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Abstract

Background Ossification of the posterior longitudinal
ligament (OPLL) is most frequently seen in the cervical
spine. The types of cervical OPLL are classified into
continuous, mixed, segmental, and other based on plain
lateral X-ray. Computed tomography (CT) imaging is often
used in clinical practice for evaluating ossified lesions as it
can detect their precise location, size, and shape. However,
to date, no CT classification of OPLL lesions has been
proposed.

Methods One hundred and forty-four patients diagnosed
with cervical OPLL by plain radiograph were included in
this study. Sagittal and axial CT images of the cervical
spine were obtained. We propose three classification sys-
tems: A, B, and axial. Classification A comprises two
lesion types: bridge and nonbridge. Classification B
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requires examiners to describe all vertebral and interver-
tebral levels where OPLL exits in the cervical spine. Axial
classification comprises central and lateral lesions identi-
fied on axial CT images. Seven observers evaluated CT
images using this classification system, and intra- and
interrater reliability were examined.

Results  Averaged Fleiss’ kappa coefficient of interrater
agreement was 0.43 + 0.26 among the seven observers,
averaged intrarater reliability for the existence of OPLL
was 724 + 88 % [95 % confidence interval (CI)
67.5-76.8]. Fifty-four patients (37.5 %) had the bridge type
and 90 the nonbridge type according to Classification A;
102 (70.8 %) had central and 42 (29.2 %) lateral OPLL in
the axial classification. Four representative cases defined
according to the three classification types are reported here.
Conclusion Subcommittee members of the Investigation
Committee on the Ossification of the Spinal Ligaments of
the Japanese Ministry of Public Health and Welfare pro-
pose three new classification systems of cervical OPLL
based on CT imaging: A, B, and axial.
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Introduction

Ossification of the posterior longitudinal ligament (OPLL)
is characterized by the replacement of ligamentous tissue
by ectopic new bone [1]. OPLL often causes narrowing of
the spinal canal and has been recognized as one of the
causes of myelopathy and/or radiculopathy [2]. The disease
was first reported in Japan in 1960 [1]. Since then,
numerous cases of OPLL have been reported, and its
existence in the general Japanese population is reported to
be 1.9-4.3 % among people >30 years [3]. Although the
pathogenesis of OPLL has not been fully elucidated, a
genetic background factor related to systemic ossification
could be involved [4].

A radiological study revealed that OPLL is frequently
observed in the cervical spine [5] and are classified as
continuous, mixed, segmental, and other types based on
plain lateral X-ray of the cervical spine according to the
classification established by the Investigation Committee
on the Ossification of Spinal Ligaments of the Japanese
Ministry of Public Health and Welfare in 1981 [6]. This
classification [6] is very simple and easy to use; however,
X-ray-based classification has the following potential
limitations:

1. Explicit definition of each type is unclear
Agreement ratio between examiners has not been
confirmed

3. Precise evaluation of the ossified lesion at each
vertebral and intervertebral level is not sufficiently
expressed

4. Data collection regarding lesion location might be
difficult using X-ray classification

Computed tomography (CT) imaging is often used in
clinical practice to evaluate OPLL lesions and can detect
the precise location, size, and shape of ossified lesions.
Thus, several members of the investigation committee were
selected to develop new classifications for cervical OPLL
using CT imaging. The purpose of this study was to
introduce the new classification system and assess its
classification adequacy.

Materials and methods

One hundred and forty-four patients diagnosed with cer-
vical OPLL by plain radiograph were entered into this
study. All patients were treated and followed in one uni-
versity hospital. There were 90 men and 54 women, with
an average age of 67.5 years (range 36-86 years).
Informed consent was obtained from each patient before
enrollment, and the study was approved by the Institutional
Review Board of the university hospital. Forty-six patients

T
3

Fig. 1 Typical bridge (a) and nonbridge (b, ¢) lesions. Gray areas
ossification of the posterior longitudinal ligament (OPLL) lesions

had a history of cervical laminoplasty, which is a posterior
decompression surgery in the cervical spine. Patients who
had anterior decompression surgery (ADS) for OPLL
treatment were excluded, because ADS might affect OPLL
configuration. Lateral radiographs [6] were obtained in all
patients; accordingly, 35 were classified with continuous,
66 with mixed, 41 with segmental, and two with other
OPLL types. Sagittal and axial multidetector CT images
(SOMATOME Sensation 64 Cardiac, SIEMENS Co., Er-
langen, Germany) were also obtained. Specific CT
parameters were | tube rotation/s, 17.28 mm/s table-feed
speed, 160 mA, and 120 kV. Image reconstructions were
made using a CT console (Wizard, SIEMENS, Co.) at a
1-mm interval from the 0.75-mm scan-slice data. A tech-
nique was used to determine the threshold for bone-density
measurement. Images were constructed using the bone-
window setting (width 1,500, center 200); OPLL lesion
classifications were established and then evaluated. Clas-
sification analysis was independently performed by seven
senior spine surgeons. Classification system details are
described below.

Classification A

In classification A, ossified lesions were divided into two
types: bridge and nonbridge, based on presence or absence
of a bony bridge between vertebral bodies on sagittal CT
images (Fig. 1). Bony bridge is defined as an OPLL con-
nection to the adjacent posterior margins of vertebral
bodies at two or more levels. The observers evaluated the
ossification using all of the sagittal CT images. When an
ossified lesion connected to the adjacent posterior margin
of a vertebral body, even if a small ossification and not
necessarily the most extended ossification, it was classified
as a bridge type. The number of connected vertebral bodies
is included in the classification.

Classification B

This classification requires the examiners to describe all
vertebral and intervertebral levels where OPLL >2 mm in

@ Springer
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width exist in the cervical spine. Then, connection or dis-
connection of OPLL is expressed as follows:

@® A dot (“.”) is applied when the OPLL lesion is
disconnected, similar to the segmental type in the
X-ray classification.

@ A slash (“/”) is applied when the OPLL lesion is
beyond the intervertebral level, without any
bridge formation to the adjacent vertebral body.

® A bar (“-”) is applied when the OPLL lesion is
beyond the intervertebral level, with bridge
formation to the adjacent vertebral body.

@ A circle (“O”) is applied at the level of the
vertebral body when the OPLL lesion is not
attached to the vertebral body (level number is
circled). This means that if the OPLL lesion is
fused with the vertebral body, the circle is not
applied at the level of the vertebral body.

Axial classification

The ossified lesion is divided into two types, central and
lateral, on axial CT images at the level where the ossifi-
cation most significantly occupies the spinal canal. If the
posterior prominence of the OPLL is located in the middle
third of the spinal canal, it is defined as central; the lateral
type is subdivided into left- and right-side types.

Interrater and intrarater reliability and agreement

To evaluate the adequacy of classification A, inter- and
intrarater reliability measures were determined with Fleiss’
kappa coefficient using a dedicated MATLAB (Mathworks,
Paris, France) program. Kappa values of 0.00-0.20 were
considered as being slight agreement, 0.21-0.40 as fair,
0.41-0.60 as moderate, 0.61-0.80 as substantial, and
0.81-1.00 as almost perfect [7, 8]. As classification B is a
complex process, we did not calculate its inter- and in-
trarater agreement ratio. Likewise, we did not calculate the
agreement ratio of the axial image classification.

Results

Interrater and intrarater reliability and agreement
in classification A

Averaged Fleiss’ kappa coefficient of interrater agreement
was 0.43 £ 0.26 among the seven observers. The averaged
intrarater reliability for the existence of OPLL was
72.4 + 8.8 % [95 % confidence interval (CI) 67.5-76.8].

@ Springer

Table 1 Classification A

Ossification of posterior longitudinal ligament No. of
(OPLL) lesions patients
Bridge type 54
2-level 28
3-level
4-level 5
4 continuous levels 2
2 + 2 levels 3
>5-level 17
5 continuous levels 3
2 + 3 levels 5
3 + 2 levels 2
7 continuous levels 4
2 + 5 levels 1
8 continuous levels 1
4 + 4 levels 1
Nonbridge type 90

Fig. 2 Typical case with bridge formation in two separate areas.
63-year-old man with three-level bridge at C2—4 and two-level bridge
at C5-6 3 + 2)
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Analysis of OPLL type according to classification
A and axial classification in 144 patients

Classification A

Fifty-four patients (37.5 %) had a bridge formation
between vertebral bodies on the sagittal plane. Bridge
formation occurred from vertebral bodies 2-8: in 28
patients at two levels, four patients at three levels, five
patients at four levels, and 17 patients at more than five
levels (Table 1). Twelve patients had bridge formation in
two separate areas, shown as 2 4 2 (2-level bridge + 2-
level bridge), 2 +3, 44+ 4 and 2+ 5 (Table | and
Fig. 2). Ninety patients had nonbridge OPLL.

Axial classification

One hundred and two patients (70.8 %) had central-type
OPLL, and 42 (29.2 %) had the lateral type.

Case presentation
Case 1

The patient, a 59-year-old man, had mixed type OPLL
according to X-ray of the cervical spine (Fig. 3a). He had
the bridge type according to classification A, as OPLL was
seen from C5-7 and was connected to vertebral bodies
(Fig. 3b). In classification B, the OPLL lesion was
expressed as “C®/4, 5-7”. The spinal canal was the nar-
rowest at C4. Ossification was classified as the central type
on axial image at C4 (Fig. 3c).

Fig. 3 A 59-year-old man.
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) image (b),
and axial CT image at C4 (c)

Case 2

A 74-year-old had a C3-7 laminoplasty 5 years earlier. His
OPLL was classified as continuous based on cervical X-ray
(Fig. 4a). According to classification A, he had bridge type
OPLL from C3 to T2 (Fig. 4b). OPLL lesions were
expressed as “C3-7" according to classification B and left
lateral type at C5-6 according to axial classification
(Fig. 4c).

Case 3

A 69-year-old woman with OPLL considered as the seg-
mental type according to X-ray (Fig. 5a). She had the
nonbridge type at C4 and C5 and was classified as
“C4.5.6” according to classification B (Fig. 5b). She had
the central type in axial classification at C5, where the
OPLL was the most pronounced (Fig. 5¢).

Case 4
A 66-year-old man had mixed OPLL according to cervical
X-ray (Fig. 6a), bridge type in classification A, expressed

as “C@/3-4/5/6” in classification B (Fig. 6b) and as cen-
tral type in axial classification at C3 level (Fig. 6¢).

Discussion

Lateral X-ray examination is the gold standard by which to
determine the existence of OPLL in the cervical spine and
by which most physicians establish the diagnosis. OPLL
classification by lateral X-ray, proposed by the Investiga-
tion Committee on OPLL of the Japanese Ministry of
Public Health and Welfare in 1981, has widely been used

@ Springer
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Fig. 4 A 74-year-old man.
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) image (b),
and axial CT image at C5-6
level (c¢)

Fig. 5 A 69-year-old woman.
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) (b), and axial
CT at C5 level (¢)

[6] and is useful for assessing OPLL characteristics
because it is easy to identify ossified lesions and is bene-
ficial for predicting OPLL progression and the occurrence
of cervical myelopathy. However, the lateral X-ray does
not provide details of lesions themselves. A recent study
has shown that CT imaging is necessary for precise
detection of such lesions [9]. In fact, CT has become a
standard tool for evaluating such ossified lesions, and most
spine surgeons obtain CT imaging before surgical inter-
vention in patients with OPLL. Therefore, we decided to
develop a new classification system of OPLL based on CT
imaging.

In classification A, we noted bridge formation of ossified
lesions to the vertebral body for the following two reasons:
(1) The absence of bridge formation is directly related to
segmental motion of vertebrae, which is lost at the level
where the bridge is formed [10]. On the other hand, the

@ Springer

segment adjacent to the bridge formation might have
greater motion, which results in adjacent segmental insta-
bility. It has been reported that segmental motion is a factor
causing neurological impairment, such as cervical mye-
lopathy [11]. In their long-term follow-up study, Matsu-
naga et al. [11] stated that range of motion (ROM) was
significantly larger in patients with than those without
myelopathy. They emphasized the importance of cervical
motion that might lead to the development of neurological
compromise. (2) Bridge formation may be related to the
extension of ossified lesions along the entire spine.
Matsunaga et al. also demonstrated that bridge formation in
OPLL in the cervical spine is strongly related to multiple
OPLL in the entire spine [9] and might represent the
characteristics of diffuse ossification in PLL in the entire
spine. Bridge formation can be precisely evaluated by CT
imaging, but it is difficult to assess the finding using lateral
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Fig. 6 A 66-year-old man.
Lateral cervical X-ray (a),
midsagittal computed
tomography (CT) image (b),
and axial CT image at C3 (c)

X-ray alone. In classification A, the interrater agreement
ratio was 0.43 among the seven examiners, indicating
moderate agreement. Interrater agreement ratio was not
high but seems to be acceptable according to evaluation
among the seven examiners. This low ratio might be due to
examiners’ unfamiliarity with evaluating ossified lesions
on CT images. In particular, it is difficult to judge the bony
bridge on a CT image if the small ossification connects to
the adjacent vertebrae. It might be important to check
segmental motion in order to evaluate connection or dis-
connection between adjacent vertebrae. When the exam-
iners become familiar with the evaluation technique using
CT images, the agreement ratio might increase. The aver-
aged intrarater reliability was 72.4 %, which indicates
substantial agreement. Therefore, we believe that this
classification system is very easy to use and has the
potential benefit for evaluating characteristics of cervical
OPLL lesions.

CT provides an excellent axial view of the spinal canal,
yielding valuable information on the area and median or
paramedian location of ossification. In axial-image classi-
fication, we selected the level where OPLL most frequently
occurs in the spinal canal. Information regarding the ratio
of ossified lesions to the spinal canal is very important,
because previous report indicate that patients with >60 %
of the cervical spinal canal/stenosis by OPLL had cervical
myelopathy [12, 13]. Laterality of the ossified lesion can be
evaluated using this classification. Patients with cervical
myelopathy due to OPLL sometimes have a predominant
side of neurological impairment [12]. However, data of
patients’ clinical symptoms were not included in the study
reported here. The relationship between the axial classifi-
cation and clinical symptoms will be an important research
theme for future studies.

For classification B, we evaluated ossified lesions at all
vertebral and intervertebral levels and checked for and
described their connection or disconnection and whether or
not lesions are attached to the upper or lower border of the
vertebral body. This classification provides a precise means
of identifying the existence of OPLL lesions and, if they
are present, describes their characteristics. However, this
classification is somewhat complex, and we believe it may
not be appropriate for daily clinical use but, rather, may be
useful for precise data collection in future studies.

This study has several limitations. First, we did not check
the dynamic factor or cervical spine alignment using CT
images. CT was taken with the patient in a supine position
without performing flexion and extension analysis. Thus,
segmental motion could not be detected. Second, we did not
evaluate the relationship between OPLL types and clinical
symptoms. In the axial image, the occupied ratio against the
spinal canal can be easily detected. It might be interesting to
determine how laterality is related to the predominant side of
the neurological deficit; however, we have no MRI infor-
mation regarding spinal cord compression due to OPLL. The
relationship of OPLL lesions and/or dynamic factors to
clinical symptoms is a theme for future study. Thirdl, the
agreement ratio for both types of classification A is moder-
ate, although we consider it acceptable for use. Classification
B is a highly complicated procedure, and we thus did not
analyze intra- or interobserver agreement ratio. Despite these
several study limitations, CT classification provides precise
evaluation of OPLL lesions and might also be useful to help
determine the appropriate operative procedure. For example,
fusion surgery is not necessary at alevel where there is bridge
formation, because there is no segment motion at that level.
This might be the advantage of CT classification over X-ray
classification.
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In conclusion, we, the subcommittee members of the
Investigation Committee on the Ossification of the Spinal
Ligaments of the Japanese Ministry of Public Health and
Welfare, propose three new classification systems for cer-
vical OPLL based on CT imaging: classification A, clas-
sification B, and the axial image classification. It is our
hope that these classifications will be recognized as useful
clinical assessment tools for evaluating OPLL lesions.
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It is known that the severity of compression myelopathy sometimes worsens rapidly and results in poor
functional recovery because of limited axonal regeneration. Levels of phosphorylated neurofilament sub-
unit NF-H (pNF-H), which indicate axonal degeneration, are elevated in other neurological disorders. To
our knowledge, there has been no examination of pNF-H levels in compression myelopathy. Therefore,
we conducted a pilot cross-sectional study to evaluate pNF-H levels in the cerebrospinal fluid (CSF) of
patients with worsening symptoms of cervical compression myelopathy. From January 2011 to March
2013, 51 samples of CSF were collected from patients at the time of myelography before spinal surgery.
The indications for surgery were acutely worsening compression myelopathy (AM) in eight, chronic com-
pression myelopathy (CM) in six, and lumbar canal stenosis (LCS) in 37 patients. The pNF-H levels were
measured using a standard enzyme-linked immunosorbent assay. The mean * standard deviation pNF-H
value was 2127.1 £ 556.8 pg/ml in AM patients, 175.8 + 67.38 pg/ml in CM patients and 518.7 + 665.7 pg/
ml in LCS patients. A significant increase in pNF-H levels was detected in the CSF of patients with AM
compared with those with either CM or LCS. The clinical outcome of surgical treatment for patients with
cervical myelopathy was satisfactory in both AM and CM patients. Despite the limitations of small sample
size and lack of healthy CSF control data due to ethical considerations, our results suggest that pNF-H in
CSF can act as a biomarker that reflects the severity of AM.

Keywords:
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Cerebrospinal fluid
Compression myelopathy
PNF-H
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1. Introduction

Cervical compression myelopathy is one of the most common
spinal cord disorders affecting the elderly. It is well known that
the mechanism of compression myelopathy is chronic compression
of the spinal cord by osteophytes, degenerated discs, thickened lig-
amenta flava, and ossification of the posterior longitudinal liga-
ment [1]. Usually, a slow and stepwise decline in function is
observed after compression myelopathy. However, a rapid progres-
sion of motor paralysis and paresthesia with mild or no trauma is
occasionally observed. The severity of compression myelopathy
has been reported to worsen rapidly in almost 5% of patients [2].

* Corresponding author. Tel.: +81 43 462 8811; fax: +81 43 462 8820.
E-mail address: hirochann@syd.odn.ne.jp (H. Takahashi).

http://dx.doi.org/10.1016/j.jocn.2014.04.021
0967-5868/© 2014 Published by Elsevier Ltd.

Rapid worsening of compression myelopathy results in severe
neurological deficits with poor functional recovery because of lim-
ited axonal regeneration [1,3]. To date, the only effective therapy
for compression myelopathy is early surgical treatment [4]. Gener-
ally, the recovery rate of neurological function after surgical treat-
ment is about 50-70% [5]|. However, in some patients, sufficient
improvement of neurological function is not achieved. At present
we cannot accurately predict the recovery rate before surgical
treatment. Moreover, the only indicators to assess the severity of
neurological status are subjective, including the Japanese Ortho-
paedic Association (JOA) score [6]. Therefore, biomarkers that
reflect the degree of damage to the spinal cord and the severity
of neurological symptoms would be useful.

Phosphorylated neurofilament subunit NF-H (pNF-H) is a struc-
tural protein of axon fibers and is not detected in the cerebrospinal
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fluid (CSF) or blood of healthy subjects. However, axonal break-
down increases the level of pNF-H in plasma and CSF [7]. A recent
report has indicated that the level of pNF-H in the plasma and CSF
is elevated in various neurological disorders such as subarachnoid
hemorrhage, traumatic brain injury, amyotrophic lateral sclerosis,
and acute spinal cord injury [8-12]. Therefore, pNF-H may be
useful to evaluate the severity of progression and the effect of
treatment in such disorders.

However, there are no studies examining the level of pNF-H in
the CSF or plasma of patients with compression myelopathy to our
knowledge. Therefore, we conducted a pilot cross-sectional study
to determine the level of pNF-H in the CSF of patients with
compression myelopathy.

2. Methods
2.1. Patients and samples

This study was given approval by our University Human Ethics
Committee. From January 2011 to March 2013, 51 CSF samples
were obtained from patients at the time of myelography before
spinal surgery at the Toho University Sakura Medical Center.
Informed consent was obtained from all patients. The indications
for surgery were cervical compression myelopathy in 15 patients
and lumbar canal stenosis (LCS), which was used as a control dis-
order, in 37 patients. Furthermore, we divided compression mye-
lopathy samples into patients with acutely worsening symptoms
(AM) and patients with chronic symptoms (CM). We defined
acutely worsening compression myelopathy as that in which the
JOA score of patients with cervical myelopathy decreased by 2
points or more during a recent 1 month period [13]. Ultimately,
eight patients were allocated to the AM group and six patients to
the CM group. Patients who were diagnosed as having cervical
spondylotic radiculopathy and cervical spondylotic amyotrophy
were excluded from this study. Patients with double lesions (cervi-
cal compression myelopathy and LCS) were also excluded.

2.2. Clinical outcome of patients with compression myelopathy

In all patients with compression myelopathy (AM and CM
groups), neurological evaluation using a JOA score for cervical
myelopathy (scores range from 0 to 17) was performed [6]. The
scores were evaluated at the time of myelography before surgery
and 6 months after surgery by two orthopedic spine surgeons.

2.3. pNF-H assay

The pNF-H assay was performed using a commercially avail-
able enzyme-linked immunosorbent assay kit (ELISA; BioVendor,
Brno, Czech Republic). Frozen CSF samples were allowed to thaw,
and diluted 1/2 in a buffer. The samples were then loaded onto an
ELISA plate. The assay was performed according to the manufac-
turer’s protocol. To standardize the pNF-H value, all samples were
tested in duplicate, and the average value for each sample was
calculated.

2.4. Statistical analyses

Results are presented as mean + standard deviation. A one fac-
tor analysis of variance with a post hoc Tukey-Kramer test was
used to evaluate the difference in the pNF-H levels between AM,
CM, and LCS patients. Spearman’s correlation coefficient by rank
test was used to evaluate the correlation between pNF-H and JOA
score. p < 0.05 was considered statistically significant.

Table 1
Patient characteristics in each group
AM M LCS
Patients, n 8 6 37
Sex
Male 4 5 14
Female 4 1 23
Age, years
649+10.2 650+13.2 703+79
(45-79) (39-75) (55-86)
Preop JOA 9.25+243 10.6+0.80
(6-14) (10-12)
Surgical procedure
Laminoplasty 4 2
Laminoplasty with posterior fusion 1 2
Anterior corpectomy and fusion 3 2

AM = acutely worsening compression myelopathy, CM =chronic compression
myelopathy, JOA = Japanese Orthopaedic Association, LCS = lumbar canal stenosis,
preop = preoperative.

" Data presented as mean + standard deviation (range).

3. Results
3.1. Patient characteristics

Table 1 shows the characteristics of each group of patients. The
mean age was 64.9 £ 10.2 (range 45-79 years) in the AM group,
65.0 +13.2 (range 39-75 years) in the CM group, and 70.3+7.9
(range 55-86 years) in the LCS group. The mean JOA score at the
time of CSF sampling in the AM group was 9.5 +2.51 (range 6-
14), and 10.6 £ 0.80 (range 10-12) in the CM group. The surgical
procedure in the AM group was laminoplasty in four patients, lam-
inoplasty with posterior fusion in one patient, and anterior corpec-
tomy and fusion in three patients. The surgical procedure in the CM
group was laminoplasty in two patients, laminoplasty with poster-
ior fusion in two patients, and anterior corpectomy and fusion in
two patients.

3.2. Levels of pNF-H

Figure 1 shows the level of pNF-H in the CSF of patients
from each group. The level of pNF-H was 2127.1 £ 556.8 pg/ml in
the AM group, 175.8+27.5pg/ml in the CM group, and
518.7 £ 665.7 pg/ml in the LCS group. Our findings show that a sig-
nificant increase in the level of pNF-H was detected in patients in
the AM group compared with that in the CM and LCS group
(p <0.01). A slightly increased level of pNF-H was detected in CSF
from patients in the LCS group compared with levels in the CM
group. However, there was no significant difference in the levels
between these two groups.

3.3. Evaluation of clinical outcome

Table 2 shows the change of JOA scores after surgery. JOA scores
at the time of CSF collection were 9.5 + 2.51 (range 6-14) in the AM
group and 10.6 + 0.80 (range 10-12) in the CM group. After sur-
gery, neurological improvement was seen in all patients. JOA
scores 6 months after surgery were 14.3 + 1.82 (range 13.5-16.5)
in the AM group and 13.9 + 0.58 (range 13.5-15) in the CM group.
The recovery rate of JOA score was 66.0 + 16.9 (range 46.2-86.7) in
the AM group and 51.2 £ 12.5 (range 30-66.7) in the CM group.
Although a slightly higher recovery rate of JOA score was seen in
the AM group, no statistical difference in recovery rate of JOA score
was observed between patients in the AM and CM groups
(p=0.096).

— 109 —



H. Takahashi et al./Journal of Clinical Neuroscience 21 (2014) 2175-2178 2177

N Av.

(58]
(=]
(=]
S

pNF-H (pg/ml)
2
S

1000
500 -
5 -
LCS AM cM
Diagnosis

Fig. 1. Levels of phosphorylated neurofilament subunit NF-H. AM = acutely wors-
ening compression myelopathy, Av. = average, CM = chronic compression myelop-
athy, LCS = lumbar canal stenosis. “p < 0.01 compared to lumbar canal stenosis and
chronic compression myelopathy group.

Table 2
Recovery of Japanese Orthopaedic Association score
AM CcM p value
JOA score at the time of CSF collection 9.5 +2.51 10.6+0.80 0.146
(6-14) (10-12)
JOA score at 6 months after surgery 143+1.82 13.9+0.58 0.377
(13.5-16.5)  (13.5-15)
Recovery rate of JOA score 66.0+16.9 51.2x125 0.096
(46.2-86.7)  (30-66.7)

AM = acutely worsening compression myelopathy, CM =chronic compression
myelopathy, CSF = cerebrospinal fluid, JOA = Japanese Orthopaedic Association.

No statistical correlation was found between the level of pNF-H
and the recovery rate of JOA score (p = 0.128).

4. Discussion

To our knowledge, the present cross-sectional study is the first to
determine the level of pNF-H in CSF samples from patients with cer-
vical compression myelopathy and LCS. Our results showed a signif-
icant increase in the level of pNF-H of up to 2000 pg/ml in patients
with AM. Elevated levels of pNF-H have suggested axonal break-
down in studies of other neurological disorders [7-9,11]. Further-
more, plasma pNF-H was found to be elevated proportional to the
severity of acute spinal cord injury (SCI) and to reflect a greater
extent of axonal damage because of the secondary damage to the
injured spinal cord [10,12]. Increased levels of plasma pNF-H were
seen in patients with complete SCI, but not in patients suffering
incomplete paralysis [10]. In the present study, we hypothesized
that increased levels of plasma pNF-H are not seen in compression
myelopathy because of minor injury to the spinal cord compared
with SCI. Therefore, we determined the levels of pNF-H in CSF rather
than plasma. Although the pathogenesis and prognosis of compres-
sion myelopathy remain unclear, inflammation, hypoxia, and
excitotoxicity are likely to cause secondary damage in SCI. An
increase in the concentration of interleukin-6 has been detected in
the CSF of patients with cervical compression myelopathy [14]. An
increase in the concentration of interleukin-8 has been detected in
the CSF of patients with cervical spondylotic myelopathy [15]. The
increased level of pNF-H in the present study suggests that pNF-H
reflects the severity of AM, and the pathogenesis in AM may be acute
axonal damage followed by secondary damage, as seen in SCL

In the present study, although a slightly higher recovery rate of
JOA score was seen in the AM group, no statistical difference was

observed between AM and CM patients. The surgical outcome
was satisfactory in patients from both the AM and CM groups.
There was no correlation between the level of pNF-H and the
recovery rate of JOA score. Although surgical procedures for com-
pression myelopathy are not standardized, our study suggests that
early surgical treatment of AM results in sufficient neurological
improvement, even in patients with CM.

The present study has several limitations. First, because CSF
samples were only collected from patients at the time of myelog-
raphy before surgery, the sample size was small and there is bias
toward more severe disease. We found no statistical correlation
between pNF-H and JOA recovery rate. However, a slightly higher
JOA recovery rate was seen in AM patients. Further investigation
with long-term follow-up after surgery and standardization of both
the severity of the myelopathy and the surgical procedure per-
formed are required to support our findings. Second, the collection
method for CSF precludes the collection of CSF samples from
healthy control subjects because of ethical issues. A slightly
increased level of pNF-H was found in the CSF from LCS patients.
A rodent study indicated that the level of pNF-is up-regulated in
rat dorsal root ganglions [16]. In humans, increased interleukin-6
levels were detected in the CSF of patients with lumbar radiculop-
athy [14]. The present finding of slightly increased pNF-H levels in
the CSF of patients with LCS may reflect axonal damage to the
nerve roots or the cauda equina. The average level of pNF-H in
the CSF of patients with LCS was about 500 pg/ml. The present
findings suggest that pNF-H may be useful in the differential diag-
nosis of double lesions (cervical myelopathy and LCS). Further
investigation using comparison samples from healthy control sub-
jects is required. Third, the detailed pathogenesis of increased pNF-
H levels in the CSF of patients with AM or CM remains unclear. Fur-
ther research using animal models of compression myelopathy
may clarify the pathogenesis.

In conclusion, despite the limitations indicated above, a signif-
icantly increased level of pNF-H was detected in the CSF of patients
with AM. Clinical outcome after surgical treatment for cervical
myelopathy was satisfactory in patients with both AM and CM.
The present results suggest that pNF-H in CSF may be a biomarker
that reflects the severity of AM.
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Abstract

Purpose We performed a phase I/Ila clinical trial and
confirmed the safety and feasibility of granulocyte colony-
stimulating factor (G-CSF) as neuroprotective therapy in
patients with acute spinal cord injury (SCI). In this study,
we retrospectively analyzed the clinical outcome in SCI
patients treated with G-CSF and compared these results to
a historical cohort of SCI patients treated with high-dose
methylprednisolone sodium succinate (MPSS).

Methods 1In the G-CSF group (n = 28), patients were
treated from August 2009 to July 2012 within 48 h of the
injury, and G-CSF (10 pg/kg/day) was administered
intravenously for five consecutive days. In the MPSS group
(n = 34), patients underwent high-dose MPSS therapy
from August 2003 to July 2005 following the NASCIS II
protocol. We evaluated the ASIA motor score and the AIS
grade elevation between the time of treatment and 3-month
follow-up and adverse events.
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Results The AASIA motor score was significantly higher
in the G-CSF group than in the MPSS group (p < 0.01).
When we compared AIS grade elevation in patients with
AIS grades B/C incomplete paralysis, 17.9 % of patients in
the G-CSF group had an AIS grade elevation of two steps
compared to O % of patients in the MPSS group (p < 0.05),
and the incidence of pneumonia was significantly higher in
the MPSS group (42.9 %) compared to the G-CSF group
(8.3 %) (p < 0.05).

Conclusions These results suggest that G-CSF adminis-
tration is safe and effective, but a prospective randomized
controlled clinical trial is needed to compare the efficacy of
MPSS versus G-CSF treatment in patients with SCI.

Keywords Spinal cord injury - Neuroprotective therapy -
G-CSF - High-dose methylprednisolone - Clinical trial

Introduction

Acute spinal cord injury (SCI) is characterized by two
pathological phases known as primary and secondary
injury [1]. Primary injury occurs when the tissue is
destroyed by direct mechanical trauma. Secondary injury
occurs when the spinal cord reacts to the primary injury.
Neurons and glial cells that were left intact by the initial
trauma undergo apoptosis during the secondary phase of
injury. Multiple factors exacerbate the secondary phase of
injury, including vascular changes, increased concentra-
tions of free radicals and free fatty acids, ionic mechanisms
of axonal injury, glutamate excitotoxicity and immune and
inflammatory reactions [2]. Secondary injury is, therefore,
a rich target for drug therapy [3]. According to the NASCIS
II protocol, high-dose methylprednisolone sodium succi-
nate (MPSS) is the standard treatment for attenuation of
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secondary injury after acute SCI [4]. In recent years, MPSS
therapy for acute SCI became controversial. Cochran
review shows the efficacy of MPSS therapy for SCI [5]. In
contrast, the updated guidelines for the management of
acute cervical spine and spinal cord injury released by
American Association of Neurological Surgeons and
Congress of Neurological Surgeons Guidelines Committee
described MPSS therapy for SCI as “not recommend” [6].
Hence, new drug therapies for the treatment of secondary
injury after acute SCI are needed.

Granulocyte colony-stimulating factor (G-CSF) is a
clinically important cytokine that is commonly used to treat
neutropenia [7]. Granulocyte colony-stimulating factor also
has non-hematopoietic functions and has been suggested as
a treatment for neuronal injury [8]. We have previously
reported that G-CSF promotes functional recovery in a
rodent model of SCI [9-12]. Based on these results, we
performed a preliminary phase I/Ila clinical trial and con-
firmed the safety and feasibility of G-CSF as neuropro-
tective therapy in patients with acute SCI [13]. The next
step is to verify the efficacy of G-CSF compared to stan-
dard high-dose MPSS therapy. Toward this end, we retro-
spectively analyzed the clinical outcome and the incidence
of drug-related adverse events in SCI patients treated with
G-CSF and compared these results to a historical cohort of
SCI patients treated with MPSS.

Methods
Study design

The study was designed as a retrospective comparative
analysis using an historical cohort control.

Patient population

Between August 2009 and July 2012, all patients with
complete or incomplete C3-C7 cervical SCI who presented
to Chiba University Hospital within 48 h of injury were
recruited into the study. Exclusion criteria included the
following: (1) age younger than 16 years or greater than
85 years, (2) treatment with high-dose MPSS therapy after
the SCI event, (3) splenomegaly or altered mental status,
(4) history of leukemia, thrombosis or embolism, (5) cur-
rent treatment of myocardial infarction or angina, and (6)
evidence of malignant disease within the last 5 years.
Pregnant patients were also excluded. Written informed
consent was obtained from all patients prior to G-CSF
treatment (G-CSF group).

Patients with acute cervical SCI who received high-dose
MPSS therapy following the NASCIS II protocol between
August 2003 and July 2005 served as an historical control
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(MPSS group). Patients were selected based on the same
exclusion criteria outlined above. A larger number of
patients with complete paralysis (American Spinal Injury
Association impairment scale: AIS grade A) were observed
in the MPSS group compared to the G-CSF group. No
other significant differences in patient background were
observed between the two groups, including patient age,
sex, injury level and AIS grade (Chi square test).

Standard protocol approvals, registrations, and patient
consents

This study was approved by the Institutional Review
Boards of both participating institutions. The study was
conducted in compliance with the Declaration of Helsinki
and the International Conference on harmonization good
clinical practice guidelines.

Treatment
G-CSF group

Patients were treated with i.v. Granulocyte colony-stimu-
lating factor (dissolved in normal saline) at a dose of
10 pg/kg/day (administered over 1 h) for five consecutive
days. Granulocyte colony-stimulating factor dose regimen
was determined by the previous preliminary clinical trial of
G-CSF neuroprotective therapy for acute SCI, of which
study design was single armed with dose escalation [13].

MPSS group

Methylprednisolone sodium succinate was administered
according to the NASCIS II protocol within 8 h after
injury. Methylprednisolone sodium succinate was first
administered as a bolus dose of 30 mg/kg MPSS. After a
45-min withdrawal period, 5.4 mg/kg was administered
intravenously over the next 23 h.

Patients in each group received similar surgical, reha-
bilitation and nursing care.

Efficacy assessments

Neurologic function was assessed with the American spinal
injury association (ASIA) motor and sensory scores
immediately upon study entry and after 3 months of fol-
low-up. The primary outcome was the change in ASIA
motor score between the time of treatment and 3 months
following treatment. The initial analysis included all
patients, including those with AIS grade A paralysis.
However, because these patients have complete paralysis
and typically demonstrate little significant neurological
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recovery, a second comparison was performed in which
patients with AIS grade A were excluded.

Assessment of adverse events

Adverse events were evaluated retrospectively by review of
patient records and compared between treatment groups.
Pneumonia was defined as respiratory distress accompanied
by an infiltrating shadow on plain radiogram, positive spu-
tum cultures and an elevated white blood cell count (WBC)
or C-reactive protein. Urinary tract infection was defined as
fever and elevated WBC in the context of positive urinary
cultures. Notably, G-CSF treatment alone increases WBC,
hence these criteria were excluded from the diagnosis of
pneumonia and urinary tract infection in the G-CSF group.
Gastric ulcers were defined as obvious ulcers of any stage
observed by upper gastrointestinal fiber examination. Other
adverse events were determined by review of patient
records. The severity of each adverse event was assessed
according to the Japanese version of the common termi-
nology criteria for adverse events (CTCAE), version 4.0.
The initial analysis of adverse events was performed on all
patients, including those with AIS grade A. However,
because these patients have complete paralysis which might
increase the incidence of pneumonia and urinary tract
infections, a second analysis was performed in which
patients with severe incomplete paresis AIS grades B and C.

Statistical analysis

The ASIA motor score and the AASIA motor score were
analyzed by the Mann—Whitney‘s U test. The extent of AIS
grade elevation between the time of treatment and 3-month
follow-up and the number of adverse events were com-
pared between treatment groups using Fisher’s exact test. A
p < 0.05 was considered significant.

Results

Patient background data are shown in Table 1. No statistically
significant differences in age, sex, mechanism of injury or
injured vertebral level were observed between the groups. No
statistically significant difference was observed in the baseline
ASIA motor scores between the G-CSF and control groups
(59.0 £ 29.6 and 50.3 £ 33.0, respectively). The AASIA
motor score was significantly higher in the G-CSF group than in
the MPSS group (27.7 £ 19.8 and 12.0 & 11.0, respectively,
p < 0.01) when all patients were included in the analysis.
The difference in patient background data between the
groups, the MPSS group contained significantly larger
number of AIS A patients who generally show poor neu-
rological recovery, must influence the neurological

Table 1 Patient background data

G-CSF MPSS

Number 28 34
Male 21 27
Female 7 7
Age cause of injury 57.5 (38-72) 60.5 (18-85)
Over-turning 11 11
Falling 7 11
Road trauma 6 11
Falling Object 1 0
Sports 3 1
AIS

A 2 9

B 4 3

C 8 11

D 14 11
Level of injury

C2/3 0 3

C3/4 10 13

C4/5 5

C5/6 7 8

Cco/7 4
Unclear case 1

The MPSS group contained significantly larger number of AIS A
patients, whereas no statistically significant differences in age, sex,
mechanism of injury, injured vertebral level or baseline ASIA motor
score were observed between the groups

outcome. Therefore, we excluded patients with AIS A
complete paralysis and compared AASIA motor score in
patients with severe incomplete paresis AIS grades B and C
between both groups (12 patients in the G-CSF group and
14 patients in the MPSS group). Repeatedly, the AASIA
motor score was also significantly higher in the G-CSF
compared to the MPSS group (444 + 17.2 and
17.4 £ 13.6, respectively, Fig. la, p < 0.01).

Next, the change in the AIS grade between the time of
treatment and 3 months after treatment was compared
between groups (Fig. 1b). We found that 67.9 % of patients
in the G-CSF group had an AIS grade elevation of more than
one step compared to 50.0 % of patients in the MPSS group,
a difference that was not statistically significant. It is widely
known that patients with AIS grade A complete paralysis
demonstrate very little AIS grade elevation following injury.
The MPSS group included more patients with AIS grade A
paralysis, hence these results might underestimate the grade
elevation in this group. To exclude the bias of patient
background difference, we compared AIS grade change
between both groups in AIS B/C patients, excluding AIS A
complete paralysis patients and AIS D minor injury patients.
We found that 91.7 % of patients in the G-CSF group had an
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Fig. 1 Neurological recovery. The difference in patient background
data between the groups, the MPSS group contained significantly
larger number of AIS A patients who generally show poor neurolog-
ical recovery, must influence the neurological outcome. Therefore, we
excluded patients with AIS A complete paralysis and compared
AASIA motor score in patients with severe incomplete paresis AIS
grades B and C between both groups [12 patients in the G-CSF group
and 14 patients in the MPSS group, (a)]. The AASIA motor score was
also significantly higher in the G-CSF compared to the MPSS group
[44.4 £+ 17.2 and 17.4 £+ 13.6, respectively, (a), p < 0.01]. Next, the
change in the AIS grade between the baseline and 3 months after
treatment was compared between groups (b). To exclude the bias of
patient background difference, we compared AIS grade change
between both groups in AIS B/C patients (solid lines), excluding AIS
A complete paralysis patients and AIS D minor injury patients
(dashed line). We found that 91.7 % of patients in the G-CSF group
had an AIS grade elevation of more than one step compared to 78.6 %
of patients in the MPSS group, a difference that was not statistically
significant. However, we observed that 17.9 % of patients in the
G-CSF group had an AIS grade elevation of two steps compared to
0 % of patients in the MPSS group (p < 0.05)

AIS grade elevation of more than one step compared to
78.6 % of patients in the MPSS group, a difference that was
not statistically significant. However, we observed that
17.9 % of patients in the G-CSF group had an AIS grade
elevation of two steps compared to 0 % of patients in the
MPSS group (p < 0.05).

Finally, we compared the incidence of adverse events
between treatment groups. The incidence of pneumonia was
significantly higher in the MPSS group (44.1 %) compared to
the G-CSF group (3.6 %). It has been shown that the severity
of paralysis positively correlates with the incidence of
pneumonia in patients with SCI. Hence, the fact that the
MPSS group contained more patients with AIS grade A
complete paralysis might have contributed to the higher
incidence of pneumonia observed in the MPSS group. To
exclude this bias, we analyzed the incidence of pneumonia in
patients with AIS grades B/C incomplete paralysis. Again, we
observed a significant difference in the incidence of pneu-
monia between treatment groups (42.9 % in the MPSS group
and 8.3 % in the G-CSF group, Table 2, p < 0.05).

No significant difference in the incidence of urinary tract
infections was observed between groups (35.7 % in the
MPSS group and 16.7 % in the G-CSF group).
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Table 2 Incidence of adverse events in AIS B/C incomplete paral-
ysis patients

G-CSF MPSS p-value
(n=12) (n=14)
Pneumonia 1 (8.3 %) 6 (42.9 %) p < 0.05
Urinary tract 2 (16.7 %) 5 (35.7 %) p=0.17
infection
Gastric ulcer 0 (0 %) 2 (14.3 %) p =027

The difference in patient background data between the groups, the
MPSS group contained significantly larger number of AIS A patients
who can be easily affected with pneumonia, must influence the
incidence of pneumonia. Therefore, we compared the incidence of
pneumonia in incomplete paralysis patients of both groups, the result
showed significant difference between G-CSF and MPSS groups

The incidence of gastric ulcers tended to be higher in the
MPSS group compared to the G-CSF group (14.7 and 0 %,
respectively, p = 0.051). When patients with AIS grade A
and D were excluded from the analysis, no significant
difference was observed between treatment groups.

Discussion

In the present study, the G-CSF group showed better
neurological recovery compared to the MPSS group.
Moreover, the incidence of severe adverse events is less
frequent in patients treated with G-CSF than in patients
treated with MPSS.

The MPSS group contained significantly larger number
of AIS A patients who generally show poor neurological
recovery, must influence the neurological outcome.
Therefore, we assessed neurological outcome in severe
incomplete paralysis patients (excluding AIS A and D
patients) between both groups. Repeatedly, the G-CSF
group showed better neurological recovery compared to the
MPSS group, suggesting the superior neuroprotective
potential of G-CSF treatment in SCI.

We observed that the incidence of pneumonia was sig-
nificantly higher in patients treated with MPSS than in
patients treated with G-CSF. The difference in patient
background data between the groups, the MPSS group
contained significantly larger number of AIS A patients who
can be easily affected with pneumonia, must influence the
incidence of pneumonia. Therefore, we compared the inci-
dence of pneumonia in severe incomplete paralysis patients
of both groups, the result repeatedly showed significant
difference between G-CSF and MPSS groups (Table 2).

Methylprednisolone sodium succinate is a widely rec-
ognized immunosuppressant. In addition, spinal cord injury
itself can induce systemic immunosuppression [14]. Hence,
the immunosuppressive effects of SCI and MPSS may
function in an additive or synergistic manner, increasing
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the incidence of infections. In contrast, G-CSF increases
the number of white blood cells in the peripheral blood.
This feature of G-CSF is used clinically to treat neutro-
penia and prevent infectious complications. In this manner,
G-CSF treatment might decrease the incidence of infec-
tions in SCI patients. Previous studies have reported a
31.4 % incidence of pneumonia in SCI patients with a
Frankel Grade of A, B, or C [15]. Matsumoto reported a
30.4 % incidence of pneumonia and a 4.3 % incidence of
urinary tract infections in SCI patients who received MPSS
[16]. We cannot directly compare the incidence of infec-
tions between the present study and previous reports, and
the anti-infection properties of G-CSF remain to be clari-
fied, but our findings suggest that the incidence of pneu-
monia might be reduced in patients treated with G-CSF
compared to those treated with MPSS.

We observed a lower incidence of gastric ulcers in
patients treated with G-CSF than in patients treated MPSS.
When we analyzed the incidence of ulcers among patients
with severe incomplete paralysis (AIS grades B and C) to
exclude the bias introduced by the difference in paralysis
severity between the groups, no significant difference was
observed. Treatment of gastric ulcers has been dramatically
improved by the increased use of proton pump inhibitors.
Our results might thus reflect this change in ulcer pro-
phylaxis and treatment.

Those findings suggest that G-CSF treatment has a lower
risk of severe adverse events than MPSS treatment. Hence,
G-CSF may be a reasonable alternative to MPSS, but a
direct comparison of the efficacy of each drug is needed.

As for the cost, the price of G-CSF (300 pg) in Japan is
24,926 yen (175.2 Euro in the rate of Jan. 26, 2014).We
employed the G-CSF dose regimen of 10 pg/kg/d x 5 days.
Therefore, the total cost of G-CSF therapy in patient with
60 kg body weight is 249,260 yen (1,752.05 Euro). MPSS
(500 mg) costs 3,536 yen (24.85 Euro). The dose regimen of
MPSS in NASCIS 2 is 5.4 mg/kg as a bolus injection fol-
lowed by 5.4 mg/kg/h for 23 h. Therefore, the total cost of
MPSS therapy protocol in patient with 60 kg body weight is
67,184 yen (472.17 Euro). The cost of G-CSF therapy is
higher than that in the MPSS therapy, of which difference in
total cost is 182,816 yen (1,284.83 Euro).

The present study has several major limitations. First,
the patients were not randomly allocated to the treatment
groups. Second, the control group was historical. Third, the
number of patients was too small to prove the efficacy of
G-CSF treatment with sufficient statistical power. Finally,
the timing of treatment initiation differed between treat-
ment groups (within 8 h after injury in the MPSS group
and within 48 h after injury in the G-CSF group).

The results of the current study suggest that G-CSF
administration is both safe and effective. Although we
cannot draw conclusions about the efficacy of G-CSF

without prospective randomized controlled trial, the pres-
ent results encourage us to make step forward to perform
next phase of clinical trial.

Conflict of interest None.
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Delayed Granulocyte Colony-Stimulating
Factor Treatment in Rats Attenuates Mechanical
Allodynia Induced by Chronic Constriction

Injury of the Sciatic Nerve
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Study Design. Animal experimental study with intervention.
Objective. The aim of this study was to elucidate therapeutic
effects of delayed granulocyte colony-stimulating factor treatment
for mechanical allodynia induced by chronic constriction injury
(CCI) of the sciatic nerve in rats.

Summary of Background Data. Granulocyte colony-stimulating
factor (G-CSF) is used clinically for patients with hematological
disorders. Previous reports showed that immediate G-CSF attenuates
neuropathic pain in CCl of the sciatic nerve. However, the acute
treatment for neuropathic pain prior to accurate diagnosis is not
realistic in clinical settings.

Methods. Adult, female Sprague-Dawley rats were subjected
to the CCl model. This model induces mechanical allodynia on
the ipsilateral hind paw within the first week after the injury. One
week after CCl, rats received intraperitoneal G-CSF (15.0 pg/kg) for
5 consecutive days. Mechanical allodynia was assessed using the
von Frey hair test. Immunohistochemistry for phosphorylated p38
mitogen-activated kinase (p-p38MAPK) and OX-42 (a marker for
activated microglia) on tissue slides from a subset of rats 2 weeks
after surgery. Western blot analyses were carried out to determine

From *Department of Orthopedic Surgery, Chiba Medical Center, Chiba,
Japan; tGraduate School of Medicine, Chiba University, Chiba Medical
Center, Chiba, Japan; #Chiba Aoba Municipal Hospital, Chiba Medical
Center, Chiba, Japan; and §Department of Orthopedic Surgery, University of
Tsukuba, Ibaraki, Japan.

Acknowledgment date: May 16, 2013. Revision date: September 2, 2013.
Acceptance date: October 14, 2013.

The manuscript submitted does not contain information about medical
device(s)/drug(s).

Grants-in-Aid for Scientific Research from the Ministry of Education, Science
and Culture of Japan (16591473-00) funds were received in support of this
work.

No relevant financial activities outside the submitted work.

Address correspondence and reprint requests to Masao Koda, MD, PhD,
Department of Orthopedic Surgery, Graduate School of Medicine, Chiba
University, 1-8-1 Inohana, Chuo-Ku, Chiba 260-8670, Japan; E-mail:
masaokod@gmail.com

DOI: 10.1097/BRS.0000000000000108

192  www.spinejournal.com

protein expression level of p-p38MAPK and interleukin-1 B on
spinal cord homogenates 2 weeks after CCI.

Results. Results of the von Frey filament test showed that G-CSF
significantly attenuates mechanical allodynia induced by the CClI
model. Immunohistochemistry revealed that G-CSF reduced the
number of p-p38MAPK—positive cells in the ipsilateral dorsal horn
compared with that in the vehicle group rats. Immunofluorescent
double staining revealed that p-p38MAPK-expressing cells in
the spinal cord dorsal horn are mainly microglia. Western blot
analysis indicated that G-CSF decreased the expression levels of
both p-p38MAPK and interleukin-1 B in the ipsilateral dorsal horn
compared with that in the vehicle group rats.

Conclusion. The present results indicate a beneficial effect of
delayed G-CSF treatment in an animal model of peripheral nerve
injury-induced neuropathic pain.

Key words: neuropathic pain, G-CSF, animal model.

Level of Evidence: N/A

Spine 2014;39:192-197

europathic pain is caused by damage to or dysfunc-

tion of the central or peripheral nervous system. In

most cases, it cannot be explained by a single disease
process or a locus of damage. It may be associated with dyses-
thesia or allodynia, spontaneously occurring sensations char-
acterized by abnormal or hypersensitive responses to external
stimuli, often limiting a patient's quality of life. Currently,
neuropathic pain is difficult to treat, and patients frequently
experience poor clinical outcomes, in large part because the
precise pathophysiology of neuropathic pain still remains
unclear. The search for novel therapeutic agents for the treat-
ment of neuropathic pain is an area of intense laboratory and
clinical research.!

Granulocyte colony-stimulating factor (G-CSF) is a 19.6-
kDa glycoprotein initially identified as a serum factor that
induces differentiation of a murine myelomonocytic leukemic
cell line.? It is widely known as a hematopoietic cytokine that
promotes survival, proliferation, and differentiation of cells
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of neutrophilic lineage.* G-CSF is used clinically for patients
with leukocytopenia and for donors of peripheral blood-
derived hematopoietic progenitor cells prior to their collection
for transplantation.’ Recently, nonhematopoietic effects of
G-CSF have been reported, including effects on the central
nervous system. G-CSF was found to protect neurons from
ischemia-induced cell death and to promote neurogenesis in a
rat model of brain ischemia model.** It was also reported that
G-CSF protects neurons and oligodendrocytes from apopto-
sis in mouse and rat spinal cord injury models.*” We recently
conducted early-phase clinical trials of G-CSF for spinal cord
injury and acute aggravation of compressive myelopathy.®’
In those trials, we unexpectedly observed pain relief in sev-
eral patients.'’ As a result, we hypothesized that G-CSF can
attenuate neuropathic pain and tested this hypothesis in a
phase 1/2a clinical trial for compression myelopathy-related
neuropathic pain.'” As for its effects in cases of peripheral
nerve injury, it has been reported that the immediate admin-
istration of G-CSF attenuates neuropathic pain in the Bennett
model via suppression of inflammatory cytokines, including
tumor necrosis factor-a and interleukin-6, and upregulation
of endorphins.'" However, the acute administration of any
treatment for neuropathic pain prior to accurate diagnosis of
the condition is not realistic in clinical settings.

In this study, we have designed a protocol to better reflect
the clinical need to treat neuropathic pain sometime after the
initial nerve injury. To elucidate the effects of delayed G-CSF
treatment, we administered G-CSF 1 week after the induction
of neuropathic pain by sciatic nerve constriction, a time when
neuropathic pain characterized by allodynia is obvious and
measurable.

MATERIALS AND METHODS

Animals

All animals were treated and cared for in accordance with
the Chiba University School of Medicine guidelines pertain-
ing to the treatment of experimental animals. The study was
approved by the Animal Care and Use Committee of Chiba
University Graduate School of Medicine (approval num-
ber 24-276). We used 44 adult female Sprague-Dawley rats
(10-12 wk, 200-240 g; Japan SLC, Inc., Hamamatsu, Japan),
which were housed in individual cages and given food and
water ad libitum.

Rats were anesthetized with 1.5% of halothane in oxygen,
delivered at 0.5 L/min. Sciatic nerve injury was induced using
the Bennett chronic constriction injury (CCI) model,'? with
slight modification. The left side biceps femoris and the glu-
teus muscles were divided to expose the sciatic nerve, around
which 4 loose ligatures (6-0 nylon suture) were placed at
1-mm intervals. This model induces mechanical allodynia on
the ipsilateral hind paw within the first week after the injury.
Upon awakening, rats were evaluated neurologically, and
their food and water consumption and urine output were
monitored.

One week after CCI, the majority of rats showed mechani-
cal allodynia as revealed by hypersensitivity to von Frey hair
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stimulation. Eight rats exhibited no mechanical allodynia and
were excluded from further experiments. The remaining rats
were assigned randomly to 1 of the 2 groups. Those in the
G-CSF group received intraperitoneal recombinant human
G-CSF (15.0 pg/kg; Kyowa Kirin Pharma, Tokyo, Japan) dis-
solved in normal saline for 5 consecutive days. Rats in the
vehicle group received an equivalent volume of normal saline
at the same time points. We followed the drug administra-
tion regimen described in our previous report on the rat spinal
cord injury model."” On the day following the final admin-
istration of G-CSF, peripheral blood samples were collected
for leukocyte counts. Blood leukocyte counts for rats in the
control and G-CSF groups were 3800 = 500/pL and 9700 =
700/uL, respectively.

Mechanical allodynia in rats from the vehicle and G-CSF
groups (n = 10 each) was assessed using the von Frey hair,
according to a previously described protocol.'* The von Frey
hair were applied in ascending order of force (0.7, 1.2, 1.5,
2.0,3.6,5.5,8.5,11.7,15.1, and 29 g) to the central plantar
surface of the ipsilateral hind paw. Contralateral hind paw
was served as control. Each filament was applied 5 times.
When a rat showed a single withdrawal response to a given
filament, the bending force for that filament was defined as
the paw withdrawal threshold intensity. The median thresh-
old intensity was calculated from the values following 1
descending and 2 ascending trials. The experimental condi-
tions were identical for both groups of rats. Behavioral testing
commenced 1 day after the operations and continued for 6
consecutive weeks.

Tissue Preparation

Tissues from a subset of rats (n = 4/group) were prepared for
histological evaluation 2 weeks after surgery. Animals were
anesthetized with pentobarbital and perfused transcardially
with 4% paraformaldehyde in phosphate-buffered saline
(PBS, 7.4 pH). Tissue blocks of the spinal lumbar enlargement
were removed, postfixed overnight in 4% paraformaldehyde,
stored for time at 4°C in 20% sucrose in PBS, and then embed-
ded in OCT compound (Sakura Finetechnical, Tokyo, Japan).
The cryoprotected samples were frozen and stored at —80°C
until use. The samples were cut into serial 20-pum transverse
sections with a cryostat and mounted on aminosilane-coated
slides (Matsunami, Tokyo, Japan).

Immunofluorescent Labeling

For immunofluorescent labeling, sections were permeated
with 0.3% Triton X in PBS and treated for 1 hour in blocking
solution containing 1% bovine serum albumin and Block Ace
(Dainippon Pharma, Japan). Sections were then incubated
with the following primary antibodies: rabbit polyclonal
anti-phosphorylated p38 mitogen-activated kinase anti-
body (p-p38MAPK, 1:400; Cell Signaling Technology, Bev-
erly, MA); mouse monoclonal anti-Neu-N antibody (1:400;
Chemicon Inc., Temecula, CA) for neurons; mouse monoclo-
nal anti-glial fibrillary acidic protein antibody (GFAP, 1:400;
Sigma, St Louis, MO) for astrocytes; or anti-CD11b mouse
monoclonal antibody (clone OX-42; AbD Serotec, Oxford,
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United Kingdom) for microglia. The sections were incubated
with primary antibodies overnight at 4°C, after which they
were washed in PBS and then incubated for 1 hour at room
temperature with secondary antibodies: Alexa 488- labeled
anti-rabbit IgG (1:800; Invitrogen, Eugene, OR) and Alexa
594-labeled anti-mouse IgG (1:800; Invitrogen). Finally, the
sections were washed twice in PBS and protected with cov-
erslips. Positive labeling was observed using fluorescence
microscopy (ECLIPSE E600; Nikon, Tokyo, Japan), or, in the
case of double staining for p-p38MAPK/cell markers, positive
signals were detected using confocal laser scanning micros-
copy (LSMS5 PASCAL; Carl Zeiss, Jena, Germany). To deter-
mine the specificity of staining, procedures were performed
on control sections with the omission of primary or secondary
antibodies. Positive immunofluorescent signals were counted
for every fifth 20-pwm transverse section (i.e., at intervals of
100 wm) from the spinal lumbar enlargement using Scion
Image computer analysis software (version beta 4.0.3; Scion
Corporation, Frederick, MA). At least 10 sections from each
animal were counted, covering a 1-mm length of spinal cord.

Western Blot Analysis

Two weeks after CCI, 10-mm sections of the spinal lumbar
enlargement ipsilateral and contralateral to the injury were
removed from rats in the control and G-CSF groups (n =
4/group). The tissues were homogenized in 50 mM Tris-HCI
(7.4 pH), 150 mM NaCl, and 1% Triton X-100 (homogeniza-
tion buffer) containing a protease inhibitor cocktail (cOmplete;
Roche Diagnostics, Basel, Switzerland). The homogenates were
centrifuged at 100,000g for 10 minutes at 4°C to remove cel-
lular debris. Protein concentrations of the supernatants were
measured using the Bradford method (Bio-Rad Dc Protein
Assay Reagents; Bio-Rad Laboratories, Hercules, CA) and were
adjusted to 1 mg/mL by dilution with homogenization buffer.
Protein samples were mixed with an equal volume of concen-
trated (2X) sample buffer: 250 mM of Tris-HCI, 4% sodium
dodecyl sulfate, 20% glycerol, 0.02% bromophenol blue, and
10% B-mercaptoethanol. After boiling for 5 minutes, equal vol-
umes of samples were subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis under reducing conditions,
and the proteins were transferred to a polyvinylidene difluoride
membrane (Immobilon-P; Millipore Corporation, Billerica,
MA). After blocking the membrane with PBS containing 0.3%
skim milk and 0.05% Tween 20, the membrane was reacted
with an anti- IL-18 (BD Biosciences, Franklin Lakes, NJ), anti-
p-p38MAPK (Cell Signaling Technology), and an anti-B-actin
antibody as a loading control (Santa Cruz Biotechnology, Santa
Cruz, CA). For detection, a horseradish peroxidase-conjugated
secondary antibody (Cell Signaling Technology) and an ECL
chemiluminescence system (GE Healthcare, Piscataway, NJ)
were used. Western blot analysis was performed in triplicate for
each sample. Protein bands were quantified using Image] soft-
ware (National Institutes of Health, Bethesda, MD).

Statistical Analysis
Mechanical allodynia data from the von Frey hair test were
analyzed using repeated measures ANOVA followed by a post
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hoc Fisher protected least significant difference test. Immuno-
histochemical results were analyzed using the Student ¢ test.
Results are presented as mean values =+ standard error values
of P < 0.05 were considered statistically significant.

RESULTS

Results of the von Frey filament test showed that G-CSF atten-
uates mechanical allodynia induced by sciatic nerve injury
in the CCI model. One week after the injury, there were no
significant differences between the average paw withdrawal
threshold for rats in the control and G-CSF groups (controls:
7.2 = 3.9 g; G-CSF: 9.0 = 3.9 g, Figure 1). The administra-
tion of G-CSF caused a marked attenuation of mechanical
allodynia (i.e., increase in paw-withdrawal threshold) relative
to that seen in the control group (Figure 1). Post hoc analy-
sis with Fisher protected least significant difference (PSLD)
revealed a significant increase in the paw withdrawal thresh-
old in the G-CSF group compared with the threshold in the
control group 2 weeks after injury (G-CSF 14.3 + 3.9 g; con-
trol 6.3 * 3.7 g), 3 weeks after injury (G-CSF 12.1 = 2.9 g,
control 6.3 *= 3.7 g), and 4 weeks after injury (G-CSF 12.7
+ 3.1 g, control 8.0 = 6.4 g). The average paw withdrawal
threshold slightly decreased in the nonaffected hind paw in
both the groups; however, there were no statistical differences
between both groups (Figure 1).

Immunohistochemistry for OX-42 (a marker for activated
microglia) in rats from the control group revealed that the
number of OX-42—positive cells was larger in the dorsal horn
from the ipsilateral spinal cord lumbar enlargement than the
contralateral dorsal horn (Figure 2A, B, E). In the ipsilateral
dorsal horn of rats from the G-CSF group, the number of
OX-42-positive cells was significantly smaller than that in
control rats (Figure 2A, C, E). However, for rats in the G-CSF
group, the number of OX-42—positive cells in the ipsilateral
dorsal horn was larger than that in the contralateral dorsal
horn (Figure 2C-E).

Immunohistochemistry for phosphorylated p38 MAPK
(p-p38MAPK) showed a greater number of p-p38MAPK-

25
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£ —eo—Rt. G-CSF
¢
S 10 ! ...k .- Lt. control
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& 5 | * ——Lt. G-CSF
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Figure 1. Mechanical allodynia data from the von Frey hair test. One
week after the surgery, both groups showed decreased paw withdrawal
threshold indicating mechanical allodynia. G-CSF-treated rats (circle)
showed significant attenuation of paw withdrawal threshold compared
with that of the control rats (square, dotted line) at 2, 3, and 4 weeks
after the surgery (1, 2, and 3 weeks after G-CSF treatment). *P < 0.05.
tP < 0.01. Error bar denotes standard error. G-CSF indicates granulo-
cyte colony-stimulating factor; Rt, right; Lt, left.
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Figure 2. Immunohistochemistry for OX-42 (a mark-
er for microglia) and p-p38MAPK. The number of
OX-42-positive microglia decreased in the G-CSF
group compared with that in the control group (E). A
greater number of p-p38MAPK—positive cells in the
ipsilateral dorsal horn of the spinal lumbar enlarge-
ment compared with the contralateral dorsal horn
of control rats was observed (A, B, F). In the G-CSF
group, the number of p-p38MAPK—positive cells in
the ipsilateral dorsal horn was significantly smaller
than that seen in sections from control rats (A, C, F).
The number of p-p38MAPK-positive cells was larger
in the ipsilateral dorsal horn than that in the con-
tralateral dorsal horn in the G-CSF group (C, D, F).
Scale bar = 200 pm. G-CSF indicates granulocyte
colony-stimulating factor; p-p38MAPK, phosphory-
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positive cells in the ipsilateral dorsal horn of the spinal lum-
bar enlargement than the contralateral dorsal horn of control
rats (Figure 2A, B, F). In the G-CSF group, the number of
p-p38MAPK—positive cells in the ipsilateral dorsal horn was
significantly smaller than that seen in sections from control rats
(Figure 2A, C, F). The number of p-p38MAPK-positive cells
was larger in the ipsilateral dorsal horn than that in the contra-
lateral dorsal horn in the G-CSF group (Figure 2C, D, F). Immu-
nofluorescent double staining for OX-42 and p-p38MAPK
revealed that p-p38MAPK-—positive cells were also positive
for OX-42, indicating that a large part of p-p38MAPK-
expressing cells in the spinal cord dorsal horn are microglia
(Figure 3A-D). However, there were several p-p38MAPK-
positive/OX-42-negative cells, indicating that p-p38MAPK
was also expressed in nonmicroglial cells. Immunofluorescent
double staining showed several double positive cells for GFAP
and p-p38MAPK, whereas there were no double-positive cells
for Neu-N and p-p38MAPK.

Western blot analysis indicated that the expression of
p-p38MAPK and IL-1B protein was higher in the ipsilateral
dorsal horn than in the contralateral dorsal horn (Figure 4A-D).
G-CSF decreased the expression levels of both proteins in the
ipsilateral dorsal horn compared with that in the control group.

DISCUSSION

The present results indicate a beneficial effect of delayed
G-CSF treatment in an animal model of peripheral nerve
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injury-induced neuropathic pain. When administered 1 week
after peripheral nerve injury, G-CSF significantly suppressed
injury-induced phosphorylation of p38MAPK and upregu-
lation of IL-1B expression, reduced the number of activated
microglia, and significantly attenuated subsequent mechani-
cal allodynia.

Our results show that CCl injury to the sciatic nerve induces
allodynia and causes an increase in the number of microglia in
the dorsal horn of the spinal cord on the injured side. This sug-
gests that CCI nerve injury induces microglial activation and
that the activation of spinal microglia is highly correlated with
pain hypersensitivity. Many authors have reported microglia
in response to nerve injury and inflammatory neuropathy
in both the central and peripheral nervous systems, and it is
thought that microglia may be responsible for the initiation of
pain hypersensitivity induced by peripheral nerve injury.'>'¢

p38MAPK is widely known as a key signal mediator
that serves as a “hub” in intracellular molecular networks
related to inflammatory cytokines. Activation of p38MAPK
leads to the upregulation of several inflammatory cytokines,
including IL-1B." Our results show that G-CSF suppresses
the phosphorylation of p38MAPK and the upregulation of
IL-1B. G-CSF also decreased the number of activated microg-
lia, which are a main source of p38 in the spinal cord dorsal
horn. Whether G-CSF-mediated suppression of p-p38MAPK
and IL-1B results from the suppression of microglial activa-
tion, itself, or from a reduction in the number of activated
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microglia remains unclear. It is also possible that an overall
suppression of IL-18 upregulation might attenuate neuro-
pathic pain, and several previous reports have indicated that
IL-1B can exacerbate neuropathic pain in various animal
models.'®" Thus, the suppression of IL-1B protein expression
by G-CSF may be directly related to the alleviation of neuro-
pathic pain.

IL-18 is known to modulate neuronal excitability by
affecting neuronal receptors such as TRPV1, sodium channels,
GABA receptors, and NMDA receptors. In various animal
models of neuropathic pain, IL-1B expression is increased

A: P-p38MAPK LIL-1p
Ipsi Contra Ipsi  Contra Ip5| Contra Ip5| Contra
Control G-CSF Control G-CSF
C: p-p38MAPK D: 18
L )
I & = *
5 t g i
g t ¢ t
0.5 505
= =
& E
Ipsi Contra Ipsi  Contra Ipsi Contra Ipsi  Contra
Control G-CSF Control G-CSF

Figure 4. Western blot analysis for p-p38MAPK and IL-1B. G-CSF re-
duced the protein expression level of p-p38MAPK compared with that
in the control group (A, C). G-CSF also reduced protein expression
level of IL-1B (B, D). G-CSF indicates granulocyte colony-stimulating
factor; IL-1B, interleukin-1B; p-p38MAPK, phosphorylated p38 mito-
gen-activated kinase; ipsi, ipsilateral; contra, contralateral.
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Figure 3. Immunofluorescent double staining for
OX-42 and p-p38MAPK confocal laser scanning
microscope was used to obtain the images. p-
p38MAPK—positive cells (A) were also positive for
OX-42 (B), indicating that p-p38MAPK-expressing
cells in the spinal cord dorsal horn are mainly mi-
croglia. Scale bar = 100 pm. p-p38MAPK indicates
phosphorylated p38 mitogen-activated kinase.

in the injured sciatic nerve, dorsal root ganglion, and spinal
COtd.20’21’22’23

In the CCI model in mice, sciatic nerve epineural injec-
tions of IL-1R1 neutralizing antibodies have been shown to
reduce both thermal hyperalgesia and mechanical allodynia,
suggesting a role for the upregulated IL-1B in the induction
of neuropathic pain.?** Additionally, in the same CCI model,
mechanical allodynia was reduced by intrathecally adminis-
tered IL-1PB neutralizing antibody.?®

The most important finding of this study is that delayed
treatment with G-CSF effectively attenuated CCl-induced
mechanical allodynia, extending previous reports showing
that immediate G-CSF administration can suppress the onset
of allodynia. We are not able to conclude which treatment is
more effective, because we did not directly compare the thera-
peutic effects of immediate and delayed G-CSF treatments. In
addition, not all of the animals that experience CCI surgery
developed allodynia (82% in our laboratory). Thus, there is
a potential to overestimate the beneficial effects of immediate
treatment in experimental settings using the CCI model. In
most clinical cases involving neuropathic pain, it is not real-
istic to treat the patient immediately after a nerve injury is
sustained. By using a delayed-treatment paradigm, we have
more closely approximated a clinical application and reduced
the potential for measurement errors.

There were several major limitations of this study in clini-
cal relevance. First, we used intraperitoneal injection for
G-CSF administration, of which method cannot be applied
for human subjects. There is significant difference in pharma-
cokynetics between intraperitoneal injection and intravenous
injection.”” Therefore, there might be a difference in antineu-
ropathic effects between both methods of G-CSF administra-
tion. Next, we assessed mechanical allodynia as an indicator
for neuropathic pain status. Spontaneous pain called dyses-
thesia, which is one of the characteristics of neuropathic pain
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in clinical settings, cannot be evaluated by assessment of allo-
dynia. Therefore, we cannot show the effects of G-CSF for
dysesthesia, resulting in limited clinical relevance of the pres-
ent result. In near future, we better use the assessment tool for
dysesthesia.?® Finally, there was discrepancy between limited
period of effectiveness of G-CSF for CCl-induced mechanical
allodynia and histological changes. As we previously showed
by preliminary human clinical trial of G-CSF for neuropathic
pain related to spinal cord lesions,' the duration of G-CSF
effect was approximately 3 to 4 months in average. The rea-
son why the effects of G-CSF for neuropathic pain is transient
although the histological change is obvious because precise
mechanism of action of G-CSF for spinal cord lesion-related
neuropathic pain is still unclear as same as that for CCI-
induced mechanical allodynia. Further exploration is needed
to clarify this issue.

CONCLUSION

The present results demonstrate a therapeutic effect of
delayed G-CSF treatment for CCl-induced neuropathic pain.
The data are relevant to the clinical treatment of neuropathic
pain, because, in most cases, patients must be treated not in
the acute stage but in the subacute/chronic stage. The elucida-
tion of the therapeutic time window is especially important to
guide the future clinical application of G-CSF treatment for
peripheral nerve injury-induced neuropathic pain.

> Key Points

U Delayed G-CSF significantly attenuates
mechanical allodynia induced by CCl of sciatic
nerve.

U G-CSF reduced the number of activated microglia
in the affected dorsal horn of the spinal cord
lumbar enlargement.

U G-CSF reduced the expression level of
p-p38MAPK and IL-13.
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Effects of Granulocyte Colony-Stimulating Factor
for Acute Spinal Cord Injury

Analyses of Follow-up Cases After at Least 1 Year
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Study Design. An open-labeled multicenter prospective nonran-
domized controlled clinical trial.

Objective. To confirm the feasibility of using granulocyte colony-
stimulating factor (G-CSF) for treatment of acute spinal cord injury
(SC).

Summary of Background Data. We previously reported that
G-CSF promotes functional recovery after compression-induced SCI
in mice. On the basis of these findings, we conducted a multicenter
prospective controlled clinical trial to assess the feasibility of G-CSF
therapy for patients with acute SCI.

Methods. The trial ran from August 2009 to March 2011, and
included 41 patients with SCI treated within 48 hours of onset.
Informed consent was obtained from all patients. After providing
consent, patients were divided into 2 groups. In the G-CSF group
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(17 patients), G-CSF (10 p.g/kg/d) was intravenously administered for
5 consecutive days, and in the control group (24 patients), patients
were similarly treated except for the G-CSF administration. We
evaluated motor and sensory functions using the American Spinal
Cord Injury Association score and American Spinal Cord Injury
Association impairment scale at 1 week, 3 months, 6 months, and
1 year after onset.

Results. Only 2 patients did not experience American Spinal
Cord Injury Association impairment scale improvement in the
G-CSF group. In contrast, 15 patients in the control group did not
experience American Spinal Cord Injury Association impairment
scale improvement. In the analysis of increased American Spinal
Cord Injury Association motor score, a significant increase in G-CSF
group was detected from 1 week after the administration compared
with the control group. After that, some spontaneous increase
of motor score was detected in control group, but the significant
increase in G-CSF group was maintained until 1 year of follow-up.
Conclusion. Despite the limitation that patient selection was not
randomized, the present results suggest the possibility that G-CSF
administration has beneficial effects on neurological recovery in
patients with acute SCI.

Key words: spinal cord injury, secondary injury, G-CSF, clinical
trial.

Level of Evidence: 3

Spine 2014;39:213-219

nal cord injuries (SCI) in Japan, and about 5000 new
cases are diagnosed every year.! Thus far, however, there
has been no curative treatment of SCI, and the degree of neu-
rological recovery has been dependent on the magnitude of

There are currently more than 200,000 people with spi-
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the initial injury. SCI is generally divided into 2 consecutive
stages: the primary injury and the secondary inflammatory
response. The primary injury is caused by a mechanical stress
to the spinal cord. Subsequently, the secondary injury occurs,
consisting of an inflammatory reaction caused by the release
of proinflammatory cytokines.> The secondary injury is a
potential target for pharmacological interventions. It has been
suggested that methylprednisolone sodium succinate (MPSS)
can relieve secondary injury to the spinal cord.>* In recent
years, however, questions regarding the efficacy of MPSS,>*
and its side effects on the respiratory system and digestive
systems have arisen.” Hence, new pharmacological agents to
replace MPSS would be desirable.

Granulocyte colony-stimulating factor (G-CSF) is a
19.6-kDa glycoprotein. It has been well characterized as a
growth factor for hematopoietic progenitor cells and is com-
monly used to treat neutropenia and to mobilize bone marrow
hematopoietic stem cells for transplantation.”!® Several recent
reports have indicated that G-CSF also has nonhematopoi-
etic functions and can potentially be used to treat neuronal
injury in stroke and neurodegenerative diseases.'>'® Thus, we
hypothesized that administration of G-CSF might have neu-
rotherapeutic effect on acute SCI. We initially examined this
hypothesis in a rodent model of SCI. We previously reported
that G-CSF promotes functional recovery after SCI in rodents
by mobilizing bone marrow-derived cells to the injured spinal
cord, suppressing neuronal apoptosis and oligodendrocyte
death, protecting myelin, decreasing the expression of inflam-
matory cytokines such as TNF-a and IL-1B, and facilitating
arterialization.'-2°

On the basis of those findings, we initiated phase I and
ITa clinical trials to confirm the safety and feasibility of neu-
rotherapeutic G-CSF administration for patients with acute
SCI. We observed no severe adverse events either during or
after G-CSF administration. We determined that a dose of
10 pg/kg/d for 5 days could be safely administered, and that
this dose improved the neurological American Spinal Cord
Injury Association (ASIA) motor score in patients with SCL.?!
However, the long term effects of G-CSF therapy and the
degree of neurological recovery after G-CSF administration
remain unclear, in part because some neurological improve-
ment is observed in untreated patients with incomplete SCI.
We thus conducted a multicenter prospective nonrandomized
controlled clinical trial to assess the neurotherapeutic effects
of G-CSF in patients with acute SCL

MATERIALS AND METHODS

Study Design and Exclusion Criteria

The clinical trial was designed as an open-label, multicenter,
prospective, nonrandomized controlled study, and was per-
formed with the approval of the institutional review board
of each participating institute. This trial was performed in 4
centers in Japan; Chiba University Hospital, Hokkaido Chuo
Rosai Hospital Spinal Cord Injury Center, Kobe Red Cross
Hospital, and Japan LHWO Spinal Injuries Center. Start-
ing in August 2009, patients with SCI were recruited within
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48 hours of the primary injury. Patients younger than 16 or
older than 85 years were excluded, as were patients with
intracranial pathologies (e.g., tumors, infection, or ischemia);
patients with a history of major bleeding requiring blood
transfusion or a history of leukopenia, thrombocytopenia, or
hepatic or renal dysfunction, severe heart failure, or spleno-
megaly; patients diagnosed with a malignant disease within
the previous 5 years; and patients who were pregnant or
nursing. Written informed consent was obtained from each
patient included in the study.

Patients were assigned to either the G-CSF group or the
control group according to the institute in which the patients
were treated without randomization. Both groups were
treated similarly, but the G-CSF group was given a dosage
of 10 pg/kg/d of G-CSF (Gran; Kyowa Hakko Kirin, Tokyo)
intravenously for 5 consecutive days. The dosage of G-CSF
was determined by preliminary open-label, nonrandomized,
1-arm dose-finding trial as we previously reported.?! G-CSF
therapy was performed only at the institute of correspond-
ing author (M.K.). At this institution, all patients with SCI
who were treated during the study period and who fulfilled
the inclusion criteria received G-CSF treatment. At the other
participating institutes, patients were treated similarly but did
not receive G-CSF treatment. No patient in either the G-CSF
or control group was given MPSS in the follow-up period.
Patients received surgery for spinal decompression and stabi-
lization according to each institute’s criteria regardless of the
patient’s treatment group.

Evaluation of Feasibility

Motor and sensory functions were evaluated by the ASIA
score (motor scores range from 0 to 100, pinprick scores
range from 0 to 112)?? and the ASIA impairment scale (AIS
grade; range A-E). The increase in motor score over time
was calculated as previously reported.?* At least 2 orthopedic
spine surgeons in each institute independently evaluated and
the data were averaged in each patient’s neurological status
1 week, 3 months, and 1 year after the primary injury.

Statistical Analysis

Results are presented as mean = standard deviation. The
Mann-Whitney U test was used to evaluate ASIA score
improvement, Fisher exact probability test was used to evalu-
ate AIS grade improvement, and Student ¢ test was used to
analyze hematological data. A P value less than 0.05 was con-
sidered statistically significant. The biostatistician in the cor-
responding author’s institute reviewed the analysis and veri-
fied the statistical results.

RESULTS

Patient Characteristics

A total of 56 patients were enrolled between August 2009
and March 2011. Twenty-six patients were initially assigned
to the G-CSF group. Among them, 9 patients did not com-
plete the study; 1 patient developed a fever the day after ini-
tiation of G-CSF treatment, 6 patients dropped out during
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Patient Data of G-CSF and Control

Groups
G-CSF Control P

Number of cases (cases) 17 24
Sex (cases)

Male 11 19

Female 6 5
Age (y) asenr | onas | 0925
Cause of injury (cases)

Fall 9 13

Road trauma 6 9

Sports 1 1

Falling object 1 0

Others 0 1
Level of injury (cases)

C2-C3 0 2

C3-C4 4 6

C4-C5 8 7

C5-Cob 3 7

C6-C7 2 2
ASIA impairment scale (cases)

A 1 7

B 2 2

C 5 5

D 11 12
Time of.fi.rst examination 3.76+27017.73 108 | 1,7

after injury (hr) (1-12) (1-48)
Time of G-CSF administra- | 32.7 = 16.4

tion after injury (hr) (6-48)
G-CSF indicates granulocyte colony-stimulating factor; ASIA, American
Spinal Cord Injury Association.

the follow-up period, 1 patient demonstrated postoperative
paralysis and 1 patient died because of heart failure unrelated
to the SCI or G-CSF administration. Hence, 17 patients in the
G-CSF group completed the study (Table 1). Thirty patients
were initially assigned to the control group. Among them,
4 patients dropped out during the follow-up period, 1 patient
initially showed paralysis followed by rapid spontaneous
recovery during transportation to the hospital, and 1 patient
died because of pneumonia. Hence, 24 patients in the con-
trol group completed the study (Table 1). There was no sig-
nificant difference in age, cause of injury, or level of injury
between the 2 groups. The groups did, however, differ in the

Spine

AIS grade because the control group tended to contain more
AIS A patients with complete paralysis than the G-CSF group
(P = 0.061). There was no statistical difference in the number
of patient undergone surgery in both groups.

American Spinal Cord Injury Association

Impairment Scale

The change in AIS grade between the initial examination and
the examination 1 year after treatment is shown in Table 2.
The AIS grade improved at least 1 step in 15 patients (88.2%)
in the G-CSF group and in 8 patients (33.3%) in the control
group, showing significant difference (P = 0.0002; Table 3).
In patients with incomplete paralysis (AIS grade of B, C, or
D at the initial examination; 16 patients in the G-CSF group,
and 19 patients in the control group), the AIS grade improved
at least 1 step in 15 patients (93.8%) in the G-CSF group and
in 6 patients (31.6%) in the control group, still showing sig-
nificant difference (P = 0.0002; Table 2).

ASIA Motor Score

The mean ASIA motor scores at the initial examination
were 59.3 = 28.0 in the G-CSF group and 57.2 = 34.9 in
the control group (P = 0.979; Table 3). One week later, the
change in motor score was significantly greater in the G-CSF
group (14.4 = 11.6) than in the control group (2.58 * 8.12)
(P = 0.0002). Thereafter, patients in both groups continued
to increase their motor scores, but the significant difference
between the 2 groups was maintained at 1 year after treat-
ment. The change in motor score at 1 year after treatment
was significantly higher in the G-CSF group (30.5 * 20.8)
than in the control group (15.7 = 16.4, P = 0.013, power =
0.77; Table 4).

The control group included more patients with AIS A com-
plete paralysis, which might have influenced the results of the
study. To exclude this possible bias, we narrowed our analy-
sis to include only patients with incomplete paralysis (AIS
grade at first examination: B, C, or D). In these patients, the
ASIA motor score at the first examination was 61.3 * 27.6
in the G-CSF group and 67.6 * 30.9 in the control group, a
difference that was not statistically significant (P = 0.336;
Table 3). One week later, we found greater improvement in
motor scores in the G-CSF group (14.8 = 11.9) than in the
control group (3.26 = 8.94) (P = 0.002). Although motor
scores improved in both groups during the next year, the dif-
ference in the degree of improvement between the G-CSF and
control groups remained significant (31.8 * 20.7 vs. 18.4 =
17.3, respectively) (P = 0.050, power = 0.61; Table 4).

ASIA Pinprick Score
Patients in both the G-CSF and control group demonstrated
improvement in their ASIA pinprick scores 1 year after
treatment (increased points: 17.8 = 23.2 and 10.6 = 24.0,
respectively). The difference was not statistically significant
(P = 0.486; Table 3).

In those patients with incomplete paralysis, improvement
was noted in both the G-CSF and control groups 1 year after
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ASIA Impairment Scale

G-CSF Group (17 Cases)

Control Group (24 Cases)

Grade at 1 yr After Onset Grade at 1 yr After Onset
(Cases) (Cases)
First Examination (Cases) A B C D E First Examination (Cases) A B C D E
A 1 A 3 2
B 1 1 B 1 1
C 4 1 C 2 3
D 1 8 D 10 2

incomplete paralysis (muscle grading >3/5).

AlS grades: A, complete paralysis; B, sensory incomplete paralysis, motor complete paralysis; C, motor incomplete paralysis (muscle grading <3/5); D, motor

G-CSF indicates granulocyte colony-stimulating factor; AlS, ASIA impairment scale; ASIA, American Spinal Cord Injury Association.

treatment (increased points: 20.5 = 23.0 and 13.8 + 23.7,
respectively). Again, the difference was not statistically signifi-
cant (P = 0.254; Table 5).

Adverse Events

One patient in the G-CSF group developed a fever more than
40°C the day after initiation of G-CSF treatment, and the treat-
ment was thus discontinued. The cause of the fever proved to
be a urinary tract infection, which was successfully treated
with antibiotics. No relationship was found between the
infection and G-CSF administration. One patient developed
mild hepatic dysfunction (glutamate oxaloacetate transami-
nase: 91 U/L [normal range: 13-33 U/L|, glutamate-pyruvic
transaminase: 99 U/L [normal range: 8-42 U/L]) 5 days after
initiation of G-CSF treatment. The patient recovered without

intervention. No other severe adverse events occurred during
or after G-CSF administration.

DISCUSSION

Nonhematopoietic Effects of G-CSF

Experimental studies on acute myocardial infarction (AMI)
have shown that G-CSF mobilizes stem cells into the myo-
cardium, thereby protecting cardiac tissue from injury.?* In
models of ischemic stroke, G-CSF has been shown to protect
the brain by suppressing neuronal apoptosis and the expres-
sion of inflammatory cytokines.'*"'* We previously made simi-
lar observations in preclinical rodent models of acute SCI.7-2
On the basis of these results, clinical trials have been initi-
ated for the treatment of AMI*~* and neurological disorders

ASIA Motor Score
G-CSF Control P

Total cases (G-CSF: n = 17, control: n = 24)

At first examination 59.3 + 28.0 (14-98) 57.2 + 34.9 (4-97) 0.979

1 wk after onset 73.6 = 24.2 (27-100) 59.8 = 35.5 (4-100) 0.249

3 mo after onset 86.8 = 18.6 (35-100) 69.8 = 34.6 (6-100) 0.154

6 mo after onset 88.9 = 18.7 (36-100) 71.3 = 33.6 (6-100) 0.042*

1 yr after onset 89.8 = 18.5 (36-100) 71.6 = 14.7 (6-100) 0.025*
Incomplete paralysis cases (AlS: B, C, D) (G-CSF: n = 16, control: n = 19)

At first examination 61.3 = 27.6 (14-98) 67.6 = 30.9 (7-97) 0.336

1 wk after onset 76.1 = 22.8 (27-100) 70.8 = 30.5 (6-100) 0.752

3 mo after onset 90.1 £ 13.4 (51-100) 82.8 * 24.6 (19-100) 0.504

6 mo after onset 92.3 = 13.2 (51-100) 84.3 = 23.1 (19-100) 0.137
1 yr after onset 93.1 = 12.7 (51-100) 84.4 = 23.1 (19-100) 0.085
AIS grades: B, sensory incomplete paralysis, motor complete paralysis; C, motor incomplete paralysis (muscle grading <3/5); D, motor incomplete paralysis
(muscle grading >3/5).
G-CSF indicates granulocyte colony-stimulating factor; AlS, ASIA impairment scale; ASIA, American Spinal Cord Injury Association.
*P < 0.05.
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Increased Motor Score

G-CSF Control P
Total cases (G-CSF: n = 17, control: n = 24)

1wk |14.4 +11.6 (1-50)|2.58 = 8.12 (—11 to 24) [ 0.0002*
3mo|27.5*18.9(1-73)| 12.6 £ 14.9 (=7 to 48) | 0.0005*
6mo|29.6 +19.8(2-77)| 15.4 =172 (—5t064) | 0.015t
Tyr [30.5*20.82-81)| 15.7 =16.4(—=5t063) | 0.013+
Incomplete paralysis cases (AlS: B, C, D) (G-CSF: n = 16,
control: n = 19)
Twk |[14.8 £11.9(1-50)[3.26 = 8.94 (=11 to 24) | 0.002*
3mo|28.8 £18.8(1-73)| 15.2 £ 15.7 (=7 to 48) | 0.029t
6 mo|30.9 = 19.7 (2-77)| 18.3 =18.2 (—4to 64) | 0.063
Tyr |31.8 £20.7 (2-81) 18.4 = 17.3 (0-63) 0.050t

AlS grades: B, sensory incomplete paralysis, motor complete paralysis; C,
motor incomplete paralysis (muscle grading <3/5); D, motor incomplete
paralysis (muscle grading >3/5).

G-CSF indicates granulocyte colony-stimulating factor; AlS, ASIA impairment
scale; ASIA, American Spinal Cord Injury Association.

*P<0.01.
1P < 0.05.

such as cerebral infarction®' and amyotrophic lateral sclero-
sis.’>* Many clinical trials in AMI have already reported the
safety and feasibility of G-CSF administration.>=° A clinical
trial in patients with cerebral infarction found that G-CSF
administration improved neurological symptoms, although
the sample size was small.*! Furthermore, G-CSF has been
shown to attenuate neuronal injury in patients with amyo-
trophic lateral sclerosis, delaying disease progression and
improving quality of life.>® Ours is the first clinical trial of
G-CSF in patients with acute SCI.

Neurotherapeutic Effects of G-CSF for Acute SCI
In our preliminary study, we determined that 10 wg/kg/d
dosage of G-CSF, administered by intravenous injection dur-

ing 5 consecutive days, is the highest dose of G-CSF that
can be safely administered to patients.>'** On the basis of
those results, we conducted this multicenter prospective
controlled clinical trial to verify the neurotherapeutic effect
of G-CSF in patients with acute SCI. The pathophysiology
and symptoms of acute SCI vary depending on the spinal
level of injury (cervical, thoracic, or thoracolumbar) and
the severity of the trauma. This variability can make data
interpretation difficult. Thus, to increase the reliability of
our data, we restricted our inclusion criteria to patients with
cervical injury and excluded patients with thoracic or thora-
columbar injury.

We analyzed whether G-CSF administration improved
muscle power in the upper and lower extremities using the
ASIA motor score. One week after the primary injury, the
motor score significantly increased in the G-CSF group com-
pared with the control group, and this difference was main-
tained 1 year later. This result suggests that G-CSF adminis-
tration may have a neurotherapeutic effect on the descending
tracts of the white matter and on the gray matter within the
injured spinal segments, resulting in earlier and more pro-
nounced improvement in motor function.

Side Effects of G-CSF

Previous reports have described the side effects of G-CSF
administration. Mild symptoms include low back and pelvic
pain, fever, headache, nausea, and vomiting.*-” Symptoms
were transient and disappeared 2 or 3 days after cessation
of the drug. In this trial, 1 patient developed a fever 1 day
after starting G-CSF treatment, but this was found to be
due to a urinary tract infection and resolved with antibiotic
treatment. One patient developed mild hepatic dysfunction
that resolved spontaneously. Reported severe side effects of
G-CSF include cerebral infarction, AMI, and splenic rup-
ture.’®3? The risk of severe side effects increases with high
doses of G-CSF (e.g., 20 pg/kg/d) and the risk of splenic
rupture increases with white blood cell counts above 50 X
103%/mm?.%® In this study, moderate doses of G-CSF were

ASIA Pinprick Score

G-CSF

Control P

Total cases (G-CSF: n = 17, control: n = 24)

At first examination 71.1 = 30.0 (21-106) 66.1 = 39.4 (12-112) 0.874

1 yr after onset 88.9 £ 24.9 (29-112) 77.7 £37.5(16-112) 0.558

Increased points 17.8 £23.2(—=12to072) 11.6 £24.0(—36to 81) 0.486
Incomplete paralysis cases (AlS: B, C, D) (G-CSF: n = 16, control: n = 19)

At first examination 73.6 £28.5(21-106) 81.8 = 34.6 (20-112) 0.251

1 yr after onset 92.2 = 20.8 (62-112) 95.6 £ 27.7 (36-112) 0.354

Increased points 20.5 +23.0(—-12to0 72) 13.8 = 23.7 (0-81) 0.254

AlS grades: B, sensory incomplete paralysis, motor complete paralysis; C, motor incomplete paralysis (muscle grading <3/5); D, motor incomplete paralysis

(muscle grading >3/5).

G-CSF indicates granulocyte colony-stimulating factor; AlS, ASIA impairment scale; ASIA, American Spinal Cord Injury Association.
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administered (10 pg/kg/d) and no severe side effects were
observed. Hence, the dosage of 10 pg/kg/d is likely to be
safe in patients with acute SCI.

MPSS has been used to treat secondary spinal cord injury
(SCI) in patients with acute SCIL.>* However, the side effects of
MPSS treatment, including pneumonia and gastric ulcer, are
harmful to most patients.”” This study suggests that G-CSF
as a neurotherapeutic agent might be safer than MPSS in
patients with acute SCI.

Future Investigation

This study has several limitations. First, the G-CSF group was
treated at 1 institution and the control group was treated at
the other institutions. Hence, treatment consistency between
the 2 groups have been compromised because we could not
control the difference among centers with respect to surgi-
cal indication, method of rehabilitation and nursing care, ezc.
As for surgical intervention, surgery itself was no apparent
confounding factor shown by univariate analysis, of which
result was confirmed by biostatistician. Second, the number
of patients enrolled in the study was relatively small to obtain
sufficient statistical power. Third, the initial AIS grade differed
between the groups, possibly affecting the results. Fourth, this
was an open-label study and assignment of patients to the
2 treatment groups was not randomized, resulting in selec-
tion bias. Finally, it is possible that evaluators were biased by
their knowledge of which patients received the drug because
of lacking of the blinding in this study design.

The next phase of the evaluation of G-CSF in acute SCI
should be a randomized, double-blind placebo-controlled
clinical trial. We are currently designing a phase IIb clinical
trial that will include a relatively large number of patients.
The results of this trial will provide a better understanding of
the effectiveness of neurotherapeutic G-CSF in patients with
acute SCI.

CONCLUSION

Despite its limitations, this study suggests that G-CSF admin-
istration may have beneficial effects on neurological recovery
in patients with acute SCI and encourages the development of
additional clinical trials.

> Key Points

O A multicenter prospective controlled clinical trial
was performed to confirm the feasibility of G-CSF
administration for acute SCI.

O In 17 acute patients with SCI, within 48 hours
of onset, G-CSF (20 p.g/kg/d) was intravenously
administered for 5 consecutive days.

O The administration of G-CSF enhanced neurologi-
cal recovery in 15 of 17 patients with acute SCI.

O Neurotherapeutic effects of G-CSF could be use-
ful strategy for the treatment of SCI.
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Clinical Results of Anterior Cervical Corpectomy and Arthrodesis for Cervical Myelopathy
with more than Ten Years of Follow-up
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Abstract

In cervical myelopathy cases, it is crucial to know both long-term and short-term results, in order
to give patients therapeutic alternatives. We studied the long-term surgical outcomes of anterior
cervical corpectomy and arthrodesis.

Twenty-five cervical myelopathy patients treated by anterior cervical corpectomy and arthrodesis,
who were followed up more than 10 years were investigated. Average age at surgery was 51.1 years
old. Diagnoses included cervical spondylotic myelopathy (11 cases), cervical ossification of the
posterior longitudinal ligament (11 cases), and cervical spondylotic amyotrophy (3 cases). We
performed anterior cervical corpectomy and strut bone grafting harvested from autologous fibula or
iliac bone with halo vest fixation. The corpectomy involved two levels in 10 cases and three levels in
15 cases. We used JOA score to assess the severity of myelopathy and evaluated the following
measures - early and late complications, bony union, adjacent disc disease, and detrimental factors
affecting the JOA score.

Average JOA score was 9.4 points preoperatively, 12.8 points at 6 months after surgery, 13.1
points at one year, 13.7 points at two years, 13.4 points at three years, and 12.8 points at five years,
11.4 points at ten years. Early complications included graft dislodgement or fracture (3 cases), C5
palsy (3 cases), meningitis (2 cases), recurrent laryngeal nerve palsy (1 case). Late complications
included lumbar spinal stenosis (5 cases), thoracic myelopathy (3 cases), Alzheimer disease,
cerebral infarction, carpal tunnel syndrome, and cubital tunnel syndrome (1 case each). Bony union
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rate was 88%. There were no recurrences of myelopathy due to adjacent segment disease.

Our study demonstrated that JOA score gradually improved for the first two years after surgery
and thereafter slowly decreased. The key factors affecting long-term results were not adjacent disc
disease but rather other age-related changes such as cerebrovascular diseases, thoracic and lumbar
spinal degenerative diseases, and aging of spinal cord itself. The fact that C3-4 and C4-5 disc levels
were included in the fusion levels could decrease the risk of adjacent segment disease after surgery.
The damaged spinal cord in cervical myelopathy cases appeared to deteriorate even after surgery,
which also might affect the long-term results.

In conclusion, the long-term results after anterior cervical corpectomy and arthrodesis for cervical
myelopathy were favorable. Factors related to aging, not adjacent segment disease, appeared to be
the major determinants of deterioration.

Key words : 2§l (cervical myelopathy), ZEAfE = #i BH il /7 B Ft [ %€ #7 (anterior cervical corpectomy

and arthrodesis), RHiHK & (long-term results)

XLHIC

ARG O PGB TR Sz o TIEH, +
MR AL O, REIROEIRPER L 2 5.
N TIZEREICN § 5 FEESERMBROR
B OBE TN OPBR SN D, FHERTS
BREEBEERT D, FFIZSHER AT BRE B 2 12 B 5
b REIBEOIMEIIS v

A O BB FERESHE R BT 5 BRI B E AT R O
RER#EZHAEL, REBEICES§ARFIZO
WTHLNITHIETHS.

&R EFiE

3 HE B DL _E o> ZEHE S #E B R 5 BRI B E AT & AT
W, 10D EDF BB RE Td o 72256112
WOIRET L7z, FTERFERNIZ16/E 2> 564K £ T,
EIGERMIISUR Th o 7. BRI BEEI95, i
6 Bl THorz. EEONFIIEHEEFTRIEL
B, ZEMERRMERIT S LELLB, ZEMERE M EHRAE
3BITH o7, BREEEHFI 2 HEAH 2 3 H
BIEEDT1060, 3 HefAT &4 4 HERH B E 251561 T
Holz(F1).

i Goto 5, Emery 5 2 D& I1ZH U THE
hEEESHL, HBREEZToRICEREE F
EBERBEERBEL, AEZEICE N T XA b
AL, 7L — MIXBABEEIXTO R o 7.

IS DIEBIZ DWW T HER AL F RIE G B

R EZEE(JOA 227), REISHES & UBEH
BFEIE, BRAR BEEBRERESICL2FH

KFIZoWTHRET L7,

m R

AT JOA R A TIXFHTIARTH o 72, Wtk
2ETBIHLEEELRL, ZORITER2IC
BT L, itk 3HETI34M, MES5ETI28E,
%10FE CTll48, REBERISATH-72(H
1).

BHAMEIBHEERE 2 6, BHESREN1
B, CoRREE 3P, FEEEAK 261, EIMHZERE 1 Bl
TH ol CoME & KEIHEREIZ—BETH
h, BRICEEL.

BREAOF S I PE IR B AT B ARAE 5 B, MOHERE
BERE 3B, 7V uNA<—iR 1B, BEEZE1LH,
FREEER 16, NREERFE1HITHo72(F
2).

BRHABERRAEIZ L ) JOA AT 7AYEKT LAz
1061 TH o7z, BEAGFREED A &Nz o 721561
D)L, RREBEET TIOA AT 2MERFLT
Wik 46, 3AKRBOEKTIZ3IAF, 3RUE
DETIZ8BITH o7 (F3).

B AL 2561226012580, BEERIIBB T
Hot:. IBOBEEESD D B 2 FIETFM
wB L7, BEEREEERESICX ) FRESH

Journal of Spine Research Vol.5No.2 2014 163
— 131 —



®1 FHREER

FArEFERD | FI951.1 (16~647%)

51 B k1961
ik 6 Bl

KA EHEE M F REEL 1]
TEMERRAE R i B {LAE 1161
FEHEAE VRS ZMRIE 3 Bl

BrEEEHEE | 2 HEMREE 24 3 HER 1061

BLUHER S | C3-6 761, C4-7 3Bl

3 HEFR T S 4 HER 1561

C2-6 11l,C3-7 1361, C4-T1 16l

FEBBISHIE | FI9134 7 5 A (104 2 2 B ~194
102°H)

g2 MEAHE

B BFE

A i 2
BHRRET 141
CHRRE 3 #l
Rl 2% 2
IS [ 458 IR S 1 %1
WA DEFEAE

R B E SR 2 A 5
e R F BB AE 3 )
FTIVINA T —IR/ 1%
A 28 141
FREERRE 11
it BB E B B 1 %1

L, BFEMZELENILIAL oot

z E

BE DRI T 5 RAOFMEARICET 5
HE CILBERICEENELT 5 L HEI N T
5. WREEMICBET % b DT, Kawaguchi
5 21324% 0 BE I MEENEBLIR O Wz L
#H L7, Chiba 5 IFFHIOA AT T 3EFT
EERICEEL, SELRIEIDTNEMLL,
RSP TEELEREICBVWTE/SRS
n, BEIOBEAITTRARBET 2 HERE L, 4
KEREETIINRICARON L BRTWE, —
7, BHESHERTAREBREMCETLI DL L
T, Tkenaga & ° i3 ZEMESHERI BT T EEMT R 10E DR
BERBE DIFRE BV TR 5 £ TL0% DREFIIC B

Before surgery. 6 months. 1year 2years. Jyears Syears I0yeans At the latest FU

1 JOA X7 DB

#£3 BREIGFRIE &1t JOA X7 L DREE
BEEABESEAEIC £ D %2 JOA X2 7T 1061

BREAGESSIE 22 L 1541
itk JOA A I 7 #ids 4 %1
itk JOA A 2 7R 3 mKii 34
itk JOA A 3 7T 3 Bt 8 %l

WTFEOENEZRZ, JOAZAITH 1 HELL
I ELE. AFRICBWTLBEORER &
ERR AT AR R R I R B LSRR D7z,
ERAEM ORI BEBREICZBIT S J0OA X2
TETOEEIZDOWT, Chiba b IZE#HEICE
WTITEHE SRS, THREEERE, ChERE,
M ERER EOBBEDHENSH DL L 2B
U, ZAUIZREE, BAEHRRE O IEHE kA Ldt
EENHEIBDZIZ, JOAAITIZLHFHETIXZ
DEBLBNTELRVWI L 2HML-. BEEIC
BT MIERE 722 & HT 7 e B R B
LBEDND, ZO—FTHLZZERERD
W% UICEERBEDSERIICIR 4 ICE L L - B
BARLNIz, BEELZIT-EITFMC LDk
WENRONLY, FOBEBRIELICAETSZ
Lidnd, BEYRBIIBVWTIZZFOAR LB
BEELRALIC BV TR E LA ET T 5 DT
BV, FOZENRIBEICA 20T RET
BOTIER VLR L. EEOHOIELE
FEICL VAL E o 72 BRBEER O RKERISIC
FEEIZLBEVARONSEZ LV R EBHOEE
PEBRE I B W TR OIS EE 2 5% E
BT IEYVIERAEMNTIBLDEEL
5.

164 Journal of Spine Research Vol.5No.2 2014
— 132 —



ZEMERT /7 BRIE B SEM OMT R AR B RIDT
HFE&LTEEHREHRBAEES IO TV A,
Hilibrand 5" 13471 5 £ T13.6%, #i#%104E T
256%DEEICEEREHMESE LA LD 5 Lk
N, FEBEMEREEICL 2 ERERBEORRIZ
S IC & 5 EMEEUERILOETICLIAHDTH
D, EEHEMEREEZOLDIZLEDOTIELZW
LHRANRTWVB, —7F, Matsumoto &V IZFEMERTH
BRIEEEM IS & 0 E o R M o I3
745 BT WAS, 72751, Hilibrand 5,
Matsumoto 51 & b 12 E & Bt B o #e AR ES
DY LD ERHIRICER D LIRS E D
BRTWE, EASPIZEA TSR %5E13mm
R OFERI T C3-43 5\ C4-5HER T DO BERY
FHERZEIC L VMBRI0ERNBIC CTRBEET %2 &
72T, 10U EORMBEATOLRE LK

HHEFE T 545 01F, C3-4, CASHEROTH

MEEXIT) Z LN ETH B Lilk~7:.
FEMESHE AT 7 BRI B B 0T 15 D 1] 5 e e
BEE 2O Cld, Hilibrand 5013 ZHEEEZEH O
FEHEMEER LD ST L AEEIERW &R
~, Tkenaga & ° I3 FEHORHMER TEEICB VT
FEEBEEERANRIZTERIZIEhOTHRNnE
A7z FBFFEIC BT B R R EE I X
B HEFAHEGIZ % <, Hilibrand 5", Ikenaga® &
D L FAROERTH o/, AP BRI
L) ITHRICEEREEREE 2 EC TRER?D
% C3-4HEM, CA-SHER 2 RERE#HHICED 5 2
LT, WMEEEHEEMEEDRBRELERTE S
EEZT WRIZ, EEHEEREEICL>HFHE
FEFRRI MR A BREREM IS BTN H 5
EHHETIZH 5, BREEEHMZEIEICRKET
HIETHEEZBOLTIEWETMRTHL EEZ
5. EEBEHEREE 2 EEICR AL EEL,
B THRAELERTHMHMIIZ L {, HBEE
xit9 % FEME R A7 BRI B A 138 F % e EE
RED—2oThbEERS.

W
BEHE 25 1 P B . 1 S0 1 0 R S BV B4 ©

Hol:. REABGEICEE Y RITT OIXEEREHE
MEETIX <, B, WEHEZ EOEEERR, B
ESIN-BERBEOEEET 2 EOMENIZHE) 7
HFThoe.

ER

1) Goto S, Mochizuki M, Kita T, et al. : Anterior surgery in
four consecutive technical phases for cervical spondylotic
myelopathy. Spine 1993 ; 18 : 1968-1973

2) Emery SE, Bohlman HH, Bolesta MJ, et al. : Anterior
cervical decompression and arthrodesis for the treatment of
cervical spondylotic myelopathy. Two to seventeen-year
follow-up. J Bone Joint Surg Am. 1998 ; 80 : 941-951

3) Kawaguchi Y, Kanamori M, Ishihara H, et al. : Minimum
10-year followup after en bloc cervical laminoplasty. Clin
Orthop Relat Res. 2003 ; 411 : 129-139

4) Chiba K, Ogawa Y, Ishii K, et al. : Long-term results of
expansive open-door laminoplasty for cervical myelopathy-
average 14-year follow-up study. Spine. 2006 ; 31 : 2998-
3005 :

5) Ikenaga M, Shikata J, Tanaka C. : Long-term results over 10
years of anterior corpectomy and fusion for multilevel
cervical myelopathy. Spine. 2006 ; 31 : 1568-1574

6) Kumamaru H, Saiwai H, Ohkawa Y, et al. : Age-related
differences in cellular and molecular profiles of inflamma-
tory responses after spinal cord injury. J cell Physiol.
2012 ; 227 : 1335-1346

7) Lee DH, Ahn JH, Park JH, et al. : Comparison of expression
of inflammatory cytokines in the spinal cord between young
adult and aged beagle dogs. Cell Mol Neurobiol. 2013 : 33 :
615-624

8) Inukai T, Uchida K, Nakajima H, et al. : Tumor necrosis
factor-alpha and its receptors contribute to apoptosis of
oligodendrocytes in the spinal cord of spinal hyperostotic
mouse (twy/twy) sustaining chronic mechanical compres-
sion. Spine. 2009 ; 34 : 2848-2857

9) Tanabe F, Yone K, Kawabata N, et al. : Accumulation of
p62 in degenerated spinal cord under chronic mechanical
compression : functional analysis of p62 and autophagy in
hypoxic neuronal cells. Autophagy. 2011 ; 7 : 1462-1471

10) Hilibrand AS, Carlson GD, Palumbo MA, et al. : Radicul-
opathy and myelopathy at segments adjacent to the site of a
previous anterior cervical arthrodesis. J Bone Joint Surg
Am. 1999 ; 81 : 519-528

11) Matsumoto M, Okada E, Ichihara D, et al. : Anterior
cervical decompression and fusion accelerates adjacent
segment degeneration : comparison with asymptomatic
volunteers in a ten-year magnetic resonance imaging
follow-up study. Spine. 2010 ; 35 : 36-43

12) EREA, %EEHE FHEETEICN T 585K
FEEEM O RIARE. FHEFHE. 1997 : 10 - 803-807

Journal of Spine Research Vol.5No.2 2014 165
— 133 —



Original Contribution

Myoblast-Mediated Gene Therapy Improves Functional
Collateralization in Chronic Cerebral Hypoperfusion

Nils Hecht, MD; Aiki Marushima, MD; Melina Nieminen, MSc; Irina Kremenetskaia, MSc;
Georges von Degenfeld, MD; Johannes Woitzik, MD; Peter Vajkoczy, MD

Background and Purpose—Direct extracranial-intracranial bypass surgery for treatment of cerebral hemodynamic
compromise remains hindered by complications but alternative simple and safe indirect revascularization procedures,
such as an encephalomyosynangiosis (EMS), lack hemodynamic efficiency. Here, the myoblast-mediated transfer of
angiogenic genes presents an approach for induction of therapeutic collateralization. In this study, we tested the effect of
myoblast-mediated delivery of vascular endothelial growth factor-A (VEGF) to the muscle/brain interface of an EMS in

a model of chronic cerebral hypoperfusion.

Methods—Permanent unilateral internal carotid artery-occlusion was performed in adult C57/BL6 mice with or without
(no EMS) surgical grafting of an EMS followed by implantation of monoclonal mouse myoblasts expressing either
VEGF,, or an empty vector (EV). Cerebral hemodynamic impairment, transpial collateralization, angiogenesis, mural
cell investment, microvascular permeability, and cortical infarction after ipsilateral stroke were assessed by real-time
laser speckle blood flow imaging, 2- and 3-dimensional immunofluorescence and MRI.

Results—VEGF-expressing myoblasts improved hemodynamic rescue by day 14 (no EMS 37+21%, EV 42+9%, VEGF
48+12%; P<0.05 for VEGF versus no EMS and versus EV), together with the EMS take rate (VEGF 60%, EV 18.2%;
P<0.05) and angiogenesis of mature cortical microvessels below the EMS (P<0.05 for VEGF versus EV). Importantly,
functional and morphological results were paralleled by a 25% reduction of cortical infarction after experimental stroke

on the side of the EMS.

Conclusions—Myoblast-mediated VEGF supplementation at the target site of an EMS could help overcome the clinical
dilemma of poor surgical revascularization results and provide protection from ischemic stroke.  (Stroke. 2015;46:00-00.)

Key Words: cerebral revascularization m cerebrovascular disease m gene therapy

he results of the recently published Carotid Occlusion

Surgery Study put the benefit of direct surgical flow
augmentation for treatment of atherosclerotic hemodynamic
compromise into_question and show that extra- to intracra-
nial bypass grafting remains technically challenging and car-
ries a perioperative stroke risk of up to 15%."* Despite this
development, however, there still remain clear indications
for treatment of cerebral hemodynamic compromise through
surgical revascularization, such as multiple vessel disease or
Moyamoya disease, in particular.

To reduce the risk of perioperative morbidity, a technically
simple and safe solution for extracranial-intracranial flow
augmentation is needed. For this purpose, a variety of indi-
rect revascularization techniques have been developed. One of
the most commonly applied procedures for indirect revascu-
larization is termed encephalomyosynangiosis (EMS), which

describes the placement of a vascularized temporal muscle
graft onto the hypoperfused cortical surface and results in
spontaneous transpial collateralization of distal intramuscular
branches of the external carotid artery (ECA) with the corti-
cal vasculature of the brain~ Importantly, an EMS has the
advantage of being less complex and safer than direct bypass
surgery with proven benefit in patients with Moyamoya dis-
ease.®® Although indirect revascularization seems attractive,
it unfortunately lacks hemodynamic effectiveness compared
with direct procedures.”!® For this reason, we hypothesized
that a continuous and local boosting of proangiogenic activity
at the muscle/brain interface of an EMS may present a novel
approach to facilitate indirect revascularization as a techni-
cally simple and safe procedure.

The key factor for compensation of hemodynamic compro-
mise is endogenous flow augmentation through outgrowth of
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pre-existing collaterals.!! This requires an active proliferation
of endothelial and perivascular cells, which is naturally lim-
ited in the brain. Effective collateralization through an EMS
requires the outgrowth and remodeling of pre-existing vessels
(arteriogenesis) to form patent collaterals between the extra-
cranial and intracranial vascular beds. In this regard, recent
evidence convincingly demonstrated that vascular endothelial
growth factor-A (VEGF) acts as a key factor in formation,
postnatal maturation, and establishment of adult collateral
density in the brain.'>!3 However, VEGF delivery for the pur-
pose of therapeutic neovascularization is often hampered by
the formation of aberrant blood vessels and hemangiomas.'*!’
In this regard, experimental studies in nonischemic and isch-
emic tissue have evidenced that an appropriate microenviron-
mental VEGF concentration is paramount for induction and
maintenance of functional neovascularization at a desired tar-
get site.'®!” Hence, the DNA transfer to myogenic precursor
cells seems to be an ideal drug delivery strategy to ensure a
consistent, long-term and regionally circumscribed overex-
pression of VEGF for effective induction of neovasculariza-
tion at the muscle/brain interface of an EMS. Recently, we
demonstrated the general feasibility of this approach by suc-
cessful implantation and fusion of primary monoclonal mouse
myoblasts in the nonischemic temporal muscle of an experi-
mental EMS.?* We now tested whether a myoblast-mediated
local delivery of murine VEGF , to the muscle/brain interface
of an EMS may improve morphological revascularization and
functional outcome in a model of cerebral hypoperfusion.

Methods
Ethics Statement

Experiments were permitted by the local ethics committee on animal
research (LaGeSo No. G 0262/07, Berlin, Germany) and in confor-
mity with the German Law for Animal Protection and the National
Institute of Health Guidelines for Care and Use of Laboratory
Animals.

Mouse Myoblast Purification, Retroviral Infection,
and Selection

The isolation, culture, and retroviral infection of primary myoblasts is
described elsewhere in detail.?’** Briefly, primary mouse myoblasts
were transduced with a constitutive LacZ-encoding retrovirus alone
(Empty Vector [EV]) or together with a murine VEGF ,-encoding
retrovirus (VEGF). For this purpose, flow cytometry-isolated sin-
gle cells of the VEGF ,-expressing population were expanded into
monoclonal populations and VEGF , secretion was monitored pe-
riodically by enzyme-linked immunosorbent assay (R&D Systems,
Minneapolis, MN). On the basis of previous functional and morpho-
logical results,'! a monoclonal VEGF population expressing =70ng
VEGF/10° cells/day (defined as the 100% clone in relation to the av-
erage VEGF expression level of the polyclonal VEGF parent popula-
tion) was selected for implantation.

Animals and Experimental Design

Seventy-three male C57/BL6 mice (Charles River WIGA GmbH,
Sulzfeld, Germany), aged 12 weeks (28-31 g) were randomized and
the following procedures were performed in a blinded fashion:

1. VEGF (n=24): Unilateral (right) internal carotid artery-oc-
clusion (ICA-O) with ipsilateral EMS and implantation of
VEGF ,-expressing myoblasts into the temporal muscle of the

EMS (4x10° cells).

2. EV (n=25): ICA-O with EMS and implantation of EV myo-
blasts as biological control (4x10° cells).

3. No EMS (n=16): ICA-O and no EMS.

4. Sham (n=8): Sham ICA-O and no EMS.

For all procedures, mice were anesthetized with 70 mg/kg ket-
amine and 16 mg/kg xylazine and body temperature was maintained
at 37°C. Before and after all procedures, mice had free access to food
and water. All data about transpial collateralization, cortical perfu-
sion, histology, and stroke volume were obtained and analyzed in a
blinded fashion.

EMS and Ipsilateral ICA-O

The ICA-O was performed immediately before the EMS procedure
at a time point defined as day 0 and is described elsewhere in de-
tail.?*** Briefly, the animal was positioned supine and the right-sided
ICA was permanently ligated with an 8/0 silk suture. Next, the ani-
mal was turned to prone position and a right-sided craniectomy was
performed along the superior temporal line to the temporal scull
base, extending from the bregma to the lambdoid suture using a
diamond-tip micro drill (Proxxon GmbH, Wartberg/Aist, Austria).
The dura was completely excised along the margin of the craniec-
tomy. To secure the temporal muscle above the cortical surface after
myoblast implantation (see below), the overlying muscle fascia was
sutured to the contralateral aponeurosis and the skin was readapted
with 6/0 Nylon.

Myoblast Implantation

For implantation, cultured myoblasts were trypsinized and resus-
pended in phosphate-buffered saline with 0.5% bovine serum albu-
mine. On the basis of previous results,”” we implanted either 4x10°
EV or VEGF myoblasts per animal in two 5-pL cell suspensions
(each containing 2x10° cells) by injection into the temporal muscle
using a Hamilton microsyringe with a 26-gauge needle (Hamilton
Co., Reno, NV) immediately before completing the EMS procedure
on day 0.

Laser Speckle Imaging and Cerebrovascular
Reserve Capacity

Baseline (resting) perfusion and hemodynamic impairment was quan-
tified on days 3, 7, 14, and 21 by assessment of the acetazolamide-
specific cerebrovascular reserve capacity (CVRC) with laser speckle
imaging as described previously* in Sham- (n=8), no EMS- (n=10),
EV- (n=15), and VEGF (n=14)-treated animals (please see the online-
only Data Supplement).

FITC-Lectin Perfusion and Assessment of Transpial
Collateralization

On day 21, transpial collaterals in the muscle/brain border region of
the EMS were determined by 3-dimensional confocal microscopy af-
ter an in vivo fluorescein isothiocyanate (FITC)-lectin perfusion in a
random subset of animals (no EMS n=6; EV n=11; VEGF n=10). To
determine the blood delivery via the muscle graft and the transpial
collaterals, we injected FITC-lectin via the ECA ipsilateral to the
side of the EMS (please see the online-only Data Supplement). For
analysis, 60-um coronal cryosections were obtained from the bregma
level £0.0 to —4.5 mm in 0.5 mm intervals and observed under a laser-
scanning microscope (LSM710, Zeiss, Oberkochem, Germany). To
better characterize the positive or negative development of transpial
collaterals, we defined the EMS take rate parameter: In each section,
transpial collateralization was determined positive only after direct
visual confirmation of (1) continuous FITC-lectin positive vessels
crossing from the muscle into the cortex and (2) a distinct association
of these vessels with the resident vasculature of the cortical region
below the EMS. The total number of sections with positive transpial
collaterals was counted in each animal and the individual EMS was
only rated positive if collaterals were noted in >250% (=5/10) of all
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section levels. The EMS take rate was calculated as the percentage of
positive EMS and compared between animals with no EMS, EV, or
VEGEF treatment.

Immunohistochemistry

In the remaining subset of animals (no EMS n=4, EV n=4, VEGF
n=4), vessel density and pericyte coverage in the muscle/brain bor-
der region of the EMS on day 21 were determined by immunohisto-
chemistry. Coronal cryosections (6 pm) of nonperfused, snap-frozen,
whole-head specimens were obtained from the anterior, middle, and
posterior region of the EMS (Bregma —0.5, —1.5, and —3.0 mm,
respectively) and a combined CD31/Desmin stain was performed.
Vessel density within the cortical area below the EMS and the asso-
ciated temporal muscle was calculated as CD31-positive vessels per
mm?. Pericyte coverage was expressed as the percentage of CD31-
positive vessels with Desmin colocalization. In 3 VEGF-treated ani-
mals that underwent FITC-lectin perfusion, cell proliferation at the
muscle brain interface and in the cortical region below the EMS was
visualized with a combined CD31/Ki67 staining. In a second series
of animals (EV n=4, VEGF n=4), half of which underwent middle
cerebral artery filament-occlusion (MCA-O) on day 21, the effect of
VEGEF on vascular permeability in the ischemic/nonischemic cortex
below the muscle/brain interface was assessed after in vivo Evans
Blue perfusion and CD31 staining. Sections were mounted and ob-
served under a fluorescence-enhanced microscope (Axio Imager 2;
Zeiss; please see the online-only Data Supplement).

Middle Cerebral Artery Occlusion and Cortical
Stroke Volume Assessment

In a third series of animals (no EMS n=6; EV n=6; VEGF n=6), cor-
tical stroke volume was assessed by MRI after 60-minute MCA-O
and 23-hour reperfusion on day 21 (please see the online-only Data
Supplement). Laser Speckle Imaging was used to visualize the effect
of VEGF on the cortical perfusion pattern over the affected hemi-
sphere during the 60-minute occlusion in the second series of mice
used for assessment of vascular permeability (EV n=2; VEGF n=2;
see above). The timeline of the experiments is depicted in Figure 1.

Statistical Analysis

Data are presented as mean+SD or percentage. Statistics were per-
formed with GraphPad Prism for Mac (Version 5.0f, GraphPad
Software, San Diego, CA). Statistical significance was set at
P<0.05. For a comprehensive description, please see the online-
only Data Supplement.

EMS FITC
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Figure 1. Schematic timeline of the experiments. C57/BL6 mice
underwent internal carotid artery-occlusion (ICA-O) with or with-
out subsequent encephalomyosynangiosis (EMS) and implan-
tation of empty vector or vascular endothelial growth factor-A
(VEGF),,-expressing myoblasts. Cortical perfusion and cere-
brovascular reactivity were assessed repeatedly until day 21. At
this time point, whole-head specimens were either harvested for
histological examination or animals underwent 60-minute middle
cerebral artery filament-occlusion (MCA-O) with 23-hour reperfu-
sion for determination of cortical infarct volume. FITC indicates
fluorescein isothiocyanate.
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Results

Transpial Collateralization at the Muscle/Brain
Interface

On day 21 after ICA-O, animals with no EMS did not show
signs of spontaneous extracranial-intracranial collateraliza-
tion across the interface of the temporal muscle and the brain
after FITC-lectin perfusion through the ECA on the side of
ICA-O (Figure 2A). In contrast, grafting of an EMS with
implantation of EV myoblasts yielded patent FITC-positive
vessel bridges crossing from the temporal muscle into the
brain as a sign of spontaneous EMS collateralization with an
18% EMS take rate among the EV-treated animals. This 18%
EMS take rate improved significantly to 60% in animals that
received an EMS with implantation of VEGF ,-expressing
myboblasts (*P<0.05 versus EV) with distinct signs of pro-
angiogenic outgrowth, such as a more tortuous morphology of

A

EMS take rate
[ positive

no EMS (ICA-O) B3 negative

-~ 120 *
[ —

100

EMS take rate (%)

FITC-Lectin

FITC-Lectin

Figure 2. Vascular endothelial growth factor-A (VEGF),  -express-
ing myoblasts improve encephalomyosynangiosis (EMS) take
rate. A, Fluorescein isothiocyanate (FITC)-lectin injection in an ani-
mal without EMS and only internal carotid artery-occlusion (ICA-
O; no EMS) fails to show FITC-lectin positive fluorescence within
the cortical vasculature. B, Vasculature at the muscle/brain inter-
face and within the cortical parenchyma below the EMS shows
positive FITC-lectin fluorescence and tortuous transpial vessel
sprouts transgressing from the temporal muscle into the cortex
after implantation of both empty vector (EV) myoblasts (upper
panels) and VEGF-expressing myoblasts (VEGF; lower panels).
The dashed rectangle indicates the area of detail enlargement

on the right. C, Bar graph illustrating the significantly higher EMS
take rate after treatment with VEGF myoblasts compared with EV
myoblasts (*P<0.05). b indicates brain; m, muscle; asterisk, bone;
dashed line, muscle/brain interface; bar=1000 pm.
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the transpial vessel bridges connecting the vasculature of the
EMS interface to the underlying cortical vessels (Figure 2B
and 2C).

Hemodynamic Effect of Increased Transpial
Collateralization After Treatment With VEGF
Myoblasts

Laser Speckle Images of typical cortical blood flow responses
to acetazolamide on day 21 are illustrated in Figure 3A. To
get an idea of the physiological cortical perfusion and blood
flow response after acetazolamide, we first performed a series
of laser speckle measurements in sham-operated animals that
did not undergo ICA-O or an EMS procedure. The total mean
baseline perfusion in these animals was determined at 565+89
Flux with a mean 49+11% increase in blood flow after acet-
azolamide stimulation, which is illustrated as the dashed gray
line in Figure 3B.

Next, we compared baseline perfusion among treatment
groups: In line with previous results,* ICA-O alone (no EMS) did
not relevantly influence baseline perfusion compared with sham-
treated animals at each individual observation time point (data not
shown). Furthermore, baseline perfusion did not differ between
animals with no EMS, EV, or VEGF (Figure 3B, upper graph).

We then focused on the cortical perfusion response after
acetazolamide: Over the untreated hemisphere, acetazolamide
led to a marked perfusion increase in all groups (Figure 3A).
Over the treated (right) hemisphere, CVRC did at first not
differ among groups but remained 24% to 39% below the
physiological blood flow response of sham-treated animals.
By day 7, we observed a first sign of hemodynamic recov-
ery in EV-treated animals with a significantly higher CVRC
compared with animals with no EMS (no EMS 26+14%, EV
41+9%; *P<0.05). Later, however, animals with no EMS

A Baseline

,4" >

Acetazolamide

also showed signs of spontaneous CVRC recovery, whereas
EV-treated animals showed no further improvement of CVRC
(Figure 3B, lower graph).

In contrast, animals that received an EMS with VEGF myo-
blasts showed a significant 21% to 25% better CVRC recovery
beginning at day 14 (no EMS 37+21%, EV 42+9%, VEGF
48+12%:;, *P<0.05 for VEGF versus no EMS and #P<0.05 for
VEGEF versus EV) until day 21 (no EMS 36+22%, EV 38+11%,
VEGF 48+9%:; *P<0.05 for VEGF versus no EMS and #P<0.05
for VEGF versus EV). Importantly, hemodynamic improvement
after VEGF did not result in an overshooting CVRC response
or cortical hyperperfusion but reached the physiological param-
eters of sham-treated animals (Figure 3A and 3B).

Vessel Density and Pericyte Coverage
Next, we searched for signs of proangiogenic activity and
vessel maturation at the muscle/brain interface. Because, we
wanted to distinguish between capillaries—mainly responsi-
ble for nutritive perfusion—and the larger pre- and postcapil-
lary vessels, CD31-positive vessels were grouped according to
their diameter. As a sign of positive proangiogenic activity in
the cortex below the EMS, treatment with VEGF resulted in
a significant 21% increase in the parenchymal microvascular
density compared with animals that only received EV myo-
blasts (no EMS 194+32 1/mm?, EV 174x14 1/mm? VEGF
22050 1/mm?; *P<0.05 for VEGF versus EV; Figure 4A
and 4B). This proangiogenic activity in the cortex and around
FITC-lectin perfused transpial collaterals was confirmed by
Ki67/CD31 colocalization at the muscle/brain interface of the
EMS, indicating a marked increase in endothelial cell prolif-
eration in the VEGF myoblast group (Figure 4D).
Functionality of blood vessels is not only determined by ves-
sel density and diameter but also by pericyte coverage, which
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Figure 3. Encephalomyosynangiosis (EMS) and vascular endothelial growth factor-A (VEGF),,-expressing myoblasts improve cerebral
hemodynamic rescue. A, Real-time laser speckle images of cortical perfusion before (left) and after (right) acetazolamide challenge on day

21 after EMS and implantation of empty vector (EV) myoblasts or VEGF

Le-€Xpressing myoblasts (VEGF). Relative perfusion in the arbitrary

perfusion unit CBF-Flux (Flux) is mapped as a color-coded image of cortical cerebral blood flow. The higher relative perfusion increase
after acetazolamide after EMS and VEGF can be noted on the right. The dashed rectangle shows the area of perfusion assessment. R
indicates right. B, Line graphs illustrating the mean resting (baseline) perfusion (CBF-Flux; upper panel) and mean cerebrovascular reserve
capacity (CVRC; percent change in CBF-Flux; lower panel) in animals with internal carotid artery-occlusion (no EMS) and no EMS and in
animals treated with EMS and EV or VEGF myoblasts over the 21-day monitoring period (day 7: *P<0.05 EV vs no EMS; day 14 and 21:
*P<0.05 VEGF vs no EMS and #P<0.05 VEGF vs EV). The dashed horizontal lines show the mean resting perfusion and CVRC of sham

animals without ICA-O or EMS.
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.e,-mediated microvascular remodeling after encephalomyosynangiosis (EMS).

A, Photomicrographs of the cortex (upper panels) and temporal muscle (lower panels) at the muscle/brain interface (dashed line) after
internal carotid artery-occlusion (ICA-O) and EMS with empty vector (EV; left) or VEGF, ,-expressing (VEGF; right) myoblasts show a
combined CD31 (red) and Desmin (green) staining on day 21 and illustrate the increased microvascular density and pericyte coverage of
nutrient vessels in the cortical parenchyma after EMS and VEGF. B, Bar graphs of the cortical and muscular vessel density (1/mm?) and
vascular pericyte coverage (%) in vessels <9 mm (left) and >9 mm (right) in diameter in animals with no EMS and in animals treated with
EMS and EV or VEGF myoblasts (*P<0.05). C, Positive CD31/Desmin colocalization at the muscle/brain interface of the EMS after VEGF-
myoblast implantation confirms localized pericyte coverage as a sign of vessel maturity (left). The image on the right shows a 3-dimen-
sional confocal microscope reconstruction of a 60 pm section at high magnification to confirm the intimate cell-cell interaction between
green-stained pericytes wrapping around red-stained endothelial tubes. D, Angiogenic remodeling of the cortical vasculature at the
muscle/brain interface of an EMS after VEGF-myoblast treatment is confirmed by Ki67 (red)/CD31 (blue) colocalization in an animal that
underwent fluorescein isothiocyanate (FITC)-lectin perfusion (green) to visualize the patent vasculature at the muscle/brain interface of the

EMS. Bar in A, C (left)=100 um; bar in C (right)=50 pm.

determines the vascular maturity and stability. In addition, peri-
cytes are involved in cerebrovascular flow regulation. Thus, it
is noteworthy that cortical angiogenesis was accompanied by
a significant 8% increase in the pericyte coverage of these ves-
sels (no EMS 77+£3%, EV 74+8%, VEGF 80+2%; *P<0.05
for VEGF versus EV; Figure 4A and 4B). Moreover, animals
treated with EMS and VEGF showed a dense mural Desmin
coverage of the vasculature bordering the muscle/brain inter-
face, which we confirmed by a confocal microscope-generated
reconstruction of the cortical vasculature at the muscle/brain
interface adjacent to the myoblast implantation site (Figure 4C).

Cortical T2 Signal Hyperintensity and Regional
Perfusion After MCA-O on Day 21

Having shown that local VEGF expression improved transpial
collateralization, hemodynamic recovery and cortical

angiogenesis, we next sought to determine whether these
findings also translated into protection from ischemic stroke
after temporary vessel occlusion. Thus, we applied a proto-
col with 60-minute occlusion of the ipsilateral MCA on day
21 followed by a 23-hour reperfusion period before deter-
mining the cortical stroke volume by MRI. All animals sub-
ject to MCA-O survived the 23-hour reperfusion period and
underwent MRI. In all cases, apparent signs of intracerebral
hemorrhage were not observed. The mean volume of the total
right-hemispheric cortex did not differ among groups (no
EMS 79+10.3 mm?, EV 76+10.3 mm?, VEGF 759.7 mm?®).
In animals that received an EMS with EV myoblast implanta-
tion, cortical T2 signal hyperintensity was comparable with
animals with no EMS. Animals treated with VEGF, however,
showed a significant 25% reduction in cortical T2 signal
hyperintensity compared with animals with no EMS (no EMS
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74.4+9%, VEGF 56.2+16%; *P<0.001; Figure 5). Moreover,
VEGF-treated animals also showed areas of sustained cortical
perfusion during the MCA-O period compared with animals
that only received EV myoblasts (Figure 6A).

Microvascular Permeability Under Regional VEGF
Supplementation

Finally, we assessed the effect of regional VEGF supple-
mentation on microvascular permeability in ischemic and
nonischemic cortex at the muscle/brain interface. Most
importantly, VEGF supplementation for 21 days in non-
ischemic animals without MCA-O did not result in peri-
vascular Evans Blue extravasation, supporting our finding
of functional but also nonleaky microvessels. In ischemic
animals with MCA-O, however, VEGF treatment was asso-
ciated with notable Evans Blue extravasation around the
cortical microvasculature compared with EV-treated mice
(Figure 6B).

Discussion

In this proof-of-concept study, we explored the potential
of VEGF,,-expressing myoblasts as a novel proangiogenic
gene therapy for treatment of chronic cerebral hypoperfu-
sion in combination with indirect vasoreconstructive sur-
gery. Implantation of VEGF,-expressing myoblasts into
the temporal muscle of an EMS significantly improved
extracranial-intracranial collateralization at the muscle/
brain interface, as well as parenchymal angiogenesis in
the cortical region below the EMS. Morphological findings
were in line with functional results showing better hemo-
dynamic rescue and an attenuated cortical stroke volume in
living mice. Together, this demonstrates that the myoblast-
mediated delivery of recombinant angiogenic growth factor
to the target site of an EMS may be harvested as a novel
translational approach to facilitate indirect revasculariza-
tion in patients at risk of ischemic stroke because of chronic
cerebral hypoperfusion.

Myoblast-Mediated Gene Delivery

Myoblast-mediated gene delivery offers a several advantages
over other gene delivery approaches: On intramuscular injec-
tion, myoblasts fuse stably with pre-existing muscle fibers,
providing long-term, possibly lifelong, highly localized gene

Figure 5. Encephalomyosynangiosis (EMS) and vascular endothelial growth factor-A (VEGF)

product expression without the need for immune suppression or
the propensity to proliferate in an uncontrolled manner.'$-202225
Furthermore, myoblasts can be characterized in vitro before
implantation, allowing, for example, the quantification of gene
expression. In view of the potentially high complication rate
after direct bypass grafting (ie, in patients with atherosclerotic
cerebrovascular disease), myoblast-mediated gene delivery
in combination with an EMS represents a novel approach to
improve functional and morphological collateralization after
indirect revascularization, which remains to lack hemody-
namic effectiveness compared with direct bypass procedures.

Spontaneous Extracranial-Intracranial
Collateralization After Indirect Revascularization
First, we investigated whether an EMS results in spontane-
ous transpial collateralization in a mouse model of chronic
cerebral hypoperfusion. We sought to assess transpial vessel
sprouts at the muscle/brain interface because a functional
EMS is characterized by development of patent extracranial—
intracranial anastomoses in form of transpial collaterals cross-
ing from the temporal muscle into the brain.**’ To assess the
patency of these collaterals and ensure an exclusive staining
of the vasculature connected to the EMS, we established an in
vivo FITC-lectin perfusion through the ipsilateral ECA feed-
ing the temporal muscle. As a first interesting finding, patent
extracranial-intracranial collaterals were also detected after
EMS without VEGF supplementation, which is in line with
a previous report* and confirms the hypothesis that cortical
hypoperfusion alone may act as an inductor of extracranial—
intracranial collateralization. The fact that the FITC-lectin
positive vasculature.in the brain was only noted in circum-
scribed cortical areas associated with the EMS and not in the
brain of animals with no EMS excluded an incidental filling
of intracranial-vessel segments through more proximal pre-
formed collaterals of the ECA and ICA.

Stimulated Neovascularization Through VEGF

Collateral outgrowth is initially governed by physical forces
(ie, fluid shear-stress) that activate the endothelium of pre-
existing arterioles. One recently suggested pathway lies in the
activation of the transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), which leads to
stabilization of hypoxia-inducible factor-1o expression with a

B
O noEMS B EV @ VEGF
100 *
1
80
60

B
o

Cortical infarction (%)
[
o

0

Lea-€XPressing myoblasts attenuate cortical

stroke after middle cerebral artery filament-occlusion (MCA-O). A, In animals with internal carotid artery-occlusion (ICA-O) and no EMS
(left), T2-weighted coronal MRI at the bregma level show a widespread T2 signal hyperintensity after ipsilateral MCA-O on day 21. In com-

parison, animals that received an EMS with VEGF

-expressing myoblasts (right) showed marked attenuation of the T2 signal hyperinten-

sity in the cortical area below the muscle/brain interface of the EMS. B, Bar graph illustrating the 25% lower cortical infarct volume after
treatment with EMS and VEGF compared with animals with no EMS (*P<0.001). EV indicates empty vector.
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Figure 6. Regional cortical perfusion and vascular permeability
after middle cerebral artery filament-occlusion (ICA-O). A, Laser
Speckle Imaging during 60-minute MCA-O revealed sustained
perfusion within the cortical region next to the muscle/brain
interface (dashed rectangle) on day 21 after vascular endothelial
growth factor-A (VEGF)-myoblast implantation. B, Photomicro-
graphs of the muscle/brain interface after in vivo Evans Blue
perfusion and CD31 staining demonstrate Evans Blue extravasa-
tion around the cortical microvasculature in the ischemic cortex
below the encephalomyosynangiosis (EMS) in VEGF-treated mice
(lower panels) but not in nonischemic animals without MCA-O
(upper panels); bar=100 pm.

subsequent induction of VEGF-A and platelet-derived growth
factor-BB, required for capillary arterialization and matura-
tion of the new arterial collateral network.?® To date, previous
studies have only reported on the proangiogenic activity after
localized VEGF supplementation through a plasmid VEGF
vector in an EMS rat model.?”*® However, these studies did not
address transpial collateralization or cerebral hemodynamics,
which serve as the main markers of effective collateral flow
augmentation. Therefore, we specifically designed our ani-
mal model to simulate cerebral hemodynamic impairment
with preservation of blood flow through the ipsilateral ECA
and temporal muscle. In our study, treatment with VEGF
significantly improved the degree of collateralization and
confocal microscopy revealed a clearly distinct and more tor-
tuous morphology of transpial collaterals and the connected
parenchymal vasculature below the EMS as a sign of vascular
remodeling and collateral outgrowth at the target site of the
EMS. Importantly, leaky vessels or hemangiomas were not
detected, which is in line with previous results'®!" and con-
firmed the safety and feasibility of our approach. Possibly, the
observed VEGF effect on collateralization between 2 sepa-
rate arteriolar beds could be mediated through mobilization
and recruitment of leukocytes to the pericollateral space after
interaction between VEGF and VEGF-Receptor-1."* Despite

Myoblast-Mediated Gene Therapy After EMS 7

VEGF being a key factor, however, functional collateralization
relies on a complex interaction of several growth factors (ie,
fibroblast growth factor and colony-stimulating factors), cyto-
kines (ie, monocyte chemoattractant protein-1), cell types (ie,
monocytes and endothelial progenitor cells), as well as a mul-
titude of proteolytic enzymes (ie, matrix-metalloproteinases).
Although previous reports suggest that implantation of
the VEGF ,-expressing myoblasts mainly results in proan-
giogenic activity at the target site of implantation,'* at this
point, we can only speculate on a more distant effect of our
treatment, for example, on the native collateral vasculature.
Possibly, the localized VEGF supplementation could stimu-
late outward remodeling of the preformed leptomeningeal or
pial collaterals'>!* but it remains unclear, whether our local-
ized VEGF delivery might also have influenced the more
proximal collateral vasculature, such as the Circle of Willis,
particularly in the setting of chronic cerebral hypoperfusion.

Hemodynamic Improvement After Myoblast-
Mediated VEGF Therapy

Previous experimental VEGF gene-therapy studies for cerebral
ischemia have mainly focused on the treatment of acute focal
stroke?! and VEGF-induced angiogenesis has been shown
to result in structural neuroprotection and functional recov-
ery.”3* However, whether the beneficial effects of VEGF were
a consequence of improved hemodynamics because of neovas-
cularization remains unknown since proangiogenic strategies
aimed at increasing the global vascular density may worsen
rather than improve cerebral hemodynamics.* Therefore, we
next addressed whether VEGF-mediated neovascularization at
the muscle/brain interface also translated into improved cere-
bral hemodynamics. Typically, nonischemic cerebral hypoper-
fusion is characterized by a normal or at best mild reduction
of baseline (resting) cerebral blood flow.”>** In this study,
semiquantitative baseline perfusion (CBF-Flux) between
animals with no EMS, EV, or VEGF treatment did not differ
and remained within the physiological range of sham-treated
animals. Most importantly, the improved morphological and
functional results that we observed after VEGF delivery were
not accompanied by an overshooting increase of regional cor-
tical blood flow compared with the physiological blood flow
response of sham-treated animals, which is essential for our
translational approach to avoid the dilemma of postoperative
hyperperfusion syndrome in hemodynamically compromised
patients undergoing surgical revascularization.*

In clinical practice, the degree of cerebrovascular reactiv-
ity remains one of the most important parameters to assess
the patients’ risk of hemodynamic ischemic stroke, as well
as to determine hemodynamic improvement after a surgical
intervention. In adult C57/BL6 mice, we previously demon-
strated that assessment of the acetazolamide-specific CVRC
is practical for quantification of hemodynamic impairment
after unilateral ICA-O.** In this study, the acetazolamide-
associated blood flow increase within the macro- and micro-
circulation of the untreated hemisphere most likely represents
an intact CVRC due to the dilation of precapillary resistance
vessels in response to acetazolamide with a resulting blood
flow increase in the draining veins and sagittal sinus. Over
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the affected hemisphere, however, CVRC in animals with
ICA-O and no EMS was markedly reduced and within the
same range as reported previously,> tending toward sponta-
neous hemodynamic recovery but still remaining 27% below
the physiological CVRC response of sham-treated animals.
Although this CVRC recovery was somewhat better in ani-
mals that received an EMS and EV myoblasts, only VEGF
supplementation resulted in complete functional recovery.
Importantly, the time frame of this better hemodynamic res-
cue also seemed to be in line with the previously reported time
required for stable host integration of the myoblasts, as well
as the first reported observation time point of positive vascular
remodeling between days 7 and 14 after VEGF, ,-myoblast
implantation.'®!?

Parenchymal Angiogenesis After Myoblast-
Mediated VEGF Therapy

Compared with animals that only underwent ICA-O, an EMS
with EV myoblast implantation did not result in a higher
proangiogenic activity. Implantation of VEGF -expressing
myoblasts, however, resulted in cortical angiogenesis of the
nutritive vasculature, which supports the idea of a direct and
regionally localized VEGF effect at the muscle/brain interface
of the EMS and may be beneficial for protection from ischemic
stroke. Next to the mere de novo formation of a vascular net-
work, however, a functional vasculature also requires pericyte
recruitment for regulation of vessel diameters and blood flow.
In this regard, implantation of VEGF, ,-myoblasts resulted in
a significant increase in the pericyte coverage of the resident
and newly formed microvasculature. This-indicates that high-
dose local delivery of VEGF did not simply result in immature
and nonfunctional blood vessels but may in fact regulate the
formation of mature vessels in the brain.’! However, a pre-
vious report demonstrated that VEGF alone may also act as
a negative regulator of pericyte function and vessel matura-
tion,* which underlines that blood vessel stability depends on
the co-ordinated and balanced interaction of multiple signal-
ing pathways in the endothelial and perivascular cells. A key
factor that mediates pericyte recruitment and vessel matura-
tion is platelet-derived growth factor-BB.*® Therefore, future
studies could address whether a balanced codelivery of VEGF
and platelet-derived growth factor-BB might further improve
the positive effects that we observed.

Cortical Stroke and Vascular Permeability After
VEGF -Treatment in Combination With EMS

The main goal of an EMS is the reduction of subsequent isch-
emic events through improvement of collateral flow at the
level of the leptomeningeal vasculature because the degree of
leptomeningeal collateralization is a major determinant in the
severity of stroke.’” Although the endogenous leptomeningeal
collaterals were not directly addressed in this study, the posi-
tive VEGF effect on transpial collateralization underlines that
VEGF not only increases parenchymal angiogenesis* but also
act as an important mediator of pial collateral formation and
maintenance in the adult mouse brain.'*"* Interestingly, VEGF
seems not to significantly change the time line in which new
vessels are formed.*® Therefore, VEGF probably has negligible

effect on brain hemodynamics when applied at the time point
of an acute ischemic event but may rather protect the brain
against subsequent ischemic episodes. Consequently, we
tested whether our morphological findings also translated in
regional ischemic protection. The significant 25% reduction
of cortical infarct volume next to the circumscribed area of
higher cortical perfusion following MCA-O on day 21 after
treatment with EMS and VEGF  -expressing myoblasts are
in line with this hypothesis. Although VEGF increased the
microvascular leakiness after MCA-O, no leakiness was noted
in animals without focal stroke and the overall effect on blood
flow and tissue survival was beneficial, which is in line with
previous results.'>!” Possibly, the increased permeability after
MCA-O could be explained by the fact that the supplementa-
tion of only VEGF may render the vasculature more fragile
and susceptible to hypoxic injury or additional endogenous
VEGF, which is known to accumulate in response to focal
stroke. Again, this highlights that future studies should address
the important question whether a balanced and controlled
myoblast-mediated codelivery of multiple exogenous growth
factors, such as VEGF and platelet-derived growth factor-BB,
may further improve collateralization and hemodynamic res-
cue, microvascular remodeling and ischemic protection.
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SUPPLEMENTAL METHODS

Laser Speckle Imaging and cerebrovascular reserve capacity

After positioning of the laser speckle device (MoorFLPI, Moor Instruments, Devon,
England), a five-minute baseline measurement of cortical resting perfusion (CBF-Flux
measured in arbitrary perfusion units) was recorded within a 6x4 mm region of interest (ROI)
over the right middle cerebral artery (MCA) territory, which permitted a combined arterial,
venous and parenchymal perfusion and blood flow assessment. A 120-second CBF-Flux
plateau was calculated as baseline perfusion. Next, 50mg/kg acetazolamide (Diamox,
Goldshield Pharmaceuticals Ltd., Surrey, England) was injected intraperitoneally and the
acetazolamide-specific cerebrovascular reserve capacity (CVRC) was calculated as the
percent perfusion change between the baseline plateau and a 120-second CBF-Flux plateau
after a maximum rise in CBF-Flux.

FITC-lectin perfusion and assessment of transpial collateralization

The external carotid artery was cannulated with a polyethylene catheter (inner diameter
0.28mm; outer diameter 0.61mm) connected to a micro syringe. The ipsilateral common
carotid artery was proximally ligated and a solution of 50ul (100pg) FITC-lycopersicon
esculentum (tomato) lectin (Vector Laboratories Inc., Burlingame, CA, USA) and 200ul PBS
was injected. The mice were decapitated within 2 seconds after the injection and whole-head
specimens were snap-frozen at -80°C.

Immunohistochemistry

The cerebral vasculature was detected by a rat anti-mouse CD31 antibody (1:50 dilution in
0.5% Casein; PECAM-1, BD Biosciences, Franklin Lakes, NJ, USA) and a donkey anti-rat
IgG conjugated with Cy™3 (1:200 dilution in 0.5% Casein; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) antibody. Pericytes were detected with a rabbit anti-
desmin polyclonal antibody (Dilution 1:100 in 0.5% Casein; Abcam, Cambridge, UK)
detected by Cy'™5-conjugated donkey anti-rabbit IgG antibody (Dilution 1:100 in 0.5%
Casein; Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA).
Proliferating cells were visualized with a monoclonal rabbit anti-mouse Ki67 antibody
(Dilution 1:200 in 0.5% Casein; Thermo Scientific, Waltham, MA, USA) detected by Cy'™'5-
conjugated donkey anti-rabbit IgG (Dilution 1:100 in 0.5% Casein; Jackson ImmunoResearch
Laboratories, West Grove, Pennsylvania, USA).

Middle cerebral artery occlusion and cortical stroke volume assessment

For temporary middle cerebral artery occlusion (MCA-O), animals were turned to supine
position and the midline neck incision was reopened. The carotid sheath was carefully
dissected and the right internal carotid artery (ICA) was incised distal to the site of the
previous ICA-occlusion. Next, a 7/0 silicone-rubber coated monofilament (Doccol
monofilament, length 20mm, diameter with coating 0.21+0.01lmm; Doccol cooperation,
Sharon, MA, USA) was smoothly inserted up to the level of the ICA/MCA bifurcation. After
60 minutes, the filament was removed and the ICA was permanently ligated proximal to the
incision. Twenty-three hours later, the volume of the ischemic cortical tissue and of the total
cortex ipsilateral to the EMS was determined in a 7-tesla animal MRI (Bruker Pharmascan
70/16 with a 20mm radio frequency volume resonator, Bruker Biospin, Ettlingen, Germany)
and analyzed with purpose-designed biomedical imaging software (Analyze 10.0, Biomedical
Imaging Resource, Mayo Clinic, Rochester, MN, USA) according to signal hyperintensity in
serial T2-weighted coronal images.
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Evans Blue perfusion

For assessment of vascular permeability in ischemic and non-ischemic cortical microvessels
on day 21, an additional series of mice with ICA-O and EMS were randomized to undergo
Empty Vector (EV) or VEGF myoblast implantation (n=4 per group) with or without
additional MCA-O on day 21 (n=4 per group). For visualization of vascular permeability, a
2% Evans Blue (Sigma #E2129, Sigma-Aldrich, St. Louis, Missouri, USA) stock solution
(diluted in 0.9% saline) was prepared. The animals were anesthetized 4 hours prior to their
scheduled sacrifice (in the case of MCA-O: 19 hours after the 60-minute filament occlusion)
and a solution of Sul (500pg) per gram bodyweight Evans Blue was injected into the tongue
vein with a micro syringe. Four hours after injection (in the case of MCA-O: 23 hours after
the 60 minute filament occlusion) the animals were anesthetized again and a lateral skin
incision was performed through the abdominal wall to expose the diaphragm and left cardiac
ventricle. Next, a 26-gauge needle affixed to a syringe loaded with Phosphate Buffered Saline
(PBS) was inserted into the ventricle and the animals were perfused with 20ml PBS after
incision of the vena cava to allow venous outflow. Whole-head specimens were snap-frozen
at -80°C and coronal cryosections (20um) of snap-frozen, whole-head specimens were
obtained from the anterior, middle and posterior region of the EMS (Bregma -0.5mm, -
1.5Smm and -3.0mm, respectively). The cerebral vasculature was detected
immunohistochemically by a rat anti-mouse CD31 antibody (1:50 dilution in 0.5% Casein;
PECAM-1, BD Biosciences, Franklin Lakes, NJ, USA) and a donkey anti-rat IgG conjugated
with Cy™3 (1:200 dilution in 0.5% Casein; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) antibody.

Statistical analysis

Baseline perfusion and CVRC were compared by a two-way ANOVA for repeated measures
with subsequent pair-wise comparison of means by Fisher’s least projected difference test.
The EMS take rate was compared by a non-parametric Kruskal-Wallis test with Dunn’s post-
test for multiple comparisons. Vessel density, pericyte coverage and cortical stroke volume
were compared by a one-way ANOVA with Bonferroni’s multiple comparison tests.
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Abstract

Retinal ischemia associated with carotid artery stenosis is an important clinical
sign for the prevention of repeated retinal and cerebral ischemic attacks. In this study,
we compared the cerebro-cardiovascular risk factors of patients with symptomatic
carotid artery stenosis presented with retinal ischemia and with cerebral ischemia.
Forty-six patients were diagnosed with symptomatic carotid artery stenosis for five
years in our institute. Sixteen patients (34.8%) presented with retinal ischemia, and 30
patients (65.2%) presented with cerebral ischemia. Retinal ischemia was divided into
retinal artery occlusion (RAO: n=7, 15.2%), retinal vein occlusion (RVO: n=5, 10.9%)
and retinal transient ischemic attack (RTIA: n=4, 8.7%). Stenosis more than 70% in the
internal carotid artery was recognized in 62.5% of the patients with retinal ischemia
(RAO: n=4, RVO: n=2, AF: n=4) and 73.3% of the patients with cerebral ischemia
(p=0.45), and vulnerable plaque evaluated by ultrasonography was recognized in
42.9% of the patients with retinal ischemia (RAO: n=5, RVO: n=2, RTIA: n=2) and
33.3% of patients with cerebral ischemia (p=0.33). No significant difference were
seen in the cardiovascular risk factors for hypertension, diabetes mellitus, dyslipidemia,
smoking and previous cardiovascular events, and in the cerebrovascular risk factors for
stenosis rate, vulnerable plaque, cerebral white matter lesions (WMLs), and impaired
cerebrovascular reserve (CVR), between the patients with retinal ischemia and cerebral
ischemia. Attentions to the future’s stroke should be paid for patients with retinal
ischemia of RAO, RVO and RTIA as well as patients with cerebral ischemia, because
both patients could possess equivalent cerebro-cardiovascular risk factors.

ABBREVIATIONS

RAO: Retinal Artery Occlusion; Rvo: Retinal Vein Occlusion;
Rtia: Retinal Transient Ischemic Attack; Ica: Internal Carotid
Artery; Ht: Hypertension; Dm: Diabetes Mellitus; Wmls: White
Matter Lesions; Cvr: Cerebrovascular Reserve; Tia: Transient
Ischemic Attack; Ffa: Fundus Fluorescein Angiography; Mr:
Magnetic Resonance; Flair: Fluid Attenuated Inversion Recovery;

recurrent retinal and cerebral ischemic attack due to artery-
to-artery embolism and impaired hemodynamics. Previous
population-based studies have revealed that retinal ischemia,
including retinal artery occlusion (RAO), retinal vein occlusion
(RVO) and retinal transient ischemic attack (RTIA), is associated
with carotid artery plaque [1-4]. The evaluation of carotid artery
disease in patients with retinal ischemia is important for the

Dswmh: Deep Subcortical White Matter Hyperintensity; Cbf-
Spect: Cerebral Blood Flow - Single Photon Emission Computed
Tomography; Cea: Carotid Endarterectomy; Cas: Carotid Artery
Stenting; Or Pta: Percutaneous Transluminal Angioplasty

INTRODUCTION

Symptomatic carotid artery stenosis is a major cause of

prevention of repeated retinal and cerebral ischemic attacks.
Retinal ischemia associated with carotid artery stenosis is a
sight-threatening retinal vascular condition. It shares common
risk factors with cardiovascular disease, including hypertension,
diabetes mellitus, dyslipidemia and cigarette smoking, which
cause the progression of atherosclerosis in the retinal and carotid
arteries [4-7]. Therefore, the associations between retinal artery
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ischemia (RAO, RTIA) and carotid artery stenosis can be explained
pathophysiologically. However, the association between RVO and
carotid artery stenosis has not been established. Recent studies
examining the association between the retinal microcirculation
and cardiovascular risk factors, including carotid artery disease,
revealed that retinal vascular signs, such as retinal arteriovenous
nicking and a wider retinal venular caliber, were associated with
carotid artery disease [1,6,8-11]. Therefore, retinal ischemic
symptoms caused by RVO as well as RAO and RTIA are important
clinical signs for the evaluation of occult carotid artery stenosis.
In the present study, we analyzed retrospective data in patients
with symptomatic carotid artery stenosis who presented with
retinal ischemia or cerebral ischemia. We compared the cerebro-
cardiovascular risk factors of patients with retinal ischemia to
those of patients with cerebral ischemia. The pathophysiology of
RVO associated with carotid artery stenosis is discussed based
on the anatomical structure of retinal vessels and cerebro-
cardiovascular risk factors.

MATERIALS AND METHODS
Patients

Forty-six patients with symptomatic carotid artery stenosis
were diagnosed in our institute for five years. Sixteen patients
presented with the onset of retinal ischemia, and 30 patients
presented with the onset of cerebral ischemia. Retinal ischemia
was divided into RAO, RVO and RTIA. Cerebral ischemia was
divided into transient ischemic attack (TIA) and cerebral
infarction. Hypertension, diabetes mellitus, dyslipidemia,
cigarette smoking and previous cerebro-cardiovascular events
were examined as cardiovascular risk factors, and stenosis
rate, plaque characteristics, cerebral white matter lesions
(WMLs) and cerebrovascular reserve (CVR) were examined as
cerebrovascular risk factors. Risk factors in retinal ischemia and
cerebral ischemia associated with symptomatic carotid artery
stenosis were compared. Patients with more than 30% of carotid
artery stenosis were included in this study.

Definition of retinal ischemia and cerebral ischemia

Retinal findings were examined by an ophthalmologist using
fundus microscopy and fundus fluorescein angiography (FFA).
RAO was defined as occlusion of the central or a branch retinal
artery that could be characterized by a whitish, edematous
retina and a cherry-red spot. FFA demonstrated delayed filling
of the affected retinal artery. RVO was defined as occlusion of
the central or a branch retinal vein that could be characterized
by retinal and papilla edema, scattered retinal hemorrhage and
venous dilation. FFA demonstrated retinal capillary obliteration.
RTIA was defined as a transient monocular visual loss associated
with retinal ischemia that continued for seconds to a few
minutes. Fundus microscopy demonstrated no acute abnormal
findings, including occlusion of the retinal artery or vein.
Cerebral infarction and TIA were diagnosed by neuroradiologists
and neurosurgeons based on clinical symptoms and abnormal
findings obtained by magnetic resonance (MR) imaging, MR
angiography and ultrasonography.

Cardiovascular risk factors

Hypertension, diabetes mellitus, dyslipidemia, cigarette

smoking and previous cerebro-cardiovascular events were
examinedas cardiovascularriskfactors. Hypertension was defined
as systolic blood pressure > 140 mmHg, diastolic blood pressure
> 90 mmHg, or current use of antihypertensive medication.
Diabetes mellitus was defined as > 200 mg/dl of serum glucose,
> 6.5% of HbA1C, use of insulin or oral hypoglycemic medication
or diagnosis by a physician. Dyslipidemia was defined as low-
density lipoprotein cholesterol > 139 mg/dL, triglyceride levels
> 150 mg/dL, or use of lipid-lowering medication. Smoking was
defined as a Brinkman index > 400.

Cerebrovascular risk factors

Evaluation of stenosis rate and plaque characteristics:
Carotid arterial ultrasonographies were examined by a medical
technologist and cardiologist. The data obtained by MR
angiography and digital subtraction angiography (DSA) were
analyzed by a neuroradiologist and a neurosurgeon. The stenosis
rate of the origin of the internal carotid artery was measured
according to the protocol of the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) using ultrasonography,
MR angiography or DSA [12]. Stenosis in the cavernous and
petrous portion of the internal carotid artery was also measured
accordingto the protocol of NASCET using MRA or DSA. The plaque
characteristics of the origin of the internal carotid artery were
evaluated using ultrasonography (patients with retinal ischemia:
n=14, patients with cerebral ischemia: n=27). Vulnerable plaques
were defined as echolucent plaques, intraplaque hemorrhages, or
mobile plaques with or without ulcer formation [13,14].

Deep white matter lesions (WMLs): MR imaging of the
brain was performed in all patients to evaluate the small-vessel
changes of the deep white matter, which have been reported
to be associated with retinal microvascular abnormalities
[15]. T1 weighted imaging (repetition time: 450 ms, echo time
14 ms), T2 weighted imaging (repetition time: 2500 ms, echo
time 90 ms) and fluid attenuated inversion recovery (FLAIR)
imaging (repetition time; 6000 ms, echo time; 100 ms) was
used to estimate periventricular hyperintensity (PVH) and deep
subcortical white matter hyperintensity (DSWMH) [16]. These
were graded from 0 to 4 using set standards. PVH exhibits white
matter hyperintensities on T2-weighted imaging and FLAIR
imaging, and isointensities on T1-weighted imaging in contact
with the ventricular wall. PVH were classified as follows. Grade 0:
absentor only a “rim”; grade 1: limited lesion-like “caps”; grade 2:
irregular “halo”; grade 3: irregular margins and extension into the
deep white matter; grade 4: extension into the deep white matter
and the subcortical portion. DSWMH exhibits hyperintensities
in the deep white matter on T2 weighted imaging and FLAIR
imaging, and isointensities on T1 weighted imaging that are
separated from the ventricular wall. DSWMH were classified as
follows. Grade 0: absent; grade 1: <3 mm, small foci and regular
margins; grade 2: 23 mm, large foci; grade 3: diffusely confluent;
grade 4: extensive changes in the white matter. Hyperintensities
of greater than grade 2 were defined as deep WMLs.

Cerebral blood flow - single photon emission computed
tomography (CBF-SPECT): For CBF-SPECT imaging, 500 MBq/
kg of Technetium-99m ethyl cysteinate dimer (Tc-99m ECD;
FUJIFILM RI pharma, Japan) was injected intravenously into the
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patients, and the basal acquisition was started after 7 minutes.
Ten minutes before the end of basal SPECT acquisition, 15 mg/
kg of acetazolamide was injected intravenously. Seven minutes
after the end of the basal study acquisition, 500 MBq/kg of Tc-
99m ECD was injected, and the acquisition of the stress study
began after 7 minutes. A multi-detector SPECT machine (E.
CAM, Siemens Medical, Malvern, PA, USA), and a high-solution
collimator (LEHR, Siemens Medical, Malvern, PA, USA) was used
for acquisition. Forty five step-and-shoot images per detector
were acquired with intervals of 4° for 20 seconds per each step.
The Butter-worth pre-correction filter and the Chang method
were used for pre-attenuation and post-attenuation corrections.
The Ramp filter was used for reconstruction. The image matrixes
were 128 x 128, and the pixel sizes 3.3mm. The slice thickness
was 6.6 mm. The cut off was 0.61 cycle/cm. SPECT images
were generated using the patlack plot method by a nuclear
physician. Rest CBF (C rest) and acetazolamide-activated CBF (C
acetazolamide) in the region of the middle cerebral artery were
calculated using a three-dimensional stereotactic ROI template
(3DSRT: FUJIFILM RI pharma, Japan) [17]. CVR was calculated
using the following equation:

CVR = C acetazolamide - Crest / C rest x 100.

Impaired CVR was defined as less than 10% CVR in at least
one-third of the region of the middle cerebral artery, excluding
the cerebral infarct area evaluated by MR imaging.

Treatment

Anti-platelet therapy with or without carotid endarterectomy
(CEA), carotid artery stenting (CAS), or percutaneous transluminal
angioplasty (PTA) was performed for the prevention of retinal or
cerebral ischemic attack recurrence. CEA or CAS was performed
in patients with severe stenosis in the origin of the internal carotid
artery, considering the stenosis rate, plaque characteristics and
operative risk. PTA was performed in patients with stenosis in
the petrous or cavernous portion of the internal carotid artery.

Statistics

All values are expressed as the mean * standard deviation
(S. D. ). Continuous data between groups were compared using
the chi-square test. Differences with a value of p < 0.05 were
considered as statistically significant.

RESULTS
Incidence of RAO, RTIA, and RVO

Forty-six patients with symptomatic carotid artery stenosis
were diagnosed at the onset of retinal ischemia or cerebral
ischemia. 16 patients (34.8%) presented with retinal ischemia
and 30 patients (65.2%) presented with cerebral ischemia.
Patients with retinal ischemia were divided into RAO (n=7,
15.2%), RVO (n=5, 10.9%) or RTIA (n=4, 8.7%). 2 patients with
retinal ischemia had a stenosis in the intracranial internal carotid
artery (ICA) portion and 14 patients had a stenosis in the cervical
ICA portion. The 3 patients with cerebral ischemia had a stenosis
in the intracranial ICA portion and 27 patients had a stenosis in
the cervical ICA portion. (Table 1)

Cerebro-cardiovascular risk factors

There were no significant differences in cardiovascular

Table 1: Summary of retinal ischemia and cerebral ischemia patients
with symptomatic carotid artery stenosis.

Onset
Retinal ischemia Cerebral ischemia Total
(RAO, RVO, RTIA)
Symptomatic |16 (34.8 %) o o
ICA stenosis (7, 5, 4) 30 (652 %) 46 (100 %)
Intracranial |2 3 5
ICAstenosis (0, 1, 1)
Cervical 14
ICAstenosis (7, 4 3) 27 41

RAO: Retinal Artery Occlusion, Rvo: Retinal Vein Occlusion, Rtia: Retinal
Transient [schemic Attack, Ica: Internal Carotid Artery.

risk factors (hypertension, diabetes mellitus, dyslipidemia,
cigarette smoking and previous cardiovascular events) between
the patients with retinal ischemia and those with cerebral
ischemia. Stenosis more than 70% in the internal carotid artery
was recognized in 62.5% of the patients with retinal ischemia
(RAO: n=4, RVO: n=2, RTIA: n=4) and 73.3% of the patients with
cerebral ischemia (p=0.45), and vulnerable plaque evaluated by
ultrasonography was recognized in 42.9% of the patients with
retinal ischemia (RAO: n=5, RVO: n=2, RTIA: n=2) and 33.3% of
patients with cerebral ischemia (p=0.33). Deep WMLs, defined as
more than grade 2 PVH or DSWMH, were recognized in 18.8%
of patients with retinal ischemia and 16.7% of the patients with
cerebral ischemia. Findings of less than 10% CVR, as evaluated by
acetazolamide-activated CBF-SPECT, were recognized in 33.3%
of the patients with retinal ischemia and 58.6% of the patients
with cerebral ischemia. There were no significant differences
in these cerebrovascular risk factors between the two groups.
(Table 2)

Treatment

Eight patients (50%, RAO: n=3, RVO: n=2, AF: n=3) with
retinal ischemia and 22 patients (73.3%) with cerebral ischemia
were treated by CEA, CAS or PTA (no significant difference).

DISCUSSION

Our retrospective data revealed that 34.8% of patients with
symptomatic carotid artery stenosis presented with onset of
retinal ischemia. Visual disturbances due to RAO and AF could be
caused by an impaired blood supply to the retina associated with
an artery-to-artery embolism derived from the vulnerable carotid
artery plaque, or by a hemodynamic disorder derived from
severe carotid artery stenosis. There are many reports about the
association between retinal arterial ischemia and carotid artery
disease [1,3,4].Inaddition, the association betweenretinal venous
ischemia and carotid artery disease has been controversial.
However, Wong, et al. reported that 27.3% of RVO was related
to carotid artery plaque and that RVO was significantly related to
hypertension, smoking, and arteriovenous nicking in the retina
and carotid artery plaque. They explained the atherosclerosis
of retinal artery causal might cause stenosis and occlusion
in the adjacent retinal veins [4]. In addition, the Rotterdam
and MCRS studies revealed that retinal venular widening was
strongly associated with ipsilateral severe extracranial carotid
artery stenosis [8,11]. These studies indicated that reduced
retinal blood flow caused by severe carotid artery stenosis was
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Table 2: Comparison of cerebro-cardiovascular risk factors between retinal ischemia and cerebral ischemia patients.
ﬁ:;i 3:,1735;1‘1;2:' I];;}:i:f) Cerebral ischemia, n=30 (%) P value

Age ?gf;Zf:s, 66.6+5.4, 60.3£9.9) 66.7£7.3 0.69
Men 263 (831"3 )4) 26 (86.7) 0.39
HT ?75 (9:'8)4) 25 (83.3) 0.32
DM ‘(951(56;] 1 11 (36.7) 0.20
Dyslipidemia ?5,(562',3) 2) 9 (30) 0.08
Cardiovascular events ?3'(31"5) 2) 9 (30) 0.61
Cigarette smoking ?4,(371'?) 1 4 (13.3) 0.06
icﬁ‘of;:““is 10 (62.5) (4, 2, 4) 22 (73.3) 0.45
Vulnerable plaque ?5/'142('42'(2 9/27 (33.3) 0.33
Cerebral WMLs ?;18'18,) 0) 5(16.7) 0.86
Impaired CVR E’éls 1(333 17/29 (58.6) 0.11

Abbreviations: Rao: Retinal Artery Occlusion, Rvo: Retinal Vein Occlusion, Rtia: Retinal Transient Ischemic Attack, Ht: Hypertension, Dm: Diabetes

Mellitus, Wmls: White Matter Lesions, Cvr: Cerebrovascular Reserve.

compensated by the retinal venular widening. Based on those
previous reports, it could be considered that impaired retinal
circulation hemodynamics induced by carotid artery stenosis
caused the occlusion of the retinal vein.

It is known that the retinal artery and vein are affected by
cardiovascular risk factors such as hypertension, diabetes
mellitus, dyslipidemia, and smoking. These cardiovascular risk
factors are also associated with cerebral ischemia. Recent studies
have indicated that retinal microvascular abnormalities are
significantly related to high-grade cerebral WMLs, and the risk
of stroke is higher in patients with both retinopathy and cerebral
WMLs [15]. The present study revealed that 18.8% of patients
with retinal ischemia presented with cerebral WML. In addition,
33.3% of patients with retinal ischemia had impaired CVR.
There was no significant difference in the cerebral small-vessel
abnormalities and hemodynamic disorder between the patients
with retinal ischemia and cerebral ischemia. Few studies have
compared the cerebral hemodynamics between retinal ischemia
and cerebral ischemia patients with symptomatic carotid artery
stenosis. Our data obtained from patients’ profiles, stenosis
rates, plaque characteristics, cerebral WMLs and impaired
CVRs revealed that patients with retinal ischemia associated
with carotid artery stenosis possessed equivalent cerebro-
cardiovascular risk factors with the patients with cerebral
ischemia associated with carotid artery stenosis.

The number of patients reported herein who presented with
retinal ischemia associated with carotid artery ischemia might be
relatively high compared to previous studies [18]. Most patients
who presented to our hospital were asymptomatic, mildly
symptomatic or were admitted for endovascular treatment.

Patients with severe symptoms caused by cerebral infarction
were rare. However, many patients with retinal ischemia who
were admitted to the department of ophthalmology were referred
to our department for the management of their carotid artery
disease. Collaborations between physicians, ophthalmologists,
neurologists and neurosurgeons are important for the diagnosis
of retinal ischemia associated with carotid artery stenosis and to
prevent future retinal and/or cerebral ischemic attacks.

CONCLUSION

Attentions to the future’s stroke should be paid for patients
with retinal ischemia of RAO, RVO and RTIA as well as patients
with cerebral ischemia, because both patients could possess
equivalent cerebro-cardiovascular risk factors.
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Summary

The purpose of this study was to investigate
the anatomical risk factors for ischemic lesions
detected by diffusion-weighted imaging (DWI)
associated with carotid artery stenting (CAS).

DWI was performed within four days after
CAS in 50 stenotic lesions between January 2008
and September 2013. We retrospectively analyzed
the correlation between the anatomical factors
and ischemic lesions associated with CAS.

Post-procedural DWI revealed new ischemic
lesions after 24 (48%) of the 50 CAS procedures.
All three patients with common carotid artery
tortuosity, defined as the presence of severe angu-
lation (less than 90 degrees) in the common ca-
rotid artery, developed new ischemic lesions.
However, there were no significant differences
between the patients with and without tortuosity,
likely due to the small number of cases. Mean-
while, seven of eight patients with internal carotid
artery tortuosity, defined as the presence of se-
vere angulation (less than 90 degrees) in the cer-
vical segment of the internal carotid artery, devel-
oped new ischemic lesions. A multivariate analy-
sis showed internal carotid artery tortuosity
(odds ratio: 11.84, 95% confidence interval:
1.193-117.4, P= 0.035) to be an independent risk
factor for the development of ischemic lesions
associated with CAS.

Anatomical factors, particularly severe angula-
tion of the internal carotid artery, have an impact
on the risk of CAS. The indications for CAS
should be carefully evaluated in patients with
these factors.

Introduction

Recently, carotid artery stenting (CAS) has
been presented as an alternative to carotid en-
darterectomy (CEA) for the treatment of ca-
rotid artery stenosis 2. The data published so
far suggest that CAS has the same efficacy as
CEA in terms of long-term stroke prevention,
but it is associated with a higher periprocedur-
al stroke rate 23.

Likewise, new ischemic lesions detected by
diffusion-weighted imaging (DWI) occur more
frequently after CAS than after CEA +7. Al-
though many new lesions seen on DWI after
CAS are asymptomatic, the incidence of new
DWI lesions is associated with the clinical out-
come 8. Moreover, the development of ischem-
ic lesions after CAS may be associated with
cognitive impairment, as was recently de-
scribed ®.

To improve the outcome after CAS, the
identification of patients likely to be at high-
risk for new lesions after CAS is necessary.
There is growing evidence that CAS is associ-
ated with a higher periprocedural complica-
tion rate in octogenarians than in other age
groups 210.11,

Other authors advocate the importance of
anatomical characteristics as predictors of the
complications associated with CAS 14, How-
ever, it remains unclear and controversial
which factor is the most important.

The purpose of this study was to investigate
the anatomical risk factors for ischemic lesions
detected by DWI associated with CAS.
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Materials and Methods

Study design and patient population

Between January 2008 and September 2013,
51 consecutive patients underwent 58 CAS
procedures at our institution. Five CAS proce-
dures performed via a trans-brachial or trans-
radial approach, two where the patient could
not be examined by post-procedural magnetic
resonance imaging (MRI) within four days af-
ter the procedure due to systemic complica-
tions and one who underwent subclavian artery
stenting during the same procedure were ex-
cluded. Therefore, 50 CAS procedures (45 pa-
tients) were retrospectively enrolled in this
study. CAS was indicated by the presence of
angiographically documented carotid artery
stenosis of more than 50% in symptomatic pa-
tients or more than 60% in asymptomatic pa-
tients, according to the criteria established by
the Stenting and Angioplasty with Protection
in Patients at High Risk for Endarterectomy
(SAPPHIRE) trial! and the Asymptomatic Ca-
rotid Atherosclerosis Study (ACAS) 5. Carotid
stenosis was considered to be symptomatic if
the patients had experienced an ipsilateral ocu-
lar or cerebral (transient or permanent) is-
chemic event within the past six months. All
patients underwent MRI before and after the
procedure to detect all ischemic lesions, includ-
ing new lesions after the procedure. The clini-
cal, anatomical and procedural data were col-
lected for each patient by reviewing their medi-
cal records, imaging data and surgical records.
This study was approved by the Institutional
Review Committee at our institution and all
subjects gave informed consent.

Definitions

Ischemic lesions associated with CAS were
defined as at least one high intensity signal on
the DWI performed after CAS that was not
present on the preprocedural MRI. No distinc-
tion was made between symptomatic and
asymptomatic lesions, and all lesions in the ipsi-
lateral territory and the other vascular territo-
ries were included. Contralateral lesions were
defined as stenosis of more than 70% and oc-
clusion of the common carotid artery (CCA) or
internal carotid artery (ICA).

Imaging procedure

The postprocedural MRI was performed
within four days after CAS (average, 1.29 days).
No neurological events were found between the
preprocedural MRI and the CAS procedure.
We used four MRI scanners as follows: the Gy-
roscan NT 1.5T (Philips Medical Systems, Best,
The Netherlands), Achiva 1.5T (Philips Medical
Systems), Achiva 3.0T (Philips Medical Sys-
tems) and Ingenia 3.0T (Philips Medical Sys-
tems). New ischemic lesions were identified by
a single neuroradiologist at our institution who
did not participate in the procedure using the
DWI with echo planar methods, and an MRI re-
port was made at that time. We collected the
data on ischemic lesions on the post-procedural
MRI from these reports. The protocols used for
DWI are summarized in Table 1.

Carotid artery stenting procedure

More than three days before the procedure,
all patients received antiplatelet therapy with

Table 1 Magnetic resonance imaging scanners and protocols used for diffusion-weighted imaging with the echo planar

method.
e TR TE ST Matrix b value
(ms) (ms) (mm) (s/mm?)
Gyroscan NT 1.5T
(Philips Medical Systems, 3768.7 88.0 5.0 256x256 1000
Best, The Netherlands)
Achieva 1.5T
Ty I pcw— 3500 67.1 5.0 256x256 1000
Achieva 3.0T
BT i e prm— 5000 57.5 5.0 288x288 1000
Ingenia 3.0T
BT e — 6250 83.2 5.0 256x256 1000

QR: repetition time, TE: echo time, ST: slice thickness.
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Figure 1 Angiographic images of the anatomical factors. A) Pseudo-occlusion. B) ECA occlusion and CCA stenosis. C-E)
Tortuosity of the CCA and ICA (the severe angle is shown between reference lines). F) Type III arch. G) Bovine arch.

two of the following four drugs: aspirin (100
mg/day), ticlopidine (200-300 mg/day), clopi-
dogrel (75 mg/day), or cilostazol (200 mg/day).
All but two procedures were performed under
local anesthesia, whereas two were performed
under general anesthesia to eliminate body
motion. Stenting was carried out through the
femoral route with the use of stents and em-
bolic protection devices (EPDs). After place-
ment of an 8-9F sheath, each patient received
intravenous heparin to achieve an activated co-
agulation time of 250-300 seconds. An 8-9F
guide catheter was then advanced to the CCA.
An EPD was used in all patients. We used an
ANGIOGUARD XP (Cordis Endovascular,
Miami Lakes, FL, USA) in 13 procedures
(26.0%), PercuSurge GuardWire (Medtronic,
Santa Rossa, CA, USA) in 27 (54.0%), Filter-
Wire EZ (Boston Scientific, Natick, MA, USA)
in ten (20.0%) and an Optimo (Tokai Medical

Products, Aichi, Japan) in 13 (26.0%) cases with
distal protection (PercuSurge GuardWire in 12,
ANGIOGUARD XP in one). All lesions were
treated with self-expandable stents. In one pro-
cedure two stents had to be deployed to cover
the lesion. A Precise stent (Cordis Endovascu-
lar, Miami Lakes, FL, USA) was used in 19 pro-
cedures (38.0%) and a Carotid Wallstent (Bos-
ton Scientific, Natick, MA, USA) was used in
31 (62.0%). Angioplasty balloons were used for
predilation during 45 (90%) CAS procedures
(3.0-4.5 mm in diameter) and post-dilatation in
43 (86%) CAS procedures (3.5-7.0 mm in di-
ameter). When balloon protection was used
(distal, or proximal and distal), an adequate
amount of blood was aspirated through the
catheter to collect debris before the balloon
was deflated. Filter occlusion that required
blood aspiration occurred in one procedure us-
ing the filter protection.
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Evaluation of the angiogram

All angiographic images were retrospective-
ly evaluated for the following anatomical prop-
erties by a single investigator (GI): the lateral-
ity of the lesion; pseudo-occlusion; external ca-
rotid artery (ECA) occlusion; CCA stenosis,
defined as stenosis of more than 50% of the
CCA, including the lesion itself located in the
CCA; CCA tortuosity, defined as the presence
of severe angulation (less than 90 degrees) in
the CCA on the anteroposterior view; ICA tor-
tuosity, defined as the presence of severe angu-
lation (less than 90 degrees) in cervical segment
of the ICA (bifurcation, first bend or second
bend) on either the anteroposterior or lateral
view; unfavorable arch anatomy, defined as a
type III arch for right lesions or a bovine arch
for left lesions (Figure 1). If an angiographic
image of the aortic arch was not available, the
preprocedural magnetic resonance angiogra-
phy findings were investigated.

Statistical analysis

Continuous variables are expressed as mean
values + standard deviation, and comparisons
of these variables between groups were per-
formed using the Mann-Whitney U test. Cate-
gorical variables are expressed as counts and
percentage frequencies, and were compared us-
ing the chi-square test and Fisher’s exact test. A
multivariate logistic regression test was used to
identify the independent risk factors for is-
chemic lesions associated with CAS. The
Kruskal-Wallis one-way analysis was used to
compare multiple groups. Statistical signifi-
cance was defined as a P value < 0.05, and all of
the analyses were carried out using the IBM
SPSS statistics software program, version 22
(IBM, Armonk, New York, USA).

Results

The mean age of the patients who underwent
the 50 CAS procedures was 71.6 + 6.43 years,
and the mean degree of stenosis was 80.0 + 10.4
%. Twenty-two (44.0%) cases showed sympto-
matic lesions and ten showed contralateral le-
sions, including seven cases with occlusion of
the contralateral ICA. Ten cases had a history
of neck radiation, four had a history of CEA
and one had a history of CAS. Concomitant
disease states were recorded in many cases, in-

cluding 47 (94.0%) cases with hypertension, 19
(38.0%) with hyperlipidemia, 21 (42.0%) with
diabetes mellitus and 14 (28.0% ) with coronary
artery disease. Twenty-eight (56.0%) cases
showed vulnerable plaques and seven (14.0%)
cases showed heavily calcified plaques, both of
which were diagnosed by MRI, computed to-
mography and ultrasonography. The anatomi-
cal factors investigated by preprocedural angi-
ography were as follows: the left side was af-
fected in 30 (60.0%) cases; pseudo-occlusion in
seven (14.0%), ECA occlusion in three (6.0%),
CCA stenosis in seven (14.0%), CCA tortuosi-
ty in three (6.0%), ICA tortuosity in eight
(16.0%) and there was unfavorable arch anato-
my in six (12.0%) cases.

CAS was performed successfully for all le-
sions, although hemodynamic instability due to
the carotid sinus reflex occurred in 21 (42.0%)
cases. DWI after CAS revealed new ischemic
lesions after 24 (48%) of the 50 CAS proce-
dures, including two (4%) symptomatic lesions
that led to permanent neurological deficits.
There was no mortality associated with the pro-
cedure. The correlations between the clinical
characteristics of patients and ischemic lesions
associated with CAS are shown in Table 2. On-
ly smoking status was significantly different be-
tween the two groups (P= 0.049). Age, sex, hy-
pertension, hyperlipidemia, diabetes mellitus,
coronary disease, prior neck radiation, prior
CEA and prior CAS were not significantly dif-
ferent between the groups. The correlations be-
tween the anatomical or non-anatomical fac-
tors and ischemic lesions associated with CAS
are shown in Table 3. Only ICA tortuosity was
significantly (P= 0.021) different among the
anatomical factors, whereas symptomatic le-
sions were significantly (P= 0.050) different
among the non-anatomical factors. All cases
with CCA tortuosity revealed new ischemic le-
sions, but there were no significant differences
between the cases with and without tortuosity
because of the small number of cases. Addi-
tionally, a multivariate analysis showed that
only ICA tortuosity (odds ratio 11.84, 95%
confidence interval 1.193-117.4) was an inde-
pendent risk factor for ischemic lesions associ-
ated with CAS (Table 4). We experienced eight
patients with ICA tortuosity, among whom
postprocedural MRI showed new ischemic le-
sions in seven patients. Severe angulation of
the ICA was detected at both first and second
bends in four cases, the first bend only in three
cases and the second bend only in one case;
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Table 2 Correlation between clinical characteristics and ischemic lesions associated with carotid artery stenting.

/ Ischemic lesions \

All cases

(n = 50) Yes No P value
(n =24) (n = 26)
Age, years 71.6 + 6.43 73.3 £ 6.27 70.0 £ 6.30 0.078
Female 8 (16.0) 4 (16.7) 4 (15.4) 1.000
Hypertension 47 (94.0) 23 (95.8) 24 (92.3) 1.000
Hyperlipidemia 19 (38.0) 8 (33.3) 11 (42.3) 0.514
Diabetes mellitus 21 (42.0) 9 (37.5) 12 (46.2) 0.536
Coronary artery disease 14 (28.0) 8 (33.3) 6 (23.1) 0.420
Smoking 30 (60.0) 11 (45.8) 19 (73.1) 0.049
Prior neck radiation 10 (20.0) 5 (20.8) 5(19.2) 1.000
Prior CEA 4 (8.0) 0 (0) 4 (15.4) 0.111
Prior CAS 1 (2.0) 0 (0) 1(3.8) 1.000
Qata are presented as the n (%) or means + SD. CEA: carotid endarterectomy, CAS: carotid artery stenting. J

Table 3 Correlation between anatomical or non-anatomical factors and ischemic lesions associated with carotid artery

stenting.
/ . Ischemic lesions
(n = 50) Yes No P value
(n =24) (n = 26)
Non-anatomical factors:
Age > 80 years 7 (14.0) 5(20.8) 2(7.7) 0.239
Degree of stenosis, % 80.0 + 10.4 81.2 +11.1 78.8 + 9.86 0.527
Symptomatic lesion 22 (44.0) 14 (58.3) 8 (30.8) 0.050%
Contralateral lesion 10 (20.0) 6 (25.0) 4 (15.4) 0.490
Vulnerable plaque 28 (56.0) 13 (54.2) 15 (57.7) 0.802
Heavily calcified plaque 7 (14.0) 4 (16.7) 3 (11.5) 0.697
Filter type EPD 23 (46.0) 11 (45.8) 12 (46.2) 0.982
Proximal protection 13 (26.0) 4 (16.7) 9 (34.6) 0.148
Precise stent 19 (38.0) 12 (50.0) 7 (26.9) 0.093
Carotid sinus reflex 21 (42.0) 13 (54.2) 8 (30.8) 0.094
Filter occlusion 1(2.0) 1(4.2) 0 (0) 0.480
Anatomical factors:
Left side 30 (60.0) 16 (66.7) 14 (53.8) 0.355
Pseudo occlusion 7 (14.0) 5(20.8) 2 (7.7) 0.239
ECA occlusion 3 (6.0) 2 (8.3) 1(3.8) 0.602
CCA stenosis 7 (14.0) 3 (12.5) 4 (15.4) 1.000
CCA tortuosity 3 (6.0) 3 (12.5) 0 (0) 0.103
ICA tortuosity 8 (16.0) 7 (29.2) 1(3.8) 0.021
Unfavorable arch anatomy 6 (12.0) 3 (12.5) 3 (11.5) 1.000
Data are presented as the n (%) or means + SD. EPD: embolic protection device, ECA: external carotid artery, CCA: common carotid artery,

&CA: internal carotid artery. * The P value was actually < 0.05. J
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Table 4 Results of the multivariate logistic regression analysis of risk factors for ischemic lesions associated with carotid

artery stenting.

/ Odds ratio 95% CI P value
Smoking 0.505 0.134 - 1.905 0.313
Symptomatic lesion 3.483 0.930 - 13.05 0.064
ICA tortuosity 11.84 1.193 - 117.4 0.035

kl: confidence interval.

/

there were no cases of severe angulation of the
carotid bifurcation. A summary of these cases
is shown in Table 5.

The frequency of the detection of new is-
chemic lesions was not significantly different
among the various scanners used (P=0.202)
(Gyroscan NT 1.5T, 13 of 20 (65.0%); Achieva
1.5T, four of 14 (28.6%); Achieva 3.0T, six of 13
(46.2%); Ingenia 3.0T, one of three (33.3%)).

Discussion

The present study demonstrated that ICA
tortuosity is an independent risk factor for is-
chemic lesions associated with CAS. Vessel tor-
tuosity increases the technical difficulty of per-

Table 5 Summary of the patients with ICA tortuosity.

forming CAS. This increase in unfavorable
anatomy may be associated with ischemic com-
plications. From this point of view, octogenari-
ans are thought to be at higher risk for compli-
cations during CAS than other age groups be-
cause elderly patients theoretically have a high-
er incidence of unfavorable anatomy ¢7. How-
ever, a recent study showed that the incidence
of periprocedural complications was increased
in patients with unfavorable aortic arch anato-
my but not in octogenarians 3. This suggests
that unfavorable anatomical factors may be
more important than the age of patients.
Several authors have referred to the risk fac-
tors for the ischemic lesions detected by DWI
after CAS. A history of coronary artery disease
7. hemodynamic instability due to the carotid

Location Location Stent-induced Number
Case Age Sex of lesion of ICA EPD Stent Kinkin of ischemic
tortuosity g lesions
ICA » PercuSurge .
1 68 M ol 2nd bend GuardWire Precise + 4
2 68 M IC.A 1st + 2nd bend G =ioalend Precise - 1
proximal XP
3 76 M LEE 1st bend areoena Precise - 2
proximal XP
4 720M  JCA g wmpeng Ansigard pe + 1
proximal XP
ICA ) Filterwire Carotid
> 73 M proximal S EZ Wall a U
PercuSurge Carotid
N nd —
6 71 E CCA 1st + 2nd bend GuardWire Wall 1
ICA . PercuSurge Carotid
! 81 F proximal e GuardWire Wall - 3
ICA . » Filterwire Carotid
8 79 M Pl 1st + 2nd bend E7Z Wall + 0

{CA proximal means the area between the carotid bifurcation and first bend of ICA.

— 156 —

751




Anatomical Risk Factors for Ischemic Lesions Associated with Carotid Artery Stenting

sinus reflex 1819, performing an arch aortogram
prior to CAS ¢, advanced age 2, the presence of
ulcerated stenosis 2 and a lesion length more
than 1 cm 2 were all described as risk factors.
However, it remains unclear which factor is the
most important, and few clinical studies have
addressed the anatomical risk factors for is-
chemic lesions associated with CAS?2!.

A scoring system of anatomical suitability
for CAS based on an objective expert consen-
sus was published in 2009 22. Twelve anatomical
factors were ranked in ascending order from
the most straightforward (low bifurcation) to
the most difficult (tortuous CCA) with a mean
difficulty score chosen by experts. The rankings
reported in that article were as follows: low bi-
furcation, occluded or severely diseased ECA,
bovine arch, 99% stenosis (flow beyond), dis-
eased CCA (> 50%), angulated distal ICA, se-
vere arch atheroma, a type III arch, circumfer-
ential calcification of the ICA, an angulated
ICA origin, severe arch origin disease and a
tortuous CCA. After low bifurcation and a tor-
tuous CCA were excluded, the scoring system
was developed to categorize the expected dif-
ficulty of CAS and to aid in case selection. In a
retrospective clinical study using this scoring
system reported by Werner et al.?, the classifi-
cation correlated well with the periprocedural
neurological outcome. We investigated nine of
the above factors, although we classified calcifi-
cation as a non-anatomical factor. We also dis-
tinguished plaque morphology from the ana-
tomical factors.

Various anatomical factors associated with
periprocedural complications during CAS were
described in previous reports. For example,
Naggara et al.'? assessed the relationships be-
tween anatomical and technical factors and the
30-day risk of stroke or death after CAS in the
Endarterectomy versus Stenting in Patients
with Symptomatic Severe Carotid Stenosis
(EVA-3S) trial, and performed a systematic re-
view of the literature. The risk of stroke and
death was higher in patients with increased
ICA-CCA angulation, left-sided CAS and
when the target ICA stenosis was >10 mm,
whereas the risk was not related to the stent or
EPD type. Werner et al. 2 reported that the
presence of a bovine arch, tortuous CCA and
angulated distal ICA were associated with
higher risks of stroke and transit ischemic at-
tack. Faggioli et al. evaluated the impact of
arch angulation and proximal and distal tortu-
osity in a series of CAS procedures. They used

a tortuosity index defined as the sum of all an-
gles diverging from the ideal straight axis, and
showed that the proximal tortuosity index was
an independent predictor of both neurological
complications and technical failure. Conversely,
Ito et al.>* demonstrated that the angles at the
carotid bifurcation and the first bend of the
ICA were significantly associated with the inci-
dence of microembolization. Thus, vascular tor-
tuosity is an important factor for predicting the
development of periprocedural ischemic com-
plications after CAS, as we described above.

There may be some reasons why ICA tortu-
osity is associated with ischemic lesions. When
the lesion was located proximally at the ICA
and the site of tortuosity was located at the first
bend of the ICA, stent deployment directly in-
fluenced the severe angulation of the ICA. The
extension of the ICA angulation may increase
the amount of debris associated with CAS, as
described by Sorimachi et al.2. To reduce the
changes in ICA angulation, they recommended
the use of shorter devices (stents or angioplasty
balloons) when the ICA angulation is pro-
nounced.

On the other hand, when the site of vessel
tortuosity was far from the stenotic lesion, the
stent did not cover the tortuous lesion. How-
ever, the EPDs were always influenced by the
change in angulation of the tortuous vessels
during the procedure, despite the distance be-
tween the stenotic and tortuous lesions. The in-
stability of the EPDs during the procedure
caused by the straightened nature of the ICA
may result in inadequate protection, conse-
quently leading to embolic complications.
Therefore, we believe that the presence of tor-
tuosity both near and far from the stenotic le-
sion is a risk factor for ischemic events.

With respect to reducing the incidence of is-
chemic complications associated with EPDs,
the use of proximal protection without inser-
tion of an EPD into the ICA is theoretically
useful for treating patients with ICA tortuosity.
Although the use of proximal protection was
not found to be a significant factor affecting the
incidence of ischemic lesions in the present
study, Asakura et al.  reported the usefulness
of protection by reverse carotid arterial flow
during CAS. In this article, both the CCA and
ECA were continuously occluded using bal-
loons before the insertion of a guidewire
through the stenotic lesion until the end of the
procedure. The rate of appearance of new is-
chemic lesions detected by DWI was not sig-
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nificantly different between conventional angi-
ography and the CAS procedure using this pro-
tection system.

From another point of view, the condition af-
ter stent deployment, such as incomplete at-
tachment of the stent and stent-induced kink-
ing, may be associated with the development of
ischemic lesions after CAS. Four of the eight
patients treated in the present study exhibited
stent-induced kinking after stent deployment.
Ischemic lesions were detected after CAS in
three of these cases. Stent-induced kinking may
occur more frequently in cases involving ICA
tortuosity, although we were unable to demon-
strate an increase in the frequency of ischemic
lesions in patients with stent-induced kinking.
Onizuka et al.? stated that the existence of in-
complete stent apposition had no adverse mor-
phological or clinical effects. In addition, al-
though stent-induced kinking was observed in
eight of 15 patients in this article, no ischemic
lesions were detected in any of the 15 patients.
A sufficiently large sample size is necessary to
confirm the correlation between the postproce-
dural condition and the ischemic complications
in CAS.

Considering the risk of CAS, the entire ac-
cess route from the puncture site to the objec-
tive lesion should be considered. This is because
ICA and/or vessel tortuosity throughout the
access route may increase the incidence of
thromboembolic complications due to endothe-
lial damage caused by the interventional de-
vices. In such high-risk cases, selecting CEA as
an alternative to CAS or changing the access
route should be considered. Regarding the
periprocedural management of CAS in patients
with severe vessel tortuosity, the administration
of antiplatelet and anticoagulant therapy
should be intensified. Therefore, evaluating the

degree of vessel tortuosity associated with the
lesion and access route is important to deter-
mine the treatment strategy in patients with ca-
rotid artery stenosis.

The principal limitations of the present study
are its retrospective nature and small sample
size. Nevertheless, a statistically significant out-
come was observed among patients with ICA
tortuosity. The patients with CCA tortuosity
represented a similar trend, but the data did
not reach statistical significance due to the
small number of cases. Another limitation of
the present study is that we did not evaluate
the risk factors for stroke and death as de-
scribed in previous reports. We also did not in-
vestigate the changes in cognitive function af-
ter CAS. Further studies are needed to deter-
mine the anatomical risk factors for neurologi-
cal morbidity, including cognitive impairment,
and mortality associated with CAS.

Conclusions

The present study showed that the most im-
portant anatomical factor to predict the devel-
opment of ischemic lesions associated with
CAS was ICA tortuosity. This result may aid in
a better selection of patients for CAS. We
should therefore evaluate preprocedural angi-
ography findings from an anatomical point of
view.
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