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Abstract
Objective

The dynamic mechanism underlying cervical spine involvement in rheumatoid arthritis (RA) remains unidentifi ed. The 
purpose of the current study was to determine the in vivo cervical segmental motion in RA patients with atlantoaxial 

subluxation (AAS) using a patient-based three-dimensional magnetic resonance imaging (MRI) computer model.

Methods
Healthy volunteers and RA patients with AAS (all females, n=10) underwent MRI examination of the cervical spine. 
Each vertebral body from the occipital bone (Oc) to the fi rst thoracic vertebra (T1) was reconstructed from slices of 
T2-weighted sagittal MR images in the neutral, fl exion, and extension positions. Using volume merge methods, each 
reconstructed vertebral body was virtually rotated and translated. Rotational segmental and translational segmental 

motions were obtained in three major planes.

Results
Overall, the axial translational motions in the RA group were lower than those in the healthy volunteers; however the axial 
translational motion at only C1-C2 during fl exion was at the same level as that in the healthy volunteers and was greater 
on the bottom side than that at other intervertebral levels. The frontal rotational motions at C1-C2 during extension were 

greater in the RA patients than those in the healthy volunteers (p<0.05).

Conclusion
The atlantoaxial joints in the RA patients with AAS showed great frontal rotational motion during extension and great axial 
translation on the bottom side during fl exion. The current noninvasive MRI-based method could be useful in evaluating the 

3-D dynamic mechanism underlying cervical involvement in RA in vivo.
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Introduction
Cervical spine involvement in rheu-
matoid arthritis (RA) occurs at a high 
frequency. It is observed in 30%-80% 
of RA patients (1-5), and the atlanto-
axial joint is most commonly involved. 
Chronic infl ammation leads to atlanto-
axial instability and subluxation (1-5), 
and further progression may lead to 
myelopathy due to spinal cord com-
pression by the odontoid and pannus 
or to sudden death respiratory muscle 
paralysis with cranial settling (6-8). 
Furthermore, subaxial subluxation (SS) 
leads to instability of the affected seg-
ment in the subaxial area.
As described above, cervical spine in-
stability in RA is an important factor 
that results in severe limitation in the 
activities of daily living (ADL) in RA 
patients if the patients have symptoms 
such as myelopathy; however, the cer-
vical involvement may not be detected 
because even patients with severe dis-
orders often have no symptoms, and the 
dynamic mechanism underlying cervi-
cal spine involvement in RA remains 
unidentifi ed. Many reports have inves-
tigated cervical spine instability with 
the use of radiographs (9, 10). In RA 
patients, it is generally evaluated using 
the lateral view of radiographs obtained 
during fl exion and extension move-
ments (10-13). Further analyses of the 
dynamic mechanism of cervical spine 
involvement in RA were performed 
with cineradiography (14) and a bi-
planar roentgenogram (15). However, 
three-dimensional (3-D) measurements 
are required to estimate static and dy-
namic changes in a rheumatoid cervical 
spine, particularly the upper cervical 
spine, in vivo.
Using cadaveric spines, Panjabi et al. 
performed 3-D assessments of the move-
ments of the upper cervical spine (16). 
Recently, the use of a personal com-
puter with advanced image-processing 
technology for 3-D assessment of seg-
mental motion in the spine was reported 
(17-20). These methods allowed in vivo
3-D motion analysis of a subject-based 
3-D computer model; however, there 
were no reports on the cervical spine in 
RA.
The purposes of the current study were 
to assess the in vivo cervical segmental 

motion in healthy volunteers and RA 
patients with atlantoaxial subluxation 
(AAS) and to elucidate the instability 
pattern accompanying AAS during neck 
fl exion and extension; these goals were 
accomplished using a subject-based 3-
D magnetic resonance-imaging (MRI) 
computer model.

Subjects and methods
Subjects
All assessments were performed after 
the study was approved by the Ethics 
Committee of Kyoto Prefectural Uni-
versity of Medicine, and informed con-
sent was obtained from all subjects. The 
participants included 10 healthy volun-
teers (all females, 35-56 years of age; 
mean age, 41.6 years; the control group) 
and 10 RA patients (all females, 36-72 
years of age; mean age, 61.6 years; the 
RA group) who were diagnosed with 
AAS based on radiographic evaluation. 
All patients had been diagnosed with 
RA based on the criteria put forth by the 
1987 American College of Rheumatol-
ogy. There was a signifi cant difference 
in age between healthy volunteers and 
RA patients (pRA patients (pRA patients ( <0.01, Table I). No sig-
nifi cant difference was found in body 
mass index (BMI) between healthy vol-
unteers and RA patients (Table I).

Radiographic evaluation
Lateral images of RA patients were 
taken during fl exion and extension and 
anterior–anterior–anterior posterior images were taken in 
the open-mouth position (Fig. 1). The 
anterior atlantodental interval (AADI), 
the Ranawat value, and the Redlund-
Johnell value were measured using 
analysis software for digital imaging 
(21-23). AAS was defi ned as AADI 
>3mm, and vertical subluxation (VS) 
was defi ned as a Ranawat value <13 
mm or Redlund-Johnell value <32 mm 
(for female subjects). SS was defi ned 
as greater than 3.5 mm of translation of 
one vertebral body on another (10, 24). 
Furthermore, atlantoaxial impaction 
(AAI) was evaluated using the Sak-
aguchi-Kauppi method (25, 26).

MRI evaluation
The axial and sagittal images (T1- and 
T2-weighted, respectively) of the cervi-
cal spine in the neutral supine position 
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using a pillow on the head and neck were 
obtained with a 1.5 T clinical scanner 
with a head-neck coil (Gyroscan Intera; 
Philips Medical Systems, Best, Nether-
lands). Additionally, the T2-weighted 

sagittal MR images during fl exion and 
extension were obtained using our pro-
tocols to evaluate changes in the cervi-
cal spine during fl exion and extension 
movements in the supine position (Fig. 

2). For range of motion (ROM) in ADL 
without pain, images in the fl exion po-
sition were taken using a pillow on the 
head, and images in the extension posi-
tion were taken using a pillow on the 
neck. The examination with an attend-
ant doctor was to be canceled if the pa-
tient had pain while under the supervi-
sion of the doctor; however, there were 
no cancellations of the examination in 
any cases in this study. The slices of 
T1-weighted sagittal MR images were 
obtained with turbo spin-echo (TSE) 
sequence (TR/TE = 710/10 ms; echo 
train length = 3; FOV = 250x250 mm; 
slice thickness/gap = 3/0.3 mm, 15 slic-
es; acquisition matrix 256x512; number 
of averages = 2). The slices of T2-
weighted sagittal MR images were also 
obtained with turbo spin-echo (TSE) 
sequence (TR/TE = 3540/110 ms; echo 
train length = 49; FOV = 250x250 mm; 
slice thickness/gap = 3/0.3 mm, 15 slic-
es; acquisition matrix 320x512; number 
of averages = 4).

3-D reconstruction of MR images
To identify segmental motion between 
two vertebral bodies in fl exion and ex-
tension of the cervical spine, 3-D im-
age data with location information was 
reconstructed from 2-D DICOM image 
data from an MRI examination. The 
following process and analysis were 
performed.

1. Constructing the 3-D MRI 
computer model
The slices of T2-weighted sagittal MR 
images in the neutral, fl exion, and ex-
tension positions were all imported into 
a 3-D reconstruction software package 
(Mimics; Materialise Co., Ltd. Yoko-
hama, Japan), and a threshold level was 
selected to defi ne the shell of the bone 
marrow (Fig. 3). Each vertebral body 
from the occipital bone (Oc) to the fi rst 
thoracic vertebra (T1) was segmented 
based on the threshold level. Detailed 
vertebral shapes, such as facet joints, 
were reconstructed along with manual 
operation.

2. Analysis of segmental motion 
between each of two vertebral bodies
To analyze the segmental motion of two 
vertebral bodies, a point-cloud data set 

Table I. Characteristics of the subjects (mean ± SEM).
     
 Healthy volunteers RA patients   p-value

Age 41.6 ± 2.0 61.6 ± 3.4 p<0.01
BMI (body mass index) 21.5 ± 0.9 21.2 ± 1.0   ns

Total motion in fl exion (Oc–T1)
    Frontal rotation (degree) 28.7 ± 2.1 28.4 ± 2.6   ns
    Sagittal translation (mm) 58.9 ± 1.4 27.7 ± 6.9 p<0.001
    Axial translation (mm)   -18.8 ± 1.5 -0.7 ± 3.0 p<0.001

Total motion in extension (Oc–T1)
    Frontal rotation (degree) -46.3 ± 2.1 -30.9 ± 3.2 p<0.001
    Sagittal translation (mm) -40.1 ± 2.4 -20.9 ± 5.8 p<0.04
    Axial translation (mm) -12.6 ± 1.7 -9.1 ± 2.0   ns

Frontal rotation; fl exural side: plus, extensional side: minus. Sagittal translation; anterior side plus, 
posterior side: minus. Axial translation; top side: plus, bottom side: minus.

Fig. 1. The lateral view of radiographs in (1) fl exion, (2) neutral, and (3) extension positions (an 
example of an RA patient).

Fig. 2. The T2-sagittal midline view of MRI in (1) fl exion, (2) neutral, and (3) extension positions (an 
example of an RA patient).
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for each body was created with Mimics 
software for volume merging, using the 
custom software program previously 
described by Ochia et al. (18, 19). In the 
volume merge method, a vertebral body 
in the neutral position was virtually ro-
tated and translated toward the same 
body during fl exion or extension. These 
rotations and translations of the verte-
bral body were performed at increments 
of 0.05° and 0.05 mm, respectively. The 
segmental motions were classifi ed into 
rotational and translational motions. 
Three rotational axes were examined: 
frontal rotation (fl exion/extension), sag-
ittal rotation (lateral bending), and axial 
rotation; frontal rotation was regarded 
as the main rotational segmental mo-
tion. Total frontal rotational motion was 
evaluated using the sum of the frontal 
segmental motions from Oc-C1 to C7-
T1. Translational segmental motion was 
subsequently calculated in three direc-
tions; frontal, sagittal, and axial transla-
tion, and estimated for each translation 
(Fig. 1). The terms left/right, anterior/
posterior, and top/bottom are used to 
express the sides in frontal, sagittal, and 
axial translation, respectively. The total 
of these motions was evaluated using 
the squares of the translational motions 
from Oc -C1 to C7-T1.

Statistical analyses
Differences in the segmental motions 
at intervertebral levels were compared 
using the Kruskal-Wallis test. Differ-
ences in the segmental motions be-
tween healthy volunteers and RA pa-
tients with AAS were compared using 
the Mann-Whitney U test. The correla-
tions between age and each total mo-
tion were assessed using Spearman’s 
correlation due to the signifi cant dif-
ference in age between the two groups. 
The cutoff value for signifi cant differ-
ence (pence (pence ( -value) was defi ned as p<0.05. 
All analyses were conducted using the 
StatView program package (Version 
5.0; SAS Institute Inc., Cary, NC).

Results
Segmental motions in the healthy 
volunteers
In the control group, there were signifi -
cant differences in the frontal rotation-
al and sagittal and axial translational     

segmental motions at intervertebral 
levels during fl exion and extension 
(p(p( <0.01, Figs. 4, 5, and 6). The axial 
and sagittal rotational segmental mo-
tion and frontal translational motion 
showed no signifi cant differences at 
the intervertebral levels, and the mag-
nitude of these motions was very low. 
Frontal rotational segmental motions 
were greater at the lower interverte-
bral levels (C5-C6 to C7-T1) during 
fl exion, and at Oc-C1 and the middle 
intervertebral levels (C3-C4 to C5-C6) 
during extension. On the other hand, 
sagittal translational motion increased 
from C7-T1 to Oc-C1 during fl exion 
and extension, and axial translational 
segmental motions were greater on the 
bottom side at Oc-C1 and the middle 
intervertebral levels (C2-C3 to C4-
C5) during fl exion and at the upper in-
tervertebral levels (C2-C3 and C3-C4) 
during extension.

Radiographic assessment in RA 
patients
The averaged anterior atlantodental in-
terval (AADI) in fl exion, neutral, and 
extension positions was 6 mm (range, 
5-10 mm), 5 mm (range, 4-7 mm), and 
2 mm (range, 1-5 mm), respectively. 
All cases showed AAS in the neutral 
position and unstable AAS with chang-
es in AADI during motion. Eight cases 
showed reducible AAS which was re-
duced during extension, and 2 cases 
showed non-reducible AAS which has 
spontaneous subluxation. The aver-
age Ranawat value was 17 mm (range, 

15-19 mm), and the average Redlund-
Johnell value was 41 mm (range, 35-50 
mm); therefore AAS deformity was de-
tected in all the patients, but no VS or 
SS deformities were detected in any of 
the patients. Eight cases showed grade 
1 AAI, 2 cases showed grade 2 AAI, 
and there were no cases that showed 
grade 3 or 4.

Segmental motions in the RA patients 
and a comparison between the control 
group and the RA group
Similar to the fi ndings in the healthy 
volunteers, there were signifi cant dif-
ferences in the contribution among 
the intervertebral levels in the frontal 
rotational, and sagittal and axial trans-
lational segmental motions during fl ex-
ion and extension in the RA patients 
(p(p( <0.05, Fig. 4, 5, and 6). There tended 
to be greater ranges of frontal rotation-
al motion at the middle intervertebral 
levels (C3-C4 to C6-C7) during fl exion 
and at the C1-C2 level during exten-
sion. On the other hand, the sagittal 
translational segmental motions at the 
upper intervertebral levels were greater 
than those estimated at the lower in-
tervertebral levels during fl exion and 
extension, and the axial translational 
segmental motions were greater on the 
bottom side at C1-C2 during fl exion 
and at Oc-C1 during extension.
Compared with the control group in 
terms of total motion, total sagittal and 
axial translational motions during fl ex-
ion in the RA group were signifi cantly 
lower than those observed in the control 

Fig. 3. The patient-based 3D MRI computer models of the cervical spine from Oc to T1 in (1) fl exion, 
(2) neutral, and (3) extension positions were reconstructed (an example of a RA patient). Three rota-
tional axes (a: frontal rotation, b: sagittal rotation, and c: axial rotation) and three directions (x: frontal 
translation, y: sagittal translation, and z: axial translation) were determined.
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group (pgroup (pgroup ( <0.001, Table I). Total fron-
tal rotational motion and total sagittal 
motion in the RA group during exten-
sion movements were lower than those 
observed in the control group (frontal 

rotation: p<0.001; sagittal translation: 
p<0.04; Table I). Total axial and sag-
ittal translation during fl exion were 
negatively correlated with age (axial 
translation: Rho=0.55, p<0.02; sagitttal 

translation: Rho=0.55, p<0.02), there-
fore these motions were lower at higher 
age. There were signifi cant differences 
between the RA group and control 
group in these motions after correcting 
for age.
A comparison of the frontal rotational 
segmental motion between the two 
groups revealed that the values at the 
C6-C7-T1 levels during fl exion and 
those at the C4-C5-C6 and C7-T1 
levels during extension were lower in 
the RA group than those in the control 
group (pgroup (pgroup ( <0.05, Fig. 4). Conversely, the 
frontal rotational segmental motions at 
the C3-C4 level during fl exion and at 
the C1-C2 level during extension were 
greater in the RA group than those in 
the control group (pthe control group (pthe control group ( <0.05, Fig. 4). The 
sagittal translational segmental mo-
tions from all levels during fl exion 
and at the Oc-C1 and C3-C4 to C5-C6 
levels during extension were lower in 
the RA group than those in the control 
group (pgroup (pgroup ( <0.05, Fig. 5). The axial trans-
lational segmental motions in the RA 
group were lower on the bottom side 
at Oc-C1 and C3-C4 to C6-C7 during 
fl exion (pfl exion (pfl exion ( <0.02, Fig. 6) and at C1-C2 
during extension than those in the con-
trol group (ptrol group (ptrol group ( <0.01, Fig. 6).

Discussion
The current study demonstrated that 
noninvasive techniques involving the 
application of the volume merge method 
in a 3-D MRI computer model provided 
accurate measurements of the 3-D seg-
mental motion of the cervical spine in 
RA patients with AAS in vivo.
This study demonstrated the total main 
rotational and translational motions of 
the cervical spine during fl exion and 
extension. Total main rotational motion 
refl ects the ROM during head–neck 
mobility, and total translational motion 
refl ects the intervertebral mobility dur-
ing fl exion and extension (9, 18, 19). 
In RA patients with AAS, the ROM of 
extension and the intervertebral mobil-
ity during fl exion and extension were 
considered to decrease when compared 
to those observed in the control group. 
Hakkinen et al. reported that neck mus-
cle strength and mobility are decreased 
in patients with atlantoaxial disorders 
(27). Therefore, in the participating RA 

Fig. 4. Frontal rotational segmental motion of the cervical spine (unit: degrees; fl exural side: plus, 
extensional side: minus). The data of each segment in fl exion and extension were compared with the 
data of each segment in the neutral position, respectively.

Fig. 5. Sagittal translational segmental motion of the cervical spine (unit: mm; anterior side: plus, 
posterior side: minus). The data of each segment in fl exion and extension were compared with the data 
of each segment in the neutral position, respectively.

Fig. 6. Axial translational segmental motion of the cervical spine (unit: mm; top side: plus, bottom 
side: minus). The data of each segment in fl exion and extension were compared with the data of each 
segment in the neutral position, respectively.
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patients, decreasing head-neck mobility 
was considered to refl ect a loss of neck 
muscle strength and function of the 
joints. If pathologically great segmental 
motion exists at some level under con-
ditions in which overall cervical spine 
mobility is decreased, the instability oc-
curred at that level would greatly affect 
the mobility.
Regarding the relationship between 
age and motion, total axial and sagittal 
translational motion during fl exion were 
lower at higher age, therefore cervical 
spine mobility was decreased at higher 
age. There were signifi cant differences 
between the RA group and control 
group in these motions after correct-
ing for age. However, the cervical spine 
motions were affected by not only rheu-
matoid changes but also degenerative 
changes. Furthermore, even though the 
subjects were protected from pain in the 
examination, a subject’s tolerable limit 
of discomfort might affect the total mo-
tion of the cervical spine.
In the current study, all RA patients had 
unstable AAS, which showed subluxa-
tion at the neutral position, and no VS. 
The atlantoaxial joints in patients with 
AAS showed greater frontal rotational 
motion than those in the control group 
during extension. Using fl exion/exten-
sion MRI, Karhu et al. reported that in 
the neutral position, the C1 vertebra 
was more fl exed in the RA patients than 
in the healthy subjects, and RA patients 
demonstrated greater extension in the 
upper cervical spine than that observed 
in the healthy subjects (28). In the cur-
rent study, the range of the AADI in 
RA patients was 4 to 7 mm; these pa-
tients were considered to have an AAS 
deformity in the unstable stage. These 
results indicated that the atlantoaxial 
joints in the RA patients with AAS 
showed great frontal rotational mo-
tion during extension and great axial 
translation on the bottom side during 
fl exion. For this reason we considered 
that rotational motion, not only sagit-
tal translational motion, during neck 
extension resulted in a spontaneous re-
duction of the subluxation, which can 
be attributed to the remaining intact 
periodontoid-ligamentous and capsular 
structures during AAS progression (1).
There are several reports on the natural 

history of the cervical spine involve-
ment in RA (1-5). Regarding the natural 
history of upper cervical spine involve-
ment in RA, particularly in the atlan-
toaxial joints, it is known that anterior 
subluxation occurs fi rst and then vertical 
(bottom) subluxation (2, 4). Oda et al. 
reported that reducible AAS occurred 
fi rst, and the irreducible change in pre-
ceding anterior atlantoaxial subluxa-
tion was a sign of the start of vertical 
subluxation (2). Fujiwara et al. showed 
a positive correlation between the C1-
C2 angle and the AADI and a negative 
correlation between the Oc-C1 angle 
and the AADI in the natural history of 
RA in radiographs, suggesting that the 
atlas not only shifts forward, but it also 
slips down at a decline from the axis 
(3). It is important for prognostication 
and determination of treatment criteria 
to identify the pathological motion at 
the time AAS occurs, which is a com-
paratively early stage. AADI measured 
on a radiograph is a simple and useful 
parameter in evaluation of rheuma-
toid involvement of the cervical spine. 
Based on the current results, however, 
cervical spine instability in AAS oc-
curs not only in the direction of sagit-
tal translation. In fact, the instability of 
the cervical spine in these patients with 
AAS showed great rotational motion 
and translational motion on the bottom 
side. This suggests that the deformity 
will progress in these directions. This 
complex motion should be a concern 
when patients with AAS are treated ei-
ther conservatively or operatively. We 
believe that it is important to evaluate 
not only the sagittal translational mo-
tion, but also the axial translational 
and frontal rotational motions in the 
atlantoaxial joints during the unstable 
stage of cervical spine involvement in 
RA. The current results were obtained 
by the evaluation of a limited number 
of subjects; therefore further prospec-
tive large-scale studies are necessary to 
verify these results.
Three-dimensional models are general-
ly obtained from CT images or MRI. A 
CT-based model would be better suited 
for 3-D evaluation because it shows the 
bony surface more accurately than the 
MRI model, and it is very useful in sur-
gical planning at the clinic. However, 

the amount of radiation from CT should 
be taken into consideration, and CT can 
not be used on all patients in the com-
paratively early stage. Thus, if informa-
tion on the motion of the vertebral body 
could be obtained from MRI, it would 
be more useful for earlier diagnosis of 
cervical involvement in osteoarthritis 
and RA (29). Furthermore, MRI has the 
potential to produce a 3-D evaluation 
of soft tissues and nerves. T2-weighted 
sagittal MR images of the cervical spine 
during fl exion and extension positions 
are useful for evaluating the dynamic 
factors underlying spinal cord com-
pression (30, 31). Therefore we use T2-
weighted images in osteoarthritis and 
RA patients with cervical involvement. 
Duerinckx et al. used midline sagittal 
T2-weighted MR images for dynamic 
analyses of cervical spine motion during 
fl exion and extension (32). In this study, 
we presumed that T2-weighted images 
could be used to reconstruct 3-D images 
and that the current noninvasive MRI-
based method could be used for dy-
namic assessment of the vertebral body. 
Furthermore, the coupled motion associ-
ated with fl exion and extension motion 
was minimal in the RA patients in our 
study. However, asymmetrical destruc-
tion of the vertebral body and facet joint 
may occur during the progressive stages 
of RA and thus cause complex coupling 
segmental motions during various cer-
vical motions (15, 33). Although this 
new method is not necessary for every 
RA patient in clinical practice, it could 
be useful in evaluating the complex 
segmental motion of the cervical spine 
in severe cases because of the ability to 
measure 6 degrees of freedom with a 3-
D model. This method also provides im-
portant information for determining the 
appropriate operative procedure and the 
area necessary to evaluate the relation-
ship between the complex motions and 
the neural fi ndings of the images. The 
method requires a standard MRI exami-
nation and general-purpose software, 
and is reproducible in general facilities. 
At the present, original software has the 
advantages of accuracy and convenience 
of analysis, however, general-purpose 
software can also be used for analysis. 
Furthermore, developments in medi-
cal imaging equipment and analysis 
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software will make it possible to easily 
analyze a patient’s motions in general 
facilities using this method in the near 
future. This method is highly effective 
because there is no radiation, it provides 
detailed motion analysis, and it may be 
applied to other joints not only limited 
to the cervical spine. The current study 
was limited in that only changes during 
fl exion and extension could be analyzed. 
Future studies should include assess-
ments of pathological motion of the cer-
vical spine during other motions, such 
as sagittal rotation and axial rotation, to 
identify other pathological conditions. 
This could lead to a system architecture 
that provides objective evaluations of 
prognostication, appropriate interven-
tion timing, and methods of conserva-
tive or operative therapy.
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