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LC3-11, lipidated). LC3-1I is closely associated with the pre-
autophagosomal and autophagosomal membrane.?**! Many
studies have used LC3 to investigate the activity of autophagy
in various disease models.!>!” Previous research demonstrated
that the expression of LC3 increased at lesion sites after trau-
matic brain injury and cerebral ischemia.'®**-*” These studies
suggested that the autophagic activity was increased in dam-
aged neural tissue of brain.

In many previous studies, an anatomic analysis using elec-
tron microscopy has been used to determine the activity of
autophagy.’®!” The anatomic formation of autophagic vacu-
oles is morphologic evidence of autophagy.?®*' Recent stud-
ies have demonstrated an increased formation of autophagic
vacuoles to be observed in lesions of ischemic and traumatic
brain injury.?2***” However, there has so far been no study
that investigated the anatomic formation of autophagic vacu-
oles in the lesion after spinal cord injury (SCI).

To date, previous studies have mainly focused on apop-
totic process but not autophagic activity as mechanism of
neural tissue damage after SCI. Only our previous study dem-
onstrated that a promoter of autophagy, Beclin 1, increased
in the injured spinal cord.?® However, recent studies clarified
that the autophagic activity is regulated by not only Beclin 1
but also other molecular factors including mTOR, Bcl-family,
DRAM, p53, and NF-«xB. The activity of autophagy is
suppressed by mTOR, Bcl-family, p53, and NF-«B.1>?’ The
Beclin 1 expression does not directly indicate the induction
of autophagy. Therefore, it is necessary to investigate the
changes in the LC3 expression and the anatomic formation
of autophagic vacuoles to provide the evidence of autophagy
activation in the damaged neural tissue after SCIL.

This study investigated the activation of autophagy after
SCI, using a spinal cord hemisection model in mice. The
changes in L.C3 protein expression were examined by immu-
nohistochemistry and Western blot analysis. In addition, elec-
tron microscopic analysis was performed to examine the ana-
tomic formation of autophagy and autophagic cell death in
the injured spinal cord.

MATERIALS AND METHODS

Animals and Surgical Procedures

All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Tohoku University.
A total of 40 adult female C57BL/6] mice (10-12 weeks old;
Charles River, Japan Inc., Yokohama, Japan) were used in this
study. Three or five animals were used in each experimental
group at each time point. The mice were anesthetized with
1.25% halothane in an oxygen/nitrous oxide (30/70%) gas
mixture. During surgery, the rectal temperature was moni-
tored and maintained at 37.0 = 0.5°C by a heating pad. The
skin above the thoracic vertebrae was shaved and cleaned
in an antiseptic manner. A 15-mm midline skin incision was
made. The laminae of T9-T11 were exposed. A laminectomy
was performed at T10, and the dura mater was exposed. The
spinal cord was hemitransected with a sharp scalpel on the
right side only.?®3%3! The muscles and skin were closed in
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layers. No active motion of the hindlimb on the injured side
was observed in any of the animals after hemisection. In addi-
tion, no obvious recovery of the hindlimb motion occurred
during this study. The mice with a compromised bladder func-
tion (a rare complication) were treated with manual bladder
expression twice a day until reflex bladder emptying was
established. The sham-operated animals received the same
surgical procedures, but no hemisection was applied to the
spinal cord.

Tissue Preparation

At different time points (4 hours, 24 hours, 3 days, 7 days,
and 21 days) after a hemisection and immediately after the
sham operation, the mice were overdosed by an intraperito-
neal injection of 100 mg/kg sodium pentobarbital. The mice
were transcardially perfused with normal saline, followed
by 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS), pH 7.4. For immunohistochemical staining,
the spinal cord segments (8 mm in length) centered at the
injured site were collected, postfixed in the same fixative
overnight at 4°C, and embedded in paraffin. Serial 7-pm
transverse and horizontal sections around the injured site
were mounted on slides. A total of 13 sequential transverse
sections at 250-um intervals were collected, spanning a
3000-pm length in the spinal cord centered at the epicenter.
The sections were used for immunohistochemical staining
as described later.

Immunohistochemical Staining of LC3
Immunohistochemical staining of LC3 was performed using
the sections at each observation point to investigate altera-
tions of the expression of LC3 in the spinal cord after hemi-
section. The sections were deparaffinized and rehydrated and
then were washed in PBS for 10 minutes, followed by washing
with PBS containing 0.3% Tween for 10 minutes, and blocked
with 3% milk and 5% fetal bovine serum in 0.01 M PBS for 2
hours. The sections were incubated with rabbit anti-LC3 anti-
bodies (1:100; Marine Biological Laboratory, Woods Hole,
MA) diluted in PBS overnight at 4°C. After rinsing with PBS,
the sections were incubated with goat anti-rabbit IgG Alexa
Fluor 594 secondary antibody (1:500; Molecular Probes,
Eugene, OR) for 1 hour at room temperature. The sections
were mounted with Vectashield containing DAPI to label the
nuclei (Vector Laboratories, Youngstown, OH).

Counting and Calculation of LC3-Positive Cells

Each transverse section was scanned using a laser microscope
(BX 51; Olympus, Tokyo, Japan) after the immunochemical
staining of LC3. The LC3-positive cells, which were defined
as the cells displaying punctate LC3 fluorescence dots,!s!
were counted in the injured and the contralateral sides of the
spinal cord in the transverse sections. A total of 13 sequential
transverse sections at 250-wm intervals were collected, span-
ning a 3000-pm length in the spinal cord centered at the epi-
center. The LC3-positive cells were counted in each section.
The section with the maximum number of LC3-positive cells
in the injured side and 250-um rostral and caudal sections
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were chosen for each animal. The sum of the numbers in the
three sections was compared between the injured side, the
contralateral side, and the sham group.

Western Blot Analysis of LC3

The mice were killed at 3 days after spinal cord hemisec-
tion and after sham operation, and their spinal cords were
removed. The spinal cords were homogenized in lysis buf-
fer containing 50 mmol/L Tris HCI (pH 7.6), 20 mmol/L
MgCl2, 150 mmol/L NaCl, 0.5% Triton-X, 5 U/mL apro-
tenin, 5 g/mlL leupeptin, 5 g/mL pepstatin, 1 mmol/L benza-
midine, and 1 mmol/L. phenylmethylsulfonyl fluoride. The
debris was removed by centrifugation, and the protein levels
in the lysates were determined with the aid of the Bio-Rad
protein assay (Bio-Rad Laboratories, GmbH, Munich, Ger-
many). The protein (50 g) in the lysates was separated by
SDS—polyacrylamide gel electrophoresis in 15% gels and then
electrophoretically transferred to a polyvinylidene difluoride
membrane. The membranes were blocked for 1 hour in tris-
buffered saline with Tween (0.01 M Tris HCl, pH 7.5; 0.15 M
NaCl; and 0.05% Tween 20) containing 3% milk, and incu-
bated with rabbit anti-LC3 antibody (1:500; Marine Biologi-
cal Laboratories) diluted in tris-buffered saline with Tween
buffer overnight at 4°C. The membranes were washed three
times and incubated with secondary antibody linked to horse-
radish peroxidase (1:1000; Invitrogen, Carlsbad, CA) for 1
hour at room temperature. The immunoreactive bands were
developed using the enhanced chemiluminescence reagent
(Amersham Corp., Van Nuys, CA) and digitalized by LAS-
1000 Pro (FUJIFILM, Tokyo, Japan). The band densities of
LC3-II were quantified using a scanned densitometric analysis
and the Image J 1.37v software program (National Institutes
of Health, Maryland, MD). The quantities of the band densi-
ties were normalized by B-tubulin, and thereafter, those quan-
tities were compared between the injured side and the sham
control.

Double Staining for LC3 and Various

Cell-Type Markers

To examine the expression of LC3 in a specific population of
cells, the transverse sections obtained at 3 days after hemisec-
tion were double-stained for LC3 and various cell-type mark-
ers: NeuN for neurons, GFAP for astrocytes, and Olig2 for
oligodendrocytes. The sections were incubated with a mix-
ture of rabbit anti-LC3 antibody (1:100; Marine Biological
Laboratories), and goat anti-Olig2 (1:100; Santa Cruz Bio-
technology, Santa Cruz, CA), mouse anti-GFAP (1:50; Dako,
Carpinteria, CA), or mouse anti-NeuN antibodies (1:100;
Chemicon International, Temecula, CA) diluted in PBS over-
night at 4°C. After rinsing with PBS, the sections were incu-
bated with a mixture of goat anti-rabbit IgG Alexa Fluor 594
antibody (1:500; Molecular Probes), and either donkey anti-
goat IgG Alexa Fluor 488 (1:500; Molecular Probes) or goat
anti-mouse IgG Alexa Fluor 488 antibodies (1:500; Molecu-
lar Probes) for 1 hour at room temperature. The sections were
mounted with Vectashield containing DAPI to label the nuclei
(Vector Laboratories).

Spine

Electron Microscopy

At 3 days after performing the hemisection, the mice were
overdosed by an intraperitoneal injection of 100 mg/kg
sodium pentobarbital. The mice were transcardially per-
fused with normal saline, followed by 2% paraformaldehyde
and 2.5% glutaraldehyde in cacodylate buffer. For electron
microscopic analyses, the spinal cord segments containing the
injured site were removed and postfixed in the same fixative
overnight at 4°C. The spinal cords were then cut with a sharp
razor blade and serial 1 mm-transverse slices around the
injured site were obtained. These tissue slices were postfixed
in 1% osmium tetroxide for 1 hour at 4°C, rinsed in PBS,
dehydrated in a graded series of alcohol and propylene oxide,
and embedded in Epon.

Blocks showing a predominantly transverse orientation
of the injured spinal cords were selected from toluidine-blue-
stained thick sections. Ultrathin (70 nm) sections were pre-
pared on an ultramicrotome (Ultracut R, Leica, Heerbrugg,
Switzerland) with a diamond knife and then were stained
with uranyl acetate and lead citrate and viewed using an elec-
tron microscope (JEM-1010, JOEL, Tokyo, Japan).

Double Staining of LC3 and Transferase-Mediated
dUTP Nick End Labeling

To identify DNA fragmentation in the cells expressing LC3,
double staining of LC3 and the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) was
performed. Double staining was applied to the transverse sec-
tions at 3 days after hemisection, using the In Situ Cell Death
Detection Kit (Roche Diagnostics, Indianapolis, IN). After
immunohistochemical staining of LC3 as described earlier, the
sections were washed three times in PBS. The sections were
incubated in permeabilization solution (0.1% sodium citrate
and 0.1% Triton X-100) for 5 minutes at room temperature
and then in the TUNEL solution containing FITC-dUTP for
30 minutes at 37°C. Finally, the sections were washed in PBS
and mounted for the analysis.

STATISTICAL ANALYSIS

Significant differences in the number of LC3-positive cells and
in the band densities of a Western blot were analyzed using
the unpaired ¢ test. In all analyses, a P value of less than 0.05
was considered to be statistically significant.

RESULTS

Immunohistochemical Staining of LC3

Immunohistochemical staining showed that cells express-
ing LC3 were increased on the injured side in comparison to
the contralateral side at 3 days after hemisection. The cells
expressing LC3 were observed in both the gray matter and the
white matter of the injured side. However, cells on the injured
side did not entirely express LC3. The increase in the number
of cells expressing LC3 was mainly observed within 100 pm
of the rostral and caudal areas from the lesion center. In addi-
tion, the cells expressing LC3 slightly increased within 200
wm of the rostral and caudal areas. On the contralateral side,
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Figure 1. Immunohistochemical staining of LC3 (red) and DAPI (blue)
in transverse and horizontal sections at 3 days after hemisection (B,
D, E, F) and sham operation (A, C). The cells expressing LC3 were
increased on the injured side (R) in comparison to the contralateral
side (L) in the transverse (B) and horizontal (D) sections at 3 days after
hemisection. In higher magnification, the cell expressing LC3 on the
injured side displayed bright, punctate LC3 dots that were located in
the cytoplasm (arrows in F). The cells not expressing LC3 on the contra-
lateral side (E). Scale bars = 200 pm (A-D); 10 pm (E, F).

the number of cells expressing LC3 was obviously low and
similar to that in the sham group (Figures 1A-D). A higher
magnification on the injured side revealed the cells expressing
LC3 to display bright, punctate LC3 dots that were located in
the cytoplasm (Figure 1E, F). The number of cells expressing
LC3 on the injured side was increased at each time point in
comparison to the sham group. The population of these cells
was relatively higher at 24 hours, 3 days, and 7 days than at
the other time points (Figure 2).

Counting and Calculation of the LC3-Positive Cells

The number of LC3-positive cells on the injured side was
significantly higher than those on the contralateral side at 3
days (P = 0.015). The increase of the LC3-positive cells com-
menced at 4 hours and lasted for at least 21 days. The maxi-
mum number of LC3-positive cells on the injured side was
observed at 3 days, and it thereafter decreased at 7 days after
hemisection (Figure 3).

Western Blot Analysis of LC3
The level of LC3-II protein was significantly higher in the
injured side than in the sham control (Figure 4A). In the anal-
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Figure 2. Immunohistochemical staining of LC3 on the injured side in
transverse sections at different time points. The LC3-positive cells were
increased at each time point (D-R) in comparison to the sham group
(A-C). The population of the LC3-positive cells was relatively higher at
24 hours, 3 days, and 7 days (H, K, N) than at the other time points.
Scale bar = 100 wm. The schematic drawing illustrates the location of
the micrographs (S).

ysis of the band density, the level of LC3-1I expression was 3.4
+ 0.2-fold higher in the injured side than in the sham control
(P = 0.012; Figure 4B).

Double Staining of LC3 and Various Cell-Type Markers
Double staining of LC3 and various cell type markers revealed
that the LC3-positive cells were observed in NeuN, GFAP,
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Figure 3. LC3-positive cells counted in the injured and the contralat-
eral sides at different time points. The number of LC3-positive cells on
the injured side (R) was significantly higher than those on the contra-
lateral side (L) at 3 days (P = 0.015). At all time points, the number
of LC3-positive cells on the injured side was higher than those on the
contralateral side. The maximum number of LC3-positive cells in the
injured side was observed at 3 days, and it decreased after 7 days. The
values are mean = SD. (*P < 0.05, n = 3 per each group).

and Olig2 labeled cells on the injured side in the transverse
sections at 3 days after hemisection (Figure 5). However, these
cells were not entirely LC3 positive.

Electron Microscopic Analysis

The electron microscopic analysis at 3 days after the hemisec-
tion demonstrated that the cells in contralateral side possessed
bright normal nuclei, endoplasmic reticulum, Golgi apparatus,
and mitochondria, which seemed not to be damaged. The for-
mation of autophagic vacuoles was not seen in cells on the
contralateral side (Figures 6A-D). In contrast, the damaged
cells displayed the near-complete lysis of the organelles in the
cytoplasm on the injured side. The formations of numerous
autophagic vacuoles including autophagosome with double-
membrane structures and multilamellar bodies were observed
in the damaged cells on the injured side (Figures 6E-N). A
higher magnification showed that the autophagosomes were
containing membranous structures and parts of the cytoplasm
(Figures 61-N).
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Figure 4. The expression of LC3-Il protein in the injured side after
hemisection and sham operation in Western blot (A, B). (A) The expres-
sion of LC3-Il obviously increased in the injured side. (B) A quantita-
tive analysis of Western blots showed that the levels of LC3-Il protein
on the injured side were significantly higher than that in the sham
group (P = 0.012). The quantities of the band densities were normal-
ized by B-tubulin. The values are mean = SD (*P < 0.05, n = 5 per
each group).
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Figure 5. Double staining of LC3 (red) and cell type makers (green) on
the injured side in transverse section at 3 days after hemisection (A-1).
The LC3-positive cells were observed in the NeuN, GFAP, and Olig2-
labeled cells (arrowheads in C, F, I). Scale bar = 20 pum. The schematic
drawing illustrates the location of the micrographs ().

Double Staining of LC3 and TUNEL

Double staining of LC3 and TUNEL at 3 days after hemisec-
tion showed that the number of TUNEL-positive cells as well
as LC3-positive cells on the injured side obviously increased
(Figures 7A—C). However, the TUNEL-positive cells were not
all LC3 positive. In addition, the LC3-positive cells were not
all TUNEL positive. Higher magnification revealed that the
nuclei of the TUNEL-positive cells that were not LC3 posi-
tive were shrunken or fragmented, typical of apoptotic nuclei
(Figures 7D-F). On the contrary, the nuclei of the TUNEL-
positive cells that were found to be LC3 positive were round,
as in autophagic cell death, and they were neither shrunken nor
fragmented.

DISCUSSION

In this study, the number of the LC3-positive cells significantly
increased at the lesion site after hemisection. An increase in the
number of LC3-positive cells at the injured site was observed
from 4 hours, peaked at 3 days, and then lasted for at least
21 days after injury. The LC3-positive cells were observed in
neurons, astrocytes, and oligodendrocytes. A Western blot
analysis demonstrated the level of LC3-II protein expression
to significantly increase in the injured spinal cord. Under elec-
tron microscopy, the formation of autophagic vacuoles was
obviously increased in the damaged cells. In addition, the
nuclei in the TUNEL-positive cells showed that LC3 positive
were round, which is consistent with autophagic cell death,
and they were neither shrunken nor fragmented as observed
E1431
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Figure 6. Electron micrographs of the neurons on the contralateral side
(A-D) and the injured side (E-N) at 3 days after hemisection. The neu-
ron in the contralateral side possessed a normal bright nucleus (nc) (A,
B), mitochondrion (arrowhead in C), endoplasmic reticulum (arrow-
head in D), which seemed not to be damaged. Autophagic vacuoles
were not seen in cells on the contralateral side (B). In contrast, the
damaged neuron on the injured side showed condensation of both
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Figure 7. Double staining of LC3 (red) and TUNEL (green) on the in-
jured side in transverse section at 3 days after hemisection (A-F). The
LC3-positive cells were observed in TUNEL-positive cells. The nuclei in
the TUNEL-positive cells showed that LC3 positive were round, which
is consistent with autophagic cell death (arrowheads), and they were
neither shrunken nor fragmented as is observed in apoptotic nuclei
(arrows). Scale bars = 100 um (upper panel) and 20 um (lower panel).
The schematic drawing illustrates the location of the micrographs (G).

in apoptotic nuclei. These results revealed both biochemically
and anatomically that autophagy was clearly activated and
autophagic cell death was induced in the damaged neural tis-
sue after SCL

An analysis of LC3 protein expression is the most used
method to investigate the activity of autophagy.’®*' The
expression of LC3 increases at lesion sites after traumatic
brain injury and cerebral ischemia.'®?>*%” These reports sug-
gest that the autophagic activity increases in response to the
neural tissue damage of brain. In this study, the immunohis-
tochemical analysis showed that the number of LC3-positive
cells significantly increased in the damaged neural tissue after
SCI. Previous studies showed that the punctate LC3 dots in
cytoplasm normally represent the LC3-II distribution located
in autophagosomal membrane.’® In our results, the LC3-
positive cells in the injured spinal cord displayed numerous
bright, punctate LC3 dots in cytoplasm. In addition, a West-
ern blot analysis demonstrated that the level of LC3-II protein
was significantly higher in the injured spinal cord than in the
normal spinal cord. These results showed that the activity of

the nucleus (nc) and cytoplasm (E-H). The formations of numerous au-
tophagic vacuoles, including autophagosome with double-membrane
structures and multilamellar bodies, were observed in the damaged
cells on the injured side (F-N). A higher magnification of autophago-
somes (arrows in 1, K, M). The autophagosomes contained membra-
nous structures and parts of the cytoplasm. A higher magnification of
multilamellar bodies (arrowheads in 1, J, L, N). Scale bars = 5 pum (A,
E, G); 1 um (B, F, H); and 250 nm (C, D, I-N).
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autophagy clearly increases at the lesion site after SCI as well
as traumatic brain injury and cerebral ischemia.

Previous studies demonstrated the increased formation
of autophagic vacuoles in many disease models using elec-
tron microscopy.’!” The formation of autophagic vacuoles
increased in the damaged neural tissue after cerebral isch-
emia and traumatic brain injury.?>*** These reports pro-
vided the morphologic evidence of the activation of autoph-
agy in response to the neural tissue damage of brain. This
study showed that the formation of autophagic vacuoles also
increased in the damaged cells of the injured spinal cord. The
current results anatomically demonstrated that autophagy
was activated after SCI.

According to previous studies, at least three different types
of cell death (necrosis, apoptosis, and autophagic cell death)
are considered to participate in neural tissue damage.'®*
Necrosis is morphologically characterized by swelling of the
organelles and the cytoplasm, followed by the collapse of the
plasma membrane and lysis of the cells.*3* Apoptosis is char-
acterized by cellular shrinkage with condensation of the cyto-
plasm, sharply delineated of chromatin masses lying against
the nuclear membrane, nuclear fragmentation, and the subse-
quent formation of membrane-confined apoptotic bodies. In
addition, apoptosis is generally detected by using biochemical
parameters, such as caspase activation, cytochrome c release,
oligonucleosomal DNA fragmentation, and phosphatidylser-
ine.**** Autophagic cell death is morphologically distinct from
apoptotic cell death. The increased formation of autophagic
vacuoles is observed in autophagic cell death, but autopha-
gic vaculoes are not induced in apoptosis.!> The nucleus is
shrunken and fragmented in apoptosis, but in autophagic cell
death the nucleus does not change.!'¢32 Previous studies have
shown that autophagic cell death is induced in the damaged
neural tissue after brain trauma and cerebral ischemia.?>%
However, previous studies have focused on apoptotic process
but not autophagic activity as mechanism of neural tissue
damage after SCIL. This study demonstrated that the forma-
tion of autophagic vacuoles obviously increased in damaged
cells of the injured spinal cord under electron microscopy.
Furthermore, most-of the nuclei in the TUNEL-positive cells
expressed LC3 were round, which is consistent with autopha-
gic cell death, and they were neither shrunken nor fragmented
as is observed in apoptotic nuclei. Therefore, on the basis of
the anatomic formation of autophagic vacuoles, the increased
expression of LC3 and the morphology of the nuclei in dam-
aged cells, autophagic cell death should be induced in the
lesion site after SCI.

Autophagy also affects the mechanism of apoptosis as
well as autophagic cell death. The biochemical mechanisms
of crosstalk between apoptosis and autophagy have been
previously described.®***¢ Many recent studies have shown
that autophagy and apoptosis share common regulatory ele-
ments including Bcl-2, DRAM, p53, and NF«B.'»¥ Previous
research has demonstrated Beclin 1 to interact with Bcl-2,
which is known as an antiapoptotic protein and contributes
to the mechanism of apoptosis. In our previous study, the
Beclin 1 expression was upregulated after SCL.2% In addition,
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the time course of the Beclin 1 expression was quite similar
to that of apoptosis after SCL3"-*° Furthermore, in this study,
the LC3 expression was observed from 4 hours, peaked at 3
days, and continued to be observed for 21 days after SCI. The
time course of the LC3 expression was also similar to that of
both apoptosis and Beclin 1 expressin.?37-3 Therefore, these
results suggested that autophagy could affect apoptotic pro-
cess via Beclin 1 after SCI.

Previous studies showed that the autophagic activity
increased in neurons after brain injury** and in astrocytes
after oxidative injury.* The activation of autophagy is associ-
ated with demyelination in peripheral nerves in an experimen-
tal model of neuropathy in the rat.*! These results suggested
that autophagy contributed to the death of various cells and
removed the damaged cells in response to the neural tissue
injury. In this study, the expression of LC3 increased in neu-
rons, astrocytes, and oligodendrocytes in the injured spinal
cord. Therefore, the activity of autophagy increased in these
cells and may contribute to the mechanism of neural cell loss
after SCL

Autophagy can be involved in not only cell death but also
the cytoprotection.® Previous studies showed that autophagic
cell death was induced in damaged neural tissue in focal cere-
bral ischemia and in closed head injury.!®3? On the contrary,
enhancing autophagy induced neuroprotection in traumatic
brain injury and in neonatal brain hypoxia-ischemia induced
injury.6* This study revealed activation of autophagy and
induction of autophagic cell death in the damaged neural tis-
sue after SCI. However, whether the function of autophagy is
protective or detrimental for neural tissue in SCI remains to
be elucidated. Future studies are expected to further elucidate
the molecular and biochemical mechanisms of autophagy in
neural tissue damage after SCL

CONCLUSION

The expression of LC3, a characteristic marker of autoph-
agy, was significantly increased in the damaged neural tissue
after SCL In addition, the anatomic formation of autophagic
vacuoles was obviously increased in the damaged cells. Fur-
thermore, the nuclei in the TUNEL-positive cells showed that
LC3 positive were round, which is consistent with autophagic
cell death, and they were neither shrunken nor fragmented as
observed in apoptotic nuclei. Thus, this study suggested both
biochemically and anatomically that autophagy was clearly
activated and autophagic cell death was induced at the lesion
site in response to SCIL.

> Key Pomts -

EI The expressmn of LC3, a charactenstlc marker of au-
- tophagy; was sngnlﬁcantly lncreased in the damaged
neural tissue afterSCI. ‘ ~ ,

CI The anatomic formatlon of autophaglc vacuoles was
‘obviously increased in the damaged cells. The nucleiin -
~ the TUNEL-positive cells that showed LC3 positive were
round, which is consistent thh autophaglc cell death.
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anatomically that autophagy was clearly activated
~and autophagic cell death was induced at the lesion
site after SCI. - :
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Abstract No previous studies have reported 10-year
follow-up results for double-door laminoplasty using
hydroxyapatite (HA) spacers. The purpose of this study
was therefore to explore the long-term results of double-
door laminoplasty using HA spacers and to determine if
non-union or breakage of HA spacers is related to reste-
nosis of the enlarged cervical canal. The study group
consisted of 68 patients with a minimum of 10 years of
follow-up after double-door laminoplasty using HA spac-
ers. The average postoperative Japanese Orthopaedic
Association score improved significantly after surgery and
was maintained until the final follow-up. The average range
of motion decreased by 42.6% in patients with cervical
spondylotic myelopathy (CSM) and 65.8% in patients with
ossification of the posterior longitudinal ligament (OPLL).
The enlarged cervical canal area was preserved almost until
the final follow-up. The average non-union rates of HA
spacers were 21% in CSM and 17% in OPLL, and the
average breakage rates were 24 in CSM and 21% in OPLL
at the final follow-up. Although non-union and breakage of
HA spacers were common, neither of these factors were
correlated with restenosis of the enlarged cervical canal.
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Introduction

Laminoplasty is a standard surgical option for the treatment
of cervical myelopathy caused by multi-segmental cervical
canal stenosis. Expansive open-door laminoplasty [1] and
double-door laminoplasty [2] are two basic techniques used
to enlarge a stenotic cervical canal, while preserving the
posterior elements of the spine. Modifications of the vari-
ous surgical techniques have included the use of
hydroxyapatite (HA) spacers [3] or miniplates [4], the
performance of an osteotomy using a thread-wire saw [5],
and preservation of the muscular attachments to the spi-
nous processes [6, 7]. The use of HA spacers instead of
autologous bone grafts was developed to decrease the
operative time and reduce blood loss and donor site mor-
bidity [3].

There have only been a few long-term follow-up reports
of open-door [1, 8, 9] and double-door laminoplasty [2],
and these have focused on the use of autologous bone
grafts [2, 9] or simple sutures [1, 8] to maintain an enlarged
spinal canal; little is known regarding the long-term results
of laminoplasty using HA spacers. In this study, we
investigated the long-term outcomes over a 10-year follow-
up period after double-door laminoplasty using HA spac-
ers. We also investigated if non-union or breakage of the
spacers was related to restenosis of the enlarged cervical
canal.

Materials and methods

A total of 136 consecutive patients with compressive cer-
vical myelopathy underwent double-door laminoplasty
using HA spinous process spacers between 1995 and 1999.
Of these 136 patients, 19 died of causes unrelated to
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Table 1 Patient data

CSM OPLL

No. of patients 39 29
Male/female 24/15 21/8
Average age (years) 54.4 (35-77) 56.2 (35-71)
Average follow-up period (years) 12.4 (10-14) 12.7 (10-14)
Surgical levels

C2-C7 23 22

C3-C7 11 1

C2-T1 5 4

C3-T1 0 2

CSM cervical spondylotic myelopathy, OPLL ossification of the
posterior longitudinal ligament

cervical disease, 41 patients were lost to follow-up before
completing the 10-year follow-up period, and 8 patients
were excluded from the study because of hemiplegia due to
brain infarction, concurrent anterior long fusion, or severe
arteriosclerosis obliterans. The study group therefore
included 68 patients who were followed for at least
10 years after surgery. The mean follow-up period was
12.2 years, ranging from 10 to 14 years. There were 39
patients with cervical spondylotic myelopathy (CSM) and
29 patients with ossification of the posterior longitudinal
ligament (OPLL). The patients’ demographic data are
shown in Table 1. Age, sex, and preoperative clinical status
did not differ significantly between the study population
and the patients excluded from the study (data not shown).

The procedure for double-door laminoplasty has been
described in detail elsewhere [2]. In most patients, the
cervical laminae from C3 to C7 were exposed laterally to
the medial aspect of the facet joints through a conventional
midline approach. For a C2 split, the semispinalis cervicis,
rectus capitis posterior major, and obliquus capitis inferior
muscles were detached transiently. Bilateral gutters were
made using a high-speed burr at the transitional area
between the facet joint and the laminae, and the spinous
processes were then split sagittally with a high-speed burr.
The spinal canal was enlarged by opening the split laminae
bilaterally with a spreader. To maintain the expanded
position, HA spacers (Apacerum®; Asahi Optical Co., Ltd.,
Tokyo, Japan) were placed between the split laminae and
fixed with nonabsorbable sutures. In the case of C2 lam-
inoplasty, detached muscles were repaired with nonab-
sorbable sutures. Patients wore a cervical orthosis for
approximately 2 weeks.

The clinical results were assessed using the Japanese
Orthopaedic Association scoring system (JOA score) for
treatment of cervical myelopathy. The JOA score consists
of several categories of function, i.e., upper- and lower-
limb motor function, sensory function, and bladder

function. Surgical complications and prevalence of residual
axial symptoms were investigated. The range of motion
(ROM) between C2 and C7 was measured on flexion—
extension radiographs taken before and 1, 2, 3, 5, and
10 years after surgery.

Twenty-seven of 68 patients (13 CSM patients and 14
OPLL patients) were examined using computed tomogra-
phy (CT) before and after surgery (1 month, 1 year, and at
the final follow-up). The transverse area of the cervical
canal was measured at the level of the vertebral pedicles
using computer software (Scion Image, Scion Corp, Fred-
erick, MD) before and after surgery (1 month and at the
final follow-up). Non-union between HA spacers and split
spinous processes, and breakage of HA spacers, were
evaluated by CT at 1 year after surgery and at the final
follow-up. Non-union was defined as a clear zone detected
between an HA spacer and the split spinous process
(Fig. 5b), and breakage was defined as fracture of an HA
spacer (Fig. 5c).

Data were analyzed statistically using SPSS for Win-
dows (version 17.0, SPSS Inc., Chicago, IL). Unpaired
t tests or Mann—Whitney U tests were used to detect dif-
ferences between the two groups. A P value <0.05 was
considered to be significant.

Results

The average JOA score improved significantly at 3 months
after surgery and was maintained almost until the final
follow-up in both the CSM and OPLL groups (Table 2).
The time courses of the postoperative JOA scores for each
category of function (upper- and lower-limb motor func-
tion, sensory function, and bladder function) are shown in
Fig. 1. The average upper-limb motor and sensory scores
increased significantly at 3 months after surgery and were
both preserved until the final follow-up in both the CSM
and OPLL groups. The lower-limb motor score also
improved after surgery, but decreased after the third post-
operative year. Twelve patients with CSM (31%) and 11
patients with OPLL (38%) showed declines in lower-limb
motor scores of 1-2 points between 3 years after surgery
and the final follow-up. Most of the patients who showed
late deterioration in lower-limb function had complications
that impaired ambulatory ability, such as osteoarthritis in
the lower-limb joints (4 CSM patients and 2 OPLL
patients), spinal canal stenosis at the thoracolumbar spine
(3 CSM patients and 5 OPLL patients), degenerative dis-
ease of the brain (1 patient in each group), and arterio-
sclerosis obliterans (1 OPLL patient). In particular, spinal
canal stenosis at the thoracolumbar spine was a major
cause of reduction in lower-limb function in the OPLL
group, and four patients required additional surgery of the
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Table 2 Chronological changes in JOA scores after surgery

JOA score

CSM P* OPLL p
Preoperative 11.0 £ 26 11.0 £ 25
3 months after surgery 131 £ 1.8 0.0003 13.1 £ 1.7 0.0012
1 year after surgery 13.6 + 2.1 <0.0001 138 £ 22 0.0002
3 years after surgery 13.6 2.2 <0.0001 137 £ 20 0.0001
More than 10 years after surgery 13.1 +24 0.0008 13.0 £ 2.7 0.008

Values are mean & SD

JOA Japanese Orthopaedic Association, CSM cervical spondylotic myelopathy, OPLL ossification of the posterior longitudinal ligament

* P by Mann—-Whitney U test

Fig. 1 Time-course of JOA
score for each category of
function. The average upper-
limb motor and sensory scores
improved significantly after
surgery and were maintained
almost until the final follow-up
in both the CSM and OPLL
groups. The lower-limb motor
scores improved significantly,
but gradually deteriorated after
the third postoperative year in
both groups. Bars indicate
standard errors
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thoracolumbar spine during the observation period. The
average bladder function scores in both the CSM and
OPLL groups increased after surgery, but had returned to
preoperative levels at the final follow-up.

The most common postoperative complication was
segmental motor weakness at the C5 segment, which
developed in 4 (6%) out of 67 patients, although the
symptoms resolved spontaneously within 1 year after sur-
gery in all patients. Other complications included leakage
of cerebrospinal fluid in three patients and transient dete-
rioration of lower-limb function in one patient, all of which
resolved without sequelae. One patient had lamina closure
on the left side at C5 level due to fracture of a split spinous

@ Springer

process. This patient had concomitant severe canal stenosis
of the thoracic spine and showed impaired recovery of
lower-limb function after surgery. He underwent simulta-
neous posterior thoracic spine decompression and a lami-
nectomy at C5 at 6 months after the primary operation,
which led to improved lower-limb function. Axial pain was
one of the most common subjective symptoms during the
follow-up period [6]. The percentage of patients with axial
pain decreased over time, but 17 patients (25%) still
complained of axial pain at the final follow-up.

The cervical ROM decreased over time and reached a
plateau by 2 years after surgery (Fig. 2). The average
ROMs in CSM and OPLL patients decreased from
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Fig. 2 Changes in cervical ROM. The cervical ROM decreased over
time and reached a plateau by 2 years after surgery. The reduction in
ROM was significantly larger in the OPLL group compared to the
CSM group (66 vs. 43%, P = 0.0052) at the final follow-up. Bars
indicate standard errors: *P < 0.05, **P < 0.01

preoperative values of 36.2° and 32.4° to postoperative
values of 20.8° and 11.1°, respectively, at the final follow-
up. The reduction in ROM was significantly larger in the
OPLL group than in the CSM group (66 vs. 43%,
P = 0.0052, 95% CI of the difference, 3.22-16.16). No
patient in either group showed severe kyphotic deformity
or instability at the final follow-up.

Chronological changes in cervical canal area, quantified
by CT, are shown in Fig. 3. The average spinal canal area
was significantly increased at every cervical level 1 month
after surgery and was maintained almost until the final
follow-up. The decrease in spinal canal area at the final

follow-up was compared to that at 1 month after surgery to
determine which cervical level was most susceptible to
restenosis (Fig. 4). In patients with CSM, the decrease in
canal area was smallest at the C3 level, while the canal area
decreased preferentially in the upper cervical spine, with a
maximum reduction of 9.9% at the C2 level, in OPLL
patients.

The average rates of non-union between HA spacer
and split spinous process were 27% in CSM and 25% in
OPLL patients at 1 year after surgery (Table 3). The
rates of non-union decreased over time, but remained at
21% in CSM and 17% in OPLL patients at the final
follow-up. The average breakage rates of HA spacers in
the CSM and OPLL groups were 8 and 4%, respectively,
at 1 year after surgery, which increased to 24 and 21% at
the final follow-up. However, all the bilateral gutters
examined by CT demonstrated bone union by the final
follow-up, and no spacers were significantly displaced
from their original location. We also investigated the
changes in spinal canal area between 1 month after sur-
gery and the final follow-up to determine if non-union or
breakage of HA spacers accelerated restenosis of the
spinal canal. The percent changes in spinal canal area
were comparable for both bony union and non-union in
both the CSM and OPLL groups (Fig. 5d). In addition,
no significant differences in the cervical canal area were
detected for patients with intact HA spacers compared to
those with broken HA spacers in either the CSM or
OPLL groups (Fig. 5e).
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Fig. 3 Changes in spinal canal area quantified by CT. The average
area of the spinal canal significantly increased at every cervical level
1 month after surgery and was maintained almost until the final

follow-up (Pre preoperative, /M 1 month after surgery, /0Y 10 years
after surgery). Bars indicate standard errors
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Fig. 4 Changes in cervical canal area at the final follow-up compared
to 1 month after surgery. The decrease was smallest at the C3 level in
patients with CSM. In patients with OPLL, the canal area decreased
preferentially in the upper cervical spine, which showed a maximum
reduction of 9.9% at the C2 level. Bars indicate standard errors

Discussion

The results of the current study demonstrated satisfactory
long-term outcomes following double-door laminoplasty
using HA spacers for compressive myelopathy. The aver-
age JOA score improved significantly at 3 months after
surgery and was largely maintained during a minimum
10-year follow-up period in both CSM and OPLL patients.

Table 3 Incidence of non-union and breakage of HA spacers

When the JOA score was divided into each functional
category, the average score for lower-limb function grad-
ually decreased over time, whereas upper-limb and sensory
functions were stable during the observation period. The
late deterioration of lower-limb function was largely
attributable to degenerative changes, such as spinal canal
stenosis at the thoracolumbar spine, osteoarthritis of the
knee, and other general complications associated with
aging. In particular, spinal canal stenosis at the thoraco-
lumbar spine was the major cause of late deterioration of
lower-limb function in patients with OPLL.

Several long-term studies of cervical laminoplasty found
that the average ROM of the cervical spine substantially
decreased over time [1, 2, 8, 9]. Seichi et al. [2] reported a
77% loss in the average ROM (36°-8°) over a 10-year
follow-up of double-door laminoplasty using autologous
bone grafts. Chiba et al. [1] reported that the pre- and
postoperative ROMs were 44° and 14° in CSM and 32° and
11° in OPLL, respectively (a decrease of 68% in the CSM
group and 66% in the OPLL group), over an average
14-year follow-up period after expansive open-door lam-
inoplasty. The reductions in ROM in the current series
(decreases of 43% in the CSM group and 66% in the OPLL

No. of evaluated spacers Non-union Breakage
1 year Final follow-up 1 year Final follow-up
CSM (n = 13) 71 19 (27%) 15 (21%) 6 (8%) 17 (24%)
OPLL (n = 14) 77 19 (25%) 13 (17%) 3 (4%) 16 (21%)

HA hydroxyapatite, CSM cervical spondylotic myelopathy, OPLL ossification of the posterior longitudinal ligament

Fig. 5 Changes in cervical
canal area in relation to the fate
of HA spacers. Representative
images of HA spacers with bone
union (a), non-union (b), and
breakage (c). Non-union was
defined as a clear zone between
the HA spacer and the split
spinous process (white arrow),
and breakage as fracture of an
HA spacer (black arrowhead).
Box-and-whisker plots
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group) were generally low, compared to these other long-
term studies. The relative preservation of the ROM in the
current study is attributable to the difference in the duration
of cervical orthosis after surgery. Our patients wore a
cervical orthosis for approximately 2 weeks, whereas
patients in the previous studies wore an orthosis for
2-3 months after surgery. Several authors have proposed
contracture of the paraspinal muscles and the facet joint as
a potential cause of reduced cervical ROM after lamin-
oplasty [7, 10, 11]. Early removal of the cervical orthosis
and postoperative neck exercise are recommended to pre-
vent atrophy and dysfunction of the paraspinal muscles. In
addition, modified surgical techniques have been devel-
oped to preserve the paraspinal muscles, not only to
maintain cervical ROM, but also to reduce axial symptoms
[11, 12]. Roselli et al. [12] reported well-preserved cervical
ROM after open-door laminoplasty using unilateral muscle
dissection, while Takeuchi et al. [11, 13] maintained cer-
vical ROM following double-door laminoplasty by pre-
serving the semispinalis cervicis inserted into C2. Because
bilateral muscle dissection is inevitable during double-door
laminoplasty, further modifications to the surgical tech-
niques are desirable to preserve the integrity of the cervical
muscles.

One of the postoperative complications of cervical
laminoplasty is restenosis of the enlarged spinal canal as a
result of hinge closure [14]. One patient in our study
required additional surgery because of hinge closure
caused by fracture of the split spinous process. The con-
stitutionally thin spinous process fractured spontaneously
on the left side at the contact face with an HA spacer. This
1s a rare complication, but great care must be taken to avoid
hinge closure resulting from fracture of a split spinous
process. The incidences of other complications, such as
segmental motor paresis, leakage of cerebrospinal fluid,
and axial pain were similar to those demonstrated in long-
term follow-ups of open-door laminoplasty [1, 9] and
double-door laminoplasty using autologous bone grafts [2].

In this study, we focused on chronic changes in the
cervical canal area over a 10-year period. The average
cross-sectional area at each spinal level was significantly
increased after surgery and was maintained almost until the
final follow-up. The percent change in spinal canal area
(comparison between the area at final follow-up and
1 month after surgery) revealed that the changes were
smallest at the C3 spinal level in patients with CSM. This
result may be related to the limited segmental motion
between C2 and C3 caused by spontaneous lamina fusion,
which occurs most commonly at the C2—C3 level [2]. The
spinal canal area decreased preferentially in the upper
cervical spine in patients with OPLL, especially at the C2
level. This can be attributed to the longitudinal growth of
OPLL, which occurs preferentially in mixed and

continuous types of OPLL after laminoplasty [8, 15]. Two
patients showed obvious growth of the OPLL towards C2
and a mildly narrowed spinal canal in the upper cervical
spine. However, neither of these patients showed deterio-
ration of acquired function. The preserved function may
have been attributed to restricted segmental motion in the
upper cervical spine as a result of bridge formation by
continuous type-OPLL.

Non-union and breakage of HA spacers at the final
follow-up were not rare. However, none of the spacers
were significantly displaced from their original location
during the observation period. No patient in this study
developed delayed dural damage or myelopathy due to
displacement of HA spacers, as reported in other recent
studies [16, 17]. Furthermore, neither non-union nor
breakage of HA spacers correlated with restenosis of the
enlarged spinal canal. These results suggest that rigid
fusion between the HA spacer and the split spinous process
is not essential for maintaining an enlarged spinal canal,
even in the long-term. We speculate that HA spacers have
fulfilled most of their roles by the time bone fusion has
occurred in the lateral gutters, and that surgical techniques
aimed at preventing the early displacement of HA spacers
are essential for ensuring a good outcome after double-door
laminoplasty. Kaito et al. [16] suggested that installing HA
spacers at the base of the spinous process can help to
prevent postoperative HA displacement. However, further
prospective studies are needed to determine the most
suitable surgical techniques.

This study had several limitations. It was a retrospective
analysis involving a relatively small number of patients. In
particular, limited CT data were available because of the
retrospective nature of this study; however, functional
outcomes estimated by JOA scores were comparable
between patients who completed periodical CT scans and
those who did not. Prospective controlled studies using
patient-based outcomes are required to verify the efficacy
of double-door laminoplasty using HA spacers.

Conclusions

The long-term results of double-door laminoplasty using
HA spacers were satisfactory. Although non-union and
breakage of HA spacers was not rare, an enlarged cervical
canal was maintained over a 10-year period. Given the
favorable long-term results with no donor site morbidity,
the use of HA spacers for double-door laminoplasty is
justified for the treatment of cervical myelopathy caused by
multisegmental cervical canal stenosis. Further modifica-
tions of surgical technique are desirable to reduce postop-
erative complications, such as reduction in cervical ROM,
segmental motor paresis, and axial symptoms.
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Ossification of the posterior atlantoaxial
membrane associated with an os
odontoideum: a case report

Junichi Ohya, Hirotaka Chikuda, Shurei Sugita, Takashi Ono, Yasushi Oshima, Katsushi Takeshita, Hiroshi

Kawaguchi, Kozo Nakamura

Department of Orthopaedic Surgery, Faculty of Medicine, the University of Tokyo, Tokyo, Japan

ABSTRACT

We report a case of ossification of the posterior
atlantoaxial membrane associated with an os
odontoideum in a 46-year-old woman. She
developed myelopathy following a minor motor
vehicle accident. The patient underwent posterior
atlantoaxial arthrodesis and resection of the ossified
lesion and recovered uneventfully. Long-standing
atlantoaxial instability might have played a role
in ectopic ossification of the posterior atlantoaxial
membrane.

Key words: atlanto-axial joint; ligamentum flavum;
ossification, heterotopic; spinal cord compression

INTRODUCTION

The posterior atlantoaxial membrane is a collagenous
tissue bridging the posterior arch of C1 and the
cranial edge of the C2 lamina and acts as an

additional stabiliser of the atlantoaxial complex.!
Ectopic ossification of the membrane is rare and can
cause severe myelopathy secondary to spinal cord
compression. An os odontoideum is defined as an
ossicle with smooth circumferential cortical margins
and no osseous continuity with the body of axis.>*
Patients with an os odontoideum can present with
pain or myelopathy, or remain asymptomatic. We
report a patient with ossification of the posterior
atlantoaxial membrane associated with an os
odontoideum.

CASE REPORT

In June 2009, a 46-year-old woman presented with
a one-month history of weakness in the upper
extremities and gait disturbance and limited cervical
motion following a minor motor vehicle accident.
Neurological examination revealed weakness (grade
4/5) in her left deltoid, left biceps, left triceps, and
bilateral intrinsic muscles. She had decreased
sensation in the bilateral upper extremities, below
the level of the C5 dermatome on the left and C7
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on the right. She also had intact cranial nerves and
hyperreflexia on the left upper extremity with a
positive Hoffmann sign; knee and ankle reflexes were
increased bilaterally with positive Babinski signs.
A spastic gait and clumsiness of her hands were
evident, but there was no bowel or bladder difficulty.

Lateral radiographs showed an os odontoideum
with atlantoaxial instability (Fig. 1). Reconstruction
computed tomography demonstrated ossified tissue
between the C1 posterior arch and the C2 lamina (Fig.
2). Magnetic resonance imaging demonstrated severe
cord compression with intramedullary high signal
intensity change (Fig. 3).

The patient underwent atlantoaxial stabilisation
with transarticular screws. The dural sac was

severely compressed by the ossified ligament even
after anatomic reduction of the atlantoaxial joint.
The posterior arch of C1 was then undercut for

Flexion/extension lateral radiographs showing an
os odontoideum (arrows) and atlantoaxial instability.

Figure 1

Figure2 Axial and
reconstruction computed
tomographic scans
showing ossification of
the posterior longitudinal
ligament (arrows).

decompression, and the ossified lesion resected.
Pathological examination of the specimen showed
diffuse ossification in the degenerated ligament with
irregular remodelling and hyperplasia of fibrous
cartilage.

Immediately after surgery, motor weakness and
sensory disturbanceimproved. At the 6-month follow-
up, she had almost regained her full strength, and her
gait disturbance had also been relieved. At month
12, she had returned to her job as a sports instructor.
At month 18, she remained free of symptoms with
solid bone fusion, despite having hyperreflexia in her
lower extremities.

DISCUSSION

Ossification of the posterior atlantoaxial membrane is
a rare cause of spinal cord compression. Only 5 such
cases have been reported.>® Most such patients were

resonance

Figure 3 T2-weighted
demonstrating cord compression with intramedullary high
signal intensity change.

magnetic image
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Table
Patients with ossification of the posterior atlantoaxial membrane
Study>?®  Sex/age Type C1-2  Coexisting Surgery Outcome
. (years) ~instability ossification - , -
Yamaguchi et al,® 1992 M/46 Bilateral - No Laminectomy Improved
Kimura et al,® 1998 F/55 Unilateral - No Laminectomy -
Harimaya et al,” 2003 M/52  Bilateral No Anterior longitudinal  Laminectomy Improved
ligament
Nadkarni et al,® 2005 M/30  Bilateral No No Laminectomy Improved
Shoda et al,® 2005 M/70  Unilateral No Transverse ligament ~ Laminectomy Improved
Present case F/46 Tongue Yes No Laminectomy, Improved
atlantoaxial stabilisation

in their fifth or sixth decade of life and presented with
progressive myelopathy (Table). None but our patient
showed atlantoaxial instability. Most of the ossified
lesions showed laterality, as is often the case with the
ossification of the ligamentum flavum in the thoracic
spine.’® Based on axial computed tomography, the
condition can be classified as unilateral, bilateral,
and tongue type (a flat lesion in the midline, as in our
patient). The mainstay of treatment is laminectomy,
and outcome is satisfactory for those without
atlantoaxial instability.

The pathophysiological mechanism of this
condition remains unclear. According to one theory,
ossification of the ligamentum flavum often develops
in the lower thoracic spine where the spine has
more mobility than in the upper or middle thoracic
regions. It is postulated that chronic mechanical
stress on the ligament may lead to the development
of the ossification.! Mechanical stress may induce
osteogenic differentiation of the ligament cells.”? In
our patient, persistent atlantoaxial instability may
have played a role in the ectopic ossification.
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CERVICAL SPINE

Risk Factors for Early Reconstruction Failure of
Multilevel Cervical Corpectomy With Dynamic

Plate Fixation

Atsushi Okawa, MD, PhD, Kenichiro Sakai, MD, PhD, Takashi Hirai, MD, Tsuyoshi Kato, MD, PhD, Shoji
Tomizawa, MD, PhD, Mitsuhiro Enomoto, MD, PhD, Shigenori Kawabata, MD, PhD, Makoto Takahashi, MD,

PhD, and Kenichi Shinomiya, MD, PhD

Study Design. Retrospective case series.

Objective. To investigate risk factors for early reconstruction failure
of multilevel cervical corpectomy with dynamic plate fixation.
Summary of Background Data. For anterior cervical
decompression and fusion, reinforcement by plate fixation was
performed to decrease early reconstruction failure and to increase
the fusion rate. However, a relatively high complication rate such
as graft dislodgement, has been reported in patients undergoing
multilevel corpectomy and reconstruction. Risk factors associated
with early reconstruction failure have not been explicitly described.
Methods. In 30 instrumented multilevel corpectomy and
reconstruction, medical records and radiographic studies were
reviewed to investigate risk factors with regard to sagittal alignment of
the cervical spine, graft subsidence, screws used in fixation, endplate
preparation, and intermediate screw for fibular graft.

Results. Reconstruction failures included anterior slipping at the
bottom of the graft in 2 cases, fracture of the C7 vertebral body in 2
cases, and pullout of a screw in 2 cases. Four patients were found
to have nonunion of the graft at the final follow-up, but none had
experienced early reconstruction failure.

On radiologic measurement, the fusion area lordotic angle after
surgery in the patients with reconstruction failures was significantly
larger than that of the patients with no complications. The postoperative
C2-C7 lordotic angles of the patients with reconstruction failure
were also larger, but this trend was not statistically significant. No
other factor, such as age and gender, type of screw used, intermediate
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screw or preservation of the endplates was related to reconstruction
failures in this study.

Conclusion. Postoperative cervical hyperlordosis may adversely
affect graft stability in the early postoperative period of the surgery
of corpectomy and reconstruction with dynamic plate fixation.

Key weords: anterior cervical fusion, anterior cervical plate,
complication, cervical myelopathy, ossification of longitudinal
ligament. Spine 2011;36:E582-E587

“orpectomy and reconstruction are the treatment of
choice in patients with ossification of the posterior lon-
_~gitudinal ligament (OPLL) or spondylotic myelopathy
with a kyphotic alignment of the cervical spine. We have pre-
viously reported that the anterior floating method appears to
yield adequate long-term outcomes when used to treat OPLL.!
However, a relatively high complication rate, which includes
complications such as respiratory distress and graft dislodge-
ment, has been reported in patients undergoing multilevel cor-
pectomy and reconstruction. Previous studies have found that
graft reinforcement with anterior plate fixation is expected to
decrease early reconstruction failure and to increase the fu-
sion rate in patients undergoing multilevel corpectomy.??

However, Sasso et al reported a 71% failure rate after 3-level
fixed plated reconstruction.* Daubs also reported an extremely
high early failure rate (75%) with the use of a titanium mesh
cage and a fixed anterior plate for reconstruction in patients
undergoing multilevel corpectomies.’ Interestingly, in a biome-
chanical experiment, Brodke ez al found that a static plate loses
its loadsharing capacity after 10% subsidence has occurred.® In
contrast, with regard to the choice of the type of fixation that
is used (i.e., a constrained vs. a semiconstrained plate), most
recent studies have reported that dynamic plate designs provide
a faster fusion of the cervical spine in comparison to rigid plate
designs.”'® In these reports, however, the authors did not in-
clude a detailed discussion of the complications associated with
early reconstruction failure in multilevel corpectomy.!!

This article details the results of a retrospective study of the
factors associated with early reconstruction failure in patients
undergoing multilevel corpectomy with dynamic plate fixa-
tion. Specifically, we review the preoperative and postoperative
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sagittal alignment of the cervical spine, the screws used in fixa-
tion, the use (or lack of use) of an intermediate screw for fibula
grafts, the methods that were used for endplate preparation,
and the characteristics of patients who required repeat surgery
in the early postoperative period.

MATERIALS AND METHODS

Materials

Between 2000 and 2008, 31 patients with myelopathy caused
by multilevel cervical spondylosis (n = 7) or OPLL (n = 24) un-
derwent multilevel corpectomy and reconstruction with autolo-
gous fibula and anterior cervical plate placement. One patient
with spondylotic amyotrophy was included in the group of pa-
tients with cervical spondylosis. Our patients were divided into
2 groups based on the operative methods we used: long fusion
(LF) was defined as multilevel corpectomy and reconstruction
without segmental fusion, and a hybrid group (HF) was defined
as a combination of segmental fusion and multilevel corpecto-
my and reconstruction (Table 1). One patient treated with LF
was lost to follow-up after within 1 year of surgery. Therefore,
a total of 30 patients (3 female, 27 male) were observed for a
minimum of 1 year after surgery. The average follow-up period
was 3.5 years in this patient population. When we define a disc-
level as “1 segment,” we performed 3-segment (n = 14), 4-seg-
ment (n = 13), and 5-segement fusion (n = 3). In the LF group,
there were 14 cases of 2-level corpectomy and reconstruction,
10 cases of 3-level corpectomy and reconstruction, and 1 case of
4-level corpectomy and reconstruction. In the HF group, there
were 3 cases of 4-segment fusion (a discectomy and 2-level cor-
pectomy), and 2 cases of S-segment fusion (1- or 2-level discec-
tomy and 3- or 2-level corpectomy, respectively).

Clinical results were evaluated using the Japanese Ortho-
pedic Association (JOA) scoring system for cervical myelop-
athy, and the JOA score recovery rate was calculated using
Hirabayashi’s method.!

The surgical procedure we used consisted of a standard
anterior approach to the cervical spine with intraoperative
spinal cord monitoring using motor-evoked potentials while
the patient was under general anesthesia. No traction was

Median age (range) 59 (44-79)
Gender (male:female) 27:3

Segments fused (cases)

3 14

4 13

5 3

Type of fusion (fibula: hydroxyapatite)

Long (LF) 25

Hybrid (HF) 5

mental oson and mlionel corpaciomy with fuston. o

used during the procedure. Lordosis of the cervical spine was
maintained with a contoured foam pillow that was placed be-
neath the neck during the operation. Osteophytes that were
compressing the spinal cord were removed using the micro-
scope, and ossification of the posterior ligament was treated
using an air drill such that the ligament was thinned and was
allowed to migrate anteriorly (this is known as the “floating”
method).»'? The endplates of the adjacent vertebral bodies
were retained whenever possible but were sometimes removed
to decompress areas of ossification behind the vertebral body
or to better fit the vertebral column to the shape of the graft.

For reconstruction, a fibular bone graft reinforced by
a rotationally dynamic plate was typically used. We used a
fixedtype screw for the bottom and a variable-type screw for
the top of the graft. This configuration allows the screws to
pivot while preventing screw pullout.” A fibular bone graft
reinforced by an anterior plate was used in 30 cases, and in 18
of these cases intermediate screws were added. The length and
shape of the grafts were chosen such that the decompressed
cervical column was extended slightly by mild manual dis-
traction or with a Casper distractor.

The average operation time was 6 hours 3 minutes and
ranged from 3 hours 25 minutes to 9 hours 15 minutes. The
mean estimated blood loss during the operation was 440 mL
(range: 70-2885 mL). Patients were permitted to walk 2 to §
days after surgery and were placed in Philadelphia-type collars
for 3 months. The length of admission ranged from 15 to 79
days (mean: 29 days). Patients’ JOA scores before the opera-
tion ranged from 6 to 14.5 points with a mean of 11.0 = 2.6
points. The JOA scores at the final follow-up appointment were
14.7 + 2.3 points in the LF group and 14.9 = 1.7 points in the
HF group. The recovery rates of the JOA scores were 64.8% =
27.9% in the LF group and 58.5% = 50.5% in the HF group.
Clinical outcomes did not differ significantly between the
groups. Three patients experienced neurologic complications;
2 developed CS palsy and 1 developed myelopathy (Table 2).
One of the patients with C5 palsy also showed evidence of graft
migration and screw pullout. All of the patients with neurologic
complications had repeat surgery within 1 week after the initial
surgery and had regained normal function by their 1-year fol-
low-up appointment. Two of these patients displayed evidence

Neurological deterioration

C5 palsy 2

Myelopathy 1

Reconstruction failure

Graft migration 2%
C7 body fracture 2%

2 (@t
*One of the patients with graft migration and one of the patients with a C7
fracture had screws that had dislodged.

#Two patients showed only dislodged screws; this event coincided with graft
migration and C7 fracture in other 2 patients.

Screw pullout
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of nonunion of the graft at their final follow-up appointment,
which was most likely due to the fact that the graft was short-
ened somewhat during the second operation for neurologic
complication. An additional 2 patients who had no particular
risk factors also displayed evidence of nonunion at their 1-year
follow-up appointments.

The clinical outcomes of these patients were not statisti-
cally significantly inferior to those of the patients who did not
experience nonunion, but none of these 4 patients did exhibit
early reconstruction failure.

Methods

This study is a case series of 30 patients who underwent mul-
tilevel corpectomy and reconstruction. Their medical records
and radiographic studies were reviewed to investigate their
individual risk factors for reconstruction failure.

We defined early reconstruction failure as graft migration,
vertebral body fracture, or screw extrusion within 1 month of
the index surgery regardless of whether it required repeat sur-
gery. We examined the patients’ surgical records to collect data
regarding the type of screws that were used as well as whether
the endplates were preserved. A series of lateral plain radio-
graphs of the cervical spine were obtained to identify the pres-
ence of any implant or graft movement as well as to evaluate fu-
sion status. Postoperative radiologic evaluation was performed
on the radiographs that were taken within 1 week of surgery
on the first day that patients were allowed to ambulate. Graft
subsidence was defined as a >2 mm graft sinkage and was as-
sessed by comparing lateral radiographs taken at 1 week and
1 month after the surgery. When either abnormal graft move-
ment or screw pullout was suspected, a computer-assisted to-
mography (CT) scan was performed. This approach allowed us
to detect fine fracture lines and anterior slippage at the bottom
of the graft. Reformatted CT views that were obtained just after
the surgery were also used for radiologic measurements when
the borders of the C7 vertebral body were not clearly visible.

Sagittal alignment of the cervical spine was evaluated by
measuring the C2—-C7 angle between the tangential lines drawn
from the posterior border of the C2 and C7 vertebral bodies.
The lordotic angle of the fusion area was determined in a similar
manner. The C7 horizontal angle was defined as the upper end-
plate angle of the C7 vertebral body viewed from the horizontal
plane of the neutral lateral view. This angle was assessed with a
radiograph that was taken with the patient in a sitting position.
The graft was determined to have fused if there was absence of
motion of the adjacent vertebral bodies and spinous processes in
flexion-extension radiographs. We used the x? test and Student’s
unpaired t test for our statistical analyses. All P < 0.05 were
considered to be statistically significant.

RESULTS

The causes of reconstruction failures for which the patients un-
derwent secondary operations included graft migration (n = 2),
fracture of the C7 vertebral body (n = 2), and screw pullout (n
= 2) (Table 2). Because one of the patients who experienced
graft migration and one of the patients who experienced a C7
fracture also presented with screw pullout, a total of 4 patients

E584 www.spinejournal.com

had screws that had protruded. Four patients who had experi-
enced graft migration or C7 fracture were treated by posterior
spinous process wiring. Two patients with screw pullout had
their implants removed after fusion was completed.

Reconstruction failures were observed in 5 patients in the LF
group and in 1 patient in the HF group. A total of 1 of 14 pa-
tients who underwent 3-segment fusion, 3 of 13 patients who
underwent 4-segment fusion, and 2 of 3 patients who under-
went 5-segment fusion eventually presented with reconstruction
failures. The number of segments that were fused was found to
be statistically significantly related to the risk of reconstruction
failures (P < 0.05). The following factors were not associated
with reconstruction failure; nor with age, gender, the preserva-
tion of the vertebral endplates, screw type, the occurrence of
postoperative graft subsidence within 1 month of surgery, and
the use of intermediate screws for fibular grafting (Table 3).

With regard to radiologic measurements, the mean pre-
operative C2-C7 lordotic angle of patients who experienced
reconstruction failure was 13.5° = 10.9°, and that of the pa-
tients who did not experience any complications was 13.5° =
17.1°. The fusion area lordotic angle of the patients who ex-
perienced reconstruction failure was 9.6° + 13.1°, and that of
the patients who did not experience complications was 7.4° =
9.1°. There were no significant differences observed between
the preoperative C2~C7 lordotic angles or the fusion area lor-
dotic angles of these 2 groups.

The postoperative C2~-C7 lordotic angle of the patients who
experienced reconstruction failures tended to be larger than those
of patients who did not experience reconstruction failure, but
this trend was not significant. The fusion area lordotic angle of
the patients who experienced reconstruction failure was 15.6° =
8.4°, which was significantly (P < 0.05) larger than that of the pa-
tients who did not experience reconstruction failure (8.6° # 6.4°)

Average number of 4.2 3.5 P <0.05
fused segments
Removal of the top 4 6 P<0.1
endplate of the
fused area
Removal of the 4 13 n.s.
bottom endplate
of the fused area
Fixed screw used at 1 4* n.s.
both ends
Intermediate screw 3/6 15/24% n.s.
Subsidence 3 12 n.s
*No documentation about the screw in the 2 operative records.
tExcluding HA graft.
April 2011
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