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Table 2 Surgical outcomes after posterior decompression with instrumented fusion

After surgery

Before surgery

Surgical outcomes

Final FU

| year

9 months

6 months

3 months

8.0 + 2.07 (4.0-11.0)
58.1 &+ 27.5% (14.3-100)

7.9 + 2.0 (4.0-11.0)
56.8 + 27.4% (14.3-100)

77 4 2.0 (4.0-11.0)

7.3 £ 2.0 (4.0-11.0)

6.4+ 1.8 (3.5-11.0)
48.8 & 26.5 (14.3-100)

36.7 £ 23.4 (0-100)

3.7 £ 1.4 (1.0-6.5)

JOA score (points)*

54.0 £ 26.9% (14.3-100)

Recovery rate (%)*"

FU follow-up. JOA Japanese Orthopedic Association (full score = 11 points)

! Statistically different from the JOA score before surgery (p < 0.05)

i Statistically different from the JOA score at 3 months after surgery (p < 0.05)

3 months after surgery (p < 0.05)

ecovery rate at

Wlly different from the r

¥ Statis

* Values are expressed as the mean + standard deviation, with the range in parenthesis

h

x 100

Postop. JOA score —preop. JOA score

Fullscore (11 -preop. JOA score

Recovery rate

(10% < recovery rate < 50%), unchanged (0% < recov-
ery rate < 10%), or worsened (recovery rate < 0%).

Radiographic assessment

In our last six consecutive patients (Case 19 through Case
24), we measured preoperatively the kyphotic angles at the
instrumented fusion levels in the supine, prone, and sitting
positions. To calculate the kyphotic angle, we measured the
sagittal Cobb angle between the upper endplate of the
uppermost vertebra and the lower endplate of the lowest
vertebra at the instrumented fusion levels [']. To accu-
rately identify the landmarks for the angle measurement,
we controlled the contrast and brightness of the digital
images of the thoracic spine. The kyphotic angle was
measured by three spine surgeons independently, and we
defined the mean value of these measurements as the value
of the kyphotic angle.

Intraoperative spinal ultrasonography

After laminectomy, we assessed the posterior shift of the
spinal cord away from the anterior ossified mass by means
of intraoperative ultrasonography. We looked for the
presence of the subarachnoid space on the ventral side of
the spinal cord, on the basis of which we classified the
decompression status as either non-contact type or contact
type [, ' ]. The non-contact type is characterized by
visualization of the subarachnoid space between the OPLL
and the spinal cord, indicating that sufficient decompres-
sion of the spinal cord from the anterior ossified mass has
been achieved. Conversely, in the contact type, the spinal
cord always touches the OPLL, and no subarachnoid space
is evident between the OPLL and the spinal cord, indi-
cating persistent impingement of the spinal cord from the
anterior direction even after the posterior decompression
procedure.

Statistical analysis
Statistical analysis was performed using the Mann—-Whit-
ney U test. A p value <0.05 was considered statistically

significant. Results are presented as the mean =+ standard
deviation of the mean.

Results
Surgical outcome
The mean JOA score before surgery was 3.7 (range 1.0-

6.5). All patients showed neurological recovery at the final
follow-up; the mean JOA score at final follow-up was 8.0
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(range 4.0-11.0 points), and the mean recovery rate was
58.1% (range 14.3-100%) (Table ).

The mean JOA score was 6.4 at 3 months after surgery,
7.3 at 6 months after surgery, 7.7 at 9 months after surgery
and 7.9 at 12 months after surgery (Table ). The JOA
scores at 3 months after surgery and later were signifi-
cantly higher than the JOA score before surgery. In addi-
tion, the JOA scores at 9 months after surgery and later
were significantly higher than the JOA score at 3 months
after surgery (Table ). The mean recovery rate was 36.7%
at 3 months after surgery, 48.8% at 6 months after surgery,
54.0% at 9 months after surgery and 56.8% at 12 months
after surgery (Table ). The recovery rates at 9 months
after surgery and later were significantly higher than the
recovery rate at 3 months after surgery (Table ).

Surgical outcome at the final follow-up was good in
15 patients (Cases 2, 3,4, 6,8, 10, 11, 13, 14, 16, 19, 20, 21,
22, and 24) and fair in 9 patients (Cases 1,5,7,9, 12, 15, 17,
18, and 23). No patient was unchanged or worsened.

The JOA score reached its peak value at 3 months after
surgery in 3 patients (Cases 5, 9, 13), at 6 months after
surgery in 7 patients (Cases 3, 7, 10, 12, 16, 18, 23), at
9 months after surgery in 4 patients (Cases 1, 4, 8, 21), at
12 months after surgery in 7 patients (Cases 2, 6, 14, 15,
17, 20, 22), at 24 months in 2 patients (Cases 11, 19), and
at the final follow-up in 1 patient (Case 24). The median
time point that the JOA score reached its peak value was
9 months after surgery.

No patient chose additional anterior decompression
surgery via thoracotomy.

Complications
In the present series, no patient developed persistent
paralysis after surgery, but one patient (3.8%) had transient

paralysis immediately after surgery (Case 23). Cerebro-
spinal fluid leakage occurred after laminectomy in one

Table 3 Kyphotic angles at instrumented fusion levels

patient (3.8%) (Case 6). No instrumented failures occurred,
such as PS loosening, hook displacement, or rod breakage.

Kyphotic angles at instrumented fusion levels

In the last six consecutive patients (Case 19 through Case
24), the preoperative kyphotic angles at the instrumented
fusion levels were measured in the supine, prone, and
sitting positions (Table *). The difference between the
kyphotic angle in the supine position and the kyphotic
angle in the sitting position ranged from 8° (Case 20) to
20° (Case 24), indicating that some mobility remained in
the thoracic spine in spite of the presence of OPLL. The
mean spinal mobility per disc was 1.3°, ranging from 0.9°
to 2.0°.

In all six patients, the postoperative kyphotic angle at
the instrumented fusion levels was greater than the pre-
operative kyphotic angle in the supine position, but less
than the preoperative kyphotic angle in the sitting position.
Evaluating the correction of kyphosis after surgery with
respect to the preoperative kyphotic angle in the sitting
position demonstrated some correction of the kyphosis,
with a mean change in kyphotic angle of 3.2° (Table !).
However, evaluating the correction of kyphosis after sur-
gery with respect to the preoperative kyphotic angle in the
supine position demonstrated increase of the kyphosis, with
a mean change in kyphotic angle of —7.8° (Table ).
Figure | presents an illustrative example (Case 20) of the
change in kyphotic angle following PDF, as demonstrated
by a comparison of preoperative (b—d) and postoperative
(f) radiographs.

Intraoperative ultrasonography
Intraoperative ultrasonography demonstrated that the

decompression status for all 24 patients was the contact
type, indicating that the posterior shift of the spinal cord

Case no. Instrumented fusion Preop. kyphotic angle (°) Spinal Spinal mobility Postop. kyphotic
levels/(no. of discs) - — mobility (°) per disc (%) angle (°)

Supine Prone Sitting
position position position

19 T6-L.2/(8) 15 23 25 10 1.3 23

20 T1-T10/(9) 27 32 35 8 0.9 32

21 TI-L1/(12) 40 47 51 11 0.9 49

22 TI-T10/(11) 23 26 34 11 1.2 32

23 T2-T10/(8) 30 37 40 10 1.3 38

24 TI-T11/(10) 25 33 45 20 2.0 37

Average + SD 267 £ 1.3 33.0 £ 8.5 383 £ 9.1 11.7 £ 4.2 1.3 +04 352 £ 8.6

Spinal mobility = Preop. kyphotic angle in sitting position — preop. kyphotic angle in supine position
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Table 4 Correction of kyphosis

Preop. kyphotic angle
at prone position — postop.
kyphotic angle (°)

Preop. kyphotic angle
at sitting position — postop.
kyphotic angle (°)

at instrumented fusion levels Case no. l:;;?fe ];zs il:?;;c _anlf(l;tg;
kyphotic angle (°)
19 —8
20 -5
21 -9
22 -9
23 -8
24 -8

Average + SD —-78 £ 1.5

0 2
0 3
-2 2
—6 2
-1 2
—4 8
—22+24 324+24

was insufficient to prevent persistent impingement of the
spinal cord from the anterior direction after laminectomy.

Discussion
Mechanisms for the improvement of myelopathy

The results of this study demonstrated that all patients
showed neurological recovery after PDF at the final follow-
up, with an average recovery rate of 58.1%. Compared with
the results from previous published reports regarding tho-
racic OPLL, the surgical outcome of PDF was superior to
the surgical outcome of laminectomy alone [5, 19]. When
laminectomy alone is performed for thoracic OPLL, the
backward shift of the spinal cord is often restricted because
the thoracic spine is physiologically kyphotic, leading to
persistent anterior impingement of the spinal cord by
OPLL. In the present study, we evaluated the posterior shift
of the spinal cord after laminectomy using intraoperative
sonography and observed persistent anterior impingement
of the spinal cord by OPLL in all cases. Despite this
insufficient decompression of the spinal cord, PDF did
result in considerable neurological recovery, indicating that
posterior instrumented fusion has some positive effect on
myelopathy after laminectomy for thoracic OPLL.

In this study, we also demonstrated that, in patients with
thoracic OPLL, the spinal column still showed some
mobility at the cord compression level in spite of the
presence of massive heterotopic vertebral ossification. Our
previous studies on patients with cervical myelopathy due
to OPLL have shown that hypermobility of the vertebra at
the cord compression level is a risk factor for the devel-
opment and aggravation of myelopathy [I 1] and for poor
surgical outcome after laminoplasty [7]. Taken together
with the present findings, our investigations suggest that
the remaining mobility of the spinal column at the cord
compression level correlates with the development and
aggravation of myelopathy in patients with thoracic OPLL.

Regarding correction of kyphosis by posterior instru-
mented fusion, we measured kyphotic angles in our last six
cases. In all six cases, the postoperative kyphotic angle was
smaller than the preoperative kyphotic angle in the supine
position but greater than the preoperative kyphotic angle in
the sitting position. However, even if we based our cal-
culation of the correction of kyphosis upon the preopera-
tive kyphotic angle in the sitting position, the mean
correction still was only 3.2°, indicating that our procedure
of posterior instrumented fusion did not sufficiently correct
our patients’ kyphosis. In turn, these results suggest that
correction of kyphosis is not a major factor contributing to
the neurological improvements observed after PDF.

In the present study, the JOA scores reached a peak
value from 3 to 24 months after PDF (median 9 months),
indicating that improvement of myelopathy in our patients
was slowly progressed. Our findings suggest that suppres-
sion of spinal column mobility by posterior instrumented
fusion is a more powerful factor than correction of
kyphosis for producing neurological recovery after PDF.
After PDF, anterior impingement of the spinal cord by
OPLL persists, but the stabilization of the spine appears to
decrease the damage to the spinal cord at the cord com-
pression level, enabling a slow neurological recovery to
commence.

Risk of postoperative paralysis

In our earlier study of 17 patients who underwent PDF for
thoracic OPLL, no postoperative paralysis occurred after
PDF [ 18]. Based on this indication that PDF entailed a low
risk of postoperative neurological deterioration, we have
employed PDF for all cases of thoracic OPLL treated
surgically at our institute since 2003. However, we did
encounter our first case of postoperative paralysis with our
23rd patient. Fortunately, the paralysis spontaneously
resolved without adding OPLL extirpation. This incident
thus suggests that the decompression procedure itself in
patients with a severely compressed spinal cord entails a
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Fig. 1 Preoperative T2-weighted MR image at the midsagittal plane
(a) of a 55-year-old woman (Case 20), showing severe narrowing of
the spinal cord at T4/5 and T6/7. Preoperative radiographic images
show that the kyphotic angle at TI-T10 was 27° in the supine position
(b), 32° in the prone position (c) and 35° in the sitting position (d).
Intraoperative spinal ultrasonography at the midsagittal plane after
laminectomy shows anterior impingement of the spinal cord by a

@ Springer

beak-type OPLL at T4/5 (e, arrow) and absence of the subarachnoid
space on the ventral side of the spinal cord from the T2/3 to T6/7
levels (e, double arrows). SC spinal cord. A postoperative radio-
graphic image (f) shows a kyphotic angle at T1-T10 of 32°. A
midsagittal reconstruction CT image (g) shows a non-ossified area at
the mid-portion of the ossified mass at T4/5 and T6/7 (g, arrowheads)
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risk of postoperative paralysis, such that even the selection
of PDF as our surgical procedure for thoracic OPLL cannot
completely eliminate the risk of postoperative paralysis.
However, in light of what appears to be a higher risk of
postoperative paralysis following other surgical procedures
such as laminectomy alone [>, 9] and OPLL extirpation
[2, 1, 10, 13], we would suggest that PDF is the safest
surgical procedure among the alternatives for thoracic
OPLL.

Indication of additional OPLL extirpation

We have employed the same concepts in planning PDF
as we use in planning circumspinal decompression
[, 15]. We explained to patients that PDF was the first
operation and that we could add OPLL extirpation via
thoracotomy as the second operation if their neurological
recovery after PDF was insufficient. At our institute, the
informed consent procedure for patients undergoing the
first operation included our presenting all the information
we had about the advantages and the disadvantages of
additional OPLL extirpation surgery, including the high
neurological recovery rate in successful cases of OPLL
extirpation as well as the attendant risk of postoperative
deterioration [, | %, [~]. The choice of adding a second
surgery was then left to the patient. All 24 patients in the
present series have been sufficiently satisfied with the
surgical outcome obtained by PDF alone such that no
patient to date has elected additional anterior decom-
pression surgery over a mean postoperative follow-up of
4 years and 5 months. Although all the patients under-
stand the likelihood of much better neurological recovery
after the addition of OPLL extirpation, thus far they
appear to prefer not subjecting themselves to a new risk
of postoperative paralysis that a second procedure would
entail.

When neurological recovery after PDF is insufficient,
we should consider adding anterior OPLL extirpation sur-
gery. The findings from our patient group demonstrating
gradual neurological recovery after PDF indicate that
additional anterior surgery during the early stage of
recovery after PDF generally is not desirable. In particular,
since the patients’ JOA scores reached their peak value at
9 months after PDF, we should follow postoperative neu-
rological recovery in patients for at least 9 months to a year
before arriving at a decision regarding additional anterior
surgery.
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severely compressed.

A 60-year-old man presented with thoracic myelopathy due to ossification of the posterior longitudinal
ligament (OPLL). His spinal cord was severely impinged anteriorly by a beak-type OPLL and posteriorly by
ossification of the ligamentum flavum at T4/5. He underwent surgical posterior decompression with
instrumented fusion (PDF). Immediately after surgery, he developed a Brown-Séquard-type paralysis,
which spontaneously resolved without requiring the addition of OPLL extirpation. This example high-
lights that the risk of postoperative neurological deterioration cannot be eliminated even when PDF is
selected as the surgical procedure for thoracic OPLL, especially in instances in which the spinal cord is

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Despite the variety of surgical procedures for treating thoracic
myelopathy due to ossification of the posterior longitudinal liga-
ment (OPLL), postoperative paraplegia remains a major risk."?
Twenty years ago, we hypothesized that stabilizing the spine with
instrumentation could yield a certain degree of neurological recov-
ery even without complete OPLL extirpation. Based on this hypoth-
esis, in 1989 we introduced the surgical procedure of posterior
decompression with instrumented fusion (PDF) for patients with
thoracic OPLL. In our earlier study of 17 patients who underwent
PDF for thoracic OPLL, all of the patients had a considerable degree
of neurological recovery and no postoperative paralysis occurred.?
Based on the results of that study, we have employed PDF for all
instances of thoracic OPLL treated surgically at our institute since
2003. Subsequently, however, we had our first encounter with
postoperative paralysis in our 23rd PDF patient.

2. Case report

A 60-year-old man had thoracic myelopathy with a Japanese
Orthopaedic Association (JOA) score of 4.5, on a scale from 0 to
11. He complained of bilateral motor weakness of his lower
extremities and was unable to walk without a cane. Lateral radio-

Corresponding author. Tel.: +81 43 226 2117; fax: +81 43 226 2116.
E-mail address: masashiy@faculty.chiba-u.jp (M. Yamazaki).

0967-5868/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jocn.2010.04.030

graphs showed T4-9 OPLL. MRI scans showed severe narrowing of
the spinal cord at T4/5. Reconstruction images from a CT myelo-
gram showed impingement of the spinal cord anteriorly by a
beak-type OPLL (Fig. 1) and posteriorly by ossification of the liga-
mentum flavum (OLF) (Fig. 1A) at T4/5. The image showing a
beak-type OPLL also showed a non-ossified area between the ossi-
fied masses at T4/5 (Fig. 1A), indicating that the spinal column still
had some mobility at the cord compression level.

We performed a T4-7 laminectomy and a T2-10 posterior
instrumented fusion using pedicle screws as anchors at the T2,
T3, T4, T8, T9 and T10 levels. An intraoperative spinal ultrasonog-
raphy after the laminectomy showed continuing anterior impinge-
ment of the spinal cord by the beak-type OPLL at T4/5 and an
absence of the subarachnoid space on the ventral side of the spinal
cord (Fig. 2).

Immediately after surgery, the patient suffered a severe motor
loss of his right lower limb (muscle strength at grade 0 out of 5)
and analgesia of his left lower extremity and left trunk below the
umbilicus, indicative of a Brown-Séquard-type paralysis. We
immediately administered a 1000 mg bolus of methylprednisolone
sodium succinate intravenously. One hour after surgery, we de-
tected muscle contraction in the patient’s right lower limb. The
morning following surgery, his right lower limb showed a slight
recovery of motor function (muscle strength at grade 1 to 3 out
of 5). By the end of the day, the sensory loss in his left lower
extremity and trunk had begun to diminish, showing hypalgesia
at grade 5 to 8 out of 10. His neurological recovery gradually pro-

Please cite this article in press as: Yamazaki M et al. Postoperative paralysis following posterior decompression with instrumented fusion for thoracic mye-
lopathy caused by ossification of the posterior longitudinal ligament. | Clin Neurosci (2010), doi:10.1016/j.jocn.2010.04.030
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Fig. 1. Preoperative midsagittal (A) and axial (B) reconstruction images from a CT myelogram showing impingement of the spinal cord anteriorly by a beak-type ossification
of the posterior longitudinal ligament (OPLL) (A, B, arrow) and posteriorly by ossification of the ligamentum flavum (A, asterisks) at T4/5. The mid-portion of the beak-type

OPLL contains a non-ossified area (A, arrowheads).

Fig. 2. Intraoperative spinal ultrasonography in the midsagittal plane after lami-
nectomy showing anterior impingement of the spinal cord (SC) by the beak-type
ossification of the posterior longitudinal ligament at T4/5 (arrow) and the absence
of the subarachnoid space on the ventral side of the spinal cord from T4/5 to T5/6
(double arrows).

gressed from that point on. Three months after surgery, the patient
could walk with a cane. Six months after surgery, his JOA score had
risen to 7, and his recovery was 38.5%. At the final follow-up 5
years and 3 months after surgery, the patient could walk without
a cane and his recovery remained at 38.5%.

3. Discussion

During PDF, we pay maximal attention to avoid injury to the
spinal cord.? In spite of such efforts, neurological deterioration oc-
curred immediately after surgery in this patient. This incident sug-
gests that the decompression procedure itself entails a risk of
postoperative paralysis in patients with a severely compressed
spinal cord. It is possible that when the spinal cord is severely com-
pressed by OPLL and OLF from both anterior and posterior direc-
tions, as in our patient, the risk of intraoperative injury to the
spinal cord may increase. In instances with a severely pinched
spinal cord, the risk of postoperative neurological deterioration
evidently cannot be completely eliminated, even when PDF is se-
lected as the surgical procedure for thoracic OPLL.

An alternative treatment option for this patient would have
been single-stage anterior and posterior decompression for com-
bined thoracic OPLL and OLF. Several authors have previously re-
ported excellent clinical results using this procedure."* However,
in the same papers, these authors also reported several examples
of postoperative paralysis after single-stage anterior and posterior
compression, which suggests that the overall outcomes of single-

stage anterior and posterior decompression are not necessarily
superior to the outcomes of PDF.'#

Published studies have also shown that anterior decompression
through thoracotomy does not necessarily produce favorable re-
sults when performed as rescue surgery on thoracic OPLL and
OLF patients whose myelopathy worsens after laminectomy.”® Of
particular concern is the possibility that worsening myelopathy
might indicate severe damage to the spinal cord resulting from
the laminectomy, in which case the spinal cord may likely not fur-
ther tolerate an anterior decompression procedure. Because of this
risk, we did not choose anterior extirpation of OPLL through thora-
cotomy as rescue surgery in our patient.

Fortunately, our patient’s paralysis spontaneously resolved
without requiring us to add OPLL extirpation. In light of what ap-
pears to be a higher risk of postoperative paralysis following other
surgical procedures such as laminectomy alone and OPLL extirpa-
tion,'” we suggest that PDF is still the safest surgical procedure
among the surgical treatment alternatives for thoracic OPLL. To
further improve the safety of PDF for thoracic OPLL, however, we
will need to further modify the treatment protocol to reduce the
risk of damage to the spinal cord during PDF. One promising pos-
sibility is neuroprotective therapy with preoperative administra-
tion of neural growth factors.
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Fig. 2. Axial T1-weighted MRI at the same level shows hyperintensity of the left
lentiform nucleus.

theories have been proposed to explain the imaging findings
including calcium deposition, petechial haemorrhage, ischaemia,
infarction, cytotoxic oedema and myelin breakdown. It is of note

doi:10.1016/j.jocn.2010.04.036

that this focal abnormality is induced by hyperglycaemia, a sys-
temic disturbance. Pre-existing basal ganglia disease, such as focal
small vessel ischaemia, may be present in these diabetic patients,
with hyperglycaemia tipping the balance in these regions into cel-
lular dysfunction. Hyperglycaemia impairs cerebral autoregulation,
which may explain hypoperfusion on imaging, and causes gamma-
aminobutyric acid (GABA) depletion in basal ganglia neurons as a
result of anaerobic metabolism.® It may be the GABA depletion,
the main inhibitory neurotransmitter in the basal ganglia, which
results in chorea. Although much further investigation is needed,
the pathological and radiological findings suggest that non-ketotic
hyperglycaemic crisis induces ischaemia and metabolic distur-
bance resulting in basal ganglia dysfunction.
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A 60-year-old man presented with thoracic myelopathy due to ossification of the posterior longitudinal
ligament (OPLL). His spinal cord was severely impinged anteriorly by a beak-type OPLL and posteriorly by
ossification of the ligamentum flavum at T4/5. He underwent surgical posterior decompression with

instrumented fusion (PDF). Immediately after surgery, he developed a Brown-Séquard-type paralysis,
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severely compressed.

which spontaneously resolved without requiring the addition of OPLL extirpation. This example high-
lights that the risk of postoperative neurological deterioration cannot be eliminated even when PDF is
selected as the surgical procedure for thoracic OPLL, especially in instances in which the spinal cord is

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the variety of surgical procedures for treating thoracic
myelopathy due to ossification of the posterior longitudinal liga-
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ment (OPLL), postoperative paraplegia remains a major risk.!?
Twenty years ago, we hypothesized that stabilizing the spine with
instrumentation could yield a certain degree of neurological recov-
ery even without complete OPLL extirpation. Based on this hypoth-
esis, in 1989 we introduced the surgical procedure of posterior
decompression with instrumented fusion (PDF) for patients with
thoracic OPLL. In our earlier study of 17 patients who underwent
PDF for thoracic OPLL, all of the patients had a considerable degree
of neurological recovery and no postoperative paralysis occurred.?
Based on the results of that study, we have employed PDF for all
instances of thoracic OPLL treated surgically at our institute since
2003. Subsequently, however, we had our first encounter with
postoperative paralysis in our 23rd PDF patient.

2. Case report

A 60-year-old man had thoracic myelopathy with a Japanese
Orthopaedic Association (JOA) score of 4.5, on a scale from 0 to
11. He complained of bilateral motor weakness of his lower
extremities and was unable to walk without a cane. Lateral radio-
graphs showed T4-9 OPLL. MRI scans showed severe narrowing of
the spinal cord at T4/5. Reconstruction images from a CT myelo-
gram showed impingement of the spinal cord anteriorly by a
beak-type OPLL (Fig. 1) and posteriorly by ossification of the liga-
mentum flavum (OLF) (Fig. 1A) at T4/5. The image showing a
beak-type OPLL also showed a non-ossified area between the ossi-
fied masses at T4/5 (Fig. 1A), indicating that the spinal column still
had some mobility at the cord compression level.

We performed a T4-7 laminectomy and a T2-10 posterior
instrumented fusion using pedicle screws as anchors at the T2,
T3, T4, T8, T9 and T10 levels. An intraoperative spinal ultrasonog-
raphy after the laminectomy showed continuing anterior impinge-
ment of the spinal cord by the beak-type OPLL at T4/5 and an
absence of the subarachnoid space on the ventral side of the spinal
cord (Fig. 2).

Immediately after surgery, the patient suffered a severe motor
loss of his right lower limb (muscle strength at grade 0 out of 5)
and analgesia of his left lower extremity and left trunk below the
umbilicus, indicative of a Brown-Séquard-type paralysis. We
immediately administered a 1000 mg bolus of methylprednisolone
sodium succinate intravenously. One hour after surgery, we de-
tected muscle contraction in the patient’s right lower limb. The
morning following surgery, his right lower limb showed a slight
recovery of motor function (muscle strength at grade 1 to 3 out
of 5). By the end of the day, the sensory loss in his left lower

Fig. 2. Intraoperative spinal ultrasonography in the midsagittal plane after lami-
nectomy showing anterior impingement of the spinal cord (SC) by the beak-type
ossification of the posterior longitudinal ligament at T4/5 (arrow) and the absence
of the subarachnoid space on the ventral side of the spinal cord from T4/5 to T5/6
(double arrows).

extremity and trunk had begun to diminish, showing hypalgesia
at grade 5 to 8 out of 10. His neurological recovery gradually pro-
gressed from that point on. Three months after surgery, the patient
could walk with a cane. Six months after surgery, his JOA score had
risen to 7, and his recovery was 38.5%. At the final follow-up 5
years and 3 months after surgery, the patient could walk without
a cane and his recovery remained at 38.5%.

3. Discussion

During PDF, we pay maximal attention to avoid injury to the
spinal cord.? In spite of such efforts, neurological deterioration oc-
curred immediately after surgery in this patient. This incident sug-
gests that the decompression procedure itself entails a risk of
postoperative paralysis in patients with a severely compressed
spinal cord. It is possible that when the spinal cord is severely com-
pressed by OPLL and OLF from both anterior and posterior direc-
tions, as in our patient, the risk of intraoperative injury to the
spinal cord may increase. In instances with a severely pinched
spinal cord, the risk of postoperative neurological deterioration
evidently cannot be completely eliminated, even when PDF is se-
lected as the surgical procedure for thoracic OPLL.

An alternative treatment option for this patient would have
been single-stage anterior and posterior decompression for com-
bined thoracic OPLL and OLF. Several authors have previously re-
ported excellent clinical results using this procedure.’* However,
in the same papers, these authors also reported several examples
of postoperative paralysis after single-stage anterior and posterior
compression, which suggests that the overall outcomes of single-
stage anterior and posterior decompression are not necessarily
superior to the outcomes of PDF."*

Fig. 1. Preoperative midsagittal (A) and axial (B) reconstruction images from a CT myelogram showing impingement of the spinal cord anteriorly by a beak-type ossification
of the posterior longitudinal ligament (OPLL) (A, B, arrow) and posteriorly by ossification of the ligamentum flavum (A, asterisks) at T4/5. The mid-portion of the beak-type

OPLL contains a non-ossified area (A, arrowheads).

- 487 -



296 Case Reports/fournal of Clinical Neuroscience 18 (2011) 296-298

Published studies have also shown that anterior decompression
through thoracotomy does not necessarily produce favorable re-
sults when performed as rescue surgery on thoracic OPLL and
OLF patients whose myelopathy worsens after laminectomy.>® Of
particular concern is the possibility that worsening myelopathy
might indicate severe damage to the spinal cord resulting from
the laminectomy, in which case the spinal cord may likely not fur-
ther tolerate an anterior decompression procedure. Because of this
risk, we did not choose anterior extirpation of OPLL through thora-
cotomy as rescue surgery in our patient.

Fortunately, our patient's paralysis spontaneously resolved
without requiring us to add OPLL extirpation. In light of what ap-
pears to be a higher risk of postoperative paralysis following other
surgical procedures such as laminectomy alone and OPLL extirpa-
tion,"? we suggest that PDF is still the safest surgical procedure
among the surgical treatment alternatives for thoracic OPLL. To
further improve the safety of PDF for thoracic OPLL, however, we
will need to further modify the treatment protocol to reduce the
risk of damage to the spinal cord during PDF. One promising pos-
sibility is neuroprotective therapy with preoperative administra-
tion of neural growth factors,

doi:10.1016/j.jocn.2010.04.030
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Teratomas account for 3% of all childhood tumors. This group of non-germinomatous germ cell tumors
exhibit cellular and structural characteristics associated with the three germ layers. The immature cells
can differentiate into more malignant neoplasms. We report the presentation and management of a 4-

year-old girl with an immature teratoma of the fourth ventricle. The outcome of this intracranial imma-
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ture teratoma was poor, due to the patient’s age, the extensive lesion at presentation and the grade of the

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Intracranial teratomas represent 2% to 5% of all teratomas in in-
fancy and account for 0.3% to 0.6% of all intracranial neoplasms.'?
They are seen involving midline intracranial structures; are more
commonly reported in the pineal region, third ventricle and supra-
sellar region; and present with obstructive hydrocephalus.!>* Ter-
atomas are extremely rare in the posterior fossa and are seldom
reported in children beyond 2 years of age. We present a rare, large
immature teratoma based exclusively in the fourth ventricle.

2. Case report

A 4-year-old girl with a 2-month history of headaches and
vomiting presented with two episodes of hydrocephalus. She had

* Corresponding author. Tel.: +#91 80 2841 6837, fax: +91 80 2841 1503.
E-muail address: sunilvf@gmail.com (S.V. Furtado).

left-side abducens palsy and florid papilledema. Her head circum-
ference was normal for her age. A CT scan of her head revealed an
isodense lesion in the posterior fossa occupying the entire fourth
ventricle and causing obstructive hydrocephalus, for which she
underwent an emergency ventriculoperitoneal shunt (Fig. 1a). A
MRI brain scan showed a lesion in the fourth ventricle arising from
the vermis with mixed intensity on T1- and T2-weighted images,
with cystic areas and exhibiting non-homogeneous contrast
enhancement. The patient underwent a midline suboccipital crani-
otomy and decompression of the tumour through the vermis
(Fig. 1b,c,d). The tumor was grey and soft to firm in consistency
with areas of calcification. It was infiltrating the floor of the fourth
ventricle and was merging imperceptibly with the vermis. Near-to-
tal decompression was achieved because of brainstem infiltration.
A postoperative MRI scan showed residual tumor along the ven-
tricular floor with minimal blood in the operative cavity (Fig. 2).
Histopathological examination revealed an immature teratoma of
the posterior fossa having glial components with immature neural
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Study Design. Case report.

Objective. To report a surgically treated case of cervi-
cal ossification of the posterior longitudinal ligament
(OPLL), in which a spinal subarachnoid hematoma
(SSAH) developed intraoperatively but was successfully
treated.

Summary of Background Data. Previous reports have
indicated that trauma, lumbar puncture, vascular lesions
such as arteriovenous malformation, neoplastic lesions,
and coagulopathy can cause SSAH. To the best of our
knowledge, there has been no report that describes the
occurrence of SSAH during anterior decompression sur-
gery of the cervical spine.

Methods. A 52-year-old man with cervical myelopathy
caused by OPLL underwent surgery for anterior decompres-
sion from C2/3 to C6/7. Immediately after the OPLL floating
procedure, cerebrospinal fluid leakage and massive bleed-
ing occurred at right edge of the OPLL at the C3-C4 level.
After hemostasis, the dura mater at the C5-C6 levels bulged
rapidly and became cyanotic. Intraoperative ultrasono-
graphic images showed a high-intensity mass lesion on the
ventral side of the spinal cord, indicating an intrathecal
hematoma.

Results. We incised the dura, found the hematoma
under the intact arachnoid, and removed it. We then
found that the bleeding occurred from the radicular
artery along the right C4 root. After hemostasis, we
performed anterior spine fusion from C2-C7. After sur-
gery, the patient’s myelopathy was improved, and no
neurologic deficit related to the subarachnoid hema-
toma was found.

Conclusion. This experience suggests that when ante-
rior decompression surgery is performed for cervical
OPLL patients, we should consider the possible occur-
rence of an SSAH. Intraoperative ultrasonography is a
useful tool for detecting SSAHs.

Key words: spinal subarachnoid hematoma, intraop-
erative ultrasonography, cervical spine, ossification of
posterior longitudinal ligament, anterior decompression
surgery. Spine 2010;35:E359-E362
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Spinal subarachnoid hematoma (SSAH) occurs rarely.
Previous reports have indicated that trauma, lumbar
puncture, vascular lesions such as arteriovenous malfor-
mations, neoplastic lesions, and coagulopathy can cause
SSAHs.'~ To the best of our knowledge, there has been
no report that describes the occurrence of a SSAH during
anterior decompression surgery of the cervical spine.

In the present study, we report a case of cervical my-
elopathy caused by ossification of the posterior longitu-
dinal ligament (OPLL), in which SSAH developed during
anterior decompression surgery. The SSAH was diag-
nosed intraoperatively using ultrasonography, and suc-
cessfully treated.

B Case Report

Clinical Profile
A 52-year-old man with a 12-month history of gait dis-
turbance and clumsiness of bilateral hands was admitted
to our institute. He could walk without support, but had
a clumsy gait. He had motor weakness of both upper
limbs, showing grade 4/5 muscle strength for finger ex-
tension and abduction. He had some sensory loss in his
trunk and bilateral upper and lower extremities, show-
ing grade 3-5/10 hypoalgesia. Hyper-reflexia was de-
tected in both upper and lower extremities, and ankle
clonus was transiently positive bilaterally. Hoffman,
Wartenberg, and Babinski signs were positive bilaterally.
He had no history of medication with anticoagulants.
Routine blood tests, including coagulative parameters,
were normal.

Radiologic examination demonstrated cervical OPLL at
C3-C4. A midsagittal T2-weighted magnetic resonance im-
age showed that the spinal cord was compressed anteriorly
from C3/4 to Cé/7 (Figure 1A). Sagittal and axial images
from a computed tomographic myelogram revealed that
the spinal cord was compressed by OPLL at C3-C4, had a
soft disc herniation at C5/6, and an osteophyte at C6/7
(Figures 1B,C). On the sagittal image, the OPLL at C3-C4
exceeded the K-line, the line connecting the midpoints of
the spinal canal at C2 and C7. Thus, this patient was clas-
sified into the K-line (—) group.*

Surgical Technique
We previously reported that, in the K-line (=) group,
sufficient posterior shift of the spinal cord and neurologic
improvement were not obtained after posterior decom-
pression surgery.® Thus, the patient was prepared for
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Figure 1. These 3 images of the
cervical spine (A-C) were ob-
tained before surgery in a 52-
year-old man with cervical my-
elopathy caused by ossification
of posterior longitudinal ligament
(OPLL). A midsagittal T2-
weighted magnetic resonance
image (A) shows severe com-
pression of the spinal cord ante-
riorly at multiple levels from C3/4
to C6/7. Midsagittal (B) and axial
(C) computed tomographic im-
ages show anterior broad com-
pression of the spinal cord by a
large OPLL at C3/4 and anterior
right-sided compression of the
spinal cord by soft disc hernia-
tion at C5/6. An arrow (C, upper
panel) indicates the site where
cerebrospinal fluid leakage and
subsequent massive bleeding

occurred during surgery. A

surgical treatment, which was planned as anterior de-
compression of the spinal cord and a strut bone graft
with autologous fibula at C2—-C7. At first, we performed
corpectomy of C3, C4, C5, and Cé6, and extirpated the
soft disc herniation at C5/6 and the osteophyte at C6/7.
We then attempted to extirpate OPLL at C3-C4. How-
ever, the dura matter was ossified, and separation of
OPLL from the dura was not possible. Therefore, we
modified the surgical procedure from the extirpation of
the OPLL to floating the OPLL.

We reduced the OPLL to be as thin as possible. Then, we
cut the posterior longitudinal ligament around the thinned
OPLL. When we finished cutting the posterior longitudinal
ligament around the OPLL, cerebrospinal fluid (CSF) leak-
age and subsequent massive bleeding occurred at the right
edge of the OPLL at the C3/4 level. We placed a collagen-
impregnated sheet at the bleeding point, and compressed it
with a cotton sheet. Hemostasis with this method was suc-
cessful, and no further bleeding occurred there.

To confirm decompression of the spinal cord, we per-
formed intraoperative ultrasonography. To our surprise,
we found a high-intensity mass lesion at the ventral side
of the spinal cord and at the cranial aspect of C5/6, in-
dicating the development of an intrathecal hematoma
that compressed the spinal cord (Figures 2A, B).

Immediately after we performed the ultrasonography,
we found that the dura mater at the C5-Cé levels bulged
and became deeply cyanotic (Figure 3, arrowhead). We
considered that rapid growth of the hematoma had pro-
gressed and damage to the spinal cord may occur. Thus,
we promptly cut the dura longitudinally at the C5-C6
levels to decompress the cord. We found that the arach-
noid was intact, and beneath it there was a hematoma.
We then cut through the arachnoid, and removed the
subarachnoid hematoma.

To identify the bleeding point, we extirpated the
OPLL at C3—C4. Because the dura mater was ossified at
this region, a large defect of dura mater was formed after

Figure 2. Intraoperative ultrasono-
graphic images (A, B) immediately
after the anterior decompression
procedure from C2/3 to C6/7. A
sagittal image slightly shifted to
the right side (A) shows a high-
intensity mass lesion at the ventral
side of the spinal cord, indicating
an intrathecal hematoma. A dotted
line indicates the section depicted
in (B). An axial image at the C5/6
level (B) shows the high-intensity
mass lesion at the ventral and right
sides of the spinal cord. h indi-
cates intrathecal hematoma; s,
spinal cord; d, dura matter; p, re-

mained posterior longitudinal ligament; C4L, C5L, and C6L, lamina of C4, C5, and C6, respectively.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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. .

Figure 3. An intraoperative photograph after the anterior decom-
pression from C2/3 to C6/7. Immediately after the OPLL floating
procedure, cerebrospinal fluid leakage and massive bleeding oc-
curred at the right edge of the OPLL at C3/4 level (arrow). After the
hemostasis, the dura mater at the C5-C6 levels rapidly bulged and
became deeply cyanotic (arrowhead). The asterisk indicates the
floated OPLL at the C3-C4 levels.

extirpation of the OPLL. After this, we found that the
point of bleeding was the radicular artery along the right
C4 root (Figure 3, arrow). We coagulated the bleeding
point, and completed the hemostasis. We removed the
hematoma at the C3-C4 levels, and completed the de-
compression of the spinal cord. We constructed a dural
patch. We then performed a strut bone graft with autol-
ogous fibula from C2-C7. The incision was closed, and
the patient returned to the recovery room.

Clinical Outcome
After surgery, the patient’s myelopathy was improved,
and no neurologic deficit related to the SSAH was found.
Magnetic resonance images 1 month after surgery
showed adequate decompression of the spinal cord. At

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

follow-up 1 year after the surgery, the patient was com-
pletely healthy, and returned to his job.

M Discussion

Domenicucci et al® reviewed 69 cases of SSAH, and sum-
marized its etiologic factors. In 31 (33.3%) of 69 cases, the
cause was a lumbar puncture that was performed for anes-
thesia, CSF control, or myelography. Twelve (17.3%) cases
were classified as spontaneous. In 11 (15.9%) cases, SSAH
was correlated to trauma. In 9 (13 %) cases, SSAH occurred
because of coagulopathies, such as from taking anticoagu-
lant medication. Daentzer et al® reported a case of SSAH
after spine surgery, in which misplacement of a screw at
surgery for an odontoid fracture caused vertebral artery
injury. This caused a pseudoaneurysm and subsequent rup-
ture, leading to a fatal subarachnoid hemorrhage 4 days
after surgery.’ Aghi et al' reported a case of SSAH after
high cervical myelography by C1-C2 lateral puncture. Five
days after the myelography, the patient was diagnosed as
having SSAH by computed tomography, and the subarach-
noid blood clot was surgically removed. In the present case,
SSAH occurred during surgery, though the patient did not
have any signs of coagulopathy. To the best of our knowl-
edge, this is the first report that describes the occurrence of
SSAH during anterior decompression surgery for cervical
OPLL. In the present case, the occurrence of SSAH was
detected intraoperatively using ultrasonography, and suc-
cessful removal of the subarachnoid blood clot was per-
formed at an early stage after the SSAH.

Min et al® analyzed 197 patients who underwent an-
terior decompression surgery and reported that a dural
defect was observed in 25 (12.7%) patients. Similarly,
Belanger et al” reported that 8 (13.1%) of 61 patients
with cervical OPLL had absent dura. In the present case,
dural ossification was present at the OPLL site at the
C3—C4 levels. Because the right C4 root runs near the
edge of the OPLL at C3/4, it is possible that we directly
injured the radicular artery along the right C4 root when
we resected the edge of the OPLL.

The incidence of SSAH has been reported to be low
compared with that of spinal epidural hematoma.® One
reason for the rarity of SSAH is described, in that usually
the diluting and redistributing effect of CSF prevents sub-
arachnoid blood from clotting and from forming a solid
hematoma.® However, when mechanical obstacles are
present within the spinal column, such as that occurs in
spondylosis, disc herniation, arachnoiditis, or thickening
of the yellow ligament, bleeding in the subarachnoid
space may result in the formation of an SSAH.” In the
present case, there was a soft disc herniation at the C5/6
level. We suggest that this is the reason why the SSAH
formed at the cranial aspect of the C5/6 level.

Intraoperative ultrasonography has been used during
spinal surgery to assess the bony anatomy of the spinal
canal as well as the anatomy and pathology of the spinal
cord.'” In the present case, we were able to detect the intra-
thecal mass intraoperatively by using ultrasonography. On
the basis of the findings, we promptly cut the dura and
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diagnosed that the mass was a subarachnoid hematoma. If
we had not performed the examination, we would have
overlooked the SSAH. If we had only noticed the SSAH
several days after surgery, severe neural deficits may possi-
bly have developed. From this experience, we believe that
intraoperative ultrasonography is a useful tool for detecting
intrathecal lesions, including SSAH. Previous studies have
shown that, immediately after hemorrhage, focal signal in-
tensity by ultrasonography is high.'' Thus, when anterior
decompression surgery for cervical OPLL is performed, if
immediately after a high-intensity mass is detected inside of
the dura by ultrasonography, the possible occurrence of a
SSAH should be considered.

B Key Points

e We report a surgically treated case of cervical my-
elopathy caused by ossification of the posterior
longitudinal ligament (OPLL), in which subarach-
noid hematoma developed intraoperatively.

e The subarachnoid hematoma was diagnosed on
the basis of the findings of intraoperative ultra-
sonography.

e This experience suggests that, when anterior de-
compression surgery is performed for cervical
OPLL patients, we should consider the possible
occurrence of a spinal subarachnoid hematoma.
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Fibrodysplasia ossificans progressiva (FOP) is a rare autosomal dominant congenital disorder character-
ized by progressive heterotopic bone formation in muscle tissues. A common mutation among FOP
patients has been identified in ALK2, ALK2(R206H), which encodes a constitutively active bone morpho-
genetic protein (BMP) receptor. Recently, a unique mutation of ALK2, ALK2(G356D), was identified to be a
novel mutation in a Japanese FOP patient who had unique clinical features. Over-expression of

Keywords.'» ‘ ALK2(G356D) induced phosphorylation of Smad1/5/8 and activated Id1-luc and alkaline phosphatase
Heterokopic bone formation ivity i blasts. H th ion failed to activate phosphorylation of p38, ERK1/2
Nirisele activity in myoblasts. However, the over-expression failed to activate phosphorylation of p38, /2,
BMP and CAGA-luc activity. These ALK2(G356D) activities were weaker than those of ALK2(R206H), and they
Signaling were suppressed by a specific inhibitor of the BMP-regulated Smad pathway. These findings suggest that
Receptor ALK2(G356D) induces heterotopic bone formation via activation of a BMP-regulated Smad pathway. The

quantitative difference between ALK2(G356D) and ALK2(R206H) activities may have caused the pheno-
typic differences in these patients.
© 2008 Elsevier Inc. All rights reserved.

Fibrodysplasia ossificans progressiva (FOP; OMIM135100) is a
rare hereditary disorder with autosomal dominant transmission.
Clinical features of FOP are characterized by the presence of mal-
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formations of the great toes with hallux valgus and post-natal pro-
gressive heterotopic ossification that results in the formation of the
ectopic skeleton [1-3]. Bone morphogenetic protein (BMP) signal-
ing has been suggested to be involved in the heterotopic bone for-
mation in FOP patients, since BMPs are capable of inducing ectopic
bone formation in muscle and osteoblastic differentiation of myo-
blasts in vitro [4,5].

Intracellular signaling of BMPs is transduced by two types of
serine/threonine kinase receptors: type I and type II [6,7]. Li-
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gand-bound type Il receptor activates type | receptor kinase
through phosphorylation of the glycine-serine (GS) domain, which
is highly conserved among the type [ receptors. Activated BMP type
I receptor kinase, in turn, phosphorylates receptor-regulated
Smads (R-Smads), which include Smad1, Smad5 and Smad8. Phos-
phorylated R-Smads form heteromeric complexes with Smad4, a
common Smad, and translocate into the nucleus to regulate tran-
scription of various target genes, including Id1[8]. A recurrent het-
erozygous mutation at 617G>A in the ACVR1 gene encoding a BMP
type I receptor ALK2, was identified in both familial and sporadic
patients with FOP [9,10]. This mutation causes an amino acid sub-
stitution of Arg to His at codon 206 (R206H) within the GS domain
of the ALK2 receptor. We found that ALK2(R206H) is a constitu-
tively activated BMP receptor and cooperatively induces osteoblas-
tic differentiation with Smad1 and Smad5, which are increased
during muscle regeneration in vivo [11].

Recently, a unique mutation in the ALK2 gene, 1067G>A, was
identified in a Japanese patient who has slow progressive FOP
[12]. This mutation causes an amino acid substitution of Gly to
Asp at codon 356 (G356D) in the kinase domain rather than the
GS domain of the ALK2 receptor. The clinical pictures of this pa-
tient seemed to be unique in comparison with other “classical”
FOP patients, since his respiratory problem was slow and progres-
sive, and he had severe hypodactyly in thumbs on both hands, as
well as a severe defect in both halluces [12]. In the present study,
we found that the ALK2(G356D) mutant receptor activated a
Smad-dependent pathway of BMP signaling in the absence of li-
gands. This method of activation was similar to that for
ALK2(R206H) found in the classical FOP patients. These findings
suggested that ALK2(G356D) induced heterotopic bone formation
by activating BMP signaling as a constitutively activated BMP type
[ receptor. However, the biological activities of ALK2(G356D) were
lower than those of ALK2(R206H). The quantitative difference be-
tween ALK2(G356D) and ALK2(R206H) activities may have caused
the differences in clinical features in these patients.

Materials and methods

Cell cultures, transfection and reporter assay. C2C12 mouse myo-
blasts and C3H10T1/2 clone 8 (10T1/2) fibroblasts were main-
tained in Dulbecco’s modified Eagle’s medium containing 15%
fetal bovine serum [13]. Cells were transfected using the Lipofect-
amine 2000 transfection reagent (Invitrogen, Carlsbad, CA), accord-
ing to the manufacturer’s instructions. The transcriptional
activation induced by ALK2 receptors was measured using
IdWT4F-luc or CAGA-luc reporter plasmids, as previously de-
scribed [8,14]. C2C12 cells were treated with Dorsomorphin
(171260, Calbiochem, Darmstadt, Germany) to examine roles of
the Smad-dependent signaling on the activities of ALK2(G356D).

Immunoblotting and immunostaining. Cells were lysed in TNE
buffer [10 mM Tris-HCl (pH 7.5), 0.15M NaCl, 1 mM EDTA, and
1% Nonidet P-40] and subjected to immunoblotting, as described
previously [11,15]. The following antibodies were used: anti-FLAG
antibody (clone M2, Sigma, St. Louis, MO), anti-phosphorylated
Smad1/5/8 antibody (Cell Signaling, Beverly, MA), anti-phospho-
p38 (SC-7973, SantaCruz, Santa Cruz, CA), anti-phospho-ERK1/2
(SC-7383, SantaCruz) and anti-V5 antibody (Invitrogen).
C3H10T1/2 cells were transiently transfected with MyoD to induce
myogenesis, which was evaluated by immunohistochemical stain-
ing for myosin heavy chain (MHC) using anti-MHC antibody (clone
ME-20, Developmental Studies Hybridoma Bank, lowa City, IA)
[16].

Alkaline phosphatase activity. Alkaline phosphatase (ALP) activ-
ity was measured as a marker of osteoblast differentiation with a
substrate solution (0.1 M diethanolamine, 1 mM MgCl,, and

10 mg/ml p-nitrophenylphosphate). Reactions were terminated
by adding 3M NaOH, and the absorbance was measured at
405 nm [13,17].

Statistical analysis. Comparisons were made by using Student’s
t-test. Results were expressed as means + SD. P < 0.05 was consid-
ered statistically significant.

A 25,
S 2
o]
@
5 15
‘©
3
= 10
3
©
3 5
m .
O_- B
Veotor ALK2 ALK2  ALK2  ALK2
(WT) (G356D) (R206H) (Q207D)
B 6
*
."é
=}
a
8 4r
2
‘©
3
2 2t
=
o
i
0
ALK2 ALK2 ALK2 ALK2
Vector  TGFB “\vT) (G356D)(R206H)(Q207D)
C FLAG-Smad1

1
ALK2 ALK2 ALK2 ALK2

Vector (WT) (G356D)(R206H)(Q207D)

V5-receptor:

oP-Smad e
- - .- -
oP-ERK "“ [ ——
oP-p38
ortac | R

Fig. 1. ALK2(G56D) acts as a constitutively activated BMP receptor. (A,B) Luciferase
activities induced by ALK2 receptors. C2C12 cells were co-transfected with [dWT4F-
luc (A) or CAGA-luc (B) and with wild-type ALK2, ALK2(G56D), ALK2(R206H), or
ALK2(Q207D). Constitutively active ALK2(Q207D) and 5 ng/ml of TGF-p1 were used
as positive controls for IdWT4F-luc and CAGA-luc, respectively. Results are
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(C) Intracellular signaling is activated by ALK2 receptors. C2C12 cells were co-
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Fig. 2. ALK2(G56D) and Smad1/5 cooperatively induce osteoblastic differentiation. (A) Immunostaining of MHC in C3H10T1/2 cells co-transfected with a MyoD expression
construct and an empty vector, wild-type ALK2, ALK2(G56D), ALK2(R206H), or ALK2(Q207D) construct. (B) ALP activities induced by co-operation of ALK2 receptors and
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was determined on day 3. Results are represented as means + SD (n =3). P < 0.05 when compared to vector transfection in each group. (C) ALP activities induced by co-
operation of ALK2 receptors and BMPs. C2C12 cells co-transfected with Smad1 and wild-type ALK2, ALK2(G356D), ALK2(R206H), or ALK2(Q207D) were treated for 3 days
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controls.

Results

ALK2(G356D) activates signaling pathway via BMP-regulated Smad in
the absence of ligands

First, we asked whether ALK2(G356D) activates intracellular
signaling of BMPs in the absence of ligands in a luciferase assay
using IdWT4F-luc. ALK2(G356D) increased luciferase activity in
C2C12 myoblasts, although the increase in activity was weaker
than that induced by ALK2(R206H) and ALK2(Q207D), which had
previously been shown to be constitutively active receptors
(Fig. 1A). However, none of these ALK2 receptors activated CAGA-
luc, a TGF-B/activin reporter (Fig. 1B). The specificity of these mu-
tant ALK2 receptor kinases was further examined in co-transfec-
tion with FLAG-Smad1 followed by western blots. All of the
mutant receptors induced FLAG-Smad1 phosphorylation in the or-
der of ALK2(G356D) < ALK2(R206H) < ALK2(Q207D), although the
receptors did not activate the phosphorylation of p38 or ERK1/2
(Fig. 1C).

ALK2(G356D) inhibits myogenesis and induces osteoblastic
differentiation

Next, we examined the effect of ALK2(G356D)-induced signal-
ing on myogenic differentiation. The number of MHC-positive
muscle cells induced by transfection of MyoD in 10T1/2 cells was
decreased by co-transfecting with one of the ALK2 receptors in
an order of wild-type ALK2<ALK2(G356D)< ALK2(R206-
H) < ALK2(Q207D) (Fig. 2A).

We recently reported that co-expression of ALK2(R206H) with
Smad1, Smad5 or Smad8 cooperatively induced osteoblastic differ-
entiation of C2C12 myoblasts [11]. Co-transfection of
ALK2(G356D) with Smad1, Smad5 or Smad8 also significantly in-
duced ALP activity, although the enzyme activities were much low-
er than those induced by ALK2(R206H) or ALK2(Q207D) (Fig. 2B).
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Fig. 3. Dorsomorphin inhibits ALK2(G356D) activity. The biological activities of
ALK2(G356D) as determined by IdWT4F-luc (A) and ALP activity (B) were
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Treatment of C2C12 cells expressing ALK2 receptors with BMP-4 or
BMP-7 further increased ALP activity. BMP-7 showed higher activ-
ity than BMP-4 in cells transfected with mutant receptors such as
ALK2(G356D) (Fig. 2C).

Dorsomorphin inhibited ALK2(G356D) activities in C2C12 myoblasts

Finally, we examined the effect of Dorsomorphin, a specific
inhibitor of the Smad-dependent signaling from BMP type | recep-
tors, on the activities of ALK2(G356D) in C2C12 cells |18]. Dorso-
morphin inhibited the IdWT4F-luc and ALP activities, as induced
by ALK2(G356D), in a dose-dependent manner, suggesting that
Dorsomorphin and its derivatives may be useful for treating FOP
caused by not only ALK2(R206H) but also ALK2(G356D) (Fig. 3).

Discussion

In the present study, we characterized ALK2(G356D), a unique
ALKZ mutant identified in a Japanese patient who had a slow pro-
gressive FOP, severe hypodactyly in the thumbs of both hands and
a severe defect of both halluces [12]. The G356D mutation is lo-
cated at the central region of the serine/threonine kinase domain
in ALK2 | 12]. In contrast, the R206H mutation found in the classical
FOP patients is located in the GS domain, which functions as a
switch for kinase activity. Given these unique manifestations in
the patient, as well as the hypothesis that the rarity of this muta-
tion may be related to the specific activity of ALK2(G356D), we
compared the biological activities of ALK2(G356D) and
ALK2(R206H) in vitro. Similar to ALK2(R206H), ALK2(G356D) in-
duced Smad1/5/8 phosphorylation and transactivation of Id1 pro-
moter in C2C12 myoblasts. Moreover, co-transfecting
ALK2(G356D) and Smad1/5 into C2C12 cells or treating the
C2C12 cells that express ALK2(G356D) with BMPs cooperatively in-
duced osteoblastic differentiation. The effect of ALK2(G356D)-in-
duced osteoblastic differentiation was  suppressed by
Dorsomorphin, a specific inhibitor of the BMP-regulated Smad
pathway. These results supported and further extended our previ-
ous findings that the heterotopic bone formation in FOP may be in-
duced by a constitutively active ALK2 through Smad1 or Smad5.
Therefore, the inhibition of these mutant ALK2 receptors by spe-
cific inhibitors such as Dorsomorphin and its derivatives may rep-
resent strategies for blocking heterotopic bone formation in FOP.

Surprisingly, the biological activities of ALK2(G356D) were
found to be weaker than those of ALK2(R206H) in spite of the fact
that the patient had some severe clinical features. We speculated
that ALK2(G356D) may have changed the substrate specificity
and activated Smad2/3 pathway in addition to Smad1/5/8.
ALK2(G356D) activated IdWT4F-luc, but failed to activate CAGA-
luc, suggesting that ALK2(G356D) did not activate the Smad2/3
pathway. In addition, we could not detect any differences between
ALK2(G356D) and ALK2(R206H) in other signaling pathways, such
as the p38 and ERK1/2 MAP kinase pathways [19]. These results
suggested that a quantitative difference in the kinase activities be-
tween ALK2(G356D) and ALK2(R206H) on Smad1/5/8 may have
caused the difference in clinical features in the FOP patients,
although we could not rule out the possibility that other signaling
pathways are also involved in these features. A recent report has
suggested a novel function for R-Smads in regulating cell functions
through DROSHA mediated microRNA maturation [20]. Additional
experiments will be required to elucidate these possibilities.

It is interesting to note that the clinical features of the patient
who had ALK2(G356D) could be classified into an embryonic
developmental phenotype and a post-natal phenotype. The slow,
progressive heterotopic bone formation, a typical post-natal phe-
notype, may be explained by the lower ALK2(G356D) kinase activ-

ity compared with the kinase activity in ALK2(R206H). In contrast,
the severe hypodactyly in the thumbs of both hands and the severe
defect in both halluces in the patient with ALK2(G356D) may be
due to patterning defects of digits during embryogenesis. These
clinical features in the patient clearly indicated that ALK2 has
two distinct types of physiological functions during embryogenesis
and during the post-natal period in humans. Establishment of a
transgenic mouse carrying the ALK2(G356D) mutation may help
elucidate these roles of ALK2 in vertebrates.

In conclusion, ALK2(G356D) is a weakly activated BMP type |
receptor that induces activation of the BMP-regulated Smad signal-
ing pathway. Dorsomorphin and its derivatives may represent
therapeutic approaches for inhibiting heterotopic bone formation
in FOP induced by mutant ALK2 receptors.
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