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Analysis of OPLL type according to classification
A and axial classification in 144 patients

Classification A

Fifty-four patients (37.5 %) had a bridge formation
between vertebral bodies on the sagittal plane. Bridge
formation occurred from vertebral bodies 2-8: in 28
patients at two levels, four patients at three levels, five
patients at four levels, and |7 patients at more than five
levels (Table 1). Twelve patients had bridge formation in
two separate areas, shown as 2 + 2 (2-level bridge + 2-
level bridge), 2+ 3, 4+ 4 and 24+ 5 (Table ! and
Fig. 2). Ninety patients had nonbridge OPLL.

Axial classification

One hundred and two patients (70.8 %) had central-type
OPLL, and 42 (29.2 %) had the lateral type.

Case presentation
Case |

The patient, a 59-year-old man, had mixed type OPLL
according to X-ray of the cervical spine (Fig. 3a). He had
the bridge type according to classification A, as OPLL was
seen from C5-7 and was connected to vertebral bodies
(Fig. 3b). In classification B, the OPLL lesion was
expressed as “C®/4, 5-7". The spinal canal was the nar-
rowest at C4. Ossification was classified as the central type
on axial image at C4 (Fig. 3c).

Fig. 3 A 59Y-year-old man.
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) image (b),
and axial CT image at C4 (¢)

Case 2

A T4-year-old had a C3-7 laminoplasty 5 years earlier. His
OPLL was classified as continuous based on cervical X-ray
(Fig. 4a). According to classification A, he had bridge type
OPLL from C3 to T2 (Fig. 4b). OPLL lesions were
expressed as “C3-7" according to classification B and left
lateral type at C5-6 according to axial classification
{Fig. 4c).

Case 3

A 69-year-old woman with OPLL considered as the seg-
mental type according to X-ray (Fig. 5a). She had the
nonbridge type at C4 and C5 and was classified as
“C4.5.6” according to classification B (Fig. 5b). She had
the central type in axial classification at C5, where the
OPLL was the most pronounced (Fig. 5c).

Cage 4
A 66-year-old man had mixed OPLL according to cervical
X-ray (Fig. 6a), bridge type in classification A, expressed

as “C®/3-4/5/6” in classification B (Fig. 6b) and as cen-
tral type in axial classification at C3 level (Fig. 6¢).

Discussion

Lateral X-ray examination is the gold standard by which to
determine the existence of OPLL in the cervical spine and
by which most physicians establish the diagnosis. OPLL
classification by lateral X-ray, proposed by the Investiga-
tion Committee on OPLL of the Japanese Ministry of
Public Health and Welfare in 1981, has widely been used

) Springer

-363-



534

Y. Kawaguchi et al,

Fig. 4 A 74-year-old man,
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) image (b),
and axial CT image at C5-6
level (¢)

Fig. 5 A 69-year-old woman.
Lateral cervical X-ray (a).
midsagittal computed
tomography (CT) (b), and axial
CT at C5 level (¢)

(6] and is useful for assessing OPLL characteristics
because it is easy to identify ossified lesions and is bene-
ficial for predicting OPLL progression and the occurrence
of cervical myelopathy. However, the lateral X-ray does
not provide details of lesions themselves. A recent study
has shown that CT imaging is necessary for precise
detection of such lesions [9]. In fact, CT has become a
standard tool for evaluating such ossified lesions, and most
spine surgeons obtain CT imaging before surgical inter-
vention in patients with OPLL. Therefore, we decided to
develop a new classification system of OPLL based on CT
imaging.

In classification A, we noted bridge formation of ossified
lesions to the vertebral body for the following two reasons;
(1) The absence of bridge formation is directly related to
segmental motion of vertebrae, which is lost at the level
where the bridge is formed [10]. On the other hand, the
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segment adjacent to the bridge formation might have
greater motion, which results in adjacent segmental insta-
bility. It has been reported that segmental motion is a factor
causing neurological impairment, such as cervical mye-
lopathy [11]. In their long-term follow-up study, Matsu-
naga el al. [11] stated that range of motion (ROM) was
significantly larger in patients with than those without
myelopathy. They emphasized the importance of cervical
motion that might lead to the development of neurological
compromise. (2) Bridge formation may be related to the
extension of ossified lesions along the entire spine.
Matsunaga et al. also demonstrated that bridge formation in
OPLL in the cervical spine is strongly related to multiple
OPLL in the entire spine [9] and might represent the
characteristics of diffuse ossification in PLL in the entire
spine. Bridge formation can be precisely evaluated by CT
imaging, but it is difficult to assess the finding using lateral
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Fig, 6 A 66-year-old man,
Lateral cervical X-ray (a),
midsagittal computed
omography (CT) image (b),
and axial CT image at C3 (¢)

X-ray alone. In classification A, the interrater agreement
ratic was 0.43 among the seven examiners, indicating
moderate agreement. Interrater agreement ralio was nol
high but seems to be acceptable according to evaluation
among the seven examiners. This low ratio might be due to
examiners’ unfamiliarity with evaluating ossified lesions
on CT images. In particular, it is difficult to judge the bony
bridge on a CT image if the small ossification connects 10
the adjacent veriebrae. It might be important to check
segmental motion in order to evaluate connection or dis-
connection between adjacent vertebrac. When the exam-
iners become familiar with the evaluation technique using
CT images, the agreement ratio might increase. The aver-
aged intrarater reliability was 72.4 %, which indicates
substantial agreement. Therefore, we believe (hat this
classification system is very easy to use and has the
potential benefit for evaluating characteristics of cervical
OPLL lesions.

CT provides an excellent axial view of the spinal canal,
yielding valuable information on the area and median or
paramedian location of ossification. In axial-image classi-
fication, we selected the level where OPLL most frequently
occurs in the spinal canal. Information regarding the ratio
of ossified lesions o the spinal canal is very important,
because previous report indicate that patients with >60 %
of the cervical spinal canal/stenosis by OPLL had cervical
myelopathy (12, 13]. Laterality of the ossified lesion can be
evaluated using this classification. Patients with cervical
myelopathy due to OPLL sometimes have a predominant

side of neurological impairment [12]. However, data of

patients’ clinical symptoms were not included in the study
reported here. The relationship between the axial classifi-
cation and clinical symptoms will be an important research
theme for future studies.

For classification B, we evaluated ossified lesions at all
verlebral and intervertebral levels and checked for and
described their connection or disconnection and whether or
not lesions are attached to the upper or lower border of the
vertebral body. This classification provides a precise means
of identifying the existence of OPLL lesions and, if they
are present, describes their characteristics. However, this
classification is somewhat complex, and we believe it may
not be appropriate for daily clinical use but, rather, may be
useful for precise data collection in future studies.

This study has several limitations. First, we did not check
the dynamic factor or cervical spine alignment using CT
images. CT was taken with the patient in a supine position
without performing flexion and extension analysis. Thus,
segmental motion could not be detected. Second, we did not
evaluate the relationship between OPLL types and clinical
symptoms. In the axial image, the occupied ratio against the
spinal canal can be easily detected, It might be interesting to
determine how laterality is related to the predominant side of
the neurological deficit; however, we have no MRI infor-
mation regarding spinal cord compression due to OPLL. The
relationship of OPLL lesions and/or dynamic factors to
clinical symptoms is a theme for future study. Thirdl, the
agreement ratio for both types of classification A is moder-
ate, although we consider it acceptable for use. Classification
B is a highly complicated procedure, and we thus did not
analyze intra- or interobserver agreement ratio. Despite these
several study limitations, CT classification provides precise
evaluation of OPLL lesions and might also be useful to help
determine the appropriate operative procedure. For example,
fusion surgery is not necessary at a level where there is bridge
formation, because there is no segment motion at that level.
This might be the advantage of CT classification over X-ray
classification.
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In conclusion, we, the subcommittee members of the
Investigation Commitice on the Ossification of the Spinal
Ligaments of the Japanese Minisiry of Public Health and
Welfare, propose three new classification systems for cer-
vical OPLL based on CT imaging: classification A, clas-
sification B, and the axial image classification. It is our
hope that these classifications will be recognized as useful
clinical assessment tools for evaluating OPLL lesions.
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In vivo 3D kinematic changes in the cervical spine after
laminoplasty for cervical spondylotic myelopathy
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Object. Cervical laminoplasty is an effective procedure for decompressing the spinal cord at multiple levels, but
restriction of neck motion is one of the well-known complications of the procedure. Although many authors have
reported on cervical range of motion (ROM) after laminoplasty, they have focused mainly on 2D flexion and exten-
sion on lateral radiographs, not on 3D motion (including coupled motion) nor on precise intervertebral motion. The
purpose of this study was to clarify the 3D kinematic changes in the cervical spine after laminoplasty performed to
treat cervical spondylotic myelopathy.

Methods. Eleven consecutive patients (6 men and 5 women, mean age 68.1 years, age range 57-79 years) with
cervical spondylotic myelopathy who had undergone laminoplasty were included in the study. All patients underwent
3D CT of the cervical spine in 5 positions (neutral, 45° head rotation left and right, maximum head flexion, and
maximum head extension) using supporting devices. The scans were performed preoperatively and at 6 months after
laminoplasty. Segmental ROM from Oc—C1 to C7-T1 was calculated both in flexion-extension and in rotation, using
a voxel-based registration method.

Results. Mean C2-7 flexion-extension ROM, equivalent to cervical ROM in all previous studies, was 45.5°
= 7.1° preoperatively and 35.5° + 8.2° postoperatively, which was a statistically significant 33% decrease. How-
ever, mean Oc-T1 flexion-extension ROM, which represented total cervical ROM, was 71.5° + 8.3° preoperatively
and 66.5° = §.3° postoperatively, an insignificant 7.0% decrease. In focusing on each motion segment, the authors
observed a statistically significant 22.6% decrease in mean segmental ROM at the operated levels during flexion-
extension and a statistically insignificant 10.2% decrease during rotation. The most significant decrease was observed
at C2-3. Segmental ROM at C2-3 decreased 24.2% during flexion-extension and 21.8% during rotation. However, a
statistically insignificant 37.2% increase was observed at the upper cervical spine (Oc—C2) during flexion-extension.
The coupling pattern during rotation did not change significantly after laminoplasty.

Conclusions. In this first accurate documentation of 3D segmental kinematic changes after laminoplasty, Oc-T1
ROM, which represented total cervical ROM, did not change significantly during either flexion-extension or rotation
by 6 months after laminoplasty despite a significant decrease in C2-7 flexion-extension ROM. This is thought to be
partially because of a compensatory increase in segmental ROM at the upper cervical spine (Oc-C2).
(http:/ithejns.orgldoifabs/10.3171/2014.5 SPINE13702)
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cervical laminoplasty
volume registration

cervical spondylotic myelopathy
head rotation

inectomy, is widely used to treat cervical spinal

cord compression caused by cervical spondylosis
or ossification of the posterior longitudinal ligament be-
cause it produces good long-term results.'>?228 Although
laminoplasty has advantages such as a lower incidence of
postoperative cervical kyphosis and preservation of range
of motion (ROM), many authors have reported a signifi-
cant decrease in cervical ROM after laminoplasty despite
the good postoperative neurological improvements ex-

C ERVICAL laminoplasty, a surgical alternative to lam-

Abbreviations used in this paper: Oc = occiput; ROM = range
of motion.

J Neurosurg: Spine / Volume 21 / September 2014

perienced by their patients.!-611:12:15-1820-22252628 However,
they have investigated using only 2D flexion and exten-
sion on lateral radiographs. To our knowledge, there has
been no report of 3D motion analysis about cervical lami-
noplasty, including coupled motion and precise interverte-
bral motion. Coupled motion is defined as combined mo-
tions that are mechanically forced to occur; it is difficult to
measure it with conventional 2D methods.

For a better understanding of the precise pathophysi-
ological change that occurs after laminoplasty, it is impor-
tant to clarify the difference in precise kinematics before
laminoplasty versus after it. We previously reported accu-
rate in vivo 3D kinematics of the normal and degenerative
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cervical spine using our own 3D motion-analysis meth-
0d . In the study we report here, we sought to accurate-
ly document 3D kinematic changes in the cervical spine
after laminoplasty for cervical spondylotic myelopathy.

Methods

Our study included 11 consecutive patients (6 men
and 5 women, mean age 68.1 years, age range 57-79
years) with cervical spondylotic myelopathy who had un-
dergone open-door laminoplasty that used a modification
of the Ito'*-Tsuji*’ technique. In most patients, decompres-
sion extended from C-3 to C-6 or C-7. A full-thickness
trough was drilled on one side of the lamina with a small
bur and a high-speed drill. On the contralateral side, a
partial-thickness trough was drilled. The lamina was then
elevated toward the partial-thickness trough. The resected
spinous process was placed into the space made after lam-
inoplasty of C-4 and C-6 to keep the space open (Fig. 1).
Of the 11 patients, 7 had disease that involved C3—6 and 4
had disease that involved C3-7. Patients with ossification
of the posterior longitudinal ligament, diffuse idiopathic
skeletal hyperostosis, theumatoid arthritis, and trauma
were excluded from the study. The duration of the period
for which study participants wore a cervical collar after
surgery ranged from 0 to 2 weeks. The average pre- and
postoperative modified Japanese Orthopaedic Association
scores were 107 = 1.7 and 13.2 = 1.6, respectively. The
Hirabayashi recovery rate was 38.7% = 20.3%.> All study
protocols were approved by our institution’s review board.

Acquisition of 3D CT Images

Computed tomography scans were obtained for 5
positions for each patient using a commercial CT system
(LightSpeed VCT, GE Healthcare) with the following pa-
rameters: 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 50 mA, and voltage 120 kV.
Patients were placed in the supine position on the scan-
ning table and in a neutral position, with their trunk at
maximum flexion and extension and 45° axial rotation to
the left and right achievable without pain or discomfort
(Fig. 2). A supportive device was used to keep the head
in flexion and rotation. When scanning patients with their
trunk in extension, we took special care not to reproduce
their neurological symptoms. The scans were performed
before surgery and at 6 months after surgery. To reduce
radiation exposure, scans done in positions other than neu-
tral were performed with a lower tube current: 15 mA for
rotation and extension and 30 mA only for flexion. Total
exposure was 90 dose—length products, which is less than
that specified for routine CT by our hospital, and CT data
were transferred via a DICOM network into a computer
workstation, where image processing was performed us-
ing Virtual Place software (M series, Medical Imaging
Laboratory).

Motion Analysis

The method we used for motion analysis is fully de-
scribed in our previous reports. First, each vertebra
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Fic. 1. Schematic illustration of the open-door laminoplasty tech-
nique that was used in this study, a modification of the lto-Tsuji tech-
nique. Copyright Yukitaka Nagamoto. Published with permission.

was semi-automatically extracted using intensity thresh-
old techniques. Second, the segmented images of the
vertebrae in the neutral position were superimposed over
images in other positions using voxel-based registration.
As a result of this registration, the 3D migration of each
vertebra was expressed by a matrix. Third, segmental mo-
tions from Oc—Cl1 to C7-T1 were calculated by convert-
ing the matrix obtained by the registration into a matrix
representing relative motion with respect to the inferior
adjacent vertebra both in flexion-extension and in rota-
tion. Oc—T1 ROM (Oc motion relative to T-1, represented
as total cervical ROM) and C2-7 ROM (C-2 motion rela-
tive to C-7, equivalent to a C2-7 angle measured on lateral
radiographs) were also calculated. The results were ex-
pressed in 6 degrees of freedom by Euler angles, with the
sequence of pitch (X), yaw (Y), and roll (Z), and in trans-
lations using a previously defined coordinate system’*'?
(Fig. 3). The ROM for flexion-extension was calculated as
the sum of the flexion (+RX) and extension (-RX) angles,
and the ROM for rotation was calculated as the sum of
the right (-RY) and left (+RY) rotation angles. Coupled
motion (lateral bending; + RZ) during rotation was also

J Neurosurg: Spine / Volume 21 / September 2014
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Maximum flexion

Maximum Extension

Fie. 2. Photographs and representative scans showing the 5 positions used for CT. Two types of supportive devices were
used: one designed to facilitate production of the same 45° head rotation, and one to help maintain maximum flexion during

scanning.

calculated as one-side motion. Vertebral slippage (+ TZ)
during flexion-extension was also measured from C2-3
to C7-T1. Vertebral slippage > 2.5 mm was defined as
abnormal segmental motion.!

Accuracy Validation

We performed in vitro validation of the accuracy of
our experimental CT method for the cervical spine using
fresh-frozen vertebrae. More than 8 tantalum beads with
a radius of 1.0 mm were implanted in the vertebrae. Sub-
sequently, CT scans were performed 8 times in different
positions with the same imaging parameters. Each verte-
bra was then superimposed by voxel-based registration.
The true value of the migration was measured by mark-
er-based registration, providing gold-standard data, and
accuracy was defined as the closeness to the true value.
The root mean square distance for migration was 0.19° in
flexion-extension, 0.13° in axial rotation, 0.21° in lateral
bending, 0.13 mm in lateral translation, 0.15 mm in su-
peroinferior translation, and 0.31 mm in anteroposterior
translation.

Statistical Analysis

All statistical analyses were performed with Excel
2007 for Windows XP (Microsoft) with the add-in soft-
ware Statcel 2 (OMS Publishing Ltd.). The data were
analyzed using the nonparametric Mann-Whitney U-test
where indicated. A probability value of p < 0.05 was con-
sidered statistically significant.

J Neurosurg: Spine / Volume 21 / September 2014

Results
Oc-T1 and C2-7 Angle

Mean Oc-T1 flexion-extension ROM was 71.5° + 8.3°
preoperatively and 66.5° + 8.3° postoperatively (Table 1;
Fig. 4). Mean C2-7 flexion-extension ROM was 45.8° =
8.3° preoperatively and 35.3° = 8.2° postoperatively. Al-
though C2-7 ROM decreased significantly (p < 0.01), to-
tal cervical ROM did not change significantly after lami-
noplasty during flexion-extension. Mean Oc-T1 rotation
ROM was 83.7° = 5.2° preoperatively and 79.8° + 6.0°
postoperatively. Mean C2-7 rotation ROM was 15.1° =
4 .4° preoperatively and 12.6° = 3.1° postoperatively. Nei-
ther Oc-~T1 nor C2-7 rotation ROM changed significantly
after laminoplasty during rotation.

Fie. 3. lllustration of the anatomical orthogonal coordinate system
as applied to the occiput (Oc), C-1, and subaxial vertebrae (C-5 shown).
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TABLE 1: Segmental range of motion {°), means % SD

Y. Nagamoto et al.

Parameter Oc-CH1

C4-5

C1-2 C2-3 C3-4

flexion-extension

preop 81x89 '
postop ’12‘5/: 9.9 9.7 * 3.9 ; 3.9 * 2,4* 69 * 55
“rotation’ ‘ . .

3120

54448

preop 35=15 42=x21

7243
99x44

48£27

C5-6 C6-7 C7-T Oc-T1 C2-7

1583 45871
665+83 353:82"

98+42 93427
8845 86225

8.6+38
59433

1.8+15 11x07 16=+09 837x52 151x44

preop -14+08 -63x24 3617 35+£19 30«14 09+07 07x05 14=x09
postop -13+09 -63x25 23+15 28x20 28x13 09x06 08=x05 18=11
* p<0.05.
“* p<0.01.

Segmental ROM During Flexion—Extension

Mean pre- and postoperative segmental ROM dur-
ing flexion-extension were calculated (Table 1; Fig. 5).
Segmental ROM decreased significantly at the proximal
adjacent level (C2-3) and all operated levels (C3—6 lami-
noplasty, from C3—4 to C5-6; C3-7 laminoplasty, C3—4
to C6-7) (p < 0.05, Table 2). In compensation, segmen-
tal ROM tended to increase at the upper cervical levels
(Oc—C1 and C1-2) during flexion-extension and at C7-T1
during rotation, but these increases were not statistically
significant (Table 2). No new abnormal slippage occurred
after laminoplasty. However, preoperative abnormal slip-
page, which was observed at only 1 segment, could not be
decreased by laminoplasty (Fig. 6).

Segmental ROM During Rotation

Main Motion. The mean values for pre- and postop-
erative segmental ROM of main axial rotation during ro-
tation were calculated (Table 1; Fig. 7). Segmental ROM

Flexion-extension Rotation

100

Motion (degrees)

GeT1

€2-7 OcT1 c2-7

B Pre-operative  m Post-operative i

Fie. 4. Oc-T1 and C2-7 ROM before and after surgery, both in
flexion-extension and in rotation. Oc—T1 ROM, represented as total
cervical ROM, is the motion of the occiput relative to T-1. C2-7 ROM,
equivalent to the C2-C7 angle measured on lateral radiographs, is the
motion of C-2 relative to C-7. Data represent the mean + SD. **p < 0.01.
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decreased significantly at C2-3 and did not change sig-
nificantly at the operated levels or the distal adjacent level
(Table 2). No significant laterality of main motion was
observed.

Coupled Lateral Bending. The mean values for pre-
and postoperative segmental ROM of coupled lateral
bending during rotation were calculated (Table 1; Fig. 8).
Coupled lateral bending during rotation was observed in
the opposite direction at the upper cervical level and in the
same direction at the subaxial spine, and this coupling pat-
tern did not change after laminoplasty (Fig. 8). Although
ROM showed no significant change after laminoplasty for
any segment, only C2-3 segmental ROM had a strong ten-
dency to decrease after laminoplasty (Table 2).

Discussion

Many researchers have reported that cervical ROM
decreases significantly after laminoplasty.-6:1513.15-18:20-22,
232628 According to a representative review by Ratliff and
Cooper? of cervical laminoplasty, this decrease is an av-
erage of 50% (range 17%-80%). In one of the most recent
reports, Hyun et al.> described a 20% decrease of ROM at
6 months after laminoplasty. However, almost all of these
studies assessed neither total cervical ROM nor segmen-
tal ROM but only partial cervical flexion-extension ROM
(C2-7 angle), using lateral radiographs.!-6:11,131516,18.21,22,26,28
That assessment method is useless when the C-7 verte-
bra is masked by shoulder girdle shadows. We obtained
similar results in our study; we found that C2-7 ROM
during flexion-extension decreased significantly by 23%
after laminoplasty. Interestingly, however, we found little
change in Oc-T1 ROM (total cervical ROM) because of
a compensatory increase at the upper cervical spine (Oc—
C2).

As for rotation ROM after laminoplasty, we found
only 2 prior reports. Takeuchi et al.,> in evaluating cervi-
cal rotation using digital photographs, reported that rota-
tional motion is significantly larger in laminoplasty that
preserves the semispinalis cervicis inserted into C-2 than
in conventional laminoplasty. Sugimoto et al.,** in evalu-
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25

20

15

1o

Motion {degrees)

Oc-Cl (12 cz-3 C3-4

€4-5 C5-6 €67 (711

EE Pre-operative

Post-operative

Fic. 5. Preoperative and postoperative segmental ROM in flexion-extension, Oc-C1 to C7-T1. *p < 0.05.

ating cervical rotation using 2D CT, reported that C1-T1
rotation ROM had not changed by 6 months after lamino-
plasty. Similarly, we found that neither Oc-T1 nor C2-7
rotation ROM changed significantly within the same head
rotation angle. However, unlike previous studies, which
investigated the change in total cervical ROM, our study
mainly focused on the change in segmental kinematics,
including coupled motion, within the same 45° head rota-
tion angle after laminoplasty.

As for segmental ROM after laminoplasty, only Baba
et al.! evaluated segmental ROM using flexion-extension
lateral radiographs. They reported a significant decrease in
ROM at all levels except C2-3 and C7-T1, based on values
obtained at mean of 5.8 years after laminoplasty.! How-
ever, their data were unreliable because it is impossible to
quantify small segmental ROM accurately on functional
radiographs. No study has investigated segmental ROM
during rotation after laminoplasty. Our precise measure-
ments showed that segmental ROM at the operated levels
was reduced significantly during flexion-extension and did
not change significantly during rotation. Segmental ROM
at C2-3, which is the proximal adjacent segment, showed
the most significant decrease during both flexion-exten-
sion and rotation. At C2-3, as lizuka et al.’ suggested, the
lifted C-3 lamina appeared to collide with the inferior

edge of the C-2 lamina during both extension and rotation
(see Videos 1 and 2, which demonstrate the reduction of
ROM both in flexion-extension and in rotation by the col-
lision of lifted laminae).

Vmeo 1. Video clip showing a 3D animation of the C2-3
segment during flexion-extension. The left side of the video
shows preoperative status; the right half shows postoperative
status. Copyright Yukitaka Nagamoto. Published with permis-
sion. Click here to view with Media Player. Click here to view
with Quicktime.

Vmro 2. Video clip showing a 3D animation of the C2~
C3 segment during rotation. The left side of the video shows
preoperative status; the right half shows postoperative status.
Copyright Yukitaka Nagamoto. Published with permission.
Click here to view with Media Player. Click here to view with
Quicktime.

We think that this is the mechanism by which the segmen-
tal ROM at C2-3 decreased omnidirectionally and that
this is one of reasons C2-3 is the level most frequently
involved in laminar fusion 52228

No study has investigated coupled motion in the cer-
vical spine after laminoplasty. Normal coupled lateral
bending during rotation occurs in the opposite direction
at the upper cervical level and in the same direction at the
subaxial spine, and coupled motion is thought to be driven
by the oblique orientation of the apophyseal joint.®® In our

TABLE 2: Summary of segmental range of motion change after laminoplastyt

Level Cervical Level Flexion-Extension Rotation: MM Rotation: CM
upper Oc-C2 37.2% (p = 0.146) -13.0% (p = 0.370) -1.4% (p = 0.999)
PA C2-3 -24.2%" (p = 0.039) -21.8%" (p = 0.028) ~16.2% (p = 0.082)
operated C3-60r C3-7 -22.6%" (p = 0.023) -10.2% (p = 0.600) -16.8% (p = 0.262)
DA C6-7 or C7-T1 -8.4% (p = 0.674) 71% (p = 0.870) -5.1% (p = 0.597)
* p<0.05.

T CM = coupled motion; DA = distal adjacent level; MM = main motion; PA = proximal adjacent level; upper = upper cervical level.
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Fie. 6. Vertebral slippage during flexion-extension (horizontal axis, preoperative; vertical axis, postoperative). A positive value
indicates anterior slippage, and a negative value indicates posterior slippage.

study, we observed a normal coupled pattern both before
and after surgery. This is because cervical laminoplasty
can preserve the apophyseal joint, which drives coupled
motion.

None of our study participants had abnormal slippage
after surgery or deterioration of a preexisting slip as early
as 6 months after laminoplasty despite early postoperative
removal of cervical collars. Postoperative segmental ROM
tended to be reduced more severely at the middle cervical
levels (from C2-3 to C4-5) than at the lower cervical lev-
els (from C5-6 to C7-T1) (Figs. 5,7, and 8). Shigematsu et

al.? reported that 87% of cervical degenerative spondylo-
listhesis had stabilized after laminoplasty, and Kawasaki
et al.* reported that in 93% of cases, degenerative spon-
dylolisthesis occurred at C3—4 or C4-5. Given our results,
we believe that cervical laminoplasty preserves cervical
ROM without harmful intervertebral instability and is a
reasonable and beneficial procedure for the treatment of
elderly patients with myelopathy who have degenerative
spondylolisthesis of the middle cervical spine.

In our study, total cervical kinematics had not changed
significantly during either flexion-extension or rotation by

60

B Pre-operative
Post-operative
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Motion {degrees)
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€4-5 £5-6 67 C7TL

Fie. 7. Preoperative and postoperative segmental range of motion for main axial rotation during rotation, Oc-C1 to C7-T1.

*p <0.05.

422

J Neurosurg: Spine / Volume 21 / September 2014

-372-



3D kinematic changes after laminoplasty

C2-3

Motion {degrees)
o

C4-5 C5-6 c6-7  C7-T1

-10

g5 Pre-operative
Post-operative

Fie. 8. Preoperative and postoperative segmental range of motion for coupled lateral bending during rotation, Oc~C1 to C7-
T1. The negative values represent contralateral bending. For example: During right head rotation, ipsilateral bending (right side
bending) occurs at C2-3, C3-4, C4-5, C5-6, C6-7, and C7-T1 and contralateral bending (left side bending) occurs at Oc—C1

and C1-2.

6 months after laminoplasty. Actually, no patient in our
study reported loss of neck motion. In addition, we have
never encountered any patients reporting disabling loss of
neck motion after laminoplasty. This may be explained by
early removal of cervical collars, postoperative neck exer-
cises, and some surgical modifications in comparison with
procedures performed from the late 1990s to the early
years of the 21st century.>13162228 Meanwhile, Hyun et al.’
reported that post-laminoplasty cervical ROM continues
to decrease for up to 18 months after surgery. Therefore,
a follow-up kinematic study of cervical laminoplasty over
the long term will provide more conclusive results.

Conclusions

We produced the first accurate documentation of 3D
segmental kinematic changes after laminoplasty. At 6
months after laminoplasty, C2-7 flexion-extension ROM,
equivalent to cervical ROM in all previous studies, showed
a statistically significant 33% decrease, a result similar to
that of previous studies. In focusing on each motion seg-
ment, we found that the most significant decrease oc-
curred at C2-3, both during flexion-extension and rota-
tion. However, we observed a statistically insignificant
37.2% increase at the upper cervical spine (Oc-C2) dur-
ing flexion-extension. Oc-T1 ROM, which represented
total cervical ROM, showed an insignificant 7% decrease
in flexion-extension and an insignificant 4% decrease in
rotation despite the significant decrease in C2-7 flexion-
extension ROM. This is thought to be partly because of
a compensatory increase in segmental ROM at the upper
cervical spine.
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Chapter 3

Autophagy in Spinal Cord Injury:
Pathogenic Roles and Therapeutic
Implications

Autophagy in Spinal Cord Injury

Haruo Kanno and Hiroshi Ozawa

Abstract Autophagy is degradation of intracellular proteins and organelles to
maintain cytoplasmic homeostasis, and it is also involved in various pathophysio-
logical processes in many diseases. We previously investigated alternation of
autophagic activity in damaged neural tissue after SCI. It was also examined whether
administration of rapamycin to promote autophagy can induce neuroprotective
effect in SCI. Our results of these studies demonstrated that molecular markers of
autophagy such as Beclin 1 and LC3 were significantly upregulated in the injured
spinal cord. The increased activity of autophagy was observed in neurons, astro-
cytes, and oligodendrocytes at the lesion site. Electron microscopy showed an
increased formation of autophagic vacuoles in the damaged neural cells. In addi-
tion, the rapamycin administration in acute phase of SCI promoted autophagy in the
injured spinal cord and reduced neural tissue damage and locomotor impairment.
These findings indicated that autophagic activity is increased in damaged neural
tissue after SCI. Furthermore the promotion of autophagy by rapamycin treatment
can provide neuroprotective effect to improve locomotor function following SCI.
Here, we summarize our previous studies and review the evidence in related articles
regarding the role of autophagy in SCL
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3.1 Introduction

Auwtophagy is degradation of intracellular proteins and organelles to maintain
cytoplasmic homeostasis, and it is also involved in various pathophysiological pro-
cesses in many diseases [1-4]. Autophagy works for the elimination and recycling
of long-lived proteins and unwanted organelles in a cell during development and
under stress conditions [1, 5, 6] (Fig. 3.1). Amino acid starvation is a well-known
trigger for autophagy, which degrades proteins to free amino acids that help cell
survival [2].

Previous studies suggested that autophagy has a cytoprotective function against
cell death [7, 8], Autophagy contributed to cytoprotection in neurodegenerative dis-
ease and traumatic brain injury [9-13]. On the contrary, previous studies suggested
that auiophagy also contributes to the induction of cell death [8, 14, 15]. Autophagy
can lead to nonapoptotic programmed cell death, which is called autophagic cell
death [3, 16]. Activation of autophagy can induce cell death in a myocardial isch-
emia and reperfusion model [17]. In addition, autophagy can lead to autophagic cell
death in cerebral ischemia and in a renal ischemia and reperfusion injury {18, 19].

Beclin 1, a Bel-2-interacting protein, is a mammalian ortholog of veast Atg6/
Vps30 and it is known to be a promoter of autophagy [20]. Beclin 1 is a component
of the class III phosphatidylinositol-3-kinase (PI3K) complex that works for the
formation of autophagosomes [21]. The Atg8 protein, known as microtubule-
associated protein 1 light chain 3 (L.C3), is essential for autophagy {22]. LC3 is
bound to autophagosomal membrane and thus is considered a specific marker pro-
tein to monitor autophagy {23] (Fig. 3.1). Autophagy may be dysregulated in sev-
eral disorders, including metabolic diseases, neurodegenerative disorders, infectious
diseases, and cancer. Pharmacological approaches to upregulate or inhibit this path-
way are currently receiving considerable attention [24]. The mammalian target of
rapamycin (mTOR) signaling pathway is known as a main molecular mechanism to

Lysosome

g o

w

Isolation
membrane Autophagosome Autolysosome

Fig. 3.1 Process of autophagy. A small volume of cytoplasm is enclosed by the isolation membrane,
which resulis in the formation of an autophagosome. The autophagosome fuses with the lysosome
where the cytoplasm is degraded. LC3 is bound 1o the autophagosomal membrane
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Fig. 3.2 Signaling pathway of autophagy regulation. mTOR pathway negatively regulates autophagy.
Rapamycin, a specific inhibitor of mTOR, prevents phosphorylation of p70S6K and promotes
autophagy. Beclin 1 protein promotes autophagy

regulate autophagic activity (Fig. 3.2). Recent studies revealed modulation of
autophagy via mTOR signaling can be a therapeutic target for various diseases [24].

We previously reported that autophagic activity was upregulated in damaged
neural tissue after SCI [25-27]. Furthermore our study demonstrated that pharma-
cological enhancement of autophagy provided neuroprotective effect following SCI
[28, 29]. Here, we summarize our previous studies and review the evidence in
related articles regarding the role of autophagy in SCL

3.2 Upregulation of Beclin 1 Expression After Spinal
Cord Injury

3.2.1 Summary

Beclin 1, a Bel-2-interacting protein, is known to be a promoter of antophagy. We
previously investigated the alterations in the Beclin 1 protein expression and the
involvement of autophagy after SCI using a spinal cord hemisection model in
mice [25]. In our results of immunohistochemistry and Western blot analysis, the
Beclin 1 expression significantly increased at the lesion site after hemisection. The Beclin
1 expression was observed in neurons, astrocytes, and oligodendrocytes. These
results suggested that autophagy can be activated in the injured spinal cord.
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3.2.2 Increased Expression of Beclin 1 After SCI

To investigate an alteration of the Beclin 1 expression in the spinal cord, immuno-
histochemical staining of Beclin 1 was performed at 4 and 24 hand 3, 7, and 21 days
after hemisection. The cells expressing Beclin 1 were increased in the injured side
after hemisection (Fig. 3.3a). The cells expressing Beclin 1 were observed in both
the gray matter and white matter of the injured side. In counting Beclin 1-positive
cells, the number of Beclin 1-positive cells on the injured side was significantly
higher than those on the contralateral side at each time point. The increased expres-
sion of Beclin 1 started from 4 h, peaked at 3 days, and lasted for at least 21 days
after hemisection. Western blot analysis confirmed that the level of Beclin 1 protein
was significantly higher in the injured side than in the contralateral side.

3.2.3 Beclin 1 Expression in Various Neural Cells After SCT

To investigate the Beclin 1 expression in a specific type of cells including neurons,
astrocytes, and oligodendrocytes, the spinal cord sections at 3 days after hemisection
were double stained for Beclin 1 and various cell type markers: Neul for neurons,
GFAP for astrocytes, and OligZ for oligodendrocytes. In the double staining, the
expression of Beclin 1 was observed in NeuN-, GFAP-, and Olig2-labeled cells.
These results demonstrated the Beclin 1 expression to be observed in neurons, astro-
cytes, and oligodendrocytes.

3.2.4 Expression of Beclin 1 in Dying Cells

To detect Beclin 1 expression in dying cells, we performed double staining of Beclin
1 and TUNEL in the sections at 3 days after hemisection. The TUNEL -positive celis
occasionally showed as Beclin 1 positive. Under higher magnification, most of the
nuclei of the TUNEL-positive cells that did not show Beclin 1 positive were shrunken
or fragmented, as is typical of apoptotic nuclei. On the other hand, most of the nuclei
of the TUNEL-positive cells that were found to be Beclin 1 positive were round, as
in antophagic cell death, and they had neither shrunken nor were fragmented.

3.3 Confirmation of Autophagy Induction After Spinal
Cord Injury

3.3.1 Summary

To confirm induction of autophagy after SCI, we previously investigated expression
of LC3, a characteristic marker of autophagy, in immunohistochemistry and
Western blot using an SCI model in mice [26]. Electron microscopic analysis was
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Fig, 3.3 Immunohistochemical staining of Beclinl and L.C3 in transverse sections at 3 days after
hemisection, (a), (b) The cells expressing Beclinl and LC3 were increased on the injured side (R)
in comparison to the contralateral side (L.). Scale bars=500 pm. (e)-(k) In double staining of LC3
and cell type makers (green) on the injured side in transverse section at 3 days after hemisection,
the LC3-positive cells were observed in the NeuN-, GFAP-, and Olig2-labeled cells (wrrowhends
in (e). (h), (k). Scale bars=50 pm

-379-



24 H. Kanno and H. Ozawa

also performed to examine the formation of autophagy in the injured spinal cord.
Immunohistochemistry showed that the number of the LC3-positive cells signifi-
cantly increased at the lesion site after hemisection. The LC3-positive cells were
observed in neurons, astrocytes, and oligodendrocytes. Western blot analysis
demonstrated that the level of LC3-II protein expression significantly increased in
the injured spinal cord, Electron microscopy showed an increased formation of
autophagic vacuoles in the damaged neural cells. This study confirmed both bio-
chemically and anatomically that autophagy was clearly activated in the damaged
neural tissue after SCL

3.3.2 Upregulation of Autophagy Marker, LC3 in Injured
Spinal Cord

Immunohistochemical analysis showed that cells expressing L.C3 were increased on
the injured side in comparison to the contralateral side after hemisection. The cells
expressing LC3 were observed in both the gray matter and the white matter of the
injured side (Fig. 3.3b). In higher magnification on the injured side, the cells
expressing LC3 displayed bright, punctate LC3 dots in the cytoplasm, indicating
formation of autophagic vacuoles. The number of LC3-positive cells on the injured
side was significanily higher than those on the contralateral side at 3 days. The
increase of the LC3-positive cells commenced at 4 h and lasted for at least 21 days.
The maximum number of LC3-positive cells on the injured side was observed at
3 days, and it thereafter decreased at 7 days after hemisection. Western blot analysis
confirmed the level of LC3-II protein was significantly higher in the injured side
than in uninjured spinal cord.

3.3.3 LC3 Expression in Various Neural Cells

Double staining of L.C3 and various cell type markers revealed that the LC3-positive
cells were observed in NeuN-, GFAP-, and Olig2-labeled cells on the injured side
after hemisection (Fig. 3.3¢-k).

3.3.4 Electron Microscopic Analysis for Autophagy Formation

Electron microscopic analysis after the hemisection demonstrated that the forma-
tions of numerous autophagic vacuoles including autophagosome with double-
membrane structures (Fig. 3.1) were observed in the damaged cells on the injured
side. A higher magnification showed that the antophagosoimes were containing
membranous structures and parts of the cytoplasm.
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3.3.5 Expression of LC3 in Dying Cells

To confirm autophagy induction in dying cells, we performed double staining of
LC3 and TUNEL using the spinal cord section at 3 days after hemisection. The
double staining showed that the TUNEL-positive cells were occasionally LC3 posi-
tive. Higher magnification revealed that the nuclei of the TUNEL-positive cells that
were not LC3 positive were shrunken or fragmented, typical of apoptotic nuclei, On
the contrary, the nuclei of the TUNEL-positive cells that were found to be LC3 posi-
tive were round, as in autophagic cell death. '

34 Autophagy Modulation as a Potential Therapeutic Target
for Spinal Cord Injury

3.4.1 Summary

The mTOR is a serine/threonine kinase that negatively regulates autophagy
(Fig. 3.2). Rapamycin, an inhibitor of mTOR signaling, can promote autophagy and
exert neuroprotective effects in several diseases of the central nervous system. We
previously investigated whether administration of rapamycin promotes autophagy
and reduces neural tissue damage and locomotor impairment after spinal cord con-
tusion injury in mice [28]. Our results demonstrated that the administration of
rapamycin at 4 h after injury significantly promoted autophagic activity in the
injured spinal cord. In addition, the rapamycin treatment significantly reduced neu-
ral tissue damage and locomotor impairment after SCI. These results indicate that
rapamycin promoted autophagy by inhibiting the mTOR signaling pathway and
induced neuroprotective effect after SCI (Fig. 3.4).

3.4.2 Inhibition of mTOR Promotes Autophagy After Spinal
Cord Injury

To examine the effectiveness of the rapamycin treatment on the mTOR signaling path-
way, the phosphorylation of p70S6K was evaluated by Western blot analysis. In our
results, the phosphorylated p70S6K protein was significantly decreased after admin-
istration of rapamycin, indicating rapamycin actually inhibited mTOR after SCI
(Fig. 3.4). We also investigated the activation of autophagy after rapamycin treatment,
immunohistochemical staining, and Western blot analysis of LC3 were performed.
Immunostaining of LC3 showed the number of LC3-positive cells was significantly
increased in the rapamycin-treated mice compared with the vehicle-treated mice. In
the Western blot analysis, the expression of LC3-II protein was significantly increased
in the rapamycin-treated mice compared with the vehicle-treated mice.
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Fig. 3.4 Neuroprotective
mechanism of rapamycin
treatment in acute SCI.
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3.4.3 Inhibition of mTOR Produces Neuroprotective Effect
in Injured Spinal Cord

To investigate neural cell loss after injury, the number of NeuN-positive cells was
compared between the vehicle and the rapamycin-treated mice by immunohisto-
chemical staining. In our results, the number of NeuN-positive cells in the
rapamycin-treated rnice was significantly higher than those in the vehicle-treated
mice at 42 days. Additionally, to investigate the effect of rapamycin on cell death
after SCI, we performed TUNEL staining and compared the number of TUNEL-
positive cells between the vehicle- and the rapamycin-treated mice at 3 days after
injury. The number of TUNEL-positive cells was significantly lower in the
rapamycin-treated mice compared to the vehicle-treated mice. These results indi-
cated that rapamycin treatment can produce neuroprotective effect to reduce neuro-
nal loss and cell death following SCI.

3.4.4 Inhibition of mTOR Improves Locomotor Recovery
After Spinal Cord Injury

To evaluate the effect of rapamycin treatment on locomotor recovery after SCI,
Basso mouse scale (BMS) was measured for 6 weeks [30]. In our result, the
rapamycin-treated mice had significantly higher BMS scores than the vehicle-
treated mice from 3 to 6 weeks. This data supports the neuroprotection produced by
mTOR inhibition can improve locomotor function after SCI.
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