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Abstract. Cervical ossification of the posterior longitudinal
ligament (OPLL) results in myelopathy. Conservative treat-
ment is usually ineffective, thus, surgical treatment is required.
One of the reasons for the poor surgical outcome following
laminoplasty for cervical OPLL is kyphosis. In the present
study, a 3-dimensional finite element method (3D-FEM)
was used to analyze the stress distribution in preoperative,
posterior decompression and kyphosis models of OPLL. The
3D-FEM spinal cord model established in this study consisted
of gray and white matter, as well as pia mater. For the preop-
erative model, 30% anterior static compression was applied
to OPLL. For the posterior decompression model, the lamina
was shifted backwards and for the kyphosis model, the spinal
cord was studied at 10, 20, 30, 40 and 50° kyphosis. In the
preoperative model, high stress distributions were observed in
the spinal cord. In the posterior decompression model, stresses
were lower than those observed in the preoperative model.
In the kyphosis model, an increase in the angle of kyphosis
resulted in augmented stress on the spinal cord. Therefore, the
results of the present study indicated that posterior decompres-
sion was effective, but stress distribution increased with the
progression of kyphosis. In cases where kyphosis progresses
following surgery, detailed follow-ups are required in case the
symptoms worsen.

Introduction
Ossification of the posterior longitudinal ligament (OPLL)

is recognized as a common clinical entity that results in
compression myelopathy of the cervical spinal cord. Since
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conservative treatment for severe myelopathy caused by OPLL
is usually ineffective, surgical treatment is selected for the
majority of cases. Decompressive surgical procedures for
OPLL-associated cervical myelopathy are divided into those
using an anterior or a posterior approach. Iwasaki et al (1) iden-
tified that laminoplasty was effective and safe for the majority
of OPLL patients that had an occupying ratio of OPLL <60%
and with plateau-shaped ossification. However, neurological
outcomes following laminoplasty for cervical OPLL were
poor to fair in patients with an occupying ratio of >60% and/or
hill-shaped ossification (1). One of the factors associated with
poor surgical outcomes following laminoplasty for cervical
OPLL is kyphosis (1,2).

Clinical results from patients treated with the posterior
approach have been previously reported (1,2). However, to
date, there have been no studies focusing on the stress distribu-
tions of posterior decompression for cervical OPLL and the
effects of kyphosis. In the present study, a 3-dimensional finite
element method (3D-FEM) was used to analyze the stress
distributions of posterior decompression, as well as kyphosis,
in a spinal cord with cervical OPLL and hill-shaped ossifica-
tion.

Materials and methods

Spinal cord models. Abaqus 6.11 (Dassault Syst¢émes Simulia
Corporation, Providence, RI, USA) finite element package
was used for FEM simulation. The 3D-FEM spinal cord
model established in this study consisted of gray and white
matter, as well as pia mater (Fig. 1). To simplify calculations
in the model, the denticulate ligament, dura and nerve root
sheaths were not included. The pia mater was included since
it has been previously identified that the spinal cord with
and without this component shows significantly different
mechanical behavior (3). The spinal cord was assumed to
be symmetrical around the mid-sagittal plane; therefore,
only half the spinal cord required reconstruction and the
whole model was integrated by mirror image. For computed
tomography-myelography (CTM) measurement, the vertical
length of the spinal cord was two vertebral bodies (~40 mm).
The lamina model was established by measuring CTM and
magnetic resonance imaging (MRI) and simulated cervical
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Pia mater

Gray matter

Figure 1. 3D-FEM of the spinal cord consisting of gray matter, white matter and pia mater. 3D-FEM, 3-dimensional finite element model.

Sagittal

Lamina

Figure 2. Lamina model with hill-shaped OPLL established at the rear of the spinal cord (axial and sagittal view). OPLL, ossification of the posterior longi-

tudinal ligament.

OPLL. A rigid, wide trapezium body with a slope of 30" was
used to simulate cervical OPLL by measuring the MRI of

paper (Fig. 2) (1).

Mechanical properties. The spinal cord consists of three
distinct materials referred to as 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 (4,5). The mechanical
properties of pia mater were obtained from previous litera-
ture (6). The mechanical properties of hill-shaped ossification
and lamina were stiff enough for the spinal cord to be pressed.
Based on the assumption that no slippage occurs at the
interfaces of white matter, gray matter and pia mater, these

interfaces were glued together. Since there are no data on the
friction coefficient between the lamina and spinal cord, this
was assumed to be frictionless. Similarly, the coefficient of
friction between the hill-shaped ossification and spinal cord
was assumed to be frictionless at the contact interfaces.

The spinal cord, hill-shaped ossification and lamina model
were symmetrically meshed with 20-node elements. The total
number of isoparametric 20-node elements was 11,542 and the
total number of nodes was 66,513.

Compression. In a biomechanical study of static compression
of cervical myelopathy due to OPLL, Kato et al (7) reported
that a critical point may exist between 20 and 40% compression
of the anterior-posterior diameter of the spinal cord. For the
preoperative model, compression was simulated by cervical
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Figure 3. Stress distributions under proximal, central and distal anterior compression of the spinal cord by OPLL are shown in the (A) preoperative, (B) poste-

rior decompression and (C-G) kyphosis models at 10, 20, 30,40 and 50° kyphosis. OPLL, ossification of the posterior longitudinal ligament.
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OPLL with hill-shaped ossification. The lamina was fixed in
all directions and 30% anterior static compression of the ante-
rior-posterior diameter of the spinal cord (median, 20-40%)
was applied by OPLL (1,7). For the posterior decompressive
model, the lamina was shifted back to prevent contact with the
spinal cord under the application of anterior static compres-
sion. For the kyphosis model, the spinal cord was studied at
10, 20, 30, 40 and 50° kyphosis. The extent of stretching the
spinal cord was 20% of the length of the spinal cord indicated
in a previous study (8).

In total, seven compression combinations were evaluated
and in each cross-section the average von Mises stress was
recorded the color-coded made for each stress in the spinal
cord.

Results

Stress distribution in the three models. In the preoperative
model, high stress distributions were observed in all axial
levels of the spinal cord following anterior static compression
(30% of the anterior-posterior diameter of the spinal cord) by
cervical OPLL with hill-shaped ossification (Fig. 3A).

In the posterior decompression model, stresses from ante-
rior compression of the spinal cord were lower compared with
those observed in the preoperative model. However, stresses in
the anterior funiculus slightly increased (Fig. 3B).

For the kyphosis model, stress distribution increased
in the anterior funiculus, posterior funiculus and the gray
matter in proximal and distal OPLL. The stress distribution
also increased in the posterior funiculus and the gray matter
in the center of OPLL. Furthermore, increasing the angle
of kyphosis resulted in increased stress on the spinal cord
(Fig. 3C-G).

Discussion

The development of myelopathy significantly affects the prog-
nosis of patients with OPLL in the cervical spine. Cervical
OPLL is treated by anterior decompression and spinal fusion
or laminoplasty. Tani et al identified that postoperative neuro-
logical deterioration occurred following posterior surgery. The
authors indicated that one of factors of neurological deteriora-
tion affectedto decrease in the lordosis of the cervical spine (9).

Masaki et al reported that patients with a poor outcome
following laminoplasty showed larger segmental mobility
of the vertebrae prior to and following surgery. The authors
hypothesized that laminoplasty in patients with massive OPLL
may not lead to sufficient posterior shift of the spinal cord,
resulting in persistent anterior impingement of the spinal
cord by OPLL. In cases where substantial segmental mobility
remains following surgery, it is possible that damage to the
injured spinal cord continues to progress (10).

Iwasaki er al reported that a postoperative change in
cervical alignment was observed in 18% of cases. Their study
indicated that postoperative changes in cervical alignment may
be a reflection of dynamic instability. A poor surgical outcome
following laminoplasty was indicated by newly developed
cervical kyphosis (1).

Using this prior knowledge, the present study investigated
whether the development of kyphosis of the spinal cord
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following anterior compression was associated with changes
in stress distribution. The aim was to develop a 3D-FEM
spinal cord model that simulated the clinical situation and
analyzed the clinical condition of the patient. Similarly to
previous studies by Kato et al (7,11,12), Li et al (13,14) and
Nishida et al (15,16), bovine spinal cord was used in the current
analytical model since it was impossible to obtain fresh human
spinal cord. The mechanical properties of the spinal cord
used in the present study were similar to those used in earlier
studies (4-6). Li et al identified that it was reasonable to use
the mechanical properties of the bovine spinal cord since the
brain and spinal cord of cattle and humans show similar injury
changes (14). For the purpose of the present study, it was there-
fore assumed that the mechanical properties of the spinal cord
from these two species were similar. Persson et al (3) reported
on the division of the spinal cord into pia mater and white and
gray matter. The authors demonstrated that the presence of
pia mater had a significant effect on spinal cord deformation.
Therefore, pia mater was included in the current model in
order to accurately simulate the clinical situation.

In the present study, stress distribution in the spinal cord
increased following static compression by cervical OPLL
with hill-shaped ossification. Stress distribution in the spinal
cord decreased in the posterior decompression model, demon-
strating the effectiveness of this approach. However, in the
kyphosis model, stress distribution increased with increased
angles of kyphosis. Thus, when segmental mobility remains
and cervical alignment changes following posterior decom-
pression, damage to the spinal cord and the progression of
symptoms are likely to occur.

In conclusion, stress analyses were conducted in models
of preoperative compression, posterior decompression and
kyphosis following posterior decompression by cervical OPLL
with hill-shaped ossification.

Posterior decompression was shown to be effective,
however, stress distribution increased with the progression
of kyphosis, indicating that symptoms are likely to worsen.
In cases where kyphosis has progressed following surgery,
particularly those in which the angle of kyphosis is large,
detailed follow-ups should be conducted in case the symptoms
worsen.
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