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TaBLE 2. EFFect oF BDNF oN CERvICAL SPINAL CORD ANTERIOR HoORN CELLS 2 WEEKS AFTER ADV INJECTION

Nissl-positive neurons

ChAT-positive neurons ACHhE-positive neurons

Uninjured AdV-LacZ injected n 1884 = 154
% 100

Uninjured AdV-BDNF injected n 1256 + 102f
% 67 * 8t

Injured AdV-LacZ injected n 549 + 38*t
% 29 * 3*f

1678 + 132 1649 = 121
100 100
1165 + 771 1056 = 80t
69 + of 64 + 8t
587 + 45*t 637 + 45*1
35 * 4%t 39 + 43t

*p < 0.05, compared with AdV-BDNF-injected rats.
Tp < 0.05, compared with uninjured rats.

AChE-stained neurons survived in AdV-BDNF injected
rats, while only 29 = 3% of Nissl-stained neurons, 35 £
4% of ChAT-stained neurons, and 39 * 4% of AChE-
stained neurons survived in AdV-LacZ injected rats.
Figure 6 shows photomicrographs of Nissl-, ChAT-, and
AChE-stained anterior horn motoneurons at C3 segment at
4 weeks after AdV-BDNF and AdV-LacZ gene transfec-
tion. In the AdV-BDNF-treated spinal cord (Fig. 6A-C), the
numbers of anterior horn neurons positive for Nissl, ChAT,
and AChE staining were higher and clearer than the corre-
sponding neurons of AdV-LacZ-treated rats (Fig. 6D-F).

The numbers of Nissl-, ChAT-, and AChE-stained neu-
rons at each segment of the spinal cord at 2 weeks after
gene injection is topographically shown in Figure 7. At
the C4 segment of both AdV-BDNF and LacZ-injected
rats after spinal cord injury, significant reductions in the
numbers of positively stained neurons were observed.
Compared with AdV-LacZ injected rats, in the AdV-
BDNF-treated spinal cord, the numbers of neurons pos-
itive for these stains were significantly higher (p < 0.05)
at C3-C6, compared to other segments of C1-C2 as well
as C7-C8.

FIG. 6. Photomicrographs showing anterior horn motoneurons at C3 segments of AdV-BDNF injected rats (A—C), and AdV-
LacZ injected rats (D-F) at 4 weeks after spinal cord injury with Nissl staining (A,D), ChAT immunoreactivity (B,E), and AChE
activity (C,F). The numbers of motoneurons positive for Nissl, ChAT, and AChE staining were higher in AdV-BDNF injected
rats than in AdV-LacZ injected rats. Original magnification, X200 (A-F).
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FIG. 7. Topographic changes in the numbers of Nissl-stained (A), ChAT-stained (B), and AChE-stained (C) motoneurons at
each cervical segments level at 2 weeks after AdV injection. Note the significantly higher number of survival motoneurons in the
adjacent areas, including injured area (C3-C6) than at the distant level (C1-2, C7-8) in injured AdV-BDNF injected rats com-
pared with injured AdV-LacZ injected rats. Data are mean * SD of 10 rats in each group.

DISCUSSION

The strategies employed to date for the regeneration
of injured spinal cord include neutralization of potential
growth inhibitory molecules, transplantation of cells or
tissue to support axonal outgrowth, and delivery of can-
didate proteins such as neurotrophic factors (Blesch et
al., 2002). Given that numerous steps are required to stim-
ulate axonal growth, guide axons to their targets, and es-
tablish new functional synapses, it is essential to com-
bine several methods for improvement of spinal cord and
motoneuron function after neuronal injury. A number of
approaches have been considered for delivery of neuro-
protectants to the spinal cord in order to maintain its nor-
mal neural tissue function. It is very important to deliver
neurotrophins safely and effectively. Retrograde gene de-
livery may offer a potential advantage over direct gene
administration to the spinal cord in terms of safety, pos-
sibility of repeated administration, technical ease of use,
and reduction of the inflammatory response in the neural
tissue (Yang et al., 1994; Boulis et al., 2003; Nakajima
et al., 2005).

Based on experimental work visualizing spinal acces-

sory motoneurons retrogradely by wheat germ agglutinin-+

horseradish peroxidase labeling method (Kitamura and
Sakai, 1982), we established a refined technique. to trace
motoneurons through the retrograde axonoplasmic trans-
port (Baba et al., 1997; Uchida et al., 1998). Using this
technique, we evaluated the efficacy of targeted retro-
grade gene delivery through the sternomastoid muscle,
innervated by spinal accessory nerves, using AdV-
BDNF. Exogenous administration of BDNF is expected
to promote neuronal cell survival, alleviate neuronal at-
rophy (Novikova et al., 1996), facilitate axonal regener-

ation (Kishino et al., 1997; Cai et al., 1999; Liudmila et
al., 2002), prevent apoptosis (Giehl et al., 2001), differ-
entiation of neuronal stem cells, and improve motor func-
tion (Namiki et al., 2000; Blits et al., 2003; Koda et al.,
2004). The mechanism of neuropeptide gene retrograde
delivery should be considered from several aspects
(Haase et al., 1998); local secretion of protein from AdV-
infected muscles, uptake and retrograde axonal transport
of AdV in motoneurons, and the secretion of proteins in
AdV-infected muscles into the systemic circulation.
However, it is difficult to distinguish one of these mech-
anisms from the others. Previously, we confirmed that
LacZ gene expression in the spinal cord was independent
from the dosage of exogenously injected AdV-LacZ and,
thus, not associated with the systemic circulation. We in-
dicated that AdV-LacZ is transported via retrograde ax-
oplasmic flow through functional axons, or axons neigh-
boring non-functioning ones (Nakajima et al., 2005; Xu
et al., 2006).

In the present study, we observed retrograde AdV-
BDNF gene expression mainly in the anterior horn mo-
toneurons at least until 4 weeks after spinal cord injury.
During spinal cord injury, the few weeks after injury un-
til glial scar formation and/or Wallerian degeneration, are
regarded as the turning point for recovery from cell death
(Ogawa et al., 2002). Within this period, we showed suf-
ficient preservation of the transduction efficacy of the
adenovirus vector. In addition, after AdV-BDNF injec-
tion, the surviving anterior horn neurons exhibited sig-
nificantly increased immunoreactivity to ChAT as well
as immunoenzymatic activity to AChE mainly in the ad-
jacent area of the injured spinal cord. In this regard, Naka-
mura et al. (1996) found a strong correlation between mo-
tor function recovery and late high levels of ChAT
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activity in the area adjacent to spinal cord injury. Kishino
et al. (2003) indicated that neuronal cell survival was less
dependent on neurotrophic support than on the expres-
sion of cholinergic enzyme activities. Neurotrophic ef-
fect at the adjacent area was especially important to the
regeneration of the injured spinal cord (Dougherty et al.,
2000; Uchida et al., 2003). The present results suggest
that AdV-BDNF gene delivery prevented neuronal cell
death via increased cholinergic enzyme activity and the
sternomastoid muscle was an appropriate target organ for
mid to upper cervical spinal cord injury. These findings
must be further examined to determine whether AdV-
BDNF gene delivery prevented neurotrophin-deficient
programmed cell death or other processes at earlier time-
point, and identify the mechanism through which neu-
ronal transmission resulted in neuron preservation. Fu-
ture studies should help the design of new strategies to
prevent neuronal loss after in vivo spinal cord injury.

In conclusion, our results suggested that targeted ret-
rograde gene delivery is a potentially suitable approach
for the delivery of therapeutic genes important for neu-
ron survival. The method is non-traumatic, effective, se-
lective, with long-lasting gene expression and should sup-
press the loss of the motoneurons after spinal cord injury.
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The lumbosacral nerve roots are often involved in dis-
ease processes and injuries, such as disc herniation, spi-
nal stenosis, tumor, and vertebral fracture. It is generally
considered that the genesis of radiculopathy associated
with the pathologic conditions of the spine may result
from mechanical compression of the nerve root.? In
experimental studies, many acute>'* subacute'¢~!® and
chronic'®2° nerve root compression models have been
created and have been studied pathologically and elec-
trophysiologically. The results obtained so far suggest that
impaired intraradicular blood flow and nerve fiber defor-
mation are implicated in the appearance of radicular symp-
toms associated with nerve root compression.?'?2 How-
ever, few studies have examined the effect of lumbar
nerve root compression on axonal reflex caused by com-
pression. It appears that various neurotransmitters pro-
duced by the motor neurons in the ventral horn and
transported to the axon terminals by axonal flow are
implicated in the development of muscle atrophy and
motor weakness associated with nerve root compression.

The nerve cell body is essential for the growth and
maintenance of the axon. When the axon has injury, the
nerve cell body usually undergoes profound alterations
in structure, metabolism, and physiologic activity. These
changes may be viewed as being specifically appropriate
for the repair of the damage, so that the cell body re-
sponse to axon injury appears to represent a change to a
functional state especially conductive to regeneration of
the axon. The nerve cell body is known to maintain a
high rate of protein synthesis, and there were grounds for
the claim that materials that are essential for the survival
and efficient functioning of the axon are provided from
the cell body by a centrifugal flow of axoplasm.?*** Ax-
onal transport conveys neurotransmitters and nerve
growth factors and is closely involved in the transmission
of information about environmental changes in the axon
and target organ. Disruption of axonal flow therefore
threatens nerve cell survival and is one cause of neural
dysfunction.

Majno and Joris*® reviewed the histologic develop-
ment of the cell death concept, with special attention to
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the origin of the terms necrosis, coagulation necrosis,
autolysis, physiologic cell death, programmed cell death,
chromatolysis, karyorrhexis, karyolysis, and cell suicide.
They described that Flemming?®® gave a name to the pro-
cess, chromatolysis, referring to the fact that the broken
up nucleus ultimately disappears and apoptosis as ob-
served in 1885 by him, who called it chromatolysis.
However, the term chromatolysis was adopted by neu-
ropathologists to mean something entirely different,
namely, the apparent breakdown of Nissl substance after
transection of the axon. The typical response of the nerve
cell body to severance of its axon, first observed by Nissl in
1892,2” includes an increase in cell body volume, displace-
ment of the nucleus to the periphery and an apparent dis-
appearance of basophilic material from the cytoplasm
(chromatolysis). This phenomenon was said axonal re-
flex, retrograde degeneration, or axonal reaction. Cell
death has been classified generally as necrosis or apopto-
sis, although structural hybrids of neuronal cell death
may also occur. Kerr et al*® have reported that there are
2 types of cell death: apoptosis and necrosis. Apoptosis is
an active process of cellular self-destruction character-
ized morphologically by cell shrinkage, cytoplasmic
blebbing, chromatin clumping, and formation of apo-
ptotic bodies. The latter are efficiently cleared from the
tissue by phagocytes. Necrosis occurs in contiguous groups
of cells and is characterized by cell swelling, cell membrane
rupture, damaged cytoplasmic organelles, and pyknosis,
karyorrhexis or karyolysis of the nuclei. In addition, an
inflammatory response is the hallmark of necrosis. How-
ever, few studies have looked at changes of neurons
within the lumbar cord caused by disturbance of axonal
flow and the axon reaction as a result of mechanical
compression of the ventral root. The lumbar cord should
not be overlooked when considering the mechanism of
motor weakness in the legs so it is important to under-
stand the morphologic and functional changes that occur
in lumbar motor neurons as a result of nerve root com-
pression. In this study, we used morphologic methods to
examine the changes of motor neurons using the nerve
root compression model.

B Materials and Methods

The experiment was carried out under the control of the local
animal ethics committee in accordance with the guidelines on
animal experiments in our university, Japanese government an-
imal protection and management law, and Japanese govern-
ment notification on feeding and safekeeping of animals.
Twelve adult dogs, weighing 7 to 15 kg, were anesthetized with
intramuscular injection of 3 mL of Ketalar (ketamine 50 mg/
mL; Warner-Lumbert, Morris Plains, NJ) and ventilated on a
respirator under general anesthesia (O,: 3 mL/min, N,O: 3
mL/min, halothane: 1.5 mL/min). Animals were maintained at
constant physiologic levels during experiment. Each animal
was placed in the prone position on a flame. The sixth and
seventh lumbar laminae were removed, and the seventh lumbar
nerve root was exposed widely on one side. The nerve root was
clamped with a clip for microvascular suturing (Kouno Co.,
Chiba, Japan) at the midpoint between the dural sac and dorsal

root ganglion. The 7th nerve root was exposed to compression
at 7.5 g force (gf) clipping power.!7*!® In the present study, the
strength of the spring clips used for nerve root compression was
determined with an Instron-type tensile tester (AGH-2000B,
Simazu Co., Kyoto, Japan). Based on the assumption that the
strength of the springs follows the law of Young, the weight
required to open a clip by 2 mm was determined and 4 types of
clips with different compression forces were prepared by ad-
justing the strength of the spring. The compression force re-
quired to open a clip by 2 mm was determined because the
transverse diameter of the nerve root is 1.8 * 0.2 mm.?® The
pressure actually applied to the nerve can be calculated in mm
Hg from the following equation: 1033.6 gf/cm* = 760 mm Hg.
The area (cm?) of a clip in contact with the nerve is 0.2 cm
(width of a clip) X 0.26 cm (longitudinal diameter of L7 nerve
root) = 0.052 (cm?). Therefore, 1 g of force represents about
14.1 mm Hg of pressure. In the previous study, the axonal flow
was disturbed by compression at 7.5 gf (about 105.7 mmHg) or
higher after 1 week of compression.?®3° Take et al*! paid at-
tention to the straight leg raising test for diagnosis of lumbar
disc herniation, and measured the pressure applied by the her-
niated mass to the nerve root. When the straight leg raising test
was 0°,30°,60°, and 90°, the average values of pressure was 32
mm Hg (range, 9-60 mm Hg), 111 mm Hg (20-235 mm Hg),
186 mm Hg (65-367 mm Hg), and 294 mm Hg (130-600 mm
Hg), respectively, so the pressure increased with an increasing
angle. That is, when compared with the pressure applied to the
nerve root measured by Take et al*!in patients with disc her-
niation, intensification of axonal flow disturbance observed in
the present study was assumed to correspond to the pressure
applied to the nerve root by SLR of 30° or more.

After awakening from the anesthetic, the animals were
maintained for 1 week or 3 weeks and then killed. The animals
were fixed by intracardiac perfusion with 4% paraformalde-
hyde and 1% glutaraldehyde in 0.15 mol/L cacodylate buffer,
pH 7.2 at 20 C. After the spinal cord within the 7th lumbar
nerve root was harvested, the specimens were examined by
either light or electron microscopy. The noncompressed (sham)
side was used as a normal control. Each of the specimens was
fixed for a further 24 hours in the same fixative. The lumbar
cord section was divided into 2 groups. At first, the light mi-
croscopy specimens were embedded in paraffin and stained
with Kliiver-Barrera stain to identify changes of Nissl granules
in the neurons. 80 serial 10-um-thick sections from the rostral
end of the 7th lumbar segment of the spinal cord were pre-
pared. Every 10th section was stained using the Kliiver-Barrera
technique and photomicrographs were taken covering the
whole ventral horn in each of the stained sections at a magni-
fication X200. Motor neurons were counted in ventral horns
ipsilateral and contralateral to the L7 nerve root compression and
motor neurons showing central chromatolysis were counted.*-3
Central chromatolysis was identified by round somata with the
nucleus in an eccentric position and the Nissl substance displaced
toward the margins of the cytoplasm by the pale-staining central
area. Neurons were distinguished from glia and inflammatory
cells by strict criteria based on perikaryal and nuclear morphol-
ogy. The criterion for inclusion was any muitipolar cell with

* granular cytoplasmic staining of Kliiver-Barrera and nucleus

with nucleolus, regardless of size. Cells were excluded if they
had a nonneuronal nucleus typical of astrocytes, oligodendro-
cytes, or microglia. Cell counts were expressed as a ratio of
motor neuron number in spinal cord ventral horn ipsilateral
and contralateral to the lesion. Statistical analyses of motor
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Figure 1. Light micrographs in
the ventral root at the site of
compression (A} and central to
the site of compression (B) after
3 weeks. Toluidine blue stain;
scale bars = 100 .um in A and B.

neuron numbers per postlesion time point were performed us-
ing a nonparametric test (Wilcoxon’s rank sum test) with SPSS
statistical software, version 11.0] (SPSS Inc., Chicago, IL).

The other sections were rinsed in 0.05 mol/L Tris-HCI
buffer, postfixed at room temperature for 3 hours in 2% OsO,
in 0.1 mol/L sodium cacodylate buffer, impregnated with 2%
uranyl acetate, dehydrated in graded ethanols, and embedded
in epoxy resin. For light microscopy, 1- to 3-pm-thick toluidine
blue-stained sections were used. For electron microscopy, ul-
trathin sections contrasted with uranyl acetate and lead citrate
were examined a under JSM2000 electron microscope (JEOL
Ltd., Tokyo, Japan).

B Results

After 1 and 3 weeks, nerve fiber degeneration was ob-
served not only at the site of compression but also in the .
peripheral zone of a compressed ventral root (Figure
1A). No Wallerian degeneration was evident in the ven-
tral root central to this site even at 3 weeks after com-

C. Percentage of chromatolytic cells

D. Motor neuron count ratio

pression (Figure 1B). After 1 and 3 weeks, histologic
examination of the uncompressed site revealed nerve fi-
ber deformation but no appreciable Wallerian degener-
ation.

Examination of the neurons in contralateral ventral
horn by light microscopy showed that the nucleus was
round, light-colored, and centrally located; the nucleolus
was distinct; and the striped Nissl granules in the cyto-
plasm were intensely stained by Kliiver-Barrera stain
(Figures 2A, 3A). Light microscopy showed, however,
that central chromatolysis of ipsilateral motor neurons
was evident at 1 week postlesion (Figure 2B, 4A). In the
neurons with chromatolysis, the nucleus had moved to
the periphery and the number of Nissl bodies in the cen-
tral cytoplasm was decreased. These changes became
more marked and the number of neurons with central
chromatolysis was increased significantly after 3 weeks
compression (P < 0.01) (Figure 2C; Table 1). The Nissl

Figure 2. Changes of motor neu-

rons in the ventral horn after

nerve root compression. A and B,

Constructed light micrographs of
B ventral horn obtained after ven-
tral root compression for 1 week.
A, Sham side. B, Compression
side. Central chromatolysis (ar-
row) was seen in the ventral homn
in comparison of the neurons of
sham side. Kliiver-Barrera stain.
Scale bars = 250 um in A and B.
C, The percentage of chromato-
Iytic cells increased significantly

(ipsilateral/contrarateral) with time by root compression.

120 : *p<(0.01 ' < *p <k 0.01 versus the value ofDl
00 120 week compresston group. D,

100 A '&5.3)— 10 Number of remaining motor neu-
80 / o 08 rons in lumbar spinal cord ven-
60 - 05 tral horn at different gimes after
40 P 2+7.6) nerve root compression. Motor
04 neuron count ratio (ipsilateral/

20 02 contralateral side) decreased
0 ot o0 significantly with time by root
1 3 1 3 compression. *P < 0.01 versus

the value of 1 week compression

Weeks after nerve root compression

Weeks after nerve root compression

group.
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Figure 3. Light (A) and electron
(B-D) micrographs of contralat-
eral motor neurons. A, Control
motor neuron. Kliiver-Barrera
stain, Scale bars = 50 um. B, In
this motor neuron, the nucleus
was centrally located; fine-grained
chromatin was widely scattered
throughout the nucleus. C, The
Golgi apparatus and Nissl bodies.
D, Cluster-like Nissl bodies are
made up of rough endoplasmic re-
ticulum and ribosomes. Nuclear
pore have not appeared in the nu-
clear membrane. (Original magni-
fications: B, x1200; C, % 10,000; D,
%30,000). ER, rough surfaced en-
doplasmic reticulum; G, Golgi ap-
paratus; Lf, lipofuscin granule; Ly,
lysosome; Mit, mitochondria; NB,
Nissl body; Nuc, nucleus; r, free
ribosome.

bodies resembled fine powder at the cell periphery and
were only present in small numbers (Figure 5A). The
transverse section of spinal cord at L7 shows the appar-
ent loss of motor neurons in ventral horn ipsilateral to
the nerve root compression at 1 and 3 weeks postlesion
(Table 1). Motor neuron count ratio (ipsilateral/
contralateral side) decreased significantly with time by
root compression {Figure 2D).

On electron microscopy, the nucleus of contralateral
side was centrally located; fine-grained chromatin was
widely scattered throughout the nucleus; and Nissl bodies,
mitochondria, Golgi apparatus, lysosomes, and neurofila-
ments were present in the cytoplasm. The clusters of Nissl
bodies distributed throughout the cytoplasm were made up
of free ribosomes not attached to the endoplasmic reticu-
lum as well as rough endoplasmic reticulum with ribo-
somes attached. Nuclear clefts in normal neurons typically

are devoid of organelles (Figure 3B-D). Light and electron
microscopy showed no appreciable changes of the con-
tralateral motor neurons after compression for 3 weeks.
After 1-week compression, however, electron microscopy
showed that the nucleus of ipsilateral side started to move
to the periphery (Figure 4B-D). In the cytoplasm, dissolu-
tion of the perinuclear Nissl bodies was evident, and many
mitochondria showed elongation and vacuolation. There
was also an increase of nuclear pores. After 3 weeks of
compression, these changes became more marked, there
was loss of rough endoplasmic reticulum and mitochondria
from the central cytoplasm, and these structures were re-
placed by many vesicles, vacuoles, and filaments (Figure
5B-D). Some neurons undergoing apoptosis were seen in
the ventral horn (Figure 6A). The neurons and nuclei were
reduced in size and chromatin condensation was seen in the
nuclei. Electron microscopy revealed apoptosis character-

Figure 4. Light (A) and electron
(B-D) micrographs of motor neu-
rons after ventral root compres-
sion for 1 week. A, The nucleus
has moved to the periphery of
the celi, loss of perinuclear Nissl
bodies is evident, and central
chromatolysis had started. Kliiver-
Barrera stain. Scale bars = 50
wum. B, In this motor neuron, the
nucleus had moved toward the
cell periphery. C, Loss of perinu-
clear Niss! bodies is evident
(white arrow). D, Dissolution of
the Nissl bodies has started and
scattered ribosomes are present
around the nucleus. The cisterns
of rough surfaced endoplasmic
reticulum are enlarged. Many
pores have also appeared in the
nuclear membrane. The border
of the cell. Nissl bodies are still

present, bpt some mitochondria show vacuolation. {Original magnifications: B, X1200; C, X6000; D, x30,000). ER, rough surfaced
endoplasmic reticulum; Mit, mitochondria; NB, Nissl body; nf, neurofilament; Nuc, nucleus.
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Table 1. Changes of Motor Neurons in the Lumbar Ventral Horn at Different Times After the 7th Nerve

Root Compression

Contralateral Side

Ipsilateral Side

No. of No. of Motor Neuron
No. of Chromatolytic % of No. of Chromatolytic % of Count Ratio
Neurons/8 Neurons/8 Chromatolytic Neurons/8 Neurons/8 Chromatolytic {ipsifateral/

Subject No. Sections Sections Cells Sections Sections Cells contralateral)
1 week after nerve root compression

1 125 0 ] 123 56 455 0.98

2 126 0 0 135 62 459 1.07
3 123 0 0 121 38 314 0.98
4 - 123 1 0.8 121 56 46.3 0.98
5 107 0 0 102 30 294 0.95
6 1Al 0 0 116 46 39.7 0.96
Average 120.8 0.2 0.1 1197 48.0 39.7 0.99
SEM 70 04 0.3 0.7 123 16 0.04
3 weeks after nerve root compression

7 127 0 0 1M 93 89.2 0.87

8 127 0 0 110 99 90.0 0.87

9 130 i 08 12 12 918 0.94

10 1 0 0 92 87 946 0.83
1. 124 1 0.8 120 : 96 80.0 0.97

12 121 0 0 118 m 94.1 0.98
Average 1233 0.3 0.3 12.2* 100.7 90.0 09

SEM 6.8 0.5 04 11.0 9.5 - 53 0.1

SEM, standard error of the mean. Motor neurons were counted in the level of 7th lumbar spinal cord. Kliver-Barrera stain transverse section of spinal cord at L7
level shows the apparent loss of motor neurons and the increase of chromatolytic cells in the ventral horn ipsilaterai to the nerve root compression at 3 weeks

postiesion.
*Significant difference (P < 0.05) from contralateral side.

ized by condensation of the nuclei and chromatin conden-
sation, and destruction of the organelles in the cytoplasm.
The cytoplasm contains numerous small vacuoles, some of
which are degenerating mitochondria (Figure 6B).

# Discussion

The characteristic axonal transport system of neurons,
which comprises anterograde and retrograde flow, plays an
important role in the movement of neurotransmitters and

Figure 5. Light {A) and electron
(B-D) micrographs of motor neu-
rons after ventral root compression
for 3 weeks. A, There is an increase
of neurons exhibiting obvious cen-
tral chromatolysis. Kliiver-Barrera
stain. Scale bars = 50 um. B, In
this motor neuron, the nucleus
had moved to the periphery. C,
The border of the cell. Loss of
Nissl bodies and vacuolation of
many mitochondria are evident.
Ribosomes are scattered. There
is a decrease of rough endoplas-
mic reticulum, ribosomes, and
mitochondria, as well as an in-
crease of neurofilaments and
neurotubules. D, Enlargement of
the perinuclear region. Vesicu-
lated cisternae have few ribo-
somes on membrane. Ribosomes

neurotrophic factors as well as in the transmission of infor-
mation relating to environmental changes in the axon itself
and the target organ. Disturbance of axonal flow therefore
threatens the survival of neurons and appears to be one
cause of neurologic dysfunction. In this study, compression
of the peripheral branches of motor neurons in the nerve
root led to impairment of axonal flow and central chroma-
tolysis in the neurons of the ventral horn, where the periph-
eral branches of these neurons originated. Chromatolysis is

are free and on polysomal formations. Nuclear pare have also appeared in the nuclear membrane. (Original magnifications: B, X 1200; C,
% 30,000; O, %< 100,000). ER rough surfaced endoplasmic reticulum; Mit, mitachondria; nf, neurofilament; nt, neurotubule; Nuc, nucleus; r,

free ribosome.
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Figure 6. Light and transmission electron micrographs of apopto-
tic motor neurons. A, Light microscopy showed central chroma-
tolysis {*) and apoptosis (arrow} of motor neurons after ventral
root compression for 3 weeks. The apoptotic neurons were re-
duced in size and chromatin condensation was seen in the nuclei.
Kiiiver-Barrera stain. Scale bars = 50 um. B, Ventral root com-
pression-induced degeneration of motor neuron is apoptosis. Elec-
tron microscopy revealed apoptosis characterized by condensa-
tion of the nuclei and chromatin condensation, and destruction of
the organelles in the cytoplasm. The cytoplasm contains numerous
small vacuoles, some of which are degenerating mitochondria.
(Qriginal magnification, x30,000).

a reactive change of neuronal perikarya to axonal injury.
The classic histologic features, namely, the peripheral mar-
gination of Nissl substance, nuclear displacement, and nu-
cleolar enlargement, are manifestations of the cell’s attempt
to regenerate the injured axon. Neurodegeneration follow-
ing axonotomy and target deprivation has been studied for
many years in animal models,***4~3¢ and the likely role of
neurotrophin deprivation in this neurodegeneration is well
recognized.>”~*! The dependence of these changes on the
type and location of the lesion indicates that the chromato-
lytic reaction is mediated by retrograde signals from the site
of injury.2*3542-%% This reaction reflects an alteration in
the arrangement and concentration of RNA-containing
material in the cell, leading to changes in protein synthesis
of importance for axonal regeneration. However, there
have been few studies into the effect of mechanical lumbar
nerve root compression on motor neuron in the ventral
horn.

Many researchers suggested that, in cells that are ex-
tremely active in protein synthesis, the nucleus may be elab-
orately convoluted and this is interpreted as a device for

increasing the surface area of the nucleus to meet the excep-
tional demand for interaction of nucleus and cyto-
plasm.?*37-4! The axotomized neurons react to provide
the increased metabolic activity needed for regeneration of
the axon and show the increased RNA and protein synthe-
sis.>* The irregular nuclear membrane and presence of nu-
merous nuclear pores may be associated with an increase in
RNA and protein synthesis induced by increased synthesis
of ribonucleoprotein and its subsequent transfer to the cy-
toplasm. In this study, there was an increase of nuclear
pores after nerve root compression for 1 week. A decrease
in the number of ribosomes attached to the endoplasmic
reticulum and an increase of free ribosomes were also ob-
served in these neurons due to fragmentation of the rough
endoplasmic reticulum making up the Nissl bodies. A de-
crease in the number of ribosomes attached to the endo-
plasmic reticulum and an increase of free ribosomes were
also observed in these neurons due to fragmentation of the
rough endoplasmic reticulum making up the Nissl bodies.
Ribosomes are ribonucleoproteins (RNP) that are made up
of RNA and protein. Free ribosomes produce proteins that
are constituents of the cell itself, while the rough endoplas-
mic reticulum synthesizes proteins.for export by secretion
and other means. It has been demonstrated that central
chromatolysis inhibits neurotransmitter synthesis and
other neuronal functions, but stimulates the metabolism of
structural proteins such as those of the cytoskeleton and the
synthesis of nerve growth factor that are required to main-
tain axonal integrity or for axonal regeneration, as well as
production of lipids for membrane (Figure 7). It seems
likely that sustained mechanical compression of the nerve
root could result in irreversible damage to the motor neu-
rons. The morphologic changes that we observed in lumbar
motor neurons after mechanical compression of the nerve
root therefore reflect the metabolic response to axonal de-
generation and regeneration. If the disturbance of axonal
flow caused by compression and the resulting central chro-
matolysis are mild, the neuron can recover fully after com-
pression is relieved. However, it seems likely that sustained
mechanical compression of the nerve root could result in
irreversible damage to the neurons of the ventral horn, such
as apoptosis. Chromatolysis does not necessarily fore-
shadow neuronal cell death after axotomy,*¢ although spe-
cific signals during chromatolysis may be required to initi-
ate apoptosis after axotomy. Chromatolysis following
axotomy can be blocked or delayed when RNA synthesis is
inhibited with actinomycin D,*” thereby implicating activa-
tion of gene transcription and protein synthesis in the mo-
lecular signaling for this structural response. In the context
of axotomy-induced neuronal apoptosis, this finding is im-
portant because some type of programmed cell death can be
prevented by inhibitors of RNA and protein synthesis.*°
Thus, a regenerative-degenerative response continuum may
exist after axotomy that begins as chromatolysis and
evolves into either repair and survival of neurons or apo-
ptosis of neurons (Figure 7C). Al-Abdulla et al°! described
that the retrograde degeneration of geniculocortical projec-
tion neurons that occurs after visual cortex ablation in the
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Spinal Cord
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Central Chromatolysis
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Figure 7. Functional changes of

motor neurons after nerve root
compression. A, Normal. B, Cen- C
tral chromatolysis. C, Cell death

(apoptosis).

adult brain is apoptosis, based on morphologic criteria.
They concluded the morphologic changes that occur during
this process progress from chromatolysis through consecu-
tive stages associated with apoptosis. Martin et al°? noted
that motor neuron death after sciatic nerve avulsion resem-
bles apoptosis. Nissl-stained sections of spinal cord were
used to construct a staging shame for the structural progres-
sion of motor neuron death. Over 14 days, neurons pass
through chromatolytic stages and then undergo apoptosis.
They described that mitochondria may participate in the
signaling of injured, chromatolytic motor neurons to enter
*apoptosis, possibly by releasing cytochrome ¢ or by gener-
ating excessive reactive oxygen species. An important con-
tribution of the present study is the discovery that nerve
root compression-induced, retrograde degeneration of mo-
tor neurons in the ventral horn structurally resembles apo-
ptosis. Apoptotic neuron had a shrunken perikaryon that
contained small vacuoles and numerous mitochondria
within a dense cytoplasmic matrix. We observed that this
retrograde neurodegeneration evolves from classic chroma-
tolysis to apoptosis over 21 days.

As clinicians, we often come across patients with
cauda equina and nerve root compression due to lumbar
disc herniation or lumbar canal stenosis who continue to
experience muscle atrophy and weakness long after sur-
gical decompression of the nerve root, particularly pa-
tients with a long history of weakness in the lower ex-
tremities before surgery. It is therefore important to be
aware that, in patients with mechanical nerve root com-
pression, dysfunction is not confined to degeneration at
the site of compression but also extends to the motor
neurons within the ventral horn as a result of the axon
reaction. Patients with a long history of weakness in the
lower extremities should therefore be fully informed of

Cell Death (Apoptosis)

Compression

U ST IO IO T I R

............ GG T T g U et
GO T N it SO N i
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the fact that these symptoms will not resolve immedi-
ately after surgery.
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B How Does the Ossification Area of the Posterior
Longitudinal Ligament Thicken Following

Cervical Laminoplasty?

Takeshi Hori, MD, Yoshiharu Kawaguchi, MD, and Tomoatsu Kimura, MD

Study Design. Retrospective case series.

Objective. To investigate the progression of the thick-
ness of the ossification area over time following cervical
laminoplasty.

Summary of Background Data. Cervical Iammoplasty
has become the standard technique for the treatment of
patients with myelopathy due to ossification of the pos-
terior longitudinal ligament {OPLL). However, OPLL is a
progressive disease, and an increase in the area of ossi-
fication following laminoplasty affects the surgical re-
sults. To date, complete analysis of the thickness of OPLL
progression has not been undertaken because changes in
the ossification thickness are minor compared with those
of the longitudinal axis.

Methods. Fifty-five patients who were available for
serial radiographs more than 5 years after cervical lamin-
oplasty were included. The extent of ossification thickness
was assessed using lateral radiographs of the cervical spine
and computer software The neurologic evaluation was’
graded using the Japanese Orthopedic Association score
(JOA score). The associations between the progression of
OPLL and the clinical and radiologic data were analyzed.
We also evaluated the.progression of the thickness of the
ossification area over time following surgery. .

Results. Twelve patients (21.8%). had progression in-
the OPLL thickness. Progression was marked in younger.
patients with the miked or continuous types of OPLL. C3
involvement was also common in the patients with the
OPLL progression. The progression of OPLL thickness
was not directly related to the score-based recovery rate.
The progression of OPLL was frequently observed at C2,
C3, and C4 levels. Progression in OPLL thickness was
detected in 42.1% of C2 ossifications, 13.3% of-C3, 11.9%
of C4, 4.1% of C5, 5.5% of C6, and 6.6% of C7. '

Conclusion. Young patients with continuous or: mlxed-
type OPLL and C3 involvement of ossification had a risk
for progression in OPLL thickness followmg surgery. As
the increased thickness of ossified lesions directly causes
the narrowing of the spinal canal, it is important to pay'
attention to these risk factors and the ‘increase in ossifi-
cation before and after cervical Iammoplasty in the surgl-
cal treatment of patients with OPLL
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Ossification of the posterior longitudinal ligament
(OPLL) is characterized by replacement of the ligamen-
tous tissue by ectopic new bone formation. OPLL has
been recognized as one of the causes of cervical myelop-
athy.! In our institute, en bloc cervical laminoplasty has
been indicated in most patients with cervical myelopathy
due to OPLL since 1981.7 Excellent results following
laminoplasty have been reported in the treatment of pa-
tients with OPLL.>* But OPLL is a progressive disease,
and it has been reported that an increased area of ossifi-
cation affects the surgical results in the long-term fol-
low-up after laminoplasty.** In the analysis of the pro-
gression of the OPLL longitudinal axis, it has been
confirmed that the progression of OPLL is common in
younger patients with continuous or mixed types of os-
sification.” The pattern of OPLL progression can be clas-
sified into 3 groups. Group 1, patients in their 40s with
continuous or mixed-type OPLL, an initial slow and then
rapid progression pattern; Group 2, patients aged-over
50 years old with continuous or mixed-type OPLL, an
initial rapid and then slow progression pattern; and
Group 3, patients with segmental-type OPLL and noor a
slight progression pattern. These findings are very impor-
tant for the management of patients with OPLL after
surgery. We especially have to pay a lot of attention for
the neurologic changes at the patients in Group 1 and
Group 2 with long-term follow-up after surgery because
they might have a risk of developing myelopathy due to
the progression of OPLL. However, to date, the progres-
sion in OPLL thickness has not been thoroughly ana-
lyzed, due to the more minor changes in ossification
thickness compared with those of the longitudinal axis.
The progression of the thickness of the ossified lesion is
more important as it directly leads to the narrowing of
the spinal canal.® The purpose of the present study was
to investigate the progression of the thickness of the os-
sification area over time following cervical laminoplasty.

m Materials and Methods

A total of 122 patients with OPLL underwent en bloc cervical
laminoplasty for the treatment of cervical myelopathy at our
hospital between 1981 and 1997. The details of the procedure
for cervical laminoplasty have been described in previous re-
ports.23 Radiographs of the cervical spine were taken every 3
months within 1 year after surgery, and then once a year there-
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Figure 1. A computer software,
which measures the progression
of OPLL (OPLL Draw Version 2J;
Array Corp., Tokyo). The tool was
developed for the measurement
of the longitudinal axis and the
sagittal thickness of the ossifica-
tion area in OPLL. Radiographic
and schematic drawing shows
the reference points and lines
drawn by the tool. The details of
this measurement method were
previously described by Chiba et
al®® An observer selects 2 infe-
rior corners of the axis body for
C2 and 4 corners of each verte-
bral body from C3-C7 by clicking
on the image displayed on a
computer screen with a mouse
pointer. The software automati-
cally draws reference points and
lines. P, posterior margin; U, up-
per end; W, lower end. Dotted
lines and lines with arrows indi-
cate the measurement of thick-
ness of the ossified lesion.

after. Fifty-five patients who had available serial radiographs of
more than § years were included in this study. There were 38
men and 17 women with an average age of 56.7 years old
(range, 42-75 years) at the time of the operation.
Radiographs of the cervical spine were taken before the
operation and at 6 months, 1 year, 3 years, 5 years, and 10
years after the operation in our institute. Lateral radiographs
were made with a constant distance from the tube to the film
and from the spine to the film. The radiographs were scanned
and preserved in a personal computer. The extent of ossifica-
tion thickness was assessed at each level of the cervical spine on
lateral radiographs using a software which measures the pro-
gression of OPLL (OPLL Draw Version 2]; Array Corp., To-
kyo, Japan) (Figure 1).”"? The alignment of the cervical spine
was also evaluated. The alignment was measured in the lateral
view in the neutral position as lordosis and kyphosis based on
the angle between the lines passing through the lower margin of
the C2 vertebral body and C6 or C7. The lordotic angle was
represented as a positive value and the kyphotic angle, a nega-
tive value. Ossification types were classified as continuous, seg-
mental, mixed, and localized types according to the criteria
proposed by the Investigation Committee on the Ossification of
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Spinal Ligaments of the Japanese Ministry of Public Health and
Welfare (Figure 2).%°

As previously described, the progression of OPLL in the
longitudinal axis was defined as an increased ossification of >2
mm at the point of final follow-up. Progression of OPLL in
thickness was also defined as an increased ossification of >2
mm at the final follow-up (the progression group). The follow-
ing items were compared between the progression group and
the nonprogression group: age of patients at the time of oper-
ation, sex, the type of OPLL, the progression of OPLL in lon-
gitudinal axis, the existence of barsony, which is the ossifica-
tion of ligamentum nuchae, the existence of ossification of the
anterior longitudinal ligament, the existence of ossification at
C3, alignment of the cervical spine, and the existence of over-
lapping OPLL at the same level.?

Neurologic function was graded according to the scale de-
vised by the Japanese Orthopedic Association {(JOA).!? The
rate of recovery was calculated with use of the following for-
mula: [postoperative score — preoperative score} X 100/{17
(score for full recovery) — preoperative score]. The JOA score
and score based rate of recovery were compared between the
progression group and the nonprogression group. Further-

Figure 2. Classification of ossifi-
cation of the posterior longitudi-
nal ligament by the Investigation
Committee on the Ossification of
the Spinal Ligaments, Japanese
Ministry of Public Health and
Welfare. A, Continuous type. B,
Segmental type. C, Mixed type.
D, Localized type.
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more, we assessed the correlation between the progression
width of OPLL in thickness and JOA score based rate of recov-
ery in progression group.

We also analyzed the progression in the thickness of ossifi-
cation after surgery. The change in the length of the progression
of the ossification area from before operation to 6 months after
operation, from 6 months to 1 year, from 1 year to 3 years,
from 3 years to 5 years, and from 5 years to 10 years was
measured. Then, we analyzed the speed of the OPLL thickness
progression per year.

Statistical Analysis. Statistical analyses were performed using
Stat View (SAS Inc., Cary, NC). Data were presented as the
mean value and the standard deviation. A t test was used for
statistical analysis of the difference between the age of the pro-
gression group and the age of the nonprogression group. The
same statistical method was used for analysis of the effect of
preoperative cervical alignment on the progression of OPLL
thickness. A y? test was used for analysis of the difference in the
progression of OPLL among the types of OPLL and the other
clinical features. A Pearson’s correlation coefficient was used
for analysis of the coefficient of correlation between the pro-
gression of OPLL in thickness and JOA score based rate of
recovery in progression group. A P value of <0.05 was consid-
ered to be significant.

B Results

The continuous type of ossification was observed in 13
patients, the segmental type in 17, the mixed type in 23,
and the localized type in 2 patients before surgery. At the
time of the final follow-up, the type of ossification had
changed from mixed to continuous in 9 patients, from
segmental to continuous in 1, and from segmental to
mixed in 1. Twelve (21.8%) of the 55 patients had pro-
gression in OPLL in thickness following laminoplasty
(Table 1). The average increase in thickness was 3.5 mm
(2-8.5 mm) in patients that progressed.

Comparison of the Clinical Features Between the

Groups With and Without the Progression of

Ossification Thickness
The average age of the patients with the progression of
OPLL thickness was 51.8 = 8.4 years (n = 12), whereas
the average age of the patients without thickness pro-
gression was 58.1 = 9.2 years (n = 43). The average age
of the progression group was significantly younger than
that of the nonprogression group (P = 0.04). Progression

Table 1. Comparison of the Preoperative OPLL Type
Between the Progression Group and the
Nonprogression Group

Progression Group Nonprogression Group

(N =12 (N = 43}
{preoperative) {preoperative)
Continuous 5 8
Segmental 0 23
Mixed 7 10
Localized 0 2
P = 0.0382.

Table 2. Comparison of the Clinical Features Between
the Progression Group and the Nonprogression Group

Progression Group Nonprogression

(N =12 Group (N =43) P
Age (yr) 51.8 + 84 58.07 = 9.2 0.04
Cervical alignment (°) 11.6 + 101 88+132 052
Sex (male/female) 10/2 28/15 0.20
Progression in longitudinal 12/0 2914 0.02

axis (*)

Barsony (+) 93 34/3 0.77
OALL {=) 5 200 0.97
Presence of C3 OPLL (*) 1mn 19/24 0.001
Overlapped OPLL {*+) 39 11/32 0.97
Recovery rate based on 60.5 * 33.9 61.9+362 09

JOA score (%)

was common in patients with the mixed or continuous
types, whereas it was never seen in those with the seg-
mental type. The difference was significant (P = 0.038).
The patients who showed the OPLL progression in the
longitudinal axis also had a risk factor for progression of
OPLL thickness (P = 0.02).

There was no consistent association between the pro-
gression of OPLL and sex, the existence of barsony,
which is the ossification in the ligamentum nuchae, the
existence of ossification of the anterior longitudinal lig-
ament, alignment of the cervical spine, and the existence
of overlapping OPLL. However, the OPLL progression
was marked in the patients with ossification at C3, com-
pared with the patients without ossification at that level
(P = 0.001) (Table 2). |

The JOA score improved rapidly within 1 year and
continued to improve for up to § years after surgery in
both the progression group and nonprogression group.
The mean score in progression group increased from 8.0
points before surgery to 13.0 points, and the recovery
rate was 60.5% at final follow up. The mean score in the
nonprogression group increased from 8.6 to 13.7, and
the recovery rate was 61.9%. The progression of OPLL
thickness was not directly related to the score based re-
covery rate (Table 2).

The coefficient of correlation between the progression
of OPLL in thickness and JOA score based rate of recov-
ery was also assessed in progression group. A Pearson’s
correlation coefficient was 0.063. Therefore, there was
no significant correlation between the progression of
OPLL and recovery rate.

Vertebral Level of Increased Ossification Thickness
Figure 3 shows the vertebral level of increased thickness
of OPLL in 12 patients. Progression in OPLL thickness
was detected in 22 vertebral levels. Eight cases revealed
the progression in C2,4 in C3, 5 in C4,2in C$5, 2 in C6,
and 1 in C7. Progression in OPLL thickness was detected
in42.1% at C2,13.3% at C3,11.9% at C4,4.1% at CS,
5.5% at C6, and 6.6% at C7. The progression of ossifi-
cation thickness was marked in C2, C3, and C4 levels.
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Figure 3. Vertebral level of increased ossification of OPLL thick-
ness. Black partitions show the vertebral levels of ossification,
which show an increased OPLL thickness. The gray partitions
indicate the vertebral levels of ossification, which did not increase
in thickness.

How Does the Thickness of the Ossification Area

Progress After Cervical Laminoplasty?
The progression of OPLL thickness was found in 2 pa-
tients at 6 months after surgery, 9 patients at 1 year, 15
patients at 3 years, and 22 patients at 5 years after lamin-
oplasty (Figure 4). The average increase was 1.0 = 1.3
mm at 1 year and 3.3 = 1.1 mm at § years after surgery.
The average progression ratio of the patients in their 40s
was 0.55 mm/yr (n = 11), whereas the average progres-
sion ratio of the patients aged over 50 was 0.6 mm/yr
(n = 11). There was no significant difference between the

average progression ratios and the age at surgery. How-.

ever, 1 patient (44 years old at operation) showed 8.5
mm of the OPLL thickness progression at C2 10 years
after surgery. Fortunately, she did not have any clinical
symptoms as a result of the progression. On the other
hand, the OPLL progression stopped by 3 years after
surgery in 2 patients more than 65 years of age.

" Nlustrative Cases

Case 1.This 48-year-old man with mixed-type OPLL
had progressive myelopathy (Figure 5A). The patient un-

derwent C3-C7 laminoplasty. The OPLL thickness at
C3-C4 had increased by 3 mm from the operation to 5
years after the operation (Figure 5B). Then, the progres-
sion of ossification thickness continued until 11 years
after the operation (Figure 5C).

® Discussion

As for the evaluation of OPLL progression, our method
using a lateral radiograph of the cervical spine and com-
puter-assisted software to measure OPLL has been con-
firmed in several studies.””"'? To date, we regard this
method to be the best means of measurement of the
OPLL progression because the method is very simple and
precise. Intraobserver and interobserver reliability was
reported to be high in a multicenter study.”

In the current study, progression of OPLL thickness
was found in 21% of the patients with a greater than
5-year follow-up after cervical laminoplasty. The aver-
age increase of ossification thickness was 3.5 mm. Such
an increase in the ossified lesion area directly affects the
narrowing of the spinal canal. Thus, the patients with
OPLL thickness progression have a risk of relapse of
spinal canal narrowing. This study showed that the
young patients with continuous or mixed type and C3
involvement of ossification frequently showed OPLL
thickness progression after surgery. This is in agreement
with the result of the risk factor for OPLL progression in
the longitudinal axis.” Therefore, we must pay attention
to these preoperative characteristics of ossification with
respect to the ossification progression of both the thick-
ness and longitudinal axis in the long-term follow-up
after laminoplasty. In contrast, OPLL thickness progres-
sion was never seen in the patients with the segmental
type of OPLL. Our previous study also revealed that
the segmental type of OPLL rarely had progression in the
longitudinal axis.” These facts might indicate that the
pathology of ossification is different between the segmen-
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Figure 5. This 48-year-old man
with mixed-type OPLL had pro-
gressive myelopathy (A). The pa-
tient underwent C3-C7 lamin-
oplasty. The progression of OPLL
thickness had increased by 3 mm
during the time from the operation
to 5 years after the operation (B).
Then, the progression in thickness
continued to 11 years after the op-
eration (C). White arrows indicate
the ossified lesions on radiograph.
Dotted lines and lines with arrows
show the measurement of the
thickness of the ossified lesions.

tal type and the other types (mixed and the continuous
types).

The current study revealed that the progression of
ossification thickness was marked at the upper cervical
levels rather than at the lower levels. The incidence of the
progression was frequent at C2, C3, and C4. The pro-
gression of OPLL in the longitudinal axis was also re-
. markable toward the cranial portion. In contrast, a pre-
vious study suggested that ossification of OPLL was
most frequently observed at CS and C4.°> These facts
might indicate that OPLL develops at C5 or C4 in the
initial stage and then the ossification area later spreads in
both thickness and longitudinal axis at the upper cervical
levels. The speed of the progression of ossification thick-
ness in patients in their 40s was the same as that of the
patients over 50 years old. However, the OPLL progres-
sion stopped in the patients over 65 years old. Our pre-
vious study showed that the speed of the progression of
ossification thickness was faster in the patients in their
40s, whereas that of the patients over 60 years old was
slow.” These facts suggest that the OPLL ossification
progression weakens in older patients.

In the current study, we analyzed the progression of
OPLL in patients who had en bloc laminoplasty. Our
previous study revealed that 3 (7%) of 45 patients had
neurologic deterioration due to the progression of OPLL
after cervical laminoplasty.® It has also been reported
that 2% to 35% of the patients had neurologic deterio-
ration due to an increase in the thickness of OPLL fol-
lowing laminoplasty.*141¢ The cervical laminoplasty
procedure has several merits such as expanding the spi-
nal canal, securing spinal stability, and sparing the pro-
tective function of the spinal cord, compared with that of
laminectomy.® Laminoplasty is now a standard tech-
nique for the treatment of patients with cervical com-
pressive myelopathy. However, preserved laminae might
become a compressive factor by the progression of OPLL
in the long-term after laminoplasty.

The results of the current study showed no significant
difference in the JOA score based recovery rate at final
follow-up between the progression group and nonpro-
gression group. In the same way, there was no significant
correlation between the progression of OPLL and recov-

Pre operation

Post op. S year
3mm

Post op. 11 year
Smm

ery rate in the progression group. These results indicate
that the progression of OPLL thickness is not related to
the deterioration in neurologic function. Matsunaga et al
reported that the risk factors associated with the evolu-
tion of myelopathy include greater than 60% OPLL-
induced stenotic compromise of the cervical canal and
increased range of motion of the cervical spine. In the
current study, the average increase in OPLL thickness
was 3.5 mm. Therefore, if once the enlargement of spinal
canal was performed by cervical laminoplasty, the occu-
pation ratio of the OPLL rarely exceeds 60% of spinal
canal. This is one reason that the progression of OPLL
thickness was not directly related to the deterioration in
neurologic function.

However, some patients developed a neurologic deteri-
oration in both the progression and nonprogression
groups. In our current study, we assessed the cervical align-
ment but did not check the range of motion of cervical
spine. As Matsunaga et al'” stated, the dynamic factor of
cervical spine might be important for the development of
neurologic deterioration after cervical laminoplasty.

® Conclusion

A total of 21.8% of the patients had progression of
OPLL thickness after cervical laminoplasty in the long-
term follow-up. The progression of OPLL was marked in
C2, C3, and C4. The young patients with continuous or
mixed-type OPLL and C3 involvement of ossification
were at risk for progression of OPLL thickness after sur-
gery. The progression of OPLL thickness was rarely re-
lated to the deterioration in neurologic function. It is
important to pay a lot of attention to the complaints of
patients, and not to overlook the sign of the neurologic
deterioration.

. Kei ‘Point'é

e The progressxon of the thickness -of the ossified
-lesion was analyzed usinig a computer ‘software.
" Atotal of 21.8% of the patients had. progressxon

of OPLL thickness after cerv1cal lammoplasty in
the long-term follow-up. :
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e The young patients with continuous or mixed-
type OPLL and C3 involvement of ossification
were at risk for progres'sion of OPLL thickness af-
ter surgery.

e The progression of OPLL was marked in C2, C3,
and C4 levels.
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