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Figure 1 Motor point anatomy of targeted hindlimb muscles and inserting procedures of stimulating electrodes. Detailed motor

point anatomy of targeted hindlimb muscles is shown in (A) (TA) and (B) (Gc). In TA (A and C), deep peroneal nerve goes to TA motor
point (A %: 3 mm in depth from the point which is 5 mm below and 5 mm anterior to FH) through just below the fibular head (FH), and
itis possible to get the motor point by inserting the needle electrode from just below the FH to TA (C 5%). In Gc (B and D), tibial nerve
goes to Gc motor point (B : posterior proximal center of lower hindlimb at level of 5 mm below FH), which is proximal center between
GL and GM, at same level of deep peroneal nerve, and it is possible to get the motor point by inserting the needle electrode from the
posterior proximal center of the lower hindlimb to GM (D +%). TA, tibialis anterior; Gc, gastrocnemius; GL, gastrocnemius lateralis;
GM, gastrocnemius medialis; ST, semitendinosus; TT, tibial tuberosity; FH, fibular head; BFk, bicepsfemoralis, knee flexion. % v,

motor point; A, landmark.

muscles being studied. In this study, twitch threshold
currents were determined for different pulse durations
(20, 40, 60, 100, 200, and 500 ps).

The rheobase (twitch threshold current at very long
pulse duration (here 500 ps) and a range of chronaxie
(stimulus duration at the point where the twitch threshold
current is twice the rheobase) were determined to assess
the excitability of the muscle from the SD curves.

NMES parameters

An isolated four-channel stimulator® (STG2004, Multi
Channel Systems, Cytocentrics, Rostock, Germany)
was used in this study. In Group A (n = 5), the ampli-
tude of the stimulation current was set to 1.5 times the
threshold known to produce visual twitches at a pulse
width of 40 us and a frequency of 75 Hz obtained
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from the SD curves.”*> Jung et al** reported the
rapid ROM decreasing related to muscle fatigue for 15
minutes NMES. Ward and co-workers*®?’ reported
the potential usefulness of kHz frequency alternating
current for rapid muscle fatigue associated functional
electrical stimulation. They*®?’ also reported that a fre-
quency close to 10 kHz is indicated for comfortable
motor stimulation, and frequencies above 10 kHz have
little or no useful clinical role in rehabilitation pro-
cedures. To investigate the usefulness of kHz frequency
stimulation for the rapid ROM decreasing related to
muscle fatigue, another stimulation pattern with differ-
ent frequencies and amplitudes was used in this study.
In Group B (n=15), the amplitude of the stimulation
current was set to three times the threshold known to
produce visual twitches at a pulse width of 40 us and
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frequency of 8 kHz (maximum frequency setting in this
stimulator system) obtained from the SD curves. The
interval between stimulations was set at 0.6 seconds,
and the duration of the stimulations was 84 ms at TA
and 240 ms at Ge. The timing of the stimulations of
the muscles was calibrated in reference to previous elec-
tromyogram data obtained from treadmill experiments
of normal rats.®® Stimulations were performed for 15
minutes while the rats were anesthetized.

Three-dimensional kinematic analysis

To evaluate sequential changes in the articular ROM of
the stimulated ankle joints, we performed three-dimen-
sional (3D) kinematic analysis using KinemaTracer®
(Kissei Comtec Co., Ltd, Nagano, Japan). Colour
markers were attached to the joints of both hindlimbs
(at the surface of the skin at the iliac region and at the
hip, knee, ankle, and metacarpophalangeal joints).
Four CCD video cameras were used to film these
markers. Using the kinematic analysis software, the

ankle joint ROM was calculated and sequential
changes were evaluated immediately, 5, 10, and 15
minutes after stimulation (Fig. 2).

Statistical analysis

The paired z-test was used to compare sequential
changes in ankle ROM and repeated measure analysis
of variance was used to compare the two groups.
Differences were considered significant based on a
hazard ratio of 5% using Excel.

Results
SD curves
Typical SD curves of left TA of Groups A and B were
shown in Fig. 3. The curves show a typical nonlinear
hyperbolic relationship in which stimulation pulses
with shorter pulse widths require higher current ampli-
tude to reach the threshold.

The average rheobase value of each group was calcu-
lated to be 0.11 +£0.06 mA (Group A, n=20) and

Figure2 3D kinematic analysis. Color markers ({) (B) were attached to the limbs and photographed using four CCD cameras (0) (A).
3D motion analysis was performed to evaluate sequential changes in ROM of ankle joints of both hindlimbs during stimulations.
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Figure 3 SD curves of left TA muscles of Groups A and B. Typical SD curves of left TA muscles in Groups A (A) and B (B) are shown.
Both SD curves show a typical nonlinear hyperbolic relationship in which stimulation pulses with shorter pulse widths require higher

current amplitude to reach the threshold.
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Table 2 Average rheobase and chronaxie values of each muscle in Groups A and B

Left TA Right TA Left Ge Right Ge
Group A (n=20)
Rheobase (mA) 0.9+0.02 1.2x0.05 0.9+0.02 1.5+0.09
Chronaxie (us) 142 £ 62 120 £43 148 + 54 132+ 54
Group B (n=20)
Rheobase 1.1+£0.07 22+0.1 1.2+0.06 1.7+0.08
Chronaxie 102 = 56 6615 72+ 26 68 +8.4

Values are mean + SE.

0.16 £ 0.03 mA (Group B, n=20), and the average
chronaxie value was 135 + 50 us (Group A) and 77 %
33 us (Group B) (average rheobase and chronaxie
values of each muscle are shown in Table 2).

3D kinematic analysis

Fig. 4 shows the sequential changes observed in the
average ROM of both ankles of Group A and B rats.
The initial average ROM of each group was calculated
to be 32 +9° for Group A and 61 = 8° for Group
B. In both Groups A and B, a significant decrease in
ROM was observed at 5 minutes after the onset of
stimuli (P = 0.001, Group A; P =0.00002, Group B).
In comparison with Group A, ROM of Group B was
significantly larger (P =0.0006) at all time points
measured, and an interaction between stimulation para-
meters and period after stimulation (P = 0.001) was
observed. Fig. 5 shows the stick figure and the average
angles of the ankle joints of Group A rat during one
stimulation cycle (100%). From the ankle joint paths,
we confirmed a joint movement during walking at the
timing of walking stimulation.
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Figure 4 Sequential changes in average ankle joint ROM
(Groups A and B). In both Groups A and B, a significant
decrease in ROM was observed at 5 minutes after the onset of
stimuli. In comparison with Group A, ROM of Group B was
significantly larger (P = 0.0006) at all time points measured, and
an interaction between stimulation parameters and period after
stimulation (P = 0.001) was observed.
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Discussion

To our knowledge, this is the first study to use needle
electrodes applicable to rhythmic electrical stimulation
of muscles for motor therapy in rats. A problem that
emerges when performing NMES with needle electrodes
is the placement of electrodes near the motor points
of the target muscles. Stimulation sites closer to the
motor point require lower charge levels for muscle acti-
vation. Ichihara et al > reported detailed anatomical
motor points of rat hindlimb muscles. The motor
points of TA and Gc are relatively easy to stimulate
with needle electrodes, and thus were used in this
study (Fig. 1). Crago et al.*' reported that the rheobase
was 5.2 mA and the chronaxie 85 us for intramuscular
electrodes implanted in the TA of the cat; for electrodes
implanted near the peroneal nerve, the rheobase was
identified to be 0.38 mA and chronaxie 55us. In
studies of intramuscular electrodes implanted in rat
hindlimb muscles, the rheobase was reported to be
0.16 mA and the chronaxie values ranged from 40 to
90 ps. In this study, we were able to achieve low rheobase
currents (0.11 mA, Group A; 0.16 mA, Group B). The
average chronaxie value of Group A (135us) was
higher than Group B (77 ps), that would be attributable
to the higher stimulus frequencies of Group B. From
these data, we confirmed that the stimulation electrodes
were inserted at the appropriate sites near the motor
points (Table 2, Fig. 3).

Rhythmic exercises like locomotion can improve
motor function in cerebral infarction'* or spinal cord
injury,'® and electrical stimulation could modify spinal
and cortical neural circuitry.'® To generate locomotor-
type movement patterns by electrical stimulation, it is
necessary to obtain sufficient angular excursion during
electrically stimulated movements. The ROM (flexion
plus extension) of the ankle joint was reported to be
approximately 65° in 3D kinematic analysis during
treadmill walking for rats.*° Ichihara er al®® reported
that they were able to achieve a total excursion of 70°
at ankle joint (35° for flexion and 35 for extension)
using NMES (multiple pulse stimulation at 100 Hz,
pulse widths of 40 ps, and current amplitude of 1.5

—459—



Kanchiku et al.

A B —= LT -
w3 RO T o [ Rt.ankle |
2é N
& o4 e ,
Lateral view of bilateral hindlimb /“WMM'MW’”"%“M«% Lt.ankle |
120- — | ]

e
2850 EXl

Pelvic ZET0 o

874 foHg]

0 \

074 j_—_\ [GH3)

Knee 09
074 o
00 /

Cycle(®)

Figure 5 Stick figure and paths of average ankle joint angles on both sides during stimulation The graph (B) shows (Group A, rat no.
143) one cycle of stimulation (100%) immediately after stimulation and the average angle paths of both ankle joints for 11 seconds
captures on CCD cameras. The upper two graphs show the paths of the ankle joint angles (the top shows the right ankle joint angle;
the second from the top shows the left ankle joint angle) and the bottom four graphs show the stimulation timings and current

strengths (CH_1: left TA; CH_2: left G¢; CH_3: right TA; and CH_4; right Gc¢). The graphs show that good walking joint movement was
obtained from the timing of the walking stimulation of both the left and right ankle angle paths. Stick figure (A) shows only ankle joint

movement of bilateral hindlimbs during stimulation.

times the twitch threshold current at 40 ps). In this study,
the initial average ROM of Group A was relatively small
(32 £ 9°), but that of Group B was sufficient for loco-
motor-type movement of the ankle joint (61 = 8°).
Ankle joint ROM of this study was smaller than that
of previous study®® especially in Group A, because
they stimulated each muscle once about 2.5 seconds
and calculated each joint ROM which was not rhythmic
stimulation of ankle muscle pairs in this study.

Jung et al. ** observed that when using intramuscular
electrodes in hip joint agonists, ROM decreases signifi-
cantly within a minute of stimulation. In this study, we
performed electrical stimulation of muscles under stimu-
lation parameters identical to those used by Jung ez al. **
While this study was successfully able to utilize cyclic
electrical stimulation using needle electrodes in different
muscles (Fig. 5), ROM significantly decreased at 5
minutes after stimulation (Fig. 4). Because this was an
open-loop stimulation, it was assumed that the stimu-
lated muscles would fatigue.

In previous studies,>>*® higher intensity and fre-
quency generate stronger muscle contraction, but also
a stronger decline in force and thus quick setting
muscle fatigue; nevertheless, most of them were based
on the results from continuous electrical stimulation.
There were several reports on the study of intermittent
electrical stimulation.>*>® Matsunaga er al>° and
Shimada et al.*® showed that high-frequency electrical
stimulation elicits less fatigue than low-frequency elec-
trical stimulation during a repetitive stimulation

protocol. Dreibati et al.>* reported that only high-fre-
quency (100 Hz) intermittent electrical stimulation
within 5 minutes met the criteria of appropriate
muscle force training. Ward and co-workers?®?’
reported the potential usefulness of kHz frequency alter-
nating current for rapid muscle fatigue associated func-
tional electrical stimulation. They?®?° also reported that
a frequency close to 10 kHz is indicated for maximum
comfort with low torque, and a frequency of 1 kHz or
less is preferable for maximum torque.

To assess the impact of electrical stimulation frequency
and intensity on muscle force and fatigue, the amplitude
of the stimulation current was set to three times the
threshold known to produce visual twitches at a pulse
width of 40 ps and frequency of 8 kHz. A significant
decrease in ROM was observed at 5 minutes after stimu-
lation in Group B, but in comparison with Group A
ROM was larger in Group B at all time points (P =
0.0006) (Fig. 5). ROM was maintained in Group B,
and based on the fact that interactions exist between the
stimulus parameters and period after stimulation (P =
0.001), it can be inferred that it is possible to counteract
decreases in ROM' due to muscle fatigue by using high-
amplitude and high-frequency stimulation currents
within 15 minutes in this study. Therefore, it is possible
to maintain ROM by using a stimulus program in
which both frequency and current are increased incre-
mentally during stimulation. Nevertheless, stimulation
frequency used in Group B is very high (8 kHz), and
there is no report of kHz frequency electrical stimulation
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for locomotor training. It is essential, therefore, to ident-
ify appropriate frequency and amplitude of NMES to
counteract muscle fatigue in the future.

Other methods for maintaining ROM have also been
previously reported. Fairchild ez al.®” successfully uti-
lized adaptive NMES with intramuscular electrodes
embedded in the hip joint of rats with spinal cord inju-
ries.’” They used a pattern generator/ pattern shaper
closed-loop stimulator — which maintains ROM by
using real-time feedback of the hip joint angle during
stimulation to set the ideal hip joint motion path in
advance — to automatically adjust the current pulse
amplitude and correct errors. Using this type of stimu-
lation algorithms in the future should be able to solve
the problem of muscle fatigue encountered in this
study. As potential limitations of this electrical stimu-
lation of muscles for motor therapy, the movements pro-
duced by the stimulation of only ankle joint muscles
cannot provide a replacement for locomotion involving
all of the muscles normally active during walking move-
ments. The combination therapy, such as body weight
support treadmill training, could be necessary for
more effective functional recovery.* The needle electro-
des used in this study cannot replace surface electrodes
as clinical NMES application (Table 1), but the needle
electrode could have a potential usefulness as a tool
for peripheral nerve stimulation, that may modulate
plasticity in the spinal cord.”!¢3

Conclusion

In summary, a less invasive muscular electrical stimulation
model for motor therapy was developed using needle elec-
trodes. SD curves were used to confirm that the stimu-
lation electrodes were inserted at the appropriate sites.
Rhythmic stimulation of the leg joints using muscular
electrical stimulation with needle electrodes was success-
ful, but evaluation of sequential ROM using 3D kinematic
analysis showed that at 5 minutes after stimulation, a sig-
nificant decrease in ROM was observed. High-frequency
and high-amplitude stimulation was also shown to be
effective in alleviating decreases in ROM due to muscle
fatigue. In comparison with NMES therapy rodent
models that use intramuscular electrodes, this model is
less invasive and can be used in combination with spinal
regeneration therapies from the acute stage.
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Biomechanical analysis of cervical spondylotic
myelopathy: The influence of dynamic factors
and morphometry of the spinal cord

Norihiro Nishida?, Yoshihiko Kato?, Yasuaki Imajo?, Syunichi Kawano?,
Toshihiko Taguchi?

'Yamaguchi University Graduate School of Medicine, Yamaguchi University, Japan, 2Faculty of Engineering,
Yamaguchi University, Japan

Objective: Patients with cervical spondylotic myelopathy (CSM) have the same clinical symptoms that vary
according to the degree of spinal cord compression and the cross-sectional cord shape. We used a three-
dimensional finite element method (3D-FEM) to analyze the stress distributions of the spinal cord with neck
extension under three cross-sectional cord shapes.

Methods: Experimental condition for the 3D-FEM spinal cord, ligamentum flavum, and anterior compression
shape (central, lateral, and diffuse types) was established. To simulate neck extension, the spinal cord was
extended by 20° and the ligamentum flavum was shifted distally according to movement of the cephalad lamina.
Results: The stress distribution in the spinal cord increased due to invagination of the ligamentum flavum into the
neck extension. The range of stress distribution observed for the diffuse type was wider than for the central and
lateral types. In addition, the stress distribution in the spinal cord was increased by the pincer movement of the
ligamentum flavum and by the anterior compression of the spinal cord. The range of stress distribution observed
for the diffuse type under antero-posterior compression was also wider than for the central and lateral types.
Conclusion: This simulation model showed that the clinical symptoms of CSM due to compression of the diffuse
type may be stronger than for the central and lateral types. Therefore, careful follow-up is recommended for
anterior compression of the spinal cord of diffuse type.

Keywords: Spinal cord, Morphometry, Cervical spondylotic myelopathy, Finite element method, Ligamentum flavum, Pincer effect, Spinal cord, Anterior
compression

Introduction

The number of patients with cervical spondylotic myelo-
pathy (CSM) is increasing due to the aging population.
The neurologic dysfunction may initially be mild and
associated with minimal disability; however, progressive
spinal cord compression can lead to severe neurologic
deterioration major disability. CSM manifests itself fol-
lowing static or dynamic compression of the spinal cord.
Static factors include developmental canal stenosis,
bulging of the intervertebral disc posterior margin,
and hypertrophy of the ligamentum flavum. Dynamic
factors include invagination of the ligamentum flavum
(buckling) and a pincer effect (anterior and posterior
cord impingement)"? during neck extension. Of note,

Correspondence to: Norihiro Nishida, Yamaguchi University Graduate
School of Medicine, Ube, Yamaguchi, 775-850, Japan.
Email: n005uk@yamaguchi-u.ac.jp
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patients with CSM do not necessarily share the same
symptoms. These differ according to the degree of
spinal cord compression and the cross-sectional cord
shape.®* The latter factor was the basis of a study on
patients with myelopathy that classified cord mor-
phology according to the deformity.

There have been several reports on the relationship
between cross-sectional cord shapes and prognosis.*™
The spinal cord shape observed by computed tomogra-
phy myelography (CTM) or magnetic resonance
imaging (MRI) was classified into three general mor-
phological types (central, lateral, and diffuse) by
Fujiwara et al.’

The prognosis for patients with CSM varies according
to the morphometry of spinal cord compression. Image-
based analyses have been reported; however, so far there
are no reports on morphometry-based analysis of stress
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distribution. In this study, we used a three-dimensional
finite element method (3D-FEM) to analyze the stress
distribution in the spinal cord with neck extension and
under three anterior compression shapes.

Methods

The ABAQUS 6.11 (Valley Street, Providence, RI,
USA) finite element package was used for FEM simu-
lation. The 3D-FEM spinal cord model used in this
study consisted of the gray matter, white matter, and
pia mater (Fig. 1). In order to simplify calculation in
the model, the denticulate ligament, dura, and nerve
root sheaths were not included. The pia mater was
included as it has been demonstrated that the spinal
cord with and without this component shows signifi-
cantly different mechanical behavior.® The spinal cord
was assumed to be symmetrical about the mid-sagittal
plane, such that only half the spinal cord required recon-
struction and the whole model could be integrated by
mirror image. The vertical length of the spinal cord
for CTM measurement was two vertebral bodies
(approximately 80 mm).

The ligamentum flavum model was established by
measuring CTM and MRI. In order to simplify calcu-
lation in the model, the ligamentum flavum was a
linear shape. The angle of the ligamentum flavum was

white matter
gray matter

pia mater

Figure 1 The three-dimensional finite element method model
of the spinal cord consisted of the gray matter, white matter,
and pia mater.
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set to open 10° outward from the posterior spinal cord
center as deduced from the literature (Fig. 2).°

The shapes resulting from anterior compression on
the spinal cord were classified as central, lateral, and
diffuse type. A rigid flat plate was used as the com-
pression factor on the anterior surface of the spinal
cord for the lateral and diffuse types, while a semi-circu-
lar plate was used for the central type. The shape of the
semi-circular plate for the central type was deduced
from the literature (Fig. 3).”

The model simulated CSM under three shapes of
anterior compression of the spinal cord, as well as
dynamic compression under neck extension of the cervi-
cal spinal cord. The rigid flat plate and the semi-circular
plate were located at inferior margin of the posterior ver-
tebral body. The ligamentum flavum was located at the
anterior surface of the cephalad lamina and at the
superior margin of the caudal lamina. The position of
the three anterior compression plates and the ligamen-
tum flavum was set according to MRI resulting from
the literature.'”

The spinal cord consists of three distinctive materials
referred to as the white matter, gray matter, and pia
mater. The mechanical properties (Young’s modulus
and Poisson’s ratio) of the gray and white matter were
determined using data obtained by the tensile stress
strain curve and stress relaxation under various strain
rates.'""'? The mechanical properties of the pia mater
and the ligamentum flavum were obtained from the lit-
erature.'*!'* The mechanical properties of the flat plate
and semi-circular plate were stiff enough for the spinal
cord to be pressed. On the basis of the assumption
that no slippage occurs at the interfaces of the white
matter, gray matter, and pia mater, these interfaces
were glued together. There are no data on the friction
coefficient between the ligamentum flavum and the
spinal cord. The coefticient of friction between the liga-
mentum flavum and the spinal cord was frictionless at
the contact interfaces and adjacent to the part in
contact. Similarly, the coefficient of friction between
the rigid flat plate and the spinal cord, or the semi-circu-
lar plate and the spinal cord, was frictionless at the
contact interfaces and adjacent to the part in contact.

The spinal cord, the rigid flat plate, the semi-circular
plate, and the ligamentum flavum model were symmetri-
cally meshed with 20-node elements. With an FEM
model for diffuse type of rigid flat plate of the spinal
cord, the total number of isoperimetric 20-node
elements was 10 104 and the total number of nodes
was 57 433.

For the simulation of CSM under neck extension,
nodes at the bottom of the spinal cord model were
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ligamentum flavum

Figure 2 The ligamentum flavum model was established using the rear of the spinal cord.

lateral type

Figure 3 The shapes for anterior compression of the spinal cord were central type, lateral type, and diffuse type.

20° extension

(et

ligamentum flavum
distally shifted

Figure 4 For the simulation of neck extension, an extension of
20° was applied to the spinal cord. The ligamentum flavum
moved distally in accordance with movement of the cephalad
lamina.

constrained in all directions and the extension angle of
the superior margin of the spinal cord was 20°. The
flat plate and the semi-circular plate were constrained
in all directions. On the basis of assumption that the
caudal vertebral body of the responsible lesion in
patients with CSM was stable, the bottom of the liga-
mentum flavum was constrained in all directions. The
superior margin of the ligamentum flavum shifted dis-
tally according to the movement of cephalad lamina.
The angle of neck extension and the direction in which
the ligamentum flavum moved were obtained from
each angle of C3-C4 kinematic MRI published by
Iwabuchi e al. ' (Fig. 4).

FEM analysis was conducted under each of the above
conditions and in duplicate to test the reproducibility of
results with this model.

Results
When the shape of the spinal cord resulting from anterior
compression was the central type, stress distributions
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were observed in the posterior horn and in parts of the
posterior funiculus, lateral funiculus, and anterior horn
beneath the invagination by the ligamentum flavum.
Under antero-posterior compression, high-stress dis-
tributions were observed in the gray matter, anterior
funiculus, and part of the lateral funiculus (Fig. 5A).

antero-posterior compression

I 0.025

.

Invagination of
ligamentum flavum

0 (Mpa)

antero-posterior compression

! 0.025

Invagination of
ligamentum flavum

0 (Mpa)

antero-posterior compression

! 0.025

~

)
7
Y 4

Invagination of
\ ligamentum flavum

S

¥
0 (Mpa)

Figure 5 Stress distributions under invagination of the
ligamentum flavum and under antero-posterior compression
are shown for the central, lateral, and diffuse type shapes
following anterior compression of the spinal cord (A-C).
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When the shape of the spinal cord resulting from
anterior compression was the lateral type, stress distri-
butions were observed in the gray matter and lateral
funiculus on the compression side, as well as parts of
the posterior funiculus and posterior horn on the non-
compression side beneath the invagination by the liga-
mentum flavum. Under antero-posterior compression,
high stress distributions were observed in the gray
matter, anterior funiculus, and lateral funiculus on the
compression side (Fig. 5B).

When the shape of the spinal cord resulting from
anterior compression was the diffuse type, stress distri-
butions were observed in the gray matter, lateral funicu-
lus, and posterior funiculus beneath the invagination by
the ligamentum flavum. Under antero-posterior com-
pression, high-stress distributions were observed in the
gray matter, anterior funiculus, lateral funiculus, and
part of the posterior funiculus (Fig. 5C).

Discussion

CSM is the most common type of spinal cord dysfunc-
tion in patients over the age of 55 years, but can some-
times be difficult to recognize. Although it is the most
common reason for spinal cord dysfunction in the
elderly individuals, CSM has no pathognomonic symp-
toms or physical signs. Because no single neurologic
feature is unique to cervical myelopathy, diagnosis
must be established by the affirmation of associated
clinical signs and symptoms, in parallel with the exclu-
sion of other clinical entities that may also show these
signs.

CSM is a well-described clinical syndrome that can
arise due to a combination of etiological factors. This
clinical entity manifests itself following static or
dynamic compression of the spinal cord, causing com-
pression of the enclosed cord and leading to local
tissue ischemia, injury, and neurological impairment.
Static factors include developmental canal stenosis,
bulging of the intervertebral disc posterior margin,
and hypertrophy of the ligamentum flavum. With
regard to dynamic factors, the spinal cord of patients
with CSM is likely to be compressed during neck exten-
sion because of the protrusion of the ligamentum flavum
and intervertebral discs into the spinal canal (pincer
mechanism).> Recent developments in imaging have
enabled closer examination of the cervical spine
through improved CT and MRI. Using multidetector-
row CT, Machino er al.” reported narrowing of the
spinal cord cross-sectional area during neck extension
in patients with CSM. In healthy individuals, Muhle
et al."®'" found that the subarachnoid space was smal-
lest at extension compared with its size at mid-position
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and at flexion of the cervical spine. These workers also
showed an increasing prevalence of functional cord
impingement from the posterior aspect and from both
the anterior and posterior aspects during neck extension
in patients with advancing stages of degenerative disease
of the cervical spine.

With regard to morphological changes in the spinal
cord, the symptoms of CSM patients differ according
to the degree of spinal cord compression and the
cross-sectional cord shape. Yu er al.® reported that the
severity of symptoms correlated with the degree of
spinal cord deformity. Kameyama er al.> reported that
a triangular-shaped spinal cord was associated with
severe and irreversible pathological changes, whereas
Shimomura and Washimi* found this shape was associ-
ated with a more severe prognosis compared with oval-
shaped or boomerang-shaped spinal cords. The spinal
cord shape was classified into three general morphologi-
cal types (central, lateral, and diffuse) by Fujiwara
et al’ These investigators reported that the prognosis
of CSM patients with the diffuse-type shape was
poorer than those with the central or lateral types.

Using this prior knowledge, we investigated whether
the morphology of the spinal cord following anterior
compression was associated with difference in stress dis-
tribution for the same dynamic motion. Our first goal
was to develop a 3D-FEM spinal cord model that simu-
lates the clinical situation, whereas our second goal was
to analyze the clinical condition of patients. Similar to
previous studies by Kato er al,'®° Xin-Feng Li
et al. *"** and Nishida et al,”> bovine spinal cord was
used in the current analytical model as it was impossible
to obtain fresh human spinal cord. Xin-Feng et al.?!
noted that it was reasonable to use the mechanical prop-
erties of bovine spinal cord because the brain and spinal
cord of cattle and humans show similar injury changes.
For the purpose of this study, we therefore assumed that
the mechanical properties of the spinal cord from these
two species were similar.

Our study was limited to the investigation of stress
distribution caused by compression. Other casual
factors that can contribute to CSM include ischemia,
congestion, and spinal cord stretch injury.>* Blood
flow was not factored into this FEM analysis and only
one movement (neck extension) was investigated for
association with CSM. Long-term compression and
apoptotic factors were not considered in the FEM
analysis. Moreover, the FEM model used here was sim-
plified in order to facilitate the calculations. Analysis
errors were reduced by using a FEM mesh, by assuming
the spinal cord was symmetric, by not including the den-
ticulate ligament, dura, and nerve root sheaths, and by
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setting a close distance between the spinal cord and liga-
mentum flavam, spinal cord and anterior compression
of the spinal cord.

In pathology-based studies, Ono et al = and Ogino
et al.*® described how patients with severe myelopathy
had spinal cord atrophy and also presented with exten-
sive degeneration and infarction of the entire gray
matter and white columns, except for the anterior funi-
culus. In this analysis, stress distributions in the anterior
funiculus were also increased. However, as this increase
is not associated with any clinical symptoms or with
apoptosis, the current results merely provide an estimate
for the possible range of increased stress distribution at
this site. Nevertheless, the observed morphometric
pattern was similar to a prior clinical report and hence
our results may still be applicable to the clinical situ-
ation. More complex materials and structural character-
istics of the spinal cord model should be included in
future investigations.

In this study, stress distribution in the spinal cord was
increased by the invagination of the ligamentum flavum
during neck extension. However, the range of stress dis-
tributions for the three types of anterior compression of
the spinal cord was not uniform (Figs. 5A-5C). The
range of stress distribution observed for the diffuse
type was wider than for the central and lateral types.

In addition, stress distribution in the spinal cord was
increased by the pincer movement of the ligamentum
flavum and by anterior compression of the spinal
cord. However, in this situation the range of stress distri-
bution for the three types of anterior compression of the
spinal cord was not uniform. The range of stress distri-
bution under antero-posterior compression was also
wider for the diffuse type compared with the central
and lateral types. Moreover, the compressed spinal
cord shape with diffuse type was a triangular shape
and was supposed to be a severe prognosis.

l 25

Conclusion

This simulation model showed that the stress distri-
bution with the diffuse type of compression was wider
than with the central and lateral types. The symptoms
of CSM associated with diffuse type may therefore be
stronger than for CSM with the central or lateral
types. We recommend more careful follow-up of
anterior compression of the spinal cord when the resul-
tant shape is the diffuse type.
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Abstract

Background Anterior decompression with fusion (ADF)
for patients with cervical ossification of the posterior lon-
gitudinal ligament (OPLL) is reportedly associated with a
higher incidence of complications than is laminoplasty.
However, the frequency of perioperative complications
associated with ADF for cervical OPLL has not been fully
established. The purpose of this study was to investigate
the incidence of perioperative complications, especially
neurological complications, following ADF performed to
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relieve compressive cervical myelopathy due to cervical
OPLL.

Methods Study participants comprised 150 patients who
had undergone ADF for cervical OPLL at 27 institutions
between 2005 and 2008. Perioperative—especially neuro-
logical-—complications occurring within 2 weeks after
ADF were analyzed. Preoperative imaging findings,
including Cobb angle, between C2 and C7 and occupying
ratio of OPLL were investigated. Multivariate analysis with
logistic regression was performed to identify independent
risk factors for neurological complications.
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Result Three patients (2.0 %) showed deterioration of
lower-extremity function after ADF. One of the three
patients had not regained their preoperative level of func-
tion 6 months after surgery. Upper-extremity paresis
occurred in 20 patients (13.3 %), five of whom had not
returned to preoperative levels 6 months after surgery.
Patients with upper-extremity paresis showed significantly
higher occupying ratios of OPLL, greater blood loss, longer
operation times, fusion of more segments, and higher rates
of cerebrospinal fluid leakage than those without paresis.
Independent risk factors for upper-extremity paresis were a
high occupying ratio of OPLL and large blood loss during
surgery.

Conclusions The incidences of deterioration in upper-
and lower-extremity functions were 13.3 % and 2.0 %,
respectively. Patients with a high occupying ratio of OPLL
are at higher risk of developing neurological deterioration.

Introduction

Anterior decompression with fusion (ADF) is theoretically
reasonable for treating cervical ossification of the posterior
longitudinal ligament (OPLL), allowing direct removal of
the ossified lesion. ADF has an advantage over posterior
surgery in terms of spinal decompression, especially in
patients with OPLL with a high canal-occupying ratio or
kyphotic cervical alignment [1]. However, ADF for mul-
tisegmental OPLL is considered to be technically chal-
lenging and is reportedly associated with a higher

incidence of surgery-related complications compared with

laminoplasty [2]. Surgery-related complications include
graft-bone migration [3], cerebrospinal fluid (CSF) leakage
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[4, 5], hoarseness, and neurological deficits [2, 5-8].
Despite this potential risk, the incidence of complications
in patients with OPLL has not been fully established
because of the relatively small number of patients included
in previous studies [2, 7, 8]. We therefore investigated the
incidence of perioperative complications associated with
laminoplasty in patients with cervical OPLL in a multi-
institutional retrospective study [9]. A subsequent multi-
institutional study examined complications of ADF in
patients with OPLL, during the same time period. The
purpose of the study reported here was to investigate the
incidence of perioperative complications, particularly
neurological complications, following ADF performed to
relieve compressive cervical myelopathy due to OPLL.

Methods

This study initially involved all cervical OPLL patients
who had undergone ADF during the 3-year period from
April 2005 to March 2008 at any one of the 27 participating
institutions. All study protocols were approved by the
institutional review board at the Japanese Society for Spine
Surgery and Related Research. Questionnaires were sent to
each institution in January 2009, and information on a total
of 150 operated cases was collected. Patients who received
ADF down to the first thoracic spine were included.
Patients with traumatic spinal cord injury within 3 weeks
of surgery and patients who had undergone simultaneous
posterior cervical surgery or spinal surgery below T2 were
excluded. Participants comprised 113 men and 37 women,
with a mean age of 60 + 10 (range 31-84) years.
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Clinical data

OPLL type was determined to be continuous in 15 patients,
segmental in 53, mixed in 58, and local in 24 [10]. Items
investigated were demographic data, imaging studies
(X-ray, computed tomography, magnetic resonance imag-
ing), surgical methods of decompression (complete resec-
tion of the ossified ligament or floating method),
perioperative  complications, and surgical outcome
6 months after surgery. Cobb angle between C2 and C7
(cervical lordotic angle; C2/7 angle) and occupying ratio of
OPLL were also investigated. Spinal fusion involving a
single disc level was defined as one fused segment and
fusion of >3 segments was defined as a long fusion.
Postoperative neurological complications within 2 weeks
after ADF were described in detail. The type of postoper-
ative upper-extremity paresis was categorized into proxi-
mal, distal, and diffuse type [11]. Outcomes were assessed
by motor function scores of the upper and lower extremi-
ties for cervical myelopathy, as defined by the Japanese
Orthopedic Association (JOA).

Statistical analysis

All statistical analyses were performed using SPSS version
17 software (SPSS, Chicago, IL, USA). Patients with motor
function deterioration after surgery were compared with
those without deterioration by univariate analysis using
Mann-Whitney U tests for continuous variables and x*
tests for categorical variables. Multiple logistic regression
analysis was used to identify independent risk factors using
factors identified as significant by univariate analysis.
A P < 0.05 was considered to be statistically significant.

Results

Demographic and surgical characteristics obtained from 21
institutes of the 150 patients are shown in Table 1. Slightly
more than a quarter as many patients underwent ADF com-
pared with the number in the previous study who underwent
laminoplasty during the same time period (150 ADF vs. 581
laminoplasty) [9]. The number of cases of ADF at each
institute ranged from 0 to 35. Although participating insti-
tutes are the main hospitals in local areas of the country,
seven had no cases of ADF during the study period. Intra-
operative spinal cord monitoring was implemented at only
one of the 21 institutes. The preoperative JOA scores for
lower-extremity function were 4 in 36 patients, 3 in 25, 2 in
52, 11in 31, and O in 6. Those for upper-extremity function
were 4 in 18 patients, 3in 59,2 1in 47, 1in 21, and O in 5.
The method of decompression was complete ossification
resection in 106 (70.7 %) patients and use of the floating

Table 1 Demographics and surgical characteristics of the 150
patients

Characteristics Data

Age (range)* 60 £ 10 (31-84)

Gender (male:female) 113:37
Occupying rate of OPLL (%)* 446 + 16.2
Type of OPLL (%)

Continuous 15 (10)

Mixed 58 (39)

Segmental 53 (35)

Localized 24 (16)
No. of fused segments (%)

1 36 (24)

2 47 (31)

3 34 (23)

4 30 (20)

5 3(2)
Operative time (min)* 271.2 £ 1232
Blood loss (g)* 287.5 £ 564.5

* Mean =+ standard deviation

OPLL ossification of the posterior longitudinal ligament

method in 44 (29.3 %) patients. Internal fixation of the
cervical spine using a plate and screws was performed in
89 (59.3 %) patients, and the halo vest was applied in 26
(17.3 %). The incidence of bone-graft displacement did not
differ significantly between patients with and without
internal fixation or patients with and without halo vest.
Perioperative complications other than neurological com-
plications were CSF leakage in 22 (14.7 %), bone graft
displacement in eight (5.3 %), and hoarseness in seven
(4.6 %) patients. No patient experienced dyspnea or dys-
phagia after ADF. There was no significant difference in
the incidence of CSF leakage between methods. All
patients with bone graft displacement underwent revision
surgery within 7 weeks; all patients who experienced
hoarseness recovered spontaneously within 6 months.
Twenty patients (13.3 %) showed some form of neuro-
logical deterioration within 2 weeks following ADF
(Table 2), all of whom showed deterioration of upper-
extremity function. The onset upper-extremity function
deterioration ranged from 0-10 (median 1) days. Types of
paresis were classified as proximal (C5 palsy) in 14
patients, distal in three, and diffuse in three. Paresis gen-
erally improved in most patients, but five still showed
poorer upper-extremity function 6 months after ADF
compared with their preoperative level. Lower-extremity
function deterioration was seen in three patients (2.0 %),
the possible causes of which in one patient were assumed
to be incomplete decompression and malalignment of the
cervical spine. The patient underwent revision surgery to
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Table 2 Data for patients with neurological deterioration

No. Age/  Surgical Occupying Onset Type of upper- Concomitant Motor JOA Recovery of Recovery of
gender levels rate (%) (days) extremity lower-extremity  score (upper/ upper-extremity  lower-extremity
paresis paresis lower) paresis paresis
Preop Postop.
6M
1 58M  C3-C6 63.7 1 Proximal Yes 3/2 3/2 Complete Complete
2 52/F C3-C6 92.0 1 Diffuse Yes 0/1 3/1 Complete Complete
3 58M  C4-C7 58.9 1 Distal Yes 32 2/1 Incomplete Incomplete
4 58/F C4-C7 N/A® 7 Diffuse No 2/2 3/3 Complete N/A
5 61/M  C4-C6 53.8 1 Proximal No 3/4 4/4 Complete N/A
6 75/M  C3-C4 636 2 Proximal No 3/3 3/4 Complete N/A
7 68/ M  C4-C5 400 1 Proximal No 3/4 4/4 Complete N/A
8 62/M  C2-C6 50.0 0 Proximal No 212 4/3 Incomplete N/A
9 63/ M  C4-C7 20.1 3 Proximal No 2/4 4/4 Incomplete N/A
10 71/M  C3-C5 46.2 1 Diffuse No 2/1 2/1 Complete N/A
11 66/M C2-C6 450 2 Proximal No 2/3 2/2 Complete N/A
12 65M C3-C7 700 10 Proximal No 1/1 212 Complete N/A
13 68/M C3-C7 38.5 1 Distal No 3/1 31 Complete N/A
14  58/M C4-C7 54.8 1 Distal No 32 3/4 Complete N/A
15 53M C3-C6  50.0 1 Proximal No 32 412 Complete N/A
16  69/F C3-C5 67.0 2 Proximal No 3/3 3/3 Complete N/A
17 76/M  C3-C6  83.0 3 Proximal No 32 3/3 Incomplete N/A
18 44/M  C4-C5 447 4 Proximal No 1/4 2/4 Complete N/A
19 54M C2-C5 36.2 1 Proximal No 4/2 472 Incomplete N/A
20 54/F C2-C6 514 1 Proximal No 3/2 3/3 Complete N/A

JOA Japanese Orthopaedic Association, Preop. preoperative, Postop. postoperative

? Occupying rate was not applicable due to a preceding laminoplasty

correct the problem 19 days after surgery. Although lower-
extremity function subsequently improved in this patient, it
had still not recovered to the preoperative level at 6 months
after surgery. No obvious cause of deterioration was
identified in the other two patients with deterioration of
lower-extremity function; however, both showed sponta-
neous improvement, and lower-extremity function had
returned to preoperative levels by 6 months after surgery.
The decompression method was complete ossification
resection in all of three patients with neurological
deterioration.

Patient data, including occupying ratio, C2/7 angle, long
fusion (>3 fused segments), blood loss, operative time,
surgical method of decompression, and CSF leakage, were
compared between patients with and without upper-
extremity paresis. Significant factors in univariate analysis
were occupying ratio, blood loss, operative time, long
fusion, and CSF leakage (Table 3). Multivariate analysis
using logistic regression was subsequently performed to
identify independent risk factors for deterioration of upper-
extremity function. Significant independent risk factors for

@ Springer

upper-extremity paresis were occupying ratio and blood
loss (Table 4). High OPLL occupying ratio was the only
identified risk factor that could be identified by preopera-
tive imaging studies.

Discussion

The frequency of perioperative complications following
ADF in patients with OPLL has largely been investigated
in small case series only because of the relatively low
prevalence of OPLL [12] and the limited indications for
ADF in patients with multisegmental OPLL [2]. This
means that there is insufficient information regarding the
risk of complications to allow patients with OPLL to make
appropriately informed choices. This study investigated the
incidence of perioperative complications based on retro-
spective analysis of data from numerous institutions.
Multivariate analysis revealed that patients with a high
occupying ratio of OPLL are at increased risk of devel-
oping neurological deterioration after ADF.
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Table 3 Univariate comparisons of individual risk factors in patients with and without upper-extremity paresis following ADF

Risk factors Patients with upper-extremity Patients without upper-extremity Odds ratio (95 % P value

paresis® (N = 20) paresis® (N = 130) confidence interval)
Occupying ratio (%) 54.2 4 16.8 43.1 £ 15.7 Not applicable 0.005
C2/7 angle (degree) 72499 8.8 £ 104 Not applicable 0.758
Blood loss (g) 729.7 £ 1367.5 2184 £ 2314 Not applicable 0.021
Operative time (min) 3514 £26.7 258.7 £ 10.6 Not applicable 0.002
Long fusion (no. of fused 14 (70 %) 53 (41 %) 3.39 (1.224-9.385) 0.017
segments >3)
CSF leakage 7 (35 %) 15 (12 %) 3.84 (1.333-11.045) 0.016

ADF anterior decompression with fusion, CSF cerebrospinal fluid

? Values are given as mean = standard deviation for continuous variables and as number of patients, with the percentage in parentheses, for
categorical variables. Continuous variables were analyzed using Mann—Whitney U tests, and categorical variables were analyzed using XZ tests

Table 4 Multivariate logistic regression model for the development
of upper-extremity paresis following ADF

Risk factor Qdds ratio (95 % confidence interval) P value
Occupying ratio  1.047 (1.002-1.093) 0.040
Blood loss 1.002 (1.000-1.003) 0.047
Operative time 1.001 (0.996-1.006) 0.737
Long fusion 0.827 (0.230-2.982) 0.772
CSF leakage 0.337 (0.960-1.188) 0.091

ADF anterior decompression with fusion, CSF cerebrospinal fluid

Deterioration of lower-extremity function, including
quadriplegia, is one of the most critical complications
following spine surgery. However, few studies have
focused on the incidence of deterioration of lower-
extremity function following ADF in patients with cervical
OPLL. Also, the reported incidence varies among studies
from 0 % to 14.3 % [2, 7, 8] because of the small numbers
of patients assessed in each study. The study reported here
found an incidence of 2.0 % (3/150 patients), which was
comparable with the 3.1 % following laminoplasty deter-
mined in our previous study [9]. Given that one of the three
patients with deterioration had not regained preoperative
functional level 6 months after surgery, the potential risk of
paralysis in the lower extremity should be included in the
informed consent information provided to patients before
the surgical procedure.

Several relatively large case series investigated the
incidence of upper-extremity palsy, especially fifth cervical
nerve (C5) palsy, following ADF. The reported incidence
of C5 palsy ranges from 2.4 % to 85 % [6, 13, 14],
although these results were largely obtained in patients
with cervical spondylotic myelopathy (CSM). The inci-
dence of upper-extremity function deterioration in this
study was 13.3 %, which is higher than in previous studies.
This higher incidence could be attributable to several fac-
tors. First, our results included paresis of cervical nerves

other than C5 (C6, C7, or C8), which are described as distal
type or diffuse type [11], whereas upper-extremity paresis
confined to the C5 area occurred in only 9.3 % (14/150
patients) in our series. Second, our study group consisted
exclusively of patients with OPLL. Several studies dem-
onstrated slightly higher incidences of C5 palsy in patients
with OPLL compared with those in patients with CSM
following ADF [6, 13], although the reasons for this higher
incidence have not been clarified.

Possible mechanisms responsible for neurological dete-
rioration include iatrogenic damage to the spinal cord
during the decompression procedure, tethering or kinking
of the nerve root caused by anterior shift of the spinal cord
[13], reperfusion injury of the ischemic spinal cord [14],
displacement of graft bone [3], and epidural hematoma.
Almost no specific cause of neurological deterioration was
identified in this series. However, considering that high
canal-occupying ratio and large blood loss were identified
as independent risk factors for neurological deterioration,
the deterioration may be partly caused by iatrogenic
damage to the spinal cord or nerve roots during the
decompression procedure as a result of poor visualization
of the surgical site due to bleeding.

In this study, patients with neurological deterioration
showed significantly higher rates of CSF leakage than those
without deterioration, although CSF leakage was not iden-
tified as an independent risk factor for deterioration in
multivariate analysis. Given that OPLL with a high occu-
pying ratio shows an increased rate of dural ossification,
which is a predisposing factor for CSF leakage during
anterior resection of the lesion [15, 16], CSF leak may be
indirectly related to deterioration in high-space-occupying
lesions with dural ossification. Even though CSF leakage
was not identified as an independent risk factor for neuro-
logical deterioration, it should be avoided whenever pos-
sible to prevent troublesome sequelae, such as cutaneous
fistula, respiratory obstruction, and pseudomeningocele [4].
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Limitations of this study include the variability in
number of cases among institutes and its retrospective
nature. The difference in numbers of patients from each
institution, ranging from 0 to 35, suggests that surgical
indication, as well as surgeon experience with ADF in
patients with OPLL, varied. Although the number of cases
treated at each institute was not significantly correlated
with neurological deterioration (data not shown), our
results should be interpreted with caution. No statistical
comparison between ADF and laminoplasty was performed
because patients’ backgrounds, including age, JOA score,
and C2/7 angle, differed significantly between groups.
Another limitation is that the rate of microsurgical
decompression remains unclear. The use of a microscope is
suggested to be essential for performing a less traumatic
decompression procedure [§8]. Moreover, the incidence of
pseudoarthrosis needs to be elucidated in future study
because it is an important complication following ADF.

In conclusion, this retrospective, multi-institutional
study revealed that ADF in patients with cervical OPLL is
associated with a risk of neurological complications. The
incidence of deterioration in upper- and lower-extremity
function was 13.3 % and 2.0 %, respectively. Patients with
a high occupying ratio of OPLL are at an increased risk of
developing neurological deterioration. Patients with OPLL
who undergo ADF should be properly informed of the
potential risks of neurological deterioration, despite its
usually transient nature in the majority of patients.

Acknowledgments This work was supported by a Health Labour
Sciences Research Grant. No benefits in any form have been or will
be received from any commercial party related directly or indirectly
to the subject of this article.

References

1. Fujiyoshi T, Yamazaki M, Kawabe J, Endo T, Furuya T, Koda M,
Okawa A, Takahashi K, Konishi H. A new concept for making
decisions regarding the surgical approach for cervical ossification
of the posterior longitudinal ligament: the K-line. Spine.
2008;33:E990-3.

2. Iwasaki M, Okuda S, Miyauchi A, Sakaura H, Mukai Y, Yone-
nobu K, Yoshikawa H. Surgical strategy for cervical myelopathy
due to ossification of the posterior longitudinal ligament: part 2:
advantages of anterior decompression and fusion over lamin-
oplasty. Spine. 2007;32:654-60.

3. Wang JC, Hart RA, Emery SE, Bohlman HH. Graft migration or
displacement after multilevel cervical corpectomy and strut
grafting. Spine. 2003;28(1016-21):21-2.

@ Springer

—474—

10.

11.

12.

13.

14.

15.

16.

. Mazur M, Jost GF, Schmidt MH, Bisson EF. Management of

cerebrospinal fluid leaks after anterior decompression for ossifi-
cation of the posterior longitudinal ligament: a review of the
literature. Neurosurg Focus. 2011;30:E13.

. Cardoso MJ, Koski TR, Ganju A, Liu JC. Approach-related

complications after decompression for cervical ossification of the
posterior longitudinal ligament. Neurosurg Focus. 2011;30:E12.

. Ikenaga M, Shikata J, Tanaka C. Radiculopathy of C-5 after

anterior decompression for cervical myelopathy. J Neurosurg
Spine. 2005;3:210-7.

. Jain SK, Salunke PS, Vyas KH, Behari SS, Banerji D, Jain VK.

Multisegmental cervical ossification of the posterior longitudinal
ligament: anterior vs posterior approach. Neurol India. 2005;53:
283-5; discussion 6.

. Tani T, Ushida T, Ishida K, Tai H, Noguchi T, Yamamoto H.

Relative safety of anterior microsurgical decompression versus
laminoplasty for cervical myelopathy with a massive ossified
posterior longitudinal ligament. Spine. 2002;27:2491-8.

. Seichi A, Hoshino Y, Kimura A, Nakahara S, Watanabe M, Kato

T, Ono A, Kotani Y, Mitsukawa M, Jjiri K, Kawahara N, Inami S,
Chikuda H, Takeshita K, Nakagawa Y, Taguchi T, Yamazaki M,
Endo K, Sakaura H, Uchida K, Kawaguchi Y, Neo M, Takahashi
M, Harimaya K, Hosoe H, Imagama S, Taniguchi S, Ito T, Kaito
T, Chiba K, Matsumoto M, Toyama Y. Neurological complica-
tions of cervical laminoplasty for patients with ossification of the
posterior longitudinal ligament-a multi-institutional retrospective
study. Spine. 2011;36:E998-1003.

Hirabayashi K, Miyakawa J, Satomi K, Maruyama T, Wakano K.
Operative results and postoperative progression of ossification
among patients with ossification of cervical posterior longitudinal
ligament. Spine. 1981;6:354-64.

Seichi A, Takeshita K, Kawaguchi H, Nakajima S, Akune T,
Nakamura K. Postoperative expansion of intramedullary high-
intensity areas on T2-weighted magnetic resonance imaging after
cervical laminoplasty. Spine. 2004;29:1478-82; discussion 82.
McAfee PC, Regan JJ, Bohlman HH. Cervical cord compression
from ossification of the posterior longitudinal ligament in non-
orientals. J Bone Joint Surg Br. 1987;69:569-75.

Sakaura H, Hosono N, Mukai Y, Ishii T, Yoshikawa H. C5 palsy
after decompression surgery for cervical myelopathy: review of
the literature. Spine. 2003;28:2447-51.

Hasegawa K, Homma T, Chiba Y. Upper extremity palsy fol-
lowing cervical decompression surgery results from a transient
spinal cord lesion. Spine. 2007;32:E197-202.

Chen Y, Guo Y, Chen D, Lu X, Wang X, Tian H, Yuan W.
Diagnosis and surgery of ossification of posterior longitudinal
ligament associated with dural ossification in the cervical spine.
Eur Spine J. 2009;18:1541-7.

Mizuno J, Nakagawa H, Matsuo N, Song J. Dural ossification
associated with cervical ossification of the posterior longitudinal
ligament: frequency of dural ossification and comparison of
neuroimaging modalities in ability to identify the disease.
J Neurosurg Spine. 2005;2(425-30):17.



Spine

SPINE Volume 37, Number 5, pp E309-E314
©2012, Lippincott Williams & Wilkins

‘ Focus Issur

Ossification of the Posterior Longitudinal Ligament
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Etiology and Natural History
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Study Design. Review article.

Objective. To review the etiology, natural history, measurement
tools, and image diagnosis of ossification of the posterior longitudinal
ligament (OPLL) of the cervical spine.

Summary of Background Data. OPLL is a well-known disease
that causes myelopathy. Genetic factors are very important for
development of OPLL. However, the pathogenetic gene and natural
history of OPLL have not been clarified.

Methods. The authors reviewed studies about the etiology, natural
history, measurement tools, and diagnosis of OPLL, which had been
performed by the members of the Investigation Committee on the
Ossification of the Spinal Ligaments of the Japanese Ministry of
Health, Labour, and Welfare.

Results. The prevalence of OPLL in the general Japanese population
was reported to be 1.9% to 4.3% among people older than 30 years.
Genetic factors are important for development of OPLL, and some
candidate genes have been reported. Clinical course of OPLL has
been clarified by a prospective long-term follow-up study. Some
radiographic predictors for development of myelopathy were
introduced. Image diagnosis of OPLL is easy by plain radiographs,
but magnetic resonance imaging and computed tomography are
useful to determine cord compression by OPLL.

Conclusion. OPLL should be managed on the basis of the
consideration of its natural history. Elucidation of pathogenetic genes
of OPLL will introduce a new approach for management of OPLL.
Key words: ossification of the posterior longitudinal ligament
(OPLL), pathogenetic gene, prevalence of OPLL, natural course of
OPLL. Spine 2012;37:E309-E314
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Spine

%, ssification of the posterior longitudinal ligament
(OPLL) is a hyperostotic condition of the spine asso-
ciated with severe neurologic deficit.’? This disease
was first reported about 160 years ago.> OPLL was previously
considered specific to Asian people and did not attract atten-
tion in Europe or the United States. However, OPLL has come
to be recognized as a subtype of diffuse idiopathic skeletal
hyperostosis,** which is well known in Europe and the United
States. We summarize the prevalence of OPLL and clinical
findings regarding this unique entity.

ETIOLOGY

Prevalence

OPLL was found to occur in 1.5% to 2.4% of adult out-
patients with cervical disorders at several university hospitals
in Japan (Table 1).% In the same survey of foreign countries,
the prevalence of OPLL was 0.4% to 3.0% in Asian coun-
tries (Table 2). The incidence of OPLL in the general Japanese
population was reported to be 1.9% to 4.3% among people
older than 30 years (Table 3). In 1992, Epstein®® proposed
a new concept about OPLL. Epstein®® examined computed
tomographic (CT) scans of the cervical spine in whites and
noted hypertrophy of the posterior longitudinal ligament
with punctuate calcification. This finding was described as
OPLL in evolution.’! Epstein®! noted that the prevalence of
OPLL among whites with cervical myelopathy has recently
increased from 2% to 25%.

Genetic Study

A genetic survey of OPLL patients has revealed a higher
rate of occurrence among families. A nationwide survey in
Japan of 347 families of patients with OPLL revealed that
OPLL was radiographically detected in 24% of the second-
degree or closer blood relatives and in 30% of OPLL patients’
siblings.’? A nationwide study in Japan by the committee,
including 10 sets of twins (8 monozygotic twin pairs and 2
dizygotic twin pairs) who exhibited OPLL, was performed.
Six of the 8 monozygotic twin pairs had OPLL. This sug-
gested or implicated a genetic factor contributing to the fre-
quency of this disease among the twins. A human leukocyte
antigen (HLA) haplotype analysis provides a useful means for
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Su ;

Okamoto 19677 Okayama 1000 ND 21 2.1
Yanagi et al 19778 Nagoya 1300 >20 31 2.4
Onji et al (1967)° Osaka 1800 ND 31 1.7
Shinoda et a/ 1971'° Sapporo 3747 >10 55 1.5
Harata 1976" Hirosaki 2275 ND 33 1.5
Sakou et al 1978 Okinawa 1969 >30 30 1.5
Kurihara et al 1978" Kobe 9349 >15 183 2.0
lzawa 1980 Tokyo 6944 >20 143 2.1
ND indicates not determined; OPLL, ossification of the posterior longitudinal ligament.

Reprinted with permission from Yonenobu et al. OPLL. Tokyo, Japan: Springer-Verlag; 1997:13.

studying genetic backgrounds of diseases and was performed
in patients with OPLL. HLA is the name of the major histo-
compatibility complex in humans. The super locus contains
a large number of genes related to immune system function
in humans. An HLA haplotype is a series of HLA “genes”
(loci-alleles) by chromosome, 1 passed from the mother and 1
from the father. HLA haplotypes can be used to trace migra-
tions in the human population. Specific HLA haplotype of
OPLL could not be found in this study, but a very interesting
finding was that if a sibling had both the same haplotypes as
the proband, the prevalence of OPLL was much higher than
if the sibling had only 1 of the same haplotypes as the pro-
band. If neither of the haplotypes was seen in the proband,

the occurrence was almost nil (Table 4).*3** Some candidate
genes (collagen o2 [X1],%3¢ collagen 6A1%7 human nucleotide
pyrophosphatase [NPPS] gene®®%) for OPLL were reported.
Collagen a2 (XI) is a human gene that is 1 of the several genes
that provide instructions for the production of type XI colla-
gen. The collagen a2 (XI) gene produces 1 component of this
type of collagen, called the pro-a2(XI) chain. Type XI colla-
gen adds structure and strength to the tissues that support the
connective tissue. Collagen VI is a major structural compo-
nent of microfibrils. Collagen a-1 (VI) chain is a protein that,
in humans, is encoded by the COL6A1 gene. The collagen
is a superfamily of proteins that play a role in maintaining
the integrity of various tissues. NPPS, a membrane-bound

Yamauchi 1978 Korea 529 >20 5 1.0
Kurokawa 1978'¢ Taiwan 395 >40 12 3.0
) Hong Kong 498 >40 2 0.4

Asia Yamaura et al 19787 Philippine 332 ND 5 1.5
Tezuka 19808 Taiwan 661 >20 14 2.1
Lee et a/ 1991 Singapore 5167 >30 43 0.8
Yamauchi et a/ 1979%° West Germany 1060 >27 1 0.1
Terayama and ltaly 1258 >35 22 1.7

Ohtsuka 1984

Europe .

& United | 1zawa 1980™ Minnesota 840 >30 1 0.1

States Hawaii 490 >20 3 0.6
Firooznia et al 19822 New York 1000 >20 7 0.7
ljiri et al 1996 Utah 599 >30 8 13

ND indicates not determined; OPLL, ossification of the posterior longitudinal ligament.

Reprinted with permission from Yonenobu et al. OPLL. Tokyo, Japan: Springer—Verlag; 1997:13.
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