Cervical myelopathy in patients with OPLL

Fiz.2. Case 1. Flexion (A) and extension (B) cervical radiographs obtained at presentation in a patient with mixed-type OPLL
The residual space available for the cord is 7 mm at C3—4, and the C1—7 ROM is 23°. Anterior impingement of the spinal cord at
several levels is visible on a T2-weighted, midsagittal MR image (C), but no HSCs are visible

(range 25-63%) in the conservative group and 40%
(range 25-61%) in the surgical group. The residual space
available for the cord was 7.9 mm (range 611 mm) in the
conservative group and 9.3 mm (range 6-12 mm) in the
surgical group. No significant differences were seen on
imaging data between the 2 groups.

The mean ROM at C1-7 at the initial consultation
was 36.4° (range 15-62%) in the conservative treatment
group and 46.5” (range 26-64°) in the surgical group. The
mobility of the spinal column between C-1 and C-7 was
therefore significantly greater in the surgical group (p <
0.05). Nineteen of 20 patients in the surgical group had a
C1-7 ROM = 357, whereas 11 of 21 patients in the conser-

vative treatment group had a C1-7 ROM = 35° (p < 0.05).
The C1-7 ROM in the conservative group was measured
until the most recent follow-up. The mean C1-7 ROM at
the final follow-up examination was 33° (range 11-50°)
in the conservative group, indicating that no significant
changes had occurred since the initial consultation.

High signal changes on T2-weighted images were not
seen in any patient in the conservative lreatment group,
whereas 17 patients in the surgical group had HSCs. Thus,
the incidence of HSCs in the spinal cord was significantly
higher among patients in the surgically treated group than
in the conservative group (p < 0.05). During the follow-up
period, no HSCs developed in the conservative group.

Fiz. 3. Case 2. Flexion (A) and extension (B) cervical radiographs obtained at the initial visit in a patient with segmental-type
OPLL. The residual space available for the cord is 9 mm at the C-5 level, and the C1-7 ROM is 52°. A T2-weighted midsagittal
MR image obtained at presentation (C) indicates that impingement of the spinal cord at the C4-5 level is seen, but no HSCs are

visible.
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Fic. 4. Case 3. Flexion (A) and exiension (B) cervical radiographs obtained at the initial visit in a patient with segmental-type
OPLL. The residual space available for the cord was 10 mm at the C5-6 level, and the C1-7 ROM was 57°. A T2-weighted mid-
sagittal MR image (C) obtained at presentation shows impingement on the spinal cord at multiple levels in both the anterior and
posterior directions, and HSCs are evident in the spinal cord, especially at C5-6 and C6-7. Lateral cervical radiograph (D) ob-
tained 2 years after surgery shows successful spinal fusion with fibula autograft. A T2-weighted midsagittal MR image oblained
1 year postoperatively (E) shows decompression and diminished cord HSCs.

Illustrative Cases

Case 1: Patient in the Conservative Treatment Group With-
oul fﬂlpfﬂl'f"ﬂl(’ﬂf

This 68-year-old man with mixed-type OPLL
complained of neck stiffness for 20 years and was rec-
ommended for surgery. At the initial examination, he
showed no sign of myelopathy and he had a JOA score of
17. A lateral cervical radiograph obtained at the first visit
showed that the DSSD was 16 mm, % ratio was 56%, and
the residual space available for the cord was 7 mm at the
C3-4 level. Flexion and extension radiography revealed
that the C1-7 ROM was 23° indicating a relatively small
amount of spinal mobility (Fig. 2A and B). Midsagittal
T2-weighted MR images showed no HSCs in the spinal
cord, although obstruction of the subarachnoid space with
anterior impingement of the spinal cord was found at sev-
eral levels (Fig. 2C). The patient was followed up conser-
vatively. During the follow-up period of 2 years, his neck
stiffness persisted but no myelopathy developed.

Case 2: Patient in the Conservative Treatment Group With
Clinical Worsening

This 59-year-old woman presented with complaints
of mild numbness in all of her fingers and bilateral clum-
siness of her hands caused by segmental OPLL at C-5.
Deep tendon reflexes were hyperactive in her lower ex-
tremities, but she did not have any gait disturbance; her
JOA scale score was 15.5. A lateral cervical radiograph
obtained at the first visit showed that the DSSD was 14.5
mm, % ratio was 38%, and residual space available for
the cord was 9 mm at the C-5 level. Flexion and exten-
sion radiographs showed that the C1-7 ROM was 52°, in-
dicating an extensive degree of spinal mobility (Fig. 3A
and B). Midsagittal T2-weighted MR images showed im-
pingement of the spinal cord at the C4-5 level from both
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the anterior and posterior directions due to a thickened
posterior longitudinal ligament and ligamentum flavum,
but no signal change was seen in the spinal cord at this
level (Fig. 3C). Over a 3-year follow-up period, the patient
complained of increasing numbness and clumsiness, with
a decreased JOA scale score of 14.5 points.

Case 3: Patient in the Surgical Treatment Group

This 58-year-old man presented with bilateral upper
arm weakness and gait disturbance. A lateral cervical ra-
diograph obtained at the first visit showed segmental type
OPLL (C-4, C-5, C-6, and C-7) with a DSSD of 16 mm,
% ratio of 37.5%, and 10-mm residual space for the cord
at the level of C5-6. Flexion and extension radiographs
demonstrated that the C1-7 ROM was 57°, an extensive
degree of spinal mobility (Fig. 4A and B). Impingement
of the spinal cord at multiple levels from both the ante-
rior and posterior directions was shown on T2-weighted
midsagittal MR imaging, and HSCs were evident in the
spinal cord, especially at the C5-6 and C6-7 levels (Fig.
4C). The patient’s preoperative JOA scale score was 11.5
points. He underwent anterior excision of OPLL and
spinal fusion with fibula autograft. Postoperatively, the
patient improved neurologically. Cervical radiographs
obtained 2 years later revealed that spinal fusion was ac-
complished (Fig. 4D). Midsagittal T2-weighted MR im-
ages obtained | year postsurgery showed that the spinal
cord was decompressed and the HSCs in the cord were
diminished (Fig. 4E). At the final follow-up examination
3 years after surgery, the patient's JOA scale score was 16
points (recovery rate 81.8%).

Discussion

In the present study, we assigned patients with cervi-
cal OPLL to treatment groups based on myelopathy se-
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verity and investigated the clinical course in patients with
no or mild myelopathy despite the presence of OPLL-in-
duced spinal canal narrowing, Of 21 patients with no or
only mild myelopathy, newly developed myelopathy was
nol seen in any patient, and slight aggravation of preexist-
ing myelopathy occurred in only | patient (4.8%). Thus,
clinical symptoms were unchanged or improved in 95.2%
of patients, although they had OPLL-induced spinal canal
narrowing with < 12 mm of residual space available for
the spinal cord. These results suggest that our criterion
for conservative treatment (a JOA scale score = 14 points)
is appropriate. On the basis of our findings in the present
study, we suggest that decompression surgery at an early
stage is not recommended in most patients with OPLL
who have no or mild myelopathy, even in the presence of
OPLL-induced spinal canal narrowing.

Regarding factors that influence the development of
myelopathy in patients with cervical OPLL. several re-
ports have demonstrated the importance of static com-
pression factors, which are expressed in % ratios and
measurements of the residual space available for the spi-
nal cord.***" In younger patients, such static compres-
sion factors preferentially contribute to the development
and aggravation of myelopathy because of the presence of
strong growth activity of the ossified mass.* In addition to
static compression factors, recent reports have described
dynamic factors, such as spinal column mobility, in the
development of myelopathy in patients with a consider-
able degree of OPPL canal occupation.®*"?

In the present study, the mobility of the cervical spine,
which was analyzed as the C1-7 ROM, participated in
the development of myelopathy in patients with OPLL-
induced spinal canal narrowing, but the % ratio and the
residual space available for the cord did not. In addition,
our results indicate the contribution of the morphologi-
cal subtypes of OPLL to the development of myelopa-
thy. Patients with segmental-type OPLL generally have
increased mobility of the cervical spine compared with
patients with continuous-type OPLL. We speculate that
when OPLL-induced canal stenosis develops in patients
with segmental-type OPLL, the relatively larger cervical
mobility is maintained and myelopathy will be more like-
ly to occur than in patients with continuous-type OPLL.
In the majority of patients who suffered from moderate
and severe myelopathy and who underwent surgery, the
C1-7 ROMs were = 35° at the initial consultation. We
therefore suggest that having a C1-7 ROM of = 35 is a
risk factor for the development or aggravation of myel-
opathy in patients with OPLL-induced canal stenosis. In
support of this hypothesis is the fact that the only patient
in the conservative treatment group (Case 2) who experi-
enced clinical deterioration during the follow-up period
had a 52° ROM at C1-7.

Previous studies have shown that high signal intensity
in the spinal cord in T2-weighted MR images may corre-
late with some spinal cord disorders including attenuated
venous circulation.' In the present study, the incidence of
the HSCs was significantly higher in patients with mod-
erate and severe myelopathy who underwent surgery. We
suggest that increased myelopathy is more likely to occur
in patients with cervical OPLL and spinal canal narrow-
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ing who show high signal intensity on imaging at their
initial presentation.

In view of our results and previous findings "
when we decide the treatment procedure for patients with
OPLL-induced canal stenosis and no or mild myelopathy,
conservative treatment is the first choice if 1) the C1-7
ROM is < 35% 2) OPLL type is continuous; 3) the patient
is older than 50 years of age; and 4) no HSCs are seen in
the spinal cord on T2-weighted MR images. In contrast,
surgical treatment is indicated if 1) the C1-7 ROM is =2
35% 2) OPLL type is segmental; 3) the patient is younger
than 50 years of age and has activated growth activity of
the ossified mass; and 4) a high signal intensity is seen
in the spinal cord and there is a risk of myelopathy or
aggravation of existing myelopathy. When we undertake
surgery in patients with cervical OPLL and canal steno-
sis, we consider not only the need for spinal cord decom-
pression but also the suppression of dynamic factors.
Thus, we believe that complete excision of the ossified
mass using an anterior approach in combination with the
stabilization of the spine column with strut bone graft is
theoretically the best procedure.

To the best of our knowledge, ours is the first study to
base treatment in patients with cervical OPLL on the se-
verity of myelopathy and to investigate the natural clinical
course in patients with cervical OPLL and no or mild my-
elopathy. Our findings provide guidance for deciding on
the appropriate timing of surgery in patients with cervical
OPLL who have significant cord compression caused by
OPLL and early myelopathy. Nevertheless, our retrospec-
tive study design and relatively small number of patients
should be considered when interpreting the results,

Conclusions

In the present study, we demonstrated that mobility of
the cervical spine and morphological types of OPLL are
important factors that can contribute to the development
and aggravation of cervical myelopathy in patients with
OPLL-induced canal stenosis. We advocate conservative
treatment for most patients with OPLL and no or mild
myelopathy, even in cases of spinal canal narrowing.
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Summary

Background. Prevention of graft dislodgement in multi-
level cervical corpectomy and fusion has been an unre-
solved problem. Anterior plate fixation has a significant
failure rate. External support with a halo-vest is uncom-
fortable for patients. In the present study, we report a
new surgical technique of anterior pedicle screw (APS)
fixation for multilevel cervical corpectomy and spinal
fusion, and describe the safety and utility of the system.
Method. After cervical corpectomy, the pedicles on
the night side were visualised under oblique fluoroscopy.
Guide wires were inserted into the pedicles from the
inner wall of the excavated vertebral body until they
were hidden in the pedicles. After a fibula autograft
was placed, the graft was penetrated in the reverse di-
rection by the guide wires. After drilling and tapping,
cannulated screws were inserted into the pedicles
through the grafted fibula along the guide wires.
Findings. In 9 patients with cervical myelopathy. the
surgery was accomplished with a fibula autograft using
APS fixation. A total of 22 APSs were inserted, and
21 screws were placed precisely in the pedicles. There
were no neurovascular complications. Patients were al-
lowed to ambulate without a halo-vest on the second
day after the surgery. Post-operatively, no dislodgement
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of the grated fibula occurred, and all patients improved
neurologically.

Conclusions. The insertion of APSs is feasible and
safe. APS fixation enables us to obtain rigid fixation ante-
riorly, and we propose that APS fixation is an attractive
option for multilevel cervical corpectomy and fusion.

Keywords: Pedicle screw, anterior surgery; cervical
spine; corpectomy; vertebral artery.

Introduction

Previous reports have shown that surgical outcomes of
multilevel cervical corpectomy with spinal fusion are
superior to those of laminoplasty in patients with cervi-
cal myelopathy, especially when the alignment of the
cervical spine is kyphotic, and the spinal cord is severely
compressed anteriorly [16, 20, 25, 26, 29].

Previous studies have shown that such problems as
post-operative neck pain and stiffness, are less promi-
nent after multilevel cervical corpectomy with spinal
fusion when compared with those after laminoplasty
[8, 15, 28].

Despite pre-operative information showing good sur-
gical outcomes associated with anterior surgery, many
patients (especially elderly patients) have selected pos-
terior surgery [20]. The major reason for this selection is
that the post-operative course of anterior surgery is often
complicated. In particular, prevention of graft dislodge-
ment in multilevel cervical corpectomy with spinal fu-
sion has been an unresolved problem. Anterior plate
fixation has a significant failure rate [5, 23, 27|. External
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support with a halo-vest decreases the dislodgement of
the grafted bone, but application of the support is un-
comfortable for patients [20]. Anterior and posterior
plate fixation increases the stability of the constructs
[6. 24], but requires a longer anaesthesia and is very
laborious, including a change of the patient’s surgical
position.

We previously reported data showing the safety of an-
terior pedicle screw (APS) insertion in the cervical spine
in an experimental study using cadavers (presented at the
19th annual meeting of the Cervical Spine Research
Society-European Section, 2004). Based on those results,
we began investigating the clinical application of APS
fixation for multilevel cervical corpectomy with spinal
fusion. In the present study, we describe the operative
technique of APS fixation and report on its outcome.

Materials and methods

Patient population

From June 2004 to June 2006, 9 patients with cervical
compression myelopathy underwent multilevel cervical
corpectomy and spinal fusion with an autologous fibula
graft using APSs (Table ). The patients included 7
males and 2 females (average age at time of surgery =
56.3 years; range, 40-71 years). The average follow-up
period was 16 months (range, 6-25 months). The cause
of myelopathy were classified as ossification of the pos-
terior longitudinal ligament (OPLL) in 4 patients, cer-
vical spondylotic amyotrophy in 2, multilevel cervical
disc herniation in 2, and cervical disc herniation ac-
companied by canal stenosis in the other patient. The
fusion level was C3-C7 in 4 patients, C4-C7 in 3, C3—
Céin 1, and C5-T1 in 1.

M. Aramomi er al.

Surgical technique of anterior pedicle screw fixation

As a representative example, we describe the surgical
procedures for a patient (Number 3, Table 1), who un-
derwent corpectomy of C5 and C6 and a fibula autograft
fixed with APSs through the right C5 and C6 pedicles.
The patient was placed in the supine position, and the
patient’s head was fixed with Mayfield's three pin sys-
tem. With the patient in this position, we could obtain
enough working space for surgery at the patient’s nuchal
area. Draping was performed so that the anterior and
posterior aspects of the patient’s neck were contained
to the operative field.

Pre-operatively, we set the fluoroscopy angle at ap-
proximately 45° oblique to the floor and along the axis
of the pedicles of C5 and C6. With such oblique fluo-
roscopy, we could detect the round-shaped cortex of the
C5 and C6 pedicles on the right side of the cervical spine
clearly.

A transverse collar incision of approximately 8cm
was made at the left side of the neck. The surgical ap-
proach extended along the esophagus and left carotid
sheath, and the anterior aspect of the cervical vertebrae
was exposed. After discectomy of C4/5, C5/6 and
C6/7. cervical corpectomy of C5 and C6 was per-
formed. Decompression of the spinal cord was con-
firmed by intraoperative spinal ultrasonography.

At the caudal aspect of C4 and the cranial aspect of
C7, the endplate was removed by an air drill, and a graft
bed for the strut fibula was prepared. The length required
for the strut bone was measured. A piece of the left
fibula was harvested from the patient's leg and prepared
as a free strut graft to the site of corpectomy.

The right C6 pedicle was visualsed under oblique
fluoroscopy. A guide wire, with both ends sharpened,
was inserted into the pedicle from the inner wall of

Table 1. Summary of data for 9 patients who underwent surgery with anterior pedicle screw fixation

Case Age (v)/ Diagnosis Fusion APS Follow-up JOA score Solid graft

no. gender level level period (mo) union/period (mo)
Before surgery At follow-up

I 4/M OPLL [of B or} C5, C6 25 1.5 15 yes (12)

2 50/F CDH&CS C3.-Ch C4,C5 24 12 16.5 yes (9)

3 64/M CSAM C4-C7 Cs, Co 24 14.5 155 yes (14)

4 48/M OPLL C3-C7 C4, C5*, C6 I8 1 75 yes (15)

5 40/M MCDH c4-C7 C5, C6 18 nd. nd. yes (12)

6 71/F MCDH C5-Thl C6, C7 12 6 12 yes (12)

7 51/M CSAM c3-C7 C4, C5, C6 12 13 17 not yet

8 66/M OPLL C3-C7 C4, C5, C6 9 8 13.5 not yet

9 67/M OPLL -7 C4, C5, C6 6 13 15 not yet

APS Anterior pedicle screw, JOA Jap Orthopaedic Association, OPLL ossification of the p ior longitudinal lig CDH&CS cervical disc

herniation and canal stenosis, CSAM cervical spondylotic amyotrophy, MCDH multilevel cervical dise herniation, n.d. not detected.

* The screw penctrated the lateral wall of the pedicle.
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Fig. |. Intra-operative photographs showing
the process of antenor pedicle screw fixation
for C5-C6 corpectomy and C4-C7 spinal
fusion in a patient with cervical myelopathy
(Patient 3). After corpectomy of C5 and C6,
the right C6 pedicle was visualized under
oblique fuoroscopy. (A) A guide wire
(@rrow) was inserted into the right C6 pedi

cle from the inner wall of the excavated
verebral body. The asterisk indicates the
insertion point of the C5 pedicle screw, d
Dura mater. (B) Guide wires were inserted
deeply until they were hidden completely in
the C5 and C6 pedicles. At this stage, the
guide wires pass through the C5 pedicle
(armwhead) and the C6 pedicle (armw) per-
forated the skin at the posterolateral area of
the neck. The cranial side (Cra), caudal side
(Cau) und dorsal side (Dor) of the patient ane
indicated. (C) After a fibula sutograft () was
placed, the graft was penetraied in the re-
verse direction by the guide wires through
the C3 pedicle (armwhead) and the C6 ped.
icle (arrow). e Esophagus. (D) After drilling
and tapping. cannulated screws were in-
serted into the C5 and C6 pedicles through
the grafted fibula (/) along the guide wires

Fig. 2. Schematic drawings (A-F) show-
ing the process of anterior pedicle screw
fixation for multilevel cervical corpectomy
and fusion
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the excavated vertebral body under fluoroscopic guidance
(Figs. 1A and 2A). It was inserted deeply, until it was
hidden completely in the pedicle (Fig. 2B). At this stage,
the guide wire perforated the skin at the posterolateral
area of the neck (Fig. 1B). Another guide wire was
placed similarly at the right C5 pedicle. The fibular auto-
graft was tapped gently into place without interference
by the guide wires (Fig. 2C). The graft was penetrated
in the reverse direction by the guide wires (Figs. 1C and
2D). After drilling and tapping, a cannulated screw was
inserted into the C6 pedicle through the graft along the
guide wire (Fig. 2E, F). The length of the screw was
determined pre-operatively by measuring the axial CT
images. Similarly a screw was inserted at C5 (Fig. 1D).

On the second day after surgery, the patient was
allowed 1o ambulate with a Philadelphia collar. At 6
weeks after surgery, a soft collar was used instead of

M. Aramomi er al

the Philadelphia collar, and at 8 weeks after surgery,
the soft collar was removed.

Clinical assessment

The Japanese Orthopaedic Association (JOA) scoring
system was used to evaluate the severity of cervical
myelopathy [20]. In 8 patients, the JOA scores before
surgery and at the final follow-up after surgery were
evaluated, and the recovery rate calculated. In patient
5, it was difficult to evaluate sensory and motor loss
precisely, because the patient was mentally retarded.

Radiographic assessment

Accuracy of the insertion of the APSs was evaluated
with CT reconstruction images. We determined that

Fig. 3. Pre-operative midsagintal recons
truction image (A) and axial images at the
C5 and C6 pedicles (B) of a CT myelo-
gram of a 44-year-old man (Patiemt 1)
showing OPLL &t C4-C6 with compres-
sion of the spinal cord anteriorly m C5-
C6. Post-operative lateral radiographic
image (C) and axial views of CT (D) two
weeks after surgery, indicating that the
screws were inserted accurately through
the grafted fibula autograft and the C5 and
C6 pedicles. A lateral radiographic image
two years afler surgery (E), showing
complete spinal fusion at C4-C7
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the graft unmion was complete when intersegmental mo-
bility within the fused segment was absent. A solid fu-
sion was defined as <1 mm of change between flexion
and extension radiographs in the interspinous distance
across a grafted segment and by continuous osseous
trabeculation at the site of the arthrodesis.

Results

A total of 22 APSs was inserted in this series. Among
them, 21 screws were inserted precisely in the pedicles,
and | screw perforated the lateral wall of the pedicle
(C5 of patient 4). Thus, the pedicle perforation rate in
this series was 4.5%. There were no neurovascular
complications.

All 9 patients improved neurologically. The mean JOA
score was 9.4 points before surgery and 14.0 points at the
final follow-up, and the mean recovery rate was 64.4%.

There was no loosening or dislodgement of screws.
No displacement of the grafted fibula occurred. Among
7 patients who were followed for more than | year after
surgery, solid spinal fusion was detected in 6. The mean
time to solid spinal fusion was 12.3 months (range, 9-15
months) after surgery.

Clinical presentations
Patient |

A 44-year-old man presented with bilateral numbness in

his upper and lower extremities and a spastic gait. The
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pre-operative JOA score was 7.5/ 17 points. Radiological
examinations with CT myelogram and MR images
showed C4-C6 OPLL associated with compression of
the spinal cord anteriorly at C5-C6 (Fig. 3A, B).

Al surgery, we first performed corpectomy of C5 and
C6, extirpated the OPLL, and decompressed the spinal
cord. We then harvested the fibula from his left leg and
grafted it between C4 and C7. We inserted two APSs
through the grafted fibula and the right C5 and C6 pedi-
cles. Post-operative radiographs and CT images con-
firmed that the screws were inserted accurately through
the pedicles (Fig. 3C, D), and no dislodgement of the
grafted fibula was seen, At the final follow-up of 25
months, the patient’s JOA score was 15/17 points (re-
covery rate: 79%), and complete spinal fusion was con-
firmed (Fig. 3E).

Patient 2

A 50-year-old woman presented with bilateral numbness
and clumsiness in her hands. Her pre-operative JOA
score was 12/17 points, Radiological examination with
CT myelogram and MR images showed a central-type
soft disc herniation at C4/5 and disc bulging at C5/6,
which compressed the spinal cord anteriorly (Fig. 4A).
She also had canal stenosis at the cervical spine; the
anterior—posterior diameter of the spinal canal was
13mm at C3, 12mm at C4, 11.5mm at C5, 13 mm at C6
and 13.5mm at C7.

Al operation, we first performed corpectomy of C4
and C5, extirpated the herniated discs, and decom-

Fig. 4. Pre-operative T2-weighted MRI at the midsagittal plane (A) of a 50-year-old woman (patient 2) showing soft disc herniation at C4/5 and
disc bulging at C5/6, which compressed the spinal cord antenorly. Post-operative lateral radiographic image (B) and axial views of CT (C) two
weeks after surgery, indicating that the screws were inserted accurately through the grafted fibula autograft and at the C4 and C5 pedicles. A lateral
radiographic image two years after surgery (D), indicating that spinal fusion with the fibula autograft was complete at C3-C6
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Fig. 5. Pre-operative T2-weighted MRI at the midsagittal plane (A) of a 64-year-old man (Case 3) showing osteophytes at C5/6 and C6/7, which
compressed the spinal cord anteniorly. Post-operative lateral radiographic image (B) and axial views of CT (C) two weeks after surgery, indicating
that the screws were inserted accurately through the grafied fibula autograft and the C5 and C6 pedicles. A lateral radiographic image two years after
surgery (D), indicating that spinal fusion with the fibula autograft was complete at C4-C7

pressed the spinal cord. We then harvested the fibula
from the left leg and grafted it between C3 and C6.
We inserted two APSs through the grafted fibula and
the right C4 and C5 pedicles. Post-operative radio-
graphs and CT images confirmed that the screws were
inserted accurately through the fibula autograft and
the pedicles (Fig. 4B, C). At the final follow-up of 24
months, the patient’s JOA score was 16.5/17 points
(recovery rate: 90%), and complete spinal fusion was
completed with an adequate alignment of the cervical
spine (Fig. 4D).

Patient 3

A 64 year old man presented with muscle weakness and
dysaesthesiae of his right upper extremity. His pre-oper-
ative JOA score was 14.5/17 points. Radiological exam-
ination with CT myelogram and MR images showed
instability at C4/5 and osteophytes at C5/6 and C6/7,
which compressed the spinal cord anteriorly (Fig. 5A).

At surgery, we first performed corpectomy of C5 and
C6, extirpated the osteophytes and decompressed the
spinal cord. We then harvested the fibula from his left
leg and grafted it between C4 and C7. We inserted two
APSs through the grafted fibula and the right CS and C6
pedicles. Post-operative radiographs and CT images con-
firmed that the screws were inserted accurately through
the pedicles (Fig. 5B, C). At the final follow-up of 24
months, the patient’s JOA score was 15.5/17 points (re-
covery rate: 40%), and complete spinal fusion was con-
firmed without any dislodgement of the grafted fibula
(Fig. 5D).

Discussion

Pedicle screws are useful tools for posterior fixation of
the cervical spine [1-3]. The insertion of pedicle screws,
however, has the potential risk of screw misplacement
that causes damage to the spinal cord, nerve roots, or
vertebral artery [4]. Previous studies have shown that
the ratio of correct placement of ordinary posterior ped-
icle screws at the cervical spine ranges from 12.5 10 97%
4, 12—14, 18, 19, 21, 22]. Abumi er al. reported that the
misplacement ratio of cervical posterior pedicle screws
was 6.7% in their series (45 of 669 screws) [4]. Neo er
al. inserted 86 pedicle screws in degenerative cervical
vertebrae from the posterior direction, and 25 of them
(29%) breached the pedicle walls [21].

In our APS fixation method, the vertebral artery is
located at the lateral aspect of the entrance point, and
the dura is directly visible in the surgical field. In ad-
dition, the ideal anterior entrance point of the APS can
be identified using oblique fluoroscopy, which enables
us fo insert the APS into the pedicle accurately. When
we compare the procedure for the placement of the APS
with that of the posterior pedicle screw, the entrance
point of the APS is closer to the pedicle (Fig. 6).
Thus, the safety area at the insertion of the APS was
larger than that of posterior pedicle screws. In fact, in the
present series, 21 of 22 APSs were placed correctly in
the pedicles, even though they were inserted into degen-
crative vertebrae. In this senies, therefore, the misplace-
ment ratio of APSs was 4.5%, which is principally lower
than that of previously reported posterior pedicle screws
(4, 21].



Cervical anterior pedicle screw fixation

Fixation with an anterior plate and screws has sever-
al problems. The screws of the anterior construct are
short and inserted monocortically to a vertebral body,
which is sometimes made of fragile cancellous bone.
Thus, anterior plating alone excessively loads the graft
even with small degrees of motion, which may promote
piston movement and failure of the anterior plate con-
struct [7]. In particular, graft sinking is a major risk
factor, which causes the failure of the anterior plate
construct.

In contrast, fixation with APSs has several advan-
tages. First, the pedicle is a strong anchor, even in
osteoporotic patients |2]. Previous reports have proved
biomechanical superiority of pedicle screws to con-
ventional anterior and /or posterior cervical instrumen-
tation methods [11, 17]. Another advamage is that
the APS method does not fix the junction between
the grafted bone and the vertebral body. This suggests
that graft sinking does not reduce the stability of the
construct.

Based on the considerations described above, we
have begun clinical application of APS fixation. The
present results showed that the insertion of APSs was
safe, and no technical difficulty existed. Although a
halo-vest was not applied post-operatively in this se-
ries, no dislodgement of the grafted fibula occurred.
Graft sinking occurred to some extent during the fol-
low-up period; however, bone union at the junction
between the grafted fibula and the vertebral body prog-
ressed successfully. In this series, solid spinal fusion
was detected 9-15 (mean 12.3) months after surgery.
Previous reports showed that when multilevel cervical
anterior fusion was performed with a fibular strut graft
and post-operative halo-vest fixation, graft union was
achieved at an average of 12 months after surgery [9,
10]. In the present series, the period for obtaining solid
spinal fusion was almost the same as that in those pre-

Fig. 6. Schematic drawings comparing the
screw insertion points and the safety areas
of the trajectory of an anterior pedicle
screw (A) and a posterior pedicle screw
(B), The safety arca at the insertion of the
anterior pedicle screw is larger than that of
the posterior pedicle screw. The insertion
points of the anterior (fA) and posterior
(1P) pedicle screws are indicated

vious reports. Thus, APS fixation can provide a rigid
anterior fibula graft with minimum post-operative ex-
ternal support.

In conclusion, the present data demonstrates that in-
sertion of APSs is feasible and safe. APS fixation could
become a useful tool for obtaining rigid fixation of the
grafted bone anteriorly when performing multilevel cer-
vical corpectomy and spinal fusion.
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Comment

Aramomi ¢f al. have analyzed a small series of patients who under-
wenl anterior pedicle screw fixation for multilevel cervical corpect-
omy and spinal fusion. The anterior insertion of screws into the
pedicles has been introduced as feasible and safe. The new anterior
mwmhmexpmedwmsubllnymdlo\wnheﬁsk
of failures by using conventional ds. Even
though Ihe outcome in this small series was quite good, long-term
results of much larger series will have to confirm this assumption.
Nevertheless, this technical note is a nice introduction into & new
fixation method performed from anteriorly. We agree that Halo-vests
are very uncomfortable for patients who underwent cervical corpec-
tomies and should be used only in special cases with significant
marbidity. In fact, even Philadelphia collars can be avoided in most
cases and a soft collar should be sufficient, provided intraoperative
stability and screw firmness are confirmed. Although we would prefer
iliac bone grafis instead of fibular grafts, this certainly would not
change the overall idea of this paper. We are looking forward to see
the reports of larger series from other groups using this elegant ante-
rior fixation method.

Oliver Bozinov and Helmut Bertalanffy
Zurich, Switzerland
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ARTICLE INFO ABSTRACT

Most studies have focused on the association between diabetes mellitus (DM) and impaired osseous healing,
but there is also evidence that diabetes impairs cartilage formation during fracture healing. To Investigate the
molecular mechanisms by which diabetes affects endochondral ossification, experiments were performed in
a model of rat closed fracture healing complicated with diabetes. Diabetic rats were created by a single
Intravenous injection of streptozotocin (STZ), while controls were treated with vehicle alone. Fractures were
made 2 weeks after STZ injection. Animals were killed at 4, 7, 10, 14, 21, 28 and 42 days following fracture,
and samples were subject to radiographic, histological and molecular analyses. In the DM group, a
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Fracture healing on day 28, DM calluses exhibited a lower rate than controls. However. when evaluated on day 42, both
Cartilage groups showed an equivalent union rate. Cellular proliferation of chondroprogenitor cells and proliferating
Bone union chondrocytes in soft calluses of the DM group was significantly reduced during early stages of healing (days 4
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nstcopnnnn (OPN} were constantly low in the DM group. These results show the molecular basis for
ished cartilage formation and delayed union in fracture healing of the STZ-induced diabetic rats.
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Introduction proliferation in the early callus, and reduced collagen synthesis and

The association between diabetes mellitus (DM) and impaired
osseous healing has been documented in clinical and experimental
settings. Several clinical series have noted that the healing time for
diabetic patients is approximately twice as long as that of non-diabetic
patients [1,2]. In addition, diabetic patients undergoing arthrodesis
had a significantly increased incidence of delayed union, non-union
and pseudoarthrosis [3-5]. Chemically-induced and spontaneously
developed diabetic animal models have demonstrated impaired
fracture healing. In the various models of fracture healing, diabetes
has led to reduced biomechanical properties of healing bones, reduced
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content compared to non-diabetic control animals |6-13].

One of the best-characterized models to study the impact of
diabetes on bone in rats and mice is the induction of type 1 diabetes by
streptozotocin (STZ). Treatment with STZ stimulates a host response
that leads to destruction of pancreatic (3 cells. hypoinsulinemia and
hyperglycemia, with many features similar to type 1 diabetes in
humans [14-16]. Studies using this animal model show that there is a
significant decrease in BMD, BMC and serum osteocalcin levels in the
STZ-induced diabetic animals [17,18]. Moreover, there is a 20%
decrease in biomechanical strength in both femurs and tibias
[18,19). BB rats, which are spontaneously diabetic, show similar
reductions in BMD, serum osteocalcin levels and mechanical proper-
ties [20.21]. Long bone fractures of spontaneously diabetic or STZ-
induced diabetic animals exhibit smaller calluses with decreased bane
formation, proliferation and differentiation of osteoblastic cells and a
2-fold reduction in mechanical strength compared to martched
controls [6,8,22.23).

Although most of the studies have focused on bone, there is also
evidence that diabetes impairs cartilage formation (chondrogenesis)
during fracture healing through decreased chondrocyte differentia-
tion and proliferation [6,13,22.23], Chondrogenesis, an essential
component of endochondral ossification in long bones, is a key
component of fracture healing. Growth factors and cytokines that are
produced by the inflammatory response to skeletal injury support
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chemotaxis of immature mesenchymal cells to the site of fracture and
promote their differentiation into chondrocytes. A well-organized
development and maturation process leads to the formation of
mineralized cartilage, which is subsequently replaced by bone
[24.25). It is therefore conceivable that diabetes impairs [racture
healing by affecting not only bone (intramembranous) formation, but
also cartilage (endochondral) development. However. the molecular
mechanisms by which diabetes affects endochondral ossification in
fracture healing have not been fully determined.

In the present study, a closed femoral shaft fracture was created in
STZ-induced diabetic rats. We then performed detailed histological
and molecular analyses, focusing on the spatial and temporal
expression of cartilage-related collagen and non-collagen genes, to
determine the impact of diabetes on fracture healing, particularly on
endochondral ossification at molecular levels.

Materials and methods
Animals and materials

Two-month-old male Sprague-Dawley rats (10-12 weeks old;
300-400 g) were divided into two groups (control, n=64; diabetic,
n=62). As a model for impaired fracture-repairing ability, diabetic rats
were created by a single intravenous injection of 40 mg/kg STZ (Roche
Molecular Biochemicals, Indianapolis, IN) in 0.1 M citrate buffer (pH
4.9), Rats with blood glucose levels over 300 mgfdl at 1 week after
injection were used for experiments |7,13], and fractures were made
2 weeks after STZ injection. During experiments, the blood glucose
levels were checked twice a week, and animals were excluded from
the study if the blood glucose levels were less than 300 mg/dl in two
consecutive measurements.

On days 4, 7,10, 14, 21 and 28 following surgery. eight rats from each
group were killed and the samples harvested in preparation for
molecular (n=4) and histological (n=4) analyses. Day 42 samples
(control, n=12; diabetic, n=11) were used only for radiographic analysis.

Fracture model

A standard, closed, mid-diaphyseal fracture was produced in the
right femur of each rat according to Dr. Einhorn’s fracture model [26].
Following anesthesia, a Kirschner wire (1.1 mm in diameter) was
introduced into the medullary canal of the right femur, and a mid-
diaphyseal fracture was created with an apparatus composed of a
blunt guillotine driven by a dropped weight. These experimental
procedures were approved by the Animal Care and Use Committee of
Chiba University, Japan.

Radiographic analysis

When animals were sacrificed, radiographs were taken 7, 14, 28
and 42 days after the fracture. To judge bone union, eleven to twelve
calluses from the control and DM groups were evaluated radio-
graphically on days 28 and 42 post-fracture. On radiographic
evaluation, four cortices (two on the antero-posterior and two on
the lateral radiograph) on each callus were evaluated by at least two
different authors (all are Orthopaedic surgeons), and a fracture callus
was defined as a bony union when three of four cortices were bridged.

Tissue preparation

Four rats from each group were killed by intracardiac infusion of 4%
paraformaldehyde under sodium pentobarbital anesthesia on days 4,
7.10, 14, 21 and 28 (total 24 rats from each group) after production of
fractures. Fractured femurs were removed with the surrounding
tissues and fixed with 4% paraformaldehyde in 0.1 M PBS (pH 74) at
4 °C for 24 h. Tissues were decalcified at room temperature with 20%

EDTA, 0.05 M Tris-HCI (pH 7.4), bisected sagittally in the median
plane, and embedded in paraffin. Six-micrometer mid-sagittal
sections were mounted on silane-coated slides.

Measurement of cartilage area

To visualize cartilage matrices, sagittal sections were stained with
toluidine blue (pH 4.1), and areas showing metachromasia were
identified as cartilage. Each callus was photographed using a standard
light microscope. The cartilage area showing metachromasia was
analyzed using NIH image (htep://rsb.info.nih.gov/nih-image/).

Analysis of cellular proliferation in the soft callus

The fracture callus can be histologically divided into "soft’ and
‘hard’ calluses. Soft calluses consist of fibrous and cartilage tissues
which are formed by endochondral ossification, while hard calluses
consist of bone tissues which are formed by intramembranous
ossification.

Sections were immunostained with a monoclonal antibody against
proliferating cell nuclear antigen (PCNA) (PC-10; DAKO Japan, Kyoto.
Japan) to evaluate cell proliferation, Immunochemical staining was
performed as previously described [24,252728| Signals were
detected using diaminobenzidine (DAB) followed by counterstaining
with methylgreen. Four regions in the soft callus including cartilage or
non-cartilaginous tissues were analyzed in each specimen, and the
number of PCNA-positive cells was counted on days 4, 7 and 14 after
fracture. Then the ratio of PCNA-positive cells to total cells was
calculated and expressed as a percentage. The measurements were
performed at least three times for one location of each specimen, and
the average measurement obtained was defined as the PCNA score
[24,25.27-29).

Preparation of probes

The following cDNA clones were used as hybridization probes in
this study: mouse pro-ce1 (1I) collagen (COL2A1) cDNA containing a
0.64-kb fragment, mouse pro-a1(X) collagen (COL10A1) cDNA
containing a 0.60-kb fragment and mouse osteopontin (OPN) cDNA
containing a 1.2-kb fragment (a gift from Dr. S, Nomura, Osaka
University, Japan). Specificity of these probes was confirmed pre-
viously [24.25].

RNA extruction and Northern blot analysis

For RNA extraction, rats were killed as described above on days 4, 7,
14, 21 and 28 post-operatively (total 20 rats from each group) and the
fractured femurs were harvested. Tissues were frozen immediately in
liquid nitrogen and stored at =80 °C until RNA isolation was
performed. Total cellular RNA was extracted and mixed from four
calluses for each group at different time points using TRIzol (Gibco
BRI, Rockville, MD) according to the manufacturer's instructions.
Twenty micrograms of total RNA from each daily sample was
subjected to 1% agarose gel electrophoresis and transferred to a
nylon membrane (Hybond-XL: Amersham Pharmacia Biotech, Buck-
inghamshire, UK). cONA probes were labeled with **P using a random
priming method. Northern blot analysis was carried out as previously
described [24,25,27.28). The density of each band on the autoradio-
gram was estimated by an image analyzer (Image Gauge software,
version 3.1; FUJIFILM, Tokyo, Japan).

In situ hybridization
To compare distribution of cells expressing OPN mRNA in the

fracture callus between groups, sections were hybridized with probes
for OPN. Digoxigenin (DIG)-11-uridine 5-triphosphate-labeled single
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strand RNA probes {antisense and sense probes) for mouse OPN cDNA
(1.2-kb} were prepared. In situ hybridization was carried out as
previously described [24.25,27. Sections were hybridized with the
antisense probes at 50 °C for 16 h. and signals were detected using the
DIG detection kit (Roche Molecular Biochemicals, Indianapaolis, IN).
After signal detection, sections were counterstained with methyl-
green. Sense probes were used to exclude the possibility of non-
specific signals.

Statistical analysis

Differences between groups were determined by Chi-square for
independence test or ANOVA. Where differences existed in ANOVA,
the Fisher-protected least significant difference test was used to
determine significance. A value of p<0.05 was considered statistically
significant.

Results
Radiographic findings

In the control group, periosteal callus formation became visible by
day 7 after fracture (Fig. 1A). By day 14, bony callus size had increased
and a large radiolucent area was observed between periosteal calluses
(Fig. 18, arrows ). By day 28, both the callus size and the radiolucent area
between periosteal calluses had decreased gradually (Fig. 1C). Formation
of osseous bridging over the fracture site was completed by day 42 (Fig.
1D). In contrast, periosteal callus formation was hardly detected on day 7
in the DM group (Fig. 1E). On day 14, a bony callus became visible but
both the callus size and the radiolucent area between periosteal calluses
were significantly smaller than controls (Fig. 1F, arrows). Even after day
14, the bony callus size did not increase and a radiolucent area was
evident on day 28 (Fig. 1G), suggesting that bone union was delayed in
the DM group at this stage. However, osseous bridging was completed by
day 42, similar to control fractures (Fig. 1H).

Finally, we evaluated bone union rate at two different time points
of the remodeling phase. On day 28, the union rate for control and DM
groups was 58% (7 of 12) and 18% (2 of 11), respectively, with a
significant difference noted between groups. However, on day 42, it

CONTROL

gusmar } ey 4

Fig. 1. Radiographic findings for the control (A-D) and the DM (E-H) calhus during
fracture healing In the control group, a bony callus became evident by day 14 with a
wide radiolocent area detected between periosteal calluses (B, arrows). while in the DM
group, a smaller size of bony callus became visible on day 14 with a narrow radiofucent
area detected (F, armows ). Note that the bony callus size of the DM group was smaller
than that of controls during the entire healing period, but the final bone union (osseous
hridging) was completed in both groups by day 42 (D, H)
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Table 1

Bone union rates for the control and DM calluses

Union rate (%) 28 days 42 days
Control 712 [58X) 10/12 (83%)
oM 21 (18%)" 911 (82%)

* Significantty different from controls, p<0.05

was 83% (10 of 12) and 82% (9 of 11), respectively and there were no
significant differences (Table 1),

Morphological characteristics of cartilaginous areas in the fracture callus

The soft callus was divided into two distinct areas: non-
cartilaginous granulation tissue and cartilage including spindie-
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Fig. 2. (A} Histological features of the fracture callus for the control and DM groups. Mid-
sagittal sections from the fracture callus on days 7, 14, 21 and 28 were stained with
toluidine blue (pH 4.1} Areas showing metachromasia represent cartilage ancas.
Asterisks show the fracture site, Scale bars=500 pm. (B) Changes in the cartilage area of
the control and DM calluses during fracture healing (n=4 for each group at different
time points). Note that in the DM group. a significantly smaller cartilage was developed
and the cartilage area decreased rapidly after day 14, while in the control group, a
moderate amount of cartilage still remained on day 28. The DM group exhibited a
significant reduction in the cartilage area compared to controls at any time point up to
day 28 following fracture. Each value represents a mean£5.D. Values in which the DM
group were significantly different from the matched control group (*p<0.05, **p<0.01)
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shaped fibroblasts and round-shaped chondrocytes, respectively. In
the soft callus of the control group, cartilage was clearly detected as a
mass on day 7 after fracture and it was localized adjacent to the
periosteal hard callus (Fig. 2A). Cartilage then expanded toward the
center of the soft callus and its size increased until day 10. Thereafter,
cartilage was replaced with trabecular bone and its size decreased
gradually. On day 28, however, a moderate amount of cartilage
remained between the hard calluses (Fig. 2B).

In the DM group, a significantly smaller cartilaginous callus was
formed compared with controls throughout the entire healing period.
On day 4, cartilage was hardly detectable. From day 7, a cartilage mass
appeared and reached a maximum size on day 10, but the size was
approximately 60% of control calluses. Reduction in the cartilage area
then occurred and its size decreased rapidly up to day 28 (Fig. 2B).

Localization and quantification of PCNA-positive cells in the soft callus
Non-cartilaginous tissue

In both groups, granulation tissue at the fracture site was observed
on day 4 after fracture. At this time point in the control group, a

10

number of chondroprogenitor cells were stained with anti-PCNA
antibodies (Fig. 3A-a). The PCNA score showed that 35% of cells in the
granulation tissue were PCNA-positive (Fig. 3B). In the DM group, the
number of chondroprogenitor cells showing PCNA immunoreactivity
was significantly decreased (Fig. 3A-b) and only 12% of cells were
PCNA-positive (Fig. 3B). On day 7, some of the chondroprogenitor cells
around the cartilage mass were stained with anti-PCNA antibodies in
both groups (data not shown ), At this time point, the PCNA score of the
DM group was 10%, while that of controls was 25%, with a significant
difference between groups (Fig. 3B). By day 14, the number of PCNA-
positive cells in non-cartilaginous tissue decreased rapidly in both
groups, The PCNA score declined to around 10%, with no significant
difference between groups (Fig. 3B).

Cartilage rissue

On day 7 after fracture, both groups showed small, round
chondrocytes (proliferating chondrocytes) localized at the periphery
of the cartilaginous mass, which were stained with anti-PCNA
antibodies (Fig. 3A-c, d). At this time point, the PCNA score of the
control and DM groups was 30% and 18%, respectively, with a

-8 - DM

o

DAY 4

DAY 7 DAY 14

Fig. 3. (A) Cellular proliferation activity for non-cartilaginous and cartilage arcas, The images show PCNA immunostaining for the control and DM groups on day 4 (a, b} and on day 7
(. d) after fracture. In the DM group, the number of PONA-positive chondroprogenitor cells in the non-cartilaginous area and proliferating chondrocytes in the cartilage area was
significantly reduced compared to controls. Scale bars =50 jm. (B) In the non-cartilaginous area, the PCNA score for the DM group (red square, solid line] was significantly reduced
relative to controls (blue diamond. solid line) on days 4 and 7, but no longer reduced on day 14. In the cartilaginous area, the DM group (red square, dotted line) exhibited a
significant reduction in the PCNA score compared to controls (blue diamond, dotted line) on day 7, but was not reduced on day 14. Each value represents a mean +5.0. *Values in
which the DM group were significantly different from the matched control group (p-0.05).
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significant difference noted between groups (Fig. 3B). On day 14, some
of the proliferating chondrocytes were still PCNA-positive and
hypertrophic chondrocytes were essentially negative in both groups
(data not shown). The PCNA score for both groups declined to around
10% (Fig. 3B) with no significant difference between groups. On day 21,
the score for both groups further decreased to less than 5% (data not
shown).

Quantification of mRNA levels for cartilage-related collagen genes

mRNA expression of cartilage-related collagen genes, including
COL2A1 and COL10A1, was examined at different time points in both
groups and their levels were quantified (Figs. 4A, B). A considerable
amount of COL2A1 was expressed in the control group on days 7 and
14. However, expression of COL2A1 mRNA was markedly reduced in
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Fig 4. (A) Northern blat analysis for the fracture callus of control and DM groups. Total
cellular RNA was extracted and mixed from four calluses for each group at different time
points. Twenty micrograms of total RNA from each daily sample was analyzed to
quantify expression levels of cartilage-related genes, including COL2A1 and COLI0AL
CAPDH served as an internal standard for the amount and integrity of RNA preparation,
Representative autographic images are shown. (8) Quantification of mRNA expression
levels for COLZAT and COL10AT in both groups. Each band density was normalized to
the ratio of the internal standard GAPDM.

the DM group (approximately 0.3-fold on days 7 and 14). Similarly, in
both groups expression of COL10A1 appeared on day 7 and reached a
maximum on day 14. From day 14 onwards, expression levels of
COL10A1 for the DM group were lower than those for controls
(approximately 0.6-fold on day 14 and 0.5-fold on day 21).

Analysis of spatial and temporal expression of OPN mRNA

Osteopontin (OPN) is one of the major non-collagenous extra-
cellular matrix (ECM) proteins in bone. During endochondral
ossification, OPN is expressed exclusively in late hypertrophic
chondrocytes |30, and is thus a useful marker for terminal
differentiation of chondrocytes. In the control group, a strong signal
was detected in late hypertrophic chondrocytes that face osteoblasts
in the primary spongiosa of the hard callus (Fig. 5A-a, red arrow-
heads). A weak to moderate signal was also observed in early
hypertrophic chondrocytes (Fig. 5A-a). In the DM group, striking
effects of diabetes on OPN expression were observed. Signal was
hardly detected in late hypertrophic chondrocytes and no signal was
seen in early hypertrophic chondrocytes. despite a moderate intensity
of signal detected in osteoblasts in the primary spongiosa of the hard
callus (Fig. 5A-b).

The temporal expression pattern for OPN mRNA was similar in
both groups (Figs. 5B. C). There was a peak on day 14 when
replacement of cartilage with bone was most prominent during
healing, Expression levels of OPN for the DM group were reduced on
days 7 and 14 (approximately 0.5-fold on day 7 and 0.6-fold on day
14). After day 14, the DM group exhibited a steady reduction in OPN
expression, while the control group showed a sharp reduction from
days 14 to 21 (Fig. 5C).

Discussion

Diabetes impairs the fracture healing process beginning with a
reduction in early cellular proliferation. continuing with a delay in
endochondral ossification and ending with a decrease in the
biomechanical properties of the fracture callus |6-13,22], In the
present study, the molecular basis for impaired fracture healing was
analyzed in the STZ-induced diabetic rat.

To examine the effect of diabetes on cartilage development during
fracture healing, the cartilage area within the callus was measured.
Both groups showed a peak on day 10, but the cartilage area of
controls was 1.7-fold larger than that of the DM group. Interestingly,
the DM group showed a sharp reduction in cartilage area after day 14.
In contrast, the control group showed a steady reduction. This
tendency was consistent with a previous study by Kayal et al. They
demonstrated, using a tibial fracture model in mice, that callus size
and cartilage area on day 12 were similar in normoglycemic and
diabetic animals, but the DM group showed a sharp reduction in
cartilage area from days 16 to 22, while the control group showed a
steady reduction [32),

To elucidate the underlying mechanism by which a diabetic state
led to a decrease in cartilage area, we first analyzed cellular
proliferation in the soft callus, which consists of cartilage and non-
cartilaginous tissues. The results showed that chondroprogenitor cells
in the non-cartilaginous area of the DM group exhibited a significant
decrease in cellular proliferation on days 4 and 7. Similar effects were
observed in the cartilage area of the DM group on days 7 and 14. This is
consistent with a previous study that showed a significant reduction
of BrdU-positive cells during early stages of healing (on days 2 and 4)
in the soft callus of a diabetic group compared to non-diabetic controls
|6). This decreased proliferation activity of chondrogenic cells in the
DM group could also be supported by the fact that in fracture healing
of insulin receptor substrate-1 (IRS-1)-deficient mice, where the
signaling pathway of insulin and IGF-1 is absent, the fracture site was
associated with a decrease in chondrocyte proliferation [32].
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Fig. 5. (A) Sparial expression of OPN mRNA during the transition from cartilage to bone. Note that a strong signal was detected in late hypertrophic chondrocytes in the control group
(a, red arrowheads). In contrast, a signal was hardly detected in the DM group (b), HC, hyperrophic chondrocytes: OB, osteoblasts. Scale bars = 50 um. (B) Northern blot analysis for the
fracture callus of contral and DM groups. Total cellular RNA was extracted and mixed from four calluses for each group at different time points. Twenty micrograms of total RNA from
each daily sample was analyzed to quantify expression levels of OPN. GAPDH served as an Internal standard for the amount and integrity of RNA preparation. Representative
autographic images are shown. (C) Quantification of mRNA expression levels for OPN in both groups. Each band density on B was normallzed to the ratio of the internal standard

GAPDH.

Next, we investigated anabolic activities of cartilage cells at the
maolecular level and mRNA expression of collagen type Il (COL2A1) and
type X (COL10A1) was quantified. Both groups showed a similar
expression pattern, with a peak on day 14 and a sharp reduction
thereafter. However, there was a constant reduction in expression for
COL2A1 and COL10A1 in the DM group, suggesting that a diabetic state
attenuates cartilage-related collagen synthesis from early to late
stages of healing, leading to a smaller callus size.

It is currently controversial whether a diabetic state affects collagen
expression during fracture healing. Gooch et al. reported that experi-
mentally induced diabetic rats exhibited an alternation in the temporal
expression of type Il and type X collagen mRNA and a decrease in type X
mRNA expression as compared to controls | 23] On the contrary, Kayal et

al. showed that there was no significant difference in the expression of
collagen |, Il or X between diabetic and normal mice [31). Differences
could be explained by differing conditions of the experimental animals
analyzed or when the samples were taken, but in the present study, a
reduction in COL10A1 expression after day 14 was evident in the DM
group. This led us to further investigate whether a diabetic state affects
terminal differentiation of chondrocytes during endochondral ossifica-
tion in fracture repair.

To this end, we focused specifically on the spatial and temporal
expression of OPN, which is a well established marker for terminal
differentiation of chondrocytes [25.33], and compared it between
groups. The results showed that in the DM group, a signal was hardly
detected in late hypertrophic chondrocytes in contrast to a robust
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signal detected in controls. Quantitative data of OPN expression by
Northern blot showed that the DM group expressed approximately
60% of the OPN levels of controls on day 14 and equivalent OPN levels
during later stages (on days 21 and 28). Even though OPN is a useful
marker for terminal differentiation of chondrocytes, osteoblasts also
express a considerable amount of OPN, as shown in Fig. 5A. Thus, it is
conceivable that total OPN expression in the DM group mostly reflects
that derived from osteoblasts in the hard callus.

OPN plays important roles in a diverse set of processes including
macrophage function, angiogenesis, extracellular matrix mineraliza-
tion and osteoclastic bone remodeling, suggesting that OPN may be
important during multiple stages of fracture healing. Of these OPN
functions, osteoclastic resorption of mineralized cartilage is predomi-
nantly important during the transition from cartilage to bone. In this
study, despite diminished expression of OPN, the cartilage area was
reduced rapidly in the DM group, which was an unexpected result.
Using OPN-deficient mice, Duvall et al. reported that OPN deficiency
significantly altered, but did not prevent, bone regeneration and
remodeling of fractures, Also, no compensatory over-expression of
other ECM components was found [33]. These observations suggest
that there may be redundant mechanisms that allow fracture healing
to occur, albeit delayed, in the absence of OPN because of common
cellular binding sites (e.g. RGD sequences) and functional overlap
between OPN and other ECM proteins.

Another unexpected result in the present study was that there was
no significant difference in the final bone union rate between groups
evaluated on day 42. When the bone union rate was evaluated on day
28, the DM group exhibited a significantly lower rate than controls
(Table 1). Nevertheless, both groups finally achieved an equivalent
union rate, suggesting that a diabetic state delays but does not cease
the endochondral ossification process in the middle of bone healing.
However, due to the lack of mechanical testing, the equivalent union
rate does not necessarily mean that quality of osseous healing is the
same in the DM and control groups. We have previously shown that
basic FGF-injected fracture calluses exhibited a lower bone union rate
compared to controls due to enhanced cartilage formation [24,28].
Considering these observations, smaller cartilage development fol-
lowed by enhanced cartilage removal in the DM callus may result in an
equivalent final union rate as controls. However, a diabetic state
definitely delayed the fracture healing process, Thus, insulin treat-
ment or some type of intervention by bioactive agent(s) is indis-
pensable to restore diabetes-induced impaired fracture healing to
normal. Indeed, previous studies have demonstrated that systemic or
local insulin treatment reversed impaired bone healing in diabetic
animals, possibly through enhancement of bone formation and
inhibition of bone resorption |6,8.11,34]. Of the bioactive agents
other than insulin that enhance bone healing complicated with DM,
parathyroid hormone (PTH) (1-34) may be a patent therapeutic agent
because the effects of PTH (1-34) on bone and cartilage formation are
thought 1o be largely insulin-like growth factor I-dependent [25,27].

In summary, the STZ-induced diabetic rats demonstrated impaired
fracture healing associated with diminished chondrogenic cellular
proliferation, cartilage-related collagen synthesis and delayed term-
inal differentiation of chondrocytes, which resulted in a smaller callus
size. There were no significant differences in the final bone union rate
between groups, although the mechanisms are still unclear. Future
work will include examining molecular impacts of diabetes on later
stages of fracture healing, in particular on cartilage and bone
remodeling, and accelerating those stages by systemic or local
treatment with insulin or some other bioactive agent{s).
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