inferred contact areas increased in the middle cervical spine,

but slightly decreased in the lower cervical spine.
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Conversely, in the lower cervical spine, the inferred
contact areas were situated dorsolaterally and these ar-
eas slightly decreased with increasing angle of rotation.
Focusing only on the shape of the uncinate processes in
the lower cervical spine, which displays more gradual in-
clination of facets than those of the middle cervical spine,
axial rotation should be allowed without large coupled
lateral bending. Therefore, the uncinate processes of the
lower cervical spine might play a less important role in
Testricting excessive coupled lateral bending than those
of the middle cervical spine. Given this observation, we
speculated that uncinate processes of the lower cervical
spine might not have to be as large as those of the middle
cervical spine and instead play an important role in facili-
tating rotation of the cervical spine by placing the stress-
focusing region on the posterolateral side of the upper
surfaces of the vertebrae.

Nerve Root Compression and Uncovertebral Osteophytes
in the Lower Cervical Spine

Cervical radiculopathy is often related to osteophyte
formation around the uncinate process; C-7 root lesions
are the most common, followed by C-6 lesions.?>? A lon-
ger course of the nerve root in close proximity to the un-
covertebral joint may explain the predisposition toward
nerve root compression by uncovertebral osteophytes
at these levels.> However, anatomical or biomechanical
reasons for a predisposition toward uncovertebral osteo-
phytes in the lower cervical spine remain unclear.

In the present study, we elucidated that the uncover-
tebral joints are the first contact areas in the interverte-
bral space during head rotation, From these results, we
speculated that as disc height diminishes with degenera-
tion, earlier contact should occur around the uncoverte-
bral joints during head rotation, and would be likely to
promote age-related degenerative change around the un-
covertebral joints due to the increased frequency of me-
chanical stress. If the degenerated disc causes abnormal
intervertebral kinematics, further degenerative changes
around the uncovertebral joints would occur. The lower
cervical spine is well-known as the level most commonly
affected by aging,>#'52? and moreover, inferred contact
areas of the uncovertebral joints at the lower cervical
spine were situated dorsolaterally and decreased with in-
creasing angle of rotation. These contact areas are closer
to the course of the nerve root than in the middle cervical
spine and may be subjected to strong mechanical stress,
because stresses are focused in such small areas. The ac-
cumulation of mechanical stress in joints induces osteo-
phyte formation.!? Head axial rotation movements are of-
ten repeated during activities of daily living.?* Repeated
head rotation in the course of activities of daily living
might thus contribute to spur formation around contact
areas of the uncovertebral joints in the lower cervical
spine close to the intervertebral foramen. This specula-
tive situation would account for the fact that cervical ra-
diculopathy generally occurs in the lower cervical spine,
particularly C5-6 and C6-7.

Limitations of the Study
Several limitations in this study must be addressed.

332

.

16

Y. Nagamoto et al.

First, information was obtained from animations (Vid-
eos 1 and 2) comprising only 11 different positions and
could not be obtained with the volunteer in an upright
position. Second, individual variability in uncovertebral
Jjoints6 could not be taken into account, even though these
variations are likely to affect kinematics. Moreover, the
surface bone models were constructed using data from
a volunteer outside the 10-patient cohort. We acknowl-
edge that this method includes the potential for bias.
Third, contact areas of the uncovertebral joints were not
“true” (verified), but were instead inferred. The presence
of intervening tissues such as discs, joint cartilages, and
synovial fluids were not taken into account. And fourth,
contact pressure and pressure distributions could not be
measured using our methods, Despite all these limita-
tions, we believe that no other approaches currently al-
low the investigation of 3D motion of the uncovertebral
joints in healthy individuals, The present study thus offers
a step toward a better understanding of functions of the
uncovertebral joints.

Conclusions

‘We have shown 3D motion of the uncovertebral joints
during head rotation for the first time. Standardized 3D
intervertebral motions of the cervical spine showed that
the uncovertebral joints alternate between contact and
separation during head rotation. Inferred contact areas of
uncovertebral joints were situated directly lateral at the
middle cervical spine and dorsolateral at the lower spine.
With increasing angles of rotation, inferred contact ar-
eas increase in the middle cervical spine, particularly at
C2-3, whereas areas slightly decrease in the lower cervi-
cal spine.
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Kinematics of the Thoracic Spine in Trunk Rotation

In Vivo 3-Dimensional Analysis

Takahito Fujimori, MD, PhD,* Motoki Iwasaki, MD, PhD,* Yukitaka Nagamoto, MD, PhD,*
Takahiro Ishii, MD, PhD,t Masafumi Kashii, MD, PhD,* Tsuyoshi Murase, MD, PhD,* Tsuyoshi Sugiura, MD,*
Yohei Matsuo, MD,* Kazuomi Sugamoto, MD, PhD,# and Hideki Yoshikawa, MD, PhD*

Study Design. /n vivo 3-dimensional (3D) study of the thoracic
spine.

Objective. To demonstrate axial rotations (ARs) and coupled
motions of the thoracic spine.

Summary of Background Data. /n vivo 3D kinematics of the

thoracic spine in trunk rotation with intact thorax and soft tissues has

not been well-known.

There were no quantitative data of AR in the consecutive thoracic
spinal segments. Patterns of coupled motion with AR have been
controversial.

Methods. Thirteen healthy volunteers underwent 3D computed
tomography of the thoracic spine in 3 positions; neutral, right, and
left maximum trunk rotation. Relative motions of vertebrae were
calculated by automatically superimposing the vertebrae in a neutral
position over images in rotational positions, using voxel-based
registration. Motions were represented with 6 degrees of freedom by
Euler angles and translations on the local coordinate system.
Results. Mean (SD) relative rotational angles of T1 with respect
to L1 to 1 side were 24.9° & 4.9° in maximum trunk rotation. AR of
each thoracic segment with respect to the inferior adjacent vertebra
to 1 side was 1.2° + 0.8° atT1-T2, 1.6° £ 0.7° at T2-T3, 1.4° = 0.9°
atT3-T4, 1.6° = 0.8° at T4-T5, 1.8° = 0.7° at T5-T6, 1.9° * 0.6° at
T6-T7, 2.3° = 0.7° at T/-T8, 2.5° = 0.8° at T8-T9, 2.7° % 0.6" at
T9-T10,2.6° = 0.8°atT10-T11, 1.3° £ 0.7°atT11-~T12, and 0,5° =
0.4°atT12-L1. Significantly larger segmental AR was observed atthe
middle thoracic segments (T6-T11) than at the upper (T1-T6) and
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lower (T11-L1} segments. At the upper thoracic segments, coupled
lateral bending with AR was observed in the same direction as AR.
However, at the middle and lower thoracic segments, coupled
lateral bending occurred both in the same and opposite directions.
Conclusion. /n vivo 30 ARs and coupled motions of the
consecutive thoracic spinal segments in trunk rotation were
investigated accurately for the first time.

Key words: thoracic spine, rotation, coupling motion, in vivo,
3-dimensional. Spine 2012;37:E1318-E1328

ter comprehension of the pathogenesis of spinal disor-

ders and therapies. Relationships between biomechanics
and spinal disorders have been discussed in previous research.!
Compared with other regions of the spine, the thoracic spine
is unique in both anatomy and potential disorders. The disc
of the thoracic spine represents a reduced amount of height
in ratio to the vertebral body, and the angle of facet joints is
steeper than the cervical spine and is more frontally oriented
than the lumbar spine. Many spinal traumas occur in the tho-
racolumbar region and scoliotic deformity frequently starts
in the midthoracic region. Correction of rotational deformity
of scoliosis is a technically demanding procedure?; however,
it is not well-known how much axial rotation (AR) could
physiologically occur in the normal thoracic spine, The kine-
matics of the thoracic spine has been investigated on i vitro
cadaveric studies** and mathematical models® and i vivo
by using the 3-space track system™® or invasive pin insertion
method.>*® Although cadaver studies and mathematical mod-
els enabled accurate measurement, they might not be physi-
ological in relation to the lack of rib cage, real muscle tone,
or intra-abdominal pressure. In many cadaver studies, analy-
sis was performed in various spinal units of limited numbers
on elderly subjects. The decision of whether to simulate ideal
force or torque iz vivo motions may be difficult. The 3-space
track system was a noninvasive method; however, it was dif-
ficult to assess intervertebral motions of each single spinal
segment because of the potential for measurement errors.
Measurement by the pin insertion method was accurate and
physiological; however, it seemed to be too invasive to be per-
formed at each spinal segment. Thus, iz vivo 3-dimensional
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(3D) motions at each consecutive segment of the thoracic
spine have been unknown. The purpose of our study was to
demonstrate in vivo within each intervertebral and coupled
motion of the thoracic spine in trunk rotation by using the 3D
imaging technique.

MATERIALS AND METHODS

Our study participants were 13 healthy male volunteers. Sub-
jects with a history of spinal disorders, spinal surgery, lung
disease, or anything that could affect spinal biomechanics
were excluded. Subjects were not athletes or gymnasts. No
scoliotic curve greater than 5° was found. All study protocols
were approved by our institutional review board, and study
participants provided written informed consent after receiv-
ing detailed information about the study.

Measurement of Intervertebral Range of Motion
Acquisition of 3D Computed Tomography

Low-dose functional computed tomographic (CT) scans were
obtained for 3 positions for each subject using a commercial
CT system (LightSpeed, GE Healthcare, Milwaukee, WI)
with the following parameters: slice thickness, 0.625 mm;
pixel size, 0.352 mm; tube rotation speed, 0.5 seconds; beam
collimation, 40 mm; beam pitch, 0.9; tube current, 20 mA;
and voltage, 120 kV. Subjects were placed in a neutral posi-
tion that was defined as being supine on the flat CT table in
a relaxed manner. The subjects’ arms were held behind their
heads and the pelvis was tightly fixed to the table with a belt
to keep both sides of anterior-superior iliac spines parallel to
the table (Figure 1). Subjects were instructed to actively rotate
their shoulder girdles along with the axis of the body trunk.
Rotational positions were defined as twisting the trunk at a
maximum to the right and left side within a range that sub-
jects did not feel pain or discomfort. A soft cushion device
was used for the trunk to support the rotational position
and for the head to be kept in the neutral position. To reduce
radiation exposure, scans done in rotational positions were
performed with a lower tube current, 10 mA. Total exposure
was 350 dose-length products, which is less than that speci-
fied for a routine whole-spine CT by our hospital. CT data
were transferred via digital imaging and communications in
medicine network into a computer workstation, where image
processing was performed using Virtual Place software (M
series, Medical Imaging Laboratory, Tokyo, Japan).

Figure 1. Acquisition of computed tomography.
Subjects were instructed to perform maximum
trunk rotation with the pelvis being fixed to the
table. The arms were held behind their heads and
the head was kept in the neutral position during
rotation.

Spine

Motion Analysis

The method used was fully described in our previous reports.
Contour of each vertebra was semiautomatically extracted from
CT at a specific threshold. A bone window with a width of 2000
Hounsfield units and a level of 150 Hounsfield units was used
for the threshold. The segmented vertebra in the neutral position
was automatically superimposed on other positions by voxel-
based registration. The migration was represented as a matrix.
This matrix was converted into the matrix representing relative
motion with respect to the inferior adjacent vertebra on the local
coordinate axis. The local coordinate axis of the vertebra was
defined as the right-handed orthogonal axis system in accordance
with the definition provided by the Scoliosis Research Society
working group (Figure 2)."> Three-dimensional motion of each
vertebra relative to the inferior adjacent vertebra was expressed
in 6 degrees of freedom by Euler angles with the sequence of roll
(X), pitch (Y), yaw (Z) in accordance with the results reported
by Skalli et al."® For better understanding, relative motion of T1
vertebra with respect to L1 vertebra was also computed.

Accuracy

The accuracy of this analysis system was: 0.19° in flexion-
extension, 0.13%in AR, 0.21°in lateral bending (LB), 0.13 mm
in lateral translation, 0.15 mm in superoinferior translation,
and 0.31 mm in anteroposterior translation, as described in
detail previously.

Statistical Analysis

Mean and SD for range of motion (ROM) to 1 side were
computed. The thoracic spine was divided into 3 parts, upper
segments: T1-T2 to TS5-T6; middle segments: T6-T7 to
T10-T11; and lower segments: T11-T12 to T12-L1. ARs of
these segments were compared using the unpaired ¢ test. The
frequency of coupled LB to the same direction as AR among
subjects was compared using Kruskal-Wallis rank sum test.
JMP software (version 8.0.1; SAS Institute, Cary, NC) was
used for statistical analysis. P values of less than 0.05 were
considered to indicate statistical significance.

RESULTS

Data of Participants
Mean age, height, body weight, and body mass index of par-
ticipants were 33.2 years (range, 30-36), 171.7 cm (range,
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168-186), 70.5 kg (range, 57-91), and 23.9 {range, 20.2—
30.4), respectively.

Main AR

At maximum rotation, mean ROM (= SD) of T1 with respect
to L1 at 1 side was 24.9° = 4.9° for AR, 7.6° = 6.0° for cou-
pled LB in the same direction as AR, and 1.8° = 12.4° for
coupled flexion.

At maximum rotation, mean ROM (* SD) of each ver-
tebra with respect to the inferior adjacent vertebra to 1 side
was 1.2° % 0.8° at T1-T2, 1.6° + 0.7° at T2-T3, 1.4° = 0.9°
at T3-T4, 1.6° = 0.8° at T4-TS, 1.8° = 0.7° at T5-T§, 1.9°
+ 0.6° at T6-T7, 2.3° * 0.7° at T7-T8, 2.5° = 0.8° at T8-
T9, 2.7° + 0.6° at T9-T10, 2.6° + 0.8° at T10-T11, 1.3° =
0.7° at T11-T12, and 0.5° = 0.4° ar T12-L1 (Table 1). AR
was significantly larger at middle segments (T6-T11) than
at upper segments (T1-T6) and at lower segments (T11-L1)
(P < 0.01) (Figure 3).

Coupled LB

Coupled LB with AR was observed predominantly in the same -

direction as AR except at T12-L1 (Figure 4). Mean ROM of
coupled LB ranged from —0.1° to 2.0° (Table 1). Among sub-
jects, the frequency of coupled LB to the same direction as AR
was 92% at T1-T2, 96% at T2-Y3, 92% at T3~T4, 88% at
T4-T5, 88% at T5-T6, 85% at T6-17, 85% at T7-T8, 54%
at T8-T9, 54% at T9-T10, 73% at T10-T11, 65% at T11-
T12, and 38% at T12-L1. There was no significant difference
in the frequency of coupled LB in the same direction among
subjects (P = 0.3).

Coupled Flexion-Extension
Coupled flexion-extension with AR was slight flexion within
range of SD (Table 1).

Coupled Translation
Coupled translations were scarcely observed in lateral, antero-
posterior, and superoinferior translation (Table 1).

DISCUSSION

To the best of our knowledge, this is the first iz vivo study to
measure 3D kinematics of each consecutive segment of the
thoracic spine. Some iz vivo biomechanical studies of the tho-
racic spine were performed in 2D methods using flucroscopy.
However, 2D analysis of spinal motions was not suitable for
measurement of rotation and coupled motion, because of
limitations such as potential magnification of errors, projec-
tion of translations as rotations, and masking by the shoulder
girdles shadows.!*

The current study demonstrated that AR of the thoracic spine
ranged from 0.5° to 2.7° in trunk rotation. These values gener-
ally corresponded to previous studies (Table 2). Gregersen and
Lucas® examined # vivo AR of random thoracic segments of
7 medical students by inserting Steinmann pins into the spinous
processes. Although their results of segmental rotations were
pieced by different subjects’ data, total relative angle of T1 with
respect to L1 was 42° and average segmental rotation divided
by the number of mobile segments was 3.5° Panjabi ez al*
reported that there was 1.5° to 2° of rotation in the thoracic
spine by loading § Nm torque in 5 cadavers’ study. Oxland
et aP reported that rotation was 1.8° £ 0.7° at T11-T12 and
1.2° = 0.7° at T12-L1 by loading 7.5 Nm of torque. Watkins
et al*é reported that total AR of T1 relative to T12 was 23.0°
with intact rib cage and sternum, and their results corresponded
to ours. During the in vivo study using a 3-space track system,
Willems et al” reported rotation of the tripartite thoracic spine.
The relative rotations of T1-T4, T4-T8, and T8-T12 were
13.6° *+ 4.8°, 23.3° + 5.9° and 9.1° & 5.2° respectively, and
thus the average segmental AR was approximately 4.5° from

+Rz: Left axial rotation
Z -Rz: Right axial rotation
+Tz: Superior translation

-Tz: Inferior translation

y
+ Rx: Right lateral bending

Figure 2. Orthogonal coordinate system. The origin
is at the centroid of the vertebral body that is de-
fined as half way between the centers of the 2 end-
plates. The local z axis passes through 2 centers of

. + Ry: Flexion the endplates with upper being positive. The y axis

-Rx: Left lateral bending _Ry: Extension is parallel to a line joining similar landmarks on the

+Tx: Anterior translation Y: . bases of the right and left pedicles with left being

-Tx: Posterior franslation +Ty: L.eft translan?n positive. The x axis is defined as perpendicular to z
-Ty: Right translation  ayis and y axis.
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