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"ABSTRACT

The aim of the present study was to elucidate the effects of granulocyte colony-stimulating
factor (G-CSF)-mediated mobilization of bone marrow-derived stem cells on the injured
spinal cord. Bone marrow cells of green fluorescent protein (GFP) transgenic mice were
transplanted into lethally irradiated C57BL/6 mice. Four weeks after bone marrow
transplantation, spinal cord injury was produced by a static load (20 g, 5 min) at T8 level.
G-CSF (200 pg/kg/day) was injected subcutaneously for 5 days. Immunohistochemistry for
GFP and cell lineage markers was performed to evaluate G-CSF-mediated mobilization of
bone marrow-derived cells into injured spinal cord. Hind limb locomotor recovery was
assessed for 6 weeks. Immunohistochemistry revealed that G-CSF increased the number of
GFP-positive cells in injured spinal cord, indicating that bone marrow-derived cells were
mobilized and migrated into injured spinal cord. The numbers of double positive cells for
GFP and glial markers were larger in the G-CSF treated mice than in the control mice. Luxol
Fast Blue staining revealed that G-CSF promoted white matter sparing. G-CSF treated mice
showed significant recovery of hind limb function compared to that of the control mice. In
conclusion, G-CSF showed efficacy for spinal cord injury treatment through mobilization of
bone marrow-derived cells.

©® 2007 Elsevier B.V. All rights reserved.

1. ° Introduction

cord injury, has been reported. Arhongst various types of cells,
bone marrow-derived stem cells, which include hernatopoietic

Due to recent advances in stem cell biology, the efficacy of cell stem cells (HSC) and bone marrow stromal cells (BMSC), also
therapy for central nervous system disorders, including spinal called mesenchymal stem cells (Bacigalupo, 2004; Herzogetal,,
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2003), are candidates for cell therapy of spinal cord injury,
because they can be transplanted autologously. Indeed,
transplantation of HSC promotes functional recovery after
compression-induced spinal cord injury in mice, as we
reported previously (Koshizuka et al., 2004; Koda et al., 2005),
and transplantation of BMSC significantly improves hind limb
function after spinal cord injury in mice and rats (Chopp et al.,
2000; Hofstetter et al,, 2002; Wu et al., 2003). These lines of
evidence show the potential of bone marrow-derived stem
cells to restore injured spinal cord tissue and to promote
functional recovery.

Granulocyte colony-stimulating factor (G-CSF) is widely
known as a cytokine that induces survival, proliferation and
differentiation of cells of the neutrophil lineage (Nicola et
al., 1983; Roberts, 2005). Further, G-CSF can mobilize bone
marrow cells into peripheral blood, an action used clinically
for patients with leukocytopenia and for donors of periph-
eral blood-derived HSCs for transplantation (Jansen et al.,
2005). Bone marrow-derived stem cells mobilized by G-CSF
may have the potential to migrate into and repair various
injured tissues. For example, G-CSF "has been shown to
mobilize bone marrow-derived stem cells to repair the
ischemic myocardium (Orlic et al, 2001; Kawada et al,
2004). As for the central nervous system, bone marrow cells
mobilized by G-CSF migrate into, survive and express a
neural phenotype in normal brain (Corti et al., 2002a), spinal
cord and dorsal root ganglia (Corti et al., 2002b). Moreover,
G-CSF mobilized bone marrow cells into the ischemic brain
and promoted functional recovery (Kawada et al., 2006). The
influence of G-CSF-mediated mobilization of bone marrow-
derived stem cells on the injured spinal cord remains to be
elucidated.

Here we showed that G-CSF promoted the mobilization and
migration of bone marrow cells into the spinal cord, the
restoration of damaged spinal cord tissue and the recovery of
hind limb functicn.

2. Results

Mice tolerated the irradiation and bone marrow transplanta-
tion well. FACS analysis showed that approximately 80% of the
whole bone marrow cells were positive for GFP 4 weeks after
bone marrow transplantation, indicating that GFP Tg-derived
bone marrow cells survived and reconstituted hematopoiesis
in grafted mice (not shown).

At first, we analyzed GFP fluorescence to detect bone
marrow-derived cells in the intact spinal cord. The average
number of GFP-positive cells was 33.6 (16-46) per section in the
PBS group and 40.3 (18-61) per section in the G-CSF group (Fig.
1D). GFP-positive cells were located mainly in the white matter
and subpial zone (Figs. 1A-C). There was no significant
difference between the numbers of GFP-positive cells in the
PBS and G-CSF groups (Fig. 1D).

Twenty-four hours after injury, GFP-positive cells had
accumulated in the lesion epicenter. Most of the GFP-positive
cells in the lesioned site were round, and the remaining were
spindle-shaped (Figs. 2A, D). There was no significant differ-
ence between the number of GFP-positive cells in the SCI+PBS
and SCI+G-CSF groups (352.4+24.2 in the SCI+PBS group and
331.7+23.6 in the SCI+G-CSF group, Fig. 2F). Next, we
performed immunohistochemistry for cell-specific markers
to elucidate the phenotype of GFP-positive cells in the injured
spinal cord. Twenty-four hours after injury, GFP-positive
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Fig. 1 - Immunohistochemistry for GFP in normal spinal cord after PBS (A) or G-CSF (B) injection. (C) is the higher-magnification
view indicated as a box in (B). There was no significant difference in the number of GFP-positive cells between the PBS and
G-CSF groups (D). GFP-positive cells were located in the white matter and subpial zone (C). Bars=500 pm (A, B) and 30 pm (C).

Values are mean+S.E.M. (D).
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Fig. 2 - Immunohistochemistry for GFP and cell-specific markers in the acute phase of spinal cord injury. Near the lesion
epicenter, GFP-positive round cells were also positive for neutrophil antigen (A-C, D, arrows). GFP-positive spindle-shaped cells
negative for neutrophil antigen were observed (D, arrowheads). Some of the GFP-positive spindle-shaped cells were positive for
vimentin, a marker for cells of the mesenchymal lineage (E, arrow). There was no significant difference in the number of
GFP-positive cells between the SCI+PBS and SCI+G-CSF groups (F). The number of GFP- and neutrophil-double-positive cells
was smaller in the SCI+ G-CSF group than in the SCI+PBS group (F, hatched column, p<0.05}. In the SCI +G-CSF group, GFP- and
CD34-double-positive cells were detected near the lesion epicenter (G-I, arrow). Bars =50 um (A~C), 100 wm (D, E) and 30 pm (G-1).

round cells in the lesion epicenter were positive for hatched column). GFP-positive spindle-shaped cells were
neutrophil antigen (Figs. 2A-C, arrows). The number of cells negative for neutrophil antigen (Fig. 2D, arrowheads). Some
double-positive for GFP and neutrophil antigen was smaller in of the GFP-positive spindle-shaped cells were positive for
the SCI+G-CSF group than that in the SCI+PBS group (Fig. 2F, vimentin, a marker for cells of the mesenchymal lineage (Fig.
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Fig. 3 - Immunochistochemistry for GFP in the chronic phase of spinal cord injury (A: the SCI+PBS group, B: the SCI+G-CSF
group). The number of GFP-positive cells was larger in the SCI + G-CSF group (C, hatched column) than that in the SCI+PBS group
(C, open column). Bar=500 pm (A, B). Values are mean+S.E.M. and *p<0.05 (C).
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2E, arrow). No cells were double-positive for GFP and a neural
lineage marker in the injured spinal cord in both the SCI+PBS
and SCI+G-CSF groups 24 h after injury (not shown).

To confirm G-CSF-mediated mobilization of bone marrow-
derived hematopoietic stem cells, we performed immunohis-
tochemistry for CD34 one week after injury. In the SCI+G-CSF
group, GFP- and CD34-double-positive cells were detected
near the lesion epicenter {Figs. 2G-1, arrow). .

Six weeks after injury, there were many GFP-positive round
cells in the lesioned site and cells with some processes in the
white matter (Figs. 3A, B). The number of GFP-positive cells in

the SCI+G-CSF group was significantly larger than that in the
SC1+PBS group 6 weeks after injury (449.0+28.5 in the SCI+PBS
group and 610.3+21.9 in the SCI+G-CSF group, p<0.003, Fig.
3C). Most of the GFP-positive round cells in the lesioned site
were positive for Mac-1, a marker for activated microglia/
macrophages (Figs. 4A~C). The number of cells double-positive
for GFP and Mac-1 was larger in the SCI+G-CSF group (392.6z
44.0; Fig. 5A, hatched column) than that in the SCI+PBS group
(338.6+36.4; Fig. SA, open column). In the white matter, some
of the GFP-positive cells were also positive APC (Figs. 4D-F,
arrow), whereas there were no GFP- and nestin-double-

Fig. 4 - Double-immunoflucrescence study for GFP and cell-specific markers in the SCI+G-CSF group 6 weeks after injury.
Double-positive cells for GFP and Mac-1 (marker for macrophages/microglia; A-C), GFP and GFAP (marker for astrocytes; D-F,
arrow), GFP and APC (marker for oligodendrocytes; D-F, arrow), whereas no GFP- and Neu-N (marker for neurons; G) or GFP- and
CD-31 (marker for endothelial cells; H)-double-positive cells were observed. Three-dimensional reconstruction of confocal
image of double immunofluorescent staining for GFP and GFAP revealed co-localization of GFP and GFAP (f). Bars =100 pm {A-C)

and 50 pm (D-R).
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Fig.5 - Quantitative analysis of double-positive cells for GFP and cell-specific markers 6 weeks after injury. The numbers
of double-positive cells for GFP and Mac-1 (A), GFP and GFAP (B), GFP and APC (C) and GFP and nestin (D) were significantly larger
in the SCI+G-CSG group than that in the SCI+PBS group. Values are mean+S.E.M. *p<0.05.

positive cells (not shown), GFP- and Neu-N-double-positive
cells (Fig. 4G) nor GFP- and Cﬁ-31-doub1e-positjve cells {Fig. 41)
were detected. Three-dimensional reconstruction of confocal
image of double immunofluorescent staining for GFP and
GFAP revealed co-localization of GFP and GFAP (Fig. 4I).

The numbers of GFP- and GFAP-double-positive cells (SCI+PBS:
0.6+0.4, SCI+G-CSF: 36.0+4.2) and GFP- and APC-double-
positive cells (SCI+PBS: 0.6+0.3, SCI+G-CSF: 3.6+1.6) were
larger in the SCI+G-CSF group (Figs. 5B, C, hatched columns,
p<0.05) than in the SCI+PBS group (Figs. 5B, C, open columns).

To assess spinal cord tissue restoration, we performed
luxol fast blue (LFB) staining. The average area of LFB-positive
spared white matter was significantly larger in the SCI+G-CSF
group than that in the SCI+PBS group (Fig. 6), indicating that
G-CSF promoted restoration of spinal cord tissue.

Finally, we assessed the recovery of hind limb function
using the motor function scale (Farooque et al., 2001), in which
the maximum hind limb motor function scale is 13. All mice
had a score of 13 before surgery, and the score. dropped to 0
1mmedlately after the spinal cord i 1n]ury Slgmficant recovery
. of hmd limb function was observed in mice from the SCI+G-
CSF group (Fig. BA, square) 4 weeks {p<0.05), 5 weeks and
6 weeks after m)ury (p<0.01) compared with the SCI+PBS
group {Fig. 7A, circle). The average recovery score in the SCI+
G-CSF group 6 weeks after injury was 4.7, indicating rhythmic
bilateral hind limb stepping without weight bearing, whereas
the;averége score in the SCI+PBS group was 3.1, indicating

obvious bilateral hind limb motion without rhythmic stepping
(Fig. 7B). Two mice in the SCI+G-CSF group showed the
highest recovery score 6, indicating weight-bearing ability of
hind limbs with abnormal walking (external rotation of one or
both limbs and/or hip instability). In the Farooque’s motor
function scale system we used in the current study, score
above 6 indicates weight support ability, which has significant
impact in clinical situation.

3. Discussion

In the present study, we demonstrated that G-CSF:promoted
the migration of bone marrow-derived cells into the lesioned
spinal cord and accelerated the recovery of hind limb function.
* G-CSF has the potential to mobilize bone marrow cells into
the peripheral blood. It is well known that G-CSF can increase
the concentration of HSCs in the peripheral blood to that
equaling or exceeding the concentration in bone marrow
(Jansen et al., 2005). In addition to HSCs, cells of other lineages
in the bone marrow, including mesenchymal stem cells, can
be mobilized into the peripheral blood by G-CSF (Kawada etal,
2004). In the present study, G- CSF increased the number of
GFP- p051t1ve/neutroph11 antlgen negative spindle- shaped
cells in the lesioned site 24 h after injury and a part. of that
population of cells expressed vimentin, whichis a marker for

 cells of the mesenchymal hneage In addition, GFP- and CD34-
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Fig. 6 - Luxol Fast Blue (LFB) staining to quantify white matter sparing. LFB-posiﬁ\}e area in the SCI+G-CSF group (A) V
(C, hatched column) was significantly larger than that in the SCI+PBS group (B) (C, open column). ,
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Fig. 7 - Hind limb functional assessment with the hind limb
motor function scale (Farooque et al., 2001; Table 1). Time
course of hind limb functional recovery (A) and comparison of
final motor function score between the groups (B). Mice from
the SCI+G-CSF group (square) showed significant recovery
compared to mice from the SCI+PBS group (circle). Values are
meanzS.E.M. *p<0.05, *'p<0.01.

. double-positive cells were detected near the lesion epicenter
1 week after injury. These findings may suggest that G-CSF
promoted mobilization of bone marrow-derived stem cells,
including HSCs and mesenchymal stem cells, both of which
have the potential to restore damaged spinal cord tissue and
to promote functional recovery, as we and others reported
previously. The present results showed that G-CSF increased
the number of bone marrow-derived cells in the injured spinal
cord and promoted glial differentiation of bone marrow-
derived cells in the chronic phase of spinal cord injury.
These results may reflect the increase of G-CSF-mediated
migration of bone marrow-derived stem cells into the lesioned
spinal cord. In the present study, the differentiation of bone
marrow-derived cells in the injured spinal cord was restricted
to glial cells. It was reported that G-CSF promotes migration
and differentiation into neurons of bone marrow-derived cells
in normal and ischemic brain (Corti et al., 2002a; Kawada et al.,
2006). A possible explanation is that the difference in the
microenvironment between the brain and spinal cord and the
difference between the ischemic and traumatic injury models
cause a discrepancy between the results of the previous
reports and the present results in the spinal cord injury model

(Cao et al., 2001). Another possibility is that G-CSF modulated
the environment in the injured spinal cord, including the
cytokine expression profile (Zavala et al, 2002), resulting in
enhancement of sur\}ival, proliferaﬁon and differentiation
into cells of the neural lineage of bone marrow-derived stem
cells that migrated into the lesioned site.

Hind limb function significantly improved in G-CSF-treated
mice in the current study. Possible mechanisms of G-CSF-
mediated functional recovery are as follows: 1) soluble factors
secreted from bone marrow-derived stem cells that migrated
into the lesioned spinal cord may ameliorate functional
deficits. It is known that HSCs secrete growth factors that
have neurotrophic properties (Takakura et al, 2000), and
mesenchymal stem cells secrete interleukins and neuro-
trophic factors (Chopp and Li, 2002), by which HSCs and
mesenchymal stem cells can contribute to the restoration of
damaged central nervous tissue; 2) bone marrow-derived stem
cells that were mobilized into the spinal cord by G-GSF into
host-spinal cord tissue. It has been reported that both HSCs
(Cogle et al., 2004; Sigurjonsson et al., 2005) and mesenchymal
stem cells (Tondreau et al,, 2004) may have the potential to
differentiate into neural cells, although the transdifferentia-
tion of bone marrow cells is still controversial (Herzog et al.,
2003). In addition to G-CSF-mediated differentiation into
neural cells, G-CSF also increased the number of Mac-1-
positive macrophages/microglia. Macrophages/microglia has
the potential to scavenge cell debris around the lesioned site
and to secrete neurotrophic factors, actions that can con-
tribute to the restoration of the damaged spinal cord
(Popovich, 2000; Bouhy et al., 2006).

Recently, it was reported that G-CSF- or GM-CSF-mediated
mobilization of bone marrow-derived cells may promote
spinal cord tissue restoration (Park et al., 2005 Urdzikova et
al., 2006). However, their reports lack the direct evidence of
bone marrow cell mobilization using bone marrow chimera
mice. Moreover, in those reports, G-CSF or GM-CSF adminis-
tration was initiated 1 week after injury, which is different
from the present study. Further investigation is needed to
elucidate the optimal time point of G-CSF-mediated bone
marrow cell mobilization for spinal cord injury.

We also speculated that a direct neuroprotective effect of
G-CSF may ameliorate functional deficits of spinal cord-
injured mice. It is reported that G-CSF inhibits glutamate-
induced neuronal death of cerebellar granule neurons in vitro
and also inhibits ischemia-induced neuronal death in the rat
brain in vivo, resulting in a decrease in infarction volume
(Shabitz et al., 2003; Schneider et al., 2005). These investiga-
tors also reported that the neuroprotective effect of G-CSF is
mediated by the G-CSF receptor and its downstream signal-
ing pathway. In the present study, there is a possibility that
G-CSF may affect the spinal cord neurons and glial cells
directly. Finally, suppression or modulation of cytokine
expression by G-CSF may contribute to the restoration of
the damaged spinal cord and functional recovery. It has been
reported that G-CSF suppresses inflammatory cytokine
expression of monocytes in vitro (Nishiki et al., 2004) and
modulates inflammatory cytokine expression in experimen-
tal allergic encephalitis (Zavala et al,, 2002). Inflammatory
cytokines are thought to promote the progression of second-
ary injury in the acute phase of spinal cord injury. Further
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investigation is needed to elucidate these mechanisms of
action of G-CSF.

Regarding the clinical application of G-CSF for the treat-
ment of spinal cord injury, G-GSF has some advantages over
other treatments under investigation. First, G-CSF has already
been approved as a safe drug, and it is widely used in clinics.
Second, G-CSF-mediated mobilization of bone marrow-
derived cells does not require injection of the cells directly
into the lesioned spinal cord, thus avoiding additional trauma.
Moreover, G-CSF-mediated mobilization of bone marrow-
derived cells does not require harvesting and cultivation of
any cells in vitro, resulting in the avoidance of associated risks
including contamination, tumor formation, immunological
rejection and ethical problems.

In conclusion, G-CSF promotes the migration of bone
marrow-derived cells into the lesioned spinal cord and the
recovery of hind limb function. The present results encourage
the use of G-CSF to treat spinal cord injury, although further
investigation is needed to advance G-CSF treatment for this
clinical application.

4, Experimental procedure
4.1.  Bone marrow transplantation

Bone marrow cells were collected from 8- to 12-week-old male
green fluorescent protein transgenic mice (GFP Tg; Okabe etal,,
1997). GFP Tg mice were euthanized with a pentobarbital
overdose, and femurs and tibias were removed and placed in
cold phosphate-buffered saline (PBS). After removal of the
epiphyses of the femurs and tibias, the marrow was flushed
out with PBS using a 26G needle attached to a syringe. A total of
6x10° bone marrow cells derived from GFP Tg mice were
transplanted intravenously via the tail vein of lethally
irradiated (10 Gy) fernale C57BL/6 mice (SLC, Hamamatsu,
Japan). Four weeks after bone marrow transplantation, whole
bone marrow cells were collected as mentioned above for
fluorescence-activated cell-sorter (FACS) scanner analysis
with FACScan (Becton Dickinson, San Jose, CA) to evaluate
chimerism (n=2).

4.2.  Spinal cord injury and G-CSF treatment

Four weeks after bone marrow transplantation, surgery and G-
CSF treatment were performed. A total of 38 mice were used in
the present study. Animals were divided into four groups,
including spinal cord injury with G-CSF treatment (SCI+G-CSF
group; n=14), spinal cord injury with vehicle control (SCI+PBS
group; n=14), sham operation with G-CSF treatment (G-CSF
group; n=5) and sham operation without G-CSF treatment
(PBS group; n=>5). Under halothane anesthesia, laminectomy
was performed at the Th7-8 level, leaving the dura intact. The
animals were then placed in a stereotaxic apparatus, and two
adjustable forceps were applied to the spinous processes of
both T6 and T9 to stabilize the spine. The dural tube was
compressed with a steady load of 20 g for 5 min at the site of
the Th7-8 laminectomy. The tip of the weight was a 1x2-mm
rectangular plastic plate (Farooque et al., 2001). The mice were
kept under a heating lamp until they regained consciousness.

No pre- or post-operative antibiotics were given. Bladder
function was observed during the first days after trauma for
signs of urinary retention. Food and water were provided ad
libitum before and after the experiments. The mice were kept
in a temperature-controlled environment of 20 °C, and were
exposed to alternate light and dark periods of 12 h. All animals
were treated and cared for in accordance with the Chiba
University School of Medicine guidelines pertaining to the
treatment of experimental animals.

Immediately after injury, recombinant human G-CSF
(200 ug/kg/day; kindly provided by Kirin Brewery Co. Ltd,,
Pharmatheutical Division, Tokyo, Japan) or vehicle alone (1%
bovine serum albumin in PBS) was injected subcutaneously for
5 days in each group.

4.3.  Assessment of locomotor activity

The functional recovery of hind limb of mice in the SCI+G-CSF
{(n=10) and SCI+PBS (n=10) groups was determined by
measuring the hind limb motor function score as previously
described by Faroogue et al. (2001). Mice were allowed to move
freely on the open field with rough surface for 5 min at each
time tested. The hind limb movement of mice were video-
taped and scored by two independent observers who were
unaware of the treatment. Measurement of motor function
was performed before surgery, 1 and 3 days and 1-6 weeks
{once a week) after spinal cord injury. The scale ranged from 0
to 13, and scores were as shown in Table 1. In brief, score 0
means complete paralysis, scores 1-3 means movements of
hind limbs without rhythmical stepping, scores 4 and 5 mean
rhythmical motion of hind limbs without weight bearing
ability, scores 6 and 7 mean weight bearing ability, scores 8-12

Score Criteria

0 No noticeable movements of the hind limbs.

1 Occasional, barely visible movements of any hind limb

/ joint (hip, knee, or ankle).

2 Obvious movements of one or more joints in one hind limb
but no forwards propulsive, stepping movements.

3 Obvious movements of one or more joints in both hind
limbs but no forwards propulsive, stepping movements.

4 Stepping and forwards propulsive movement of one hind
limb. No weight-bearing. Often external rotation of the
hind limb.

5 Alternate stepping and forwards propulsive movements of

both hind limbs but no weight-bearing ability. Often
external rotation of hind limbs.

6 ‘Weight-bearing ability of hind limbs but no normal walking
(external rotation of one or both limbs and/or hip
instability). The animals sweep one or both feet while
walking (an obvious friction noise can be heard).

7 Weight-bearing ability of hind limbs, walks with a mild
deficit (slight external rotation of one or both limbs and/or
hip instability).

8 Normal movements except for reduced speed of walking,

9 Normal movements, ability to walk on a 2-cm wide bar.

10 Normal movements, ability to walk on a 1.5-cm wide bar.

11 Normal movements, ability to walk on a 1-cm wide bar.

12 Normal movements, ability to walk on a 7-mm wide bar.

13 Normal movements, ability to walk on a 5-mm wide bar.
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means walking ability with increase of the hind limb gait
width and score 13 means full recovery..

Mice in both the G-CSF and PBS groups were excluded
from behavioral assessment, because they showed no appa-
rent neurological deficit throughout the experimental period.

4.4. Tissue preparation

For histological evaluation, animals in all of the groups were
perfused transcardially with 4% paraformaldehyde in PBS (pH
7.4) under pentobarbital anesthesia 1 day (n=4/group) and
6 weeks (n=10/group) after surgery. Three segments of spinal
cords, including the lesion epicenter (T7-9) were removed and
postfixed in the same fixative overnight, stored in 20% sucrose
in PBS at 4 °C, and embedded in OCT compound (Sakura
Finetechnical, Tokyo, Japan). The cryoprotected samples were
frozen and kept at —80 °C until use. The samples were cut into
serial 20-um transverse sections with a cryostat and mounted
onto poly-1-lysine-coated slides (Matsunami, Tokyo,.Japan).

4.5.  Histological assessment and immunohistochemistry

We performed luxol fast blue (LFB) staining to measure the
area of spared white matter.

Immunochistochemistry was performed to identify the
distribution and cell types of GFP-expressing bone marrow-
derived cells, as previously described (Hashimoto et al., 2003;
Kamada et al., 2005). The specificity of the staining procedures
was controlled by omitting primary or secondary antibodies.
The primary antibodies used were as follows: rat monoclonal
anti-CD34 antibody (CD34, 1: 200, Acris Antibodies GmbH,
Hiddenhausen, Germany), mouse monoclonal anti-neuronal
nuclear antigen antibody (NeuN, 1:800, Chemicon Int., Teme-
cula, CA) for neurons, mouse monoclonal anti-glial fibrillary
acidic protein antibody (GFAP, 1:1600, Sigma) for astrocytes,
mouse monoclonal anti-adenormatous polyposis coli antibody
(APC, 1:800, Calbiochem, San Diego, CA) for oligodendrocytes,
rat monoclonal anti-CD11b antibody (Mac-1, 1: 400, Serotec,
Oxford, UK) for macrophages/microglia, rat monoclonal anti-
neutrophil antibody (1:400, Serotec) for infiltrating neutrophils,
mouse monoclonal anti-nestin (1:800, Chemicon Int.) for
neural stem/progenitor cells and rat monoclonal anti-CD31
antibody (Pharmingen, San Jose, CA) for endothelial cells. The
sections were reacted with cell-type marker antibodies over-
nightat4°C. After 3 10-min washes with PBS, the sections were
reacted with Alexa 594-labeled anti-rabbit, anti-mouse or anti-
rat1gG antibody (Molecular Probes) at room temperature for 1 h.
The positive signals were observed by fluorescence microscope
(ECLIPSE E600; Nikon, Tokyo, Japan). We also used Zeiss LSM
510 confocal laser scanning microscope to observe GFP- and
GFAP-double-positive cells and GFP- and CD34-positive cells.

For quantitative analysis of the spared white matter area
and the differentiation of bone marrow-derived cells that
migrated into the spinal cord, every fifth 20-um transverse
sections (100 pm apart) were picked up from either 300-900 ym
rostral or 300-900 pm caudal to the lesion epicenter. Sections
near the lesion epicenter were excluded from histological and
immunohistochemical assessment because the tissue des-
truction was too severe to perform quantitative analysis in
that area. Six sections were taken from the spinal cords of

mice from each group. The LFB-positive area was calculated
using Scion Image computer analysis software (Scion Cor-
poration, Frederick, MA). The sections were immunostained
with antibodies to markers for each cell lineage, as described
above. The numbers of double-positive cells and GFP-positive
cells were summed.

4.6.  Statistical analysis

GFP-positive cell count, double immunofluorescence study,
LFB-positive area and the final motor function score were sub-
jected to the Student’s t-test. Motor function scores were sub-
jected to Repeated Measures ANOVA followed by post hoc test
using Scheffe’s F test. Data are presented as mean values+S.E.
Values of p<0.05 were considered statistically significant.
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Traumatic C6—7 subluxation with anomalous course of
vertebral arteries treated with pedicle screw/rod fixation

Case report

MasasHI YAMAZAKL, M.D., Pu.D.,' TAKANA KosHi, M.D.,? CHIKATO MANNOJI, M.D.,!
AKIHIKO OKAWA, M.D., PH.D.,' AND MAsA0 Koba, M.D., PH.D.!

'Department of Orthopaedic Surgery, Chiba University Graduate School of Medicine; and
?Department of Orthopaedic Surgery, Chiba Emergency Medical Center, Chiba, Japan

v"The authors report the case of a 62-year-old woman who suffered an accidental fall and complained of severe neck
pain and right C-7 radiculopathy. A right C6-7 facet fracture—subluxation was diagnosed. Bone fragments impinged
on the right C-7 nerve root at the neural foramen. The bilateral vertebral arteries (VAs) ascended at the anterior aspect
of C-6 and C-5 and entered the transverse foramen at the C-4 level.

Based on findings of anomalous VAs, the authors applied a pedicle screw (PS)/rod system to effect surgical correc-
tion of the deformity. Intraoperatively, they successfully performed reduction of the subluxation, decompression of the
impinged nerve root, and minimum single-segment fusion involving the placement of a PS/rod system. After surgery,
the patient’s neurological deficit dramatically improved and spinal fusion was completed without any loss of deformity

correction.

Prior to surgery for cervical injuries, the possible presence of an abnormal VA course should be considered. Preop-
erative detection of anomalous VAs will affect decisions on the appropriate corrective surgery option in cases of cervi-
cal spine injuries. (DOI: 10.3171/SPI-07/07/065)

KEYy WORDS + cervical spine

treat fracture-subluxation occuring in the subaxial

cervical spine, and the clinical outcomes of these
operations have been reported.**%* To the best of our
knowledge, however, there are no reports in which authors
have described treatment for cervical subluxation associat-
ed with an anomalous VA course in the subaxial cervical
spine. In the present report, we describe the surgical treat-
ment of a patient with a unilateral fracture—subluxation at
the right C6-7 facet joint associated with right C-7 radicu-
lopathy and an abnormal entrance level of the bilateral VAs
into the transverse foramen. In this patient, surgical treat-
ment was successfully performed using a cervical PS/rod
system. '

S EVERAL surgical procedures have been attempted to

Abbreviations used in this paper: CSF = cerebrospinal fluid; CT =
computed tomography; MR = magnetic resonance; PICA = posteri-
or inferior cerebellar artery; PS = pedicle screw; VA = vertebral
artery.

J. Neurosurg: Spine / Volume 7 / July, 2007

pedicle screw ¢ subluxation e« vertebral artery anomaly

Case Report

Examination. This 62-year-old woman suffered an acci-
dental fall and sustained a blow to the head. When she
arrived at our emergency center, she complained of severe
neck pain and motor weakness in her right upper arm. She
experienced decreased right-sided muscle power of finger
and wrist extension (Grades 2/5 and 3/5, respectively).
Moderate hypalgesia was present in the right C-7 derma-
tome. Her nght upper-extremity triceps tendon reflex was
decreased. There was no evidence of myelopathy.

Plain lateral radiography of the cervical spine revealed
anterior translation of C-6 onto C-7 (Fig. 1A). No apparent
congenital cervical skeletal anomaly was noted. An axial
CT scan obtained at C6-7 showed a fractured right facet
joint and bone fragments within the right neural foramen
(Fig. 1B). A right parasagittal CT reconstruction demon-
strated posterior translation of the fractured C-7 vertebra’s
superior facet forming a perched facet of the right C6-7
segment (Fig. 1C). In addition, bone fragments from the C-
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" FIG. 1. Preoperative imaging studies. ~A: Plain lateral radiograph showing anterior translation of the C-6 vertebra rel-
ative to the C-7 vertebra. B: Axial CT scan obtained at the C6-7 level demonstrating a fractured right facet joint (arrow)
and bone fragments in the right neural foramen (arrowhead). C: Right parasagittal CT reconstruction revealing a frac-
tured perched C6-7 facet joint (arrow) and bone fragments that migrated into the right C6-7 foramen (arrowhead).

7 facet joint had migrated to the right C6-7 foramen (Fig.
1C). A left parasagittal CT reconstruction showed normal
- structures of the left facet joints, indicating a unilateral
C6-7 fracture—-subluxation. Both T1- and T2-weighted
midsagittal MR imaging revealed mild anterior and poste-
rior compression of the C6-7 cord, but indication of trau-
matic disc herniation was absent.

An axial CT scan at the C-1 level showed that the size of
the transverse foramen on the left side was smaller than that
on the right side (Fig. 2). In addition, axial CT images of
the subaxial cervical spine showed that the bilateral trans-
verse foramina at C-5 and C-6 were smaller compared with
those at C-3 and C-4 (Fig. 2). These CT findings indicated
the presence of an abnormal course of bilateral VAs in the
cervical spine. To analyze the VA anomalies, we first per-
formed MR angiography but its findings were unclear be-
cause of the artifact caused by the patient’s false teeth. In
addition, the precision of the CT scanner in our emergency
center was insufficient to perform CT angiography. Thus,
in the present case, we used conventional catheter angiog-
raphy to evaluate the details of the VA anomalies.

Selective left VA angiograms demonstrated that the left
VA ascended at the anterior aspect of the C-6 and C-5 ver-
tebrae (Figs. 3A [arrowheads] and 4) and entered the trans-
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verse foramen at C-4 (Figs. 3A and B [arrows] and 4). In
addition, the left VA did not run through the C-1 transverse
foramen after emerging from the C-2 transverse foramen
but, rather, entered the spinal canal at the caudal aspect of
C-1 (Figs. 3A and B [double arrows] and 4), shifting
directly to the left PICA (Fig. 3A and B [asterisks]). The
right VA angiogram demonstrated that the right VA ascend-
ed at the anterior aspect of C-5 and C-6 (Figs. 3C [arrow-
heads] and 4) and entered the transverse foramen at C-4
(Figs. 3C and D [arrows] and 4), as was observed in the left
VA. Regarding the upper cervical region, the course of the
right VA was normal after emerging from the C-2 trans-
verse foramen, entering into the spinal canal at the cranial
aspect of C-1 (Figs. 3C and D [double arrows] and 4).

Preoperative Planning. Because fractured bone frag-
ments were present within the ncural foramen, we did not
perform a closed reduction. We believed that the risk of the
bone fragments’ impingement of the right C-7 nerve root
would be reinforced at the time of reposition. Thus, we
planned a surgical treatment that consisted of decompres-
sion of the impinged root, reduction of the subluxation, and
spinal fusion.

Based on the radiological findings of the abnormal
course of the bilateral VAs, we believed that there would be

J. Neurosurg: Spine / Volume 7 / July, 2007
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FIG. 2. Axial CT scans acquired at the C-1 (upper), C-4 (cen-
ter), and C-5 (lower) levels showing that the size of the transverse
foramen was smaller at C-1 on the left side (arrow) and at C-5 on
both the left and right sides (arrowheads).

an increased risk of VA injury when following an anterior
approach to the C6-7 region because the VAs were unpro-
tected by the transverse process. In contrast, the risk of VA

J. Neurosurg: Spine / Volume 7 / July, 2007

injury due to PS insertion at C6—7 was decreased. Thus, we
performed a one-stage posterior surgery that consisted of
unroofing of the right C-7 nerve root, repositioning of the
deformity, and spinal fusion in which a PS/rod system was
placed.!

Operation. The patient was placed prone. On exposing
the C-6 and C-7 laminae and bilateral facet joints, we
observed disruption of the C6-7 ligamentum flavum and
joint capsule bilaterally. At this stage, we observed CSF
leaking from the right C6-7 interlaminar space. The right
C-7 superior facet was fractured and translated posteriorly,
forming the perched C6-7 facet on the right side.
Segmental mobility at C6-7 was increased compared with
the adjacent C5-6 and C7-T1 segments. We inserted PSs at
C-6 and C-7 bilaterally. To improve the safety and accura-
cy of the screw insertion, we performed pedicle probing
under lateral radiographic imaging. In addition, we used an
angled device that had been developed in our laboratory
(unpublished data). After insertion of the probe, we resect-
ed the caudal portion of the C-6 lamina, the cranial portion
of the C-7 lamina, and the C6-7 facet on the right side.
During this process, we found bone fragments compressing
the lateral portion of the dura mater and the C-7 nerve root
on the right side. After removal of the bone fragments, we
found a small dural tear at the dura—nerve root sheath tran-
sitional region. We confirmed that CSF leaked through this
tear.

After unroofing the right C-7 nerve root, we fixed 4.75-
mm-diameter Isola rods to the screws on both sides. Tight-
ening the locking nuts resulted in complete repositioning of
the C6-7 subluxation. A strut was harvested from the left
iliac crest and grafted onto both sides of the C6-7 spinous
process by using an interspinous process wiring technique.
We placed a free fat graft on the dural tear and sprayed fi-
brin gel over the fat tissue to shield the right C6-7 space
and prevent CSF leakage.

Postoperative Course. Postoperative cervical radiographs
showed the PS/rod system had completely reduced the sub-
luxation deformity (Fig. 5A). Axial CT scanning demon-
strated proper positioning of the PSs (Fig. 5B) and exten-
sive unroofing of the right C-7 nerve root (Fig. 5B arrow).
On the day following surgery, the patient experienced relief
of her neck pain. She gradually recovered muscle power in
her right upper arm, which returned to normal 10 months
after the surgery. Follow-up radiographs acquired 1 year
after surgery demonstrated complete spinal fusion at C6-7
without any loss of spinal correction (Fig. SA). At the final
follow-up examination 2 years after surgery, the patient had
no neurological deficits, did not suffer of any neck pain,
and had no restriction in neck motion.

Discussion

Bruneau et al.# analyzed the courses of VAs in the sub-
axial cervical spine in 250 patients and found that 93% of
the arteries ran a normal course and entered the C-6 trans-

“verse foramen. In the other 7% the entrance level of the VA

was abnormal as follows: at C-3 in 0.2%, C-4 in 1.0%, C-
5 in 5%, and C-7 in 0.8% of cases. Thirty-one (12.4%) of
the 250 patients harbored a unilateral anomaly of the VA
entrance level, and only two patients (0.8%) had bilateral
VA anomalies. In the present case, the bilateral VAs entered
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F1G. 3. Lateral (A and C) and anteroposterior (B and D) angiograms with selective contrast of the left (A and B) and
right (C and D) VAs. The left VA ascends at the anterior aspect of C-6 and C-5 (arrowheads, A) and enters the trans-
verse foramen at C-4 (arrows, A and B). The left VA does not run through the C-1 transverse foramen afier emerging
from the C-2 transverse foramen but enters the spinal canal at the caudal aspect of C-1 (double arrows, A and B), shift-
ing directly to the left PICA (asterisks, A and B). The right VA ascends at the anterior aspect of C-6 and C-5 (arrow-
heads, C) and enters the transverse foramen at C-4 (arrows, C and D). The right VA runs a normal course after emerg-
ing from the C-2 transverse foramen and enters into the spinal canal at the cranial aspect of C-1 (double arrows, C and
D). The top portion of the image in A and the entirety of the images in B and C are subtraction images. In C and D, the
right VA is not selectively contrasted, but other arteries, including the carotid artery, are contrasted simultaneously.

into the transverse foramen at the C-4 level, indicating a
rare anatomical variation of the VA entrance level.

Tokuda et al."” analyzed VA courses at the cranioverte-
bral junction in 300 patients and reported two patients
(0.67%) in whom the PICA originated from the VA be-
tween C-1 and C-2 and entered into the spinal canal from
the caudal side of C-1. This was supplementarily examined
by Sato et al.,'” who found that the incidence of such VA
anomalies was 0.36%. In the present case, the same type of
VA anomaly described by Tokuda et al. was present in our
patient on the left side. To the best of our knowledge, there
have been no reports of cases in which different types of
VA anomalies were simultaneously present at the cranio-
vertebral junction and the subaxial cervical spine, as was
observed in the present case.

For detecting VA anomalies, there have been several
analytical methods including catheter-based angiography,
MR angiography, and 3D CT angiography.'®* Among these,
MR angiography and 3D CT angiography are less invasive
than catheter angiography. In addition, 3D CT angiography
has the additional advantages that it can depict VA images
more preciscly and reconstruct the image from a voluntary
direction, delineating the VA and the circumferential os-
seous tissue simultaneously.'¢ Despite these benefits of MR
angiography and 3D CT angiography, we used catheter
angiography in the present case because the MR angio-
grams were unclear due to artifact, and the precision of our
CT scanner was insufficient to perform 3D CT angiogra-
phy.

Previous reports of cases on the clinical outcome of ra-
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diculopathy associated with unilateral cervical spine injury
in which radiculopathy persisted after treatment showed
that persistence of radiculopathy was more frequent when
the cervical injury was treated conservatively and/or the
reduction of the displaced facet was insufficient.*" In the
present case, impingement of the right C-7 nerve root was
caused by bone fragments derived from the fractured
facets. We recognized the importance of anatomical reduc-

F1G. 4. Schematic drawings of the anomalous courses of bilat-
eral VAs seen anteriorly (left) and posteriorly (right).

J. Neurosurg: Spine / Volume 7 / July, 2007
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FiG. 5. Follow-up imaging studies. A: Plain lateral radiograph obtained 1 year after surgery showing complete re-
duction of the C6—7 subluxation and spinal fusion after application of the PS/rod system. B: Axial CT scans obtained
at the C6 (upper), C6-7 (center), and C-7 (lower) levels taken 3 weeks after surgery demonstrating proper insertion and
positioning of the PSs and extensive unroofing of the right C-7 nerve root (arrow).

tion of the subluxation, appropriate decompression of the
damaged nerve root, and stabilization of the injured seg-
ment of vertebrae.

The authors of previous reports have described using
open reduction for unilateral cervical injury performed via
anterior or posterior approaches.**!? There have also been
reports of intraoperative VA injury during anterior cervical
fusion.>* In the present case, the bilateral VAs ascended at
the anterior aspect of the vertebrae and remained unpro-
tected by the transverse processes at the C5-7 levels. Thus,
the risk of VA injury in anterior surgery would be much
higher than that in cases of normal VA anatomy, and we de-
cided that a posterior approach would be more appropriate
in this case. ,

With regard to posterior surgeries for the reduction and

J. Neurosurg: Spine / Volume 7 / July, 2007

stabilization of unilateral cervical injuries, other investiga-
tors have described the application of a lateral mass plate
system,*'3 which provided satisfactory results in many of
these cases; however, late-developing kyphosis occurred in
some patients in whom lateral mass plate systems were
used.” During surgical planning in the present case, ques-
tions arose on whether fixation with lateral mass screws
could stabilize the spine in minimum, single-segment
(C6-7) surgery. In addition, our intention to unroof the
right C-7 nerve root indicated that only a limited area
would be available for the insertion of right C-6 lateral
mass screws. In light of these treatment factors, we con-
cluded that utilization of lateral mass screws for the anch-
ors would have required us to perform no less than a two-
level C5-7 fusion.
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Authors of biomechanical studics on the cervical spine
have reported that PSs have greater resistance to pullout
forces than lateral mass screws® and are superior for the
correction of cervical injury. The insertion of PSs at the
C3-6 levels, however, poses a potential risk of VA injury
that may result in serious complications." In the present
case, the bilateral VAs did not run through the transverse
foramina but were located at the anterior aspect of the C-6
vertebral body. Thus, the intraoperative risk of VA injury
with the insertion of C-6 PSs was extremely low. When the
superior, inferior, or medial wall of the pedicle is perforat-
ed by the screw, a risk of nerve root injury exists. Abumi et
al 2 have reported that two of 669 cervical PSs caused nerve
root injury, but other investigators have shown that the inci-
dence of nerve root complication associated with lateral
mass screws is not necessarily lower than that of PSs.57 We
therefore decided to apply a PS fixation system containing
arigid constrained screw/rod connection.! In using this sys-
tem, we were able to execute a perfect anatomical reduc-
tion of the displaced cervical spine. Although extensive
unroofing of the right C-7 nerve root was necessary, we
achieved stabilization of the spine with minimum single-
segment (C6-7) surgery.

Conclusions

Before undertaking surgery in cascs of cervical spine
injury, the possible presence of an anomalous VA course
should be taken into account. A preoperative imaging
demonstration of the detailed VA course will affect deci-
sions regarding the appropriate surgical procedure for cor-
rective surgery of cervical injuries.
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Usefulness of 3-Dimensional Full-Scale Modeling for
Preoperative Simulation of Surgery in a Patient With
Old Unilateral Cervical Fracture-Dislocation

Masashi Yamazaki, MD, PhD, Akihiko Okawa, MD, PhD, Tsutomu Akazawa, MD, PhD,

and Masao Koda, MD, PhD

Study Design. Case report.

Objective. We describe the usefulness of 3-dimen-
sional full-scale modeling for preoperative simulation of
surgery in a patient with old cervical fracture-distocation.

Summary of Background Data. Many different surgical
procedures have been used in the treatment of unilateral
cervical fracture-dislocation. However, consistent proto-
cols and procedures for the surgical carrection of old
fracture-dislocations associated with nerve root lesions
have not been established. -

Methods. Two months after an automobile accident, a
50-year-old man developed symptoms of left C5 palsy.
Four months after the accident, he was diagnosed with a
fracture-dislocation at left C4—C5 facet with impingement
of the left C5 root at the neural foramen. In addition, his
left vertebral artery was completely occluded. Spontane-
ous bony fusion had progressed around the left facet and
the anterior aspect of the vertebrae at C4-C5. Before sur-
gery, a 3-dimensional full-scale model in the patient’s
cervical spine was made in order to simulate the planned
surgical reconstruction.

Results. Through this simulation, we were able to ac-
curately evaluate the deformed bony structures around
the fractured C4-C5 facet. During the actual surgery, all
the planned procedures were successfully achieved, in-
cluding anterior release, insertion of pedicle screws at left
C4 and C5, unroofing of the left C5 root, reduction of the
displaced facet with the pedicle screw-rod system, and
spinal fusion at C4-C5. After surgery, the patient’s left C5
palsy was dramatically relieved and the spinal fusion
went on to successful healing.

Conclusion. The surgical simulation made possible by
the 3-dimensional full-scale model appeared to simplify
the surgical procedure and may enhance the safety of the
complex spinal reconstruction.

Key words: dislocation, cervical spine, radiculopathy,
pedicle screw, 3-dimensional full-scale model. Spine 2007;
32:E532-E536

As part of the treatment of unilateral fracture-dislo-
cations of the middle-lower cervical spine, several surgi-
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cal procedures have been described for reduction of dis-
placed facets and vertebrae, decompression of damaged
neural tissues, and stabilization of the cervical spine.'™®
To the best of our knowledge, however, no report has
discussed the treatment for old unilateral cervical frac-
ture-dislocation associated with late onset radiculopathy
and occlusion of the vertebral artery (VA).

In the present report, we describe our experience with
surgical treatment of a patient who had an old unilateral
fracture-dislocation at left C4~C5 associated with late
onset C5 palsy and occlusion of the left VA. Before the
surgery, we created a 3-dimensional (3D) full-scale
model of the patient’s cervical spine from computed to-
mography (CT) data.””'? Using the model, we performed
a simulation of the corrective surgery with a pedicle
screw-rod system. This simulation greatly assisted us in
accurately and safely accomplishing the planned proce-
dures.

m Case Reports

Clinical Profile. A 50-year-old man was involved in an auto-
mobile accident while he was driving a car. During his trans-
port to a hospital emergency room, he complained of severe
neck pain, but no sensory and motor deficit was observed in his
upper and lower extremities. Radiographs taken ar the initial
hospital at the time of his arrival did not appear to show any
abnormal findings in his cervical spine, although they visual-
ized only down to the midportion of the C4 vertebral body and
therefore missed a C4—C35 dislocation. The patient failed to fol-
low up with continued medical care, and only returned back when
he developed symptoms of an acute left C5 palsy 2 months after
the accident. Radiologic examination 3 months after the accident
identified the C4-CS dislocation. The patient was referred to our
hospital for treatment of the C4-C5 dislocation.

On admission to our hospital 4 months after the accident,
the patient complained of severe neck pain and numbness of the
lateral side of his left upper arm. His shoulder abduction mus-
cle power was decreased to 2/5, and clbow flexion was slightly
decreased to 4/5 at the left side. He exhibited sensory loss in the
left C5 dermatome area and had a decreased biceps tendon
reflex in his left upper extremity. He showed no findings of
myelopathy.

Radiologic Findings. A plain lateral radiograph of the cervi-
cal spine showed anterior displacement of the C4 vertebra rel-
ative to the C5 vertebra (Figure 1A). A midsagittal reconstruc-
tion image of the CT myelogram (Figure 1B, upper) showed
that the spinal cord was slightly compressed anteriorly by the
posterior-superior edge of the CS vertebra. An axial image of
the CT myelogram at the C4-CS5 level showed that the left
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Figure 1. A preaperative plain
lateral radiograph (A} shows an-
terior displacement of the C4 ver-
tebra. A midsagittal reconstruc-
tion image {B, upper) of the
computed tomography (CT) my-
elogram shows anterior com-
pression of the spinal cord by the
C5 vertebra. An axial image of
the CT myelogram at C4-C5 (B,
lower) shows bone fragments
within the left C4-C5 foramen
{arrow) and at the anterior as-
pect of the C4-C5 vertebrae (ar-
rowhead). Anterior view of 3-di-
mensional CT angiography (C)
shows occlusion of left vertebral
artery (VA) and bony bridges
over the C4-C5 vertebrae (ar-

rows). A

C4-CS5 foramen contained bone fragments originating from
the fractured left C4—CS5 facet (Figure 1B, lower, arrow), indi-
cating impingement of the left C5 root at the left C4-C$ fora-
men. The image also showed bone fragments at the anterior
aspect of the C4~C5 vertebrae, indicating a partial vertebral
body fracture (Figure 1B, lower, arrowhead). An axial image of
the CT myelogram at the CS§ level showed a fracture of the left
transverse process of C5. Anterior view of the 3D CT angiog-
raphy {(Figure 1C), in conjunction with magnetic resonance
(MR) angiography findings, revealed occlusion of the left VA.
The images also showed bony bridges over the C4 and C§
vertebrae (Figure 1C, arrows).

Surgical Simulation. The surgical procedure we initially
planned consisted of partial bone excision of the deformed
fused left C4 —CS5 facet, unroofing of the left CS root, correction
of the deformity, and spinal fusion with a pedicle screw-rod
system.'! To evaluate the details of the anatomic structure of
the patient’s cervical spine, we used a rapid prototyping tech-

A B

A

nique to manufacture a 3D full-scale model of his cervical spine
from his CT dara (Figure 2A, B). Our model clearly showed the
deformed C4-CS facet.

Before the actual operation, we performed a simulation of
our planned surgery on the model. First, we inserted pedicle
screws at C4 and CS on the left side (Figure 2A, B). Using the
model, we then determined the area of bone excision required
to achieve posterior release of the left C4-C3 facet and unroof-
ing of the left C5 root (Figure 2C). This simulation clearly
demonstrated that the left C4-CS5 facet was remarkably thick-
ened and that spontaneous bone union had progressed not only
at the fractured facet (Figure 2C, upper) but also at the anterior
aspect of the C4—C5 vertebrae (Figure 2C, lower, arrow).
Based on this information, we concluded that successful reduc-
tion of the locked facet would require bone excision through
both anterior and posterior approaches.

Operation. The first stage of the actual surgery was an ante-
rior release. We resected the bony bridges between the C4 and

Figure 2. Posterior (A) and left
lateral (B) views of the 3-dimen-
sional full-scale model show the
pedicle screws inserted at C4
and. C5 on the left side. The frac-
tured left C4 inferior facet (ar-
rowhead) and posteriorly trans-
lated left C5 superior facet
(asterisk) are indicated. Posterior
(C, upper) and left anterior-
lateral (C, lower} views of the
model show the area marked
with black ink where bone exci-
sion is planned. An arrow identi-
- fies a bony bridge over the
C C4-C5 vertebrae.
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Figure 3. These 2 intraoperative
photographs illustrate key mo--
ments of the actual surgery. A,
Exposure of the C4 and C5 lami-
nae and the left C4-C5 facets
reveals a fractured left C4 infe-
rior facet {arrowhead) and pos-
terior translation of the left C5
superior facet (asterisk). B, Pedi-
cle screws have been insertedat
C4 and C5 on the left side; the left
C5 root has been progressively
unroofed until the lateral edge of
the facet was reached (arrow).
Double arrow indicates dura
mater.

CS vertebrae, excised the caudal portion of the C4 vertebra and
the cranial portion of the C5 vertebra. We next excised the
lateral wall of the C4 and CS5 vertebrae until the left uncover-
tebral joint was completely removed. During this procedure,
our 3D full-scale model was quite useful for detecting the de-

formation of the bony structure around the uncovertebral

joint. After completing the anterior release, we inserted a disc
interspace spreader and dilated the C4-C5 space. However,
our reduction from the anterior direction was not successful.

We began the second stage of the surgery by repositioning
the patient into a prone position. On exposure of the C4 and
C5 laminae and bilateral facets, we observed a progressed bony
union at the fracture site of the left C4~CS5 facet (Figure 3A)
and no mobility of the C4-CS segment. We inserted pedicle
screws at C4 and CS on the left side. By looking at the 3D
full-scale model intraoperatively, we were ablc to evaluate the
anatomic landmarks of the displaced fractured facet of the left
side in detail and to accurately determine the insertion points of
the pedicle screws. After inserting the pedicle screws, we re-
sected the caudal portion of the C4 lamina, the cranial portion
of the C5 lamina, and the C4~CS5 facet on the left side. During
this process, we first located the dura mater (Figure 3B, double
arrows) and then progressively unroofed the left C5 root until
we reached the lateral edge of the facet (Figure 3B, arrow).

After completing the left C4—C5 facet resection, we per-
formed a manual reduction of the dislocation. Even at this stage
of the operation, however, we were not able to properly per-
form the reposition. We then installed a 4.75-mm diameter
ISOLA rod to the screws. Tightening the locking nuts resulted
in posterior translation of C4 vertebra and complete reposi-
tioning of C4 relative to C5. A strut bone was harvested from
the iliac crest, and grafted onto the right side of the spinous
process from C4—-C$ using an interspinous process wiring tech-
nique.

For the third stage of this surgery, the patient was moved
back into a supine position. Anterior intervertebral fusion from
C4-CS5 was performed using a tricortical strut bone from the
iliac crest.

Postoperative Course. Postoperative cervical radiographs
showed complete reduction of the dislocation with the pedicle

screw and rod system. CT reconstruction images demonstrated
extensive unroofing of the left C5 root (Figure 4B, C, arrow)
and proper positioning of pedicle screws (Figure 4C).

On the day following surgery, the patient felt pain relief in
his neck and left upper arm. Two days after surgery, he was
able to elevate his left upper arm. Eleven months after surgery,
his left upper arm muscle power had returned to normal. Fol-
low-up radiographs taken 20 months after surgery showed
complete spinal fusion at C4-C5 without any correction loss
{Figure 4A). At this 20-month follow-up visit, the patient ex-
hibited no neurologic deficits, did not complain of any pain in
his neck and left upper arm, and had no restriction in his neck
motion.

B Discussion

Regarding the neurologic deficits associated with unilat-
eral cervical dislocation/fracture-dislocation, previous
studies found that the incidence of radiculopathy ex-
ceeded 60%.%* Other reports also observed high inci-
dences of radiculopathy in cervical injuries with similar
pathologic conditions, including lateral mass/facet frac-
ture® and unilateral lamina/facet fracture.* To the best of
our knowledge, however, no report has described late
onset C5 palsy associated with unilateral cervical frac-
ture-dislocation, as was observed in the present case. In
the present case, the source of impingement of left C§
root was probably bone fragments from the fractured
facets. Presumably, the persistence of segmental mobility
at C4-CS$ after the injury enabled progressive migration
of the bone fragments into the neural foramen, increas-
ing the damage to the left C5 root.

When unilateral facet dislocation of the cervical spine
was left in an unreduced position, it resulted in a me-
chanical malalignment that might causc increased inci-
dence of late disc degeneration, late pain, or root entrap-
ment.>” As for the clinical outcome of radiculopathy
associated with unilateral cervical spine injury, previous
reports identified cases in which radiculopathy persisted

dght T Lippincoll Wiliams & Wilkins. Unauthorized repreduction of this artiche is prohibited.
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Figure 4. A plain lateral radio-
graph 1 year and 8 months after
surgery (A) shows complete re-
duction of the C4-C5 dislocation
and spinal fusion. Frontal (B, up-
per} and right parasagittal (B,
lower) CT reconstruction images
1 week after surgery show suc-
cessful unroofing of the left C5
raot {arrow). Axial CT images at
the C4, C4-C5, and C5 levels (C)
show proper insertion and posi-
tioning of the pedicle screws and
extensive unroofing of the left C5

root {arrow). A

after the treatment.*’ Persistence of radiculopathy was
more frequent when the cervical injury was treated con-
servatively and/or the reduction of the displaced facet
was insufficient. These observations indicate the impor-
tance of incorporating anatomic reduction of the defor-
mity, appropriate decompression of the damaged nerve
root, and stabilization of the injured segment of verte-
brac into the treatment of radiculopathy associated with
unilateral cervical fracture-dislocation.

Previous reports have described the application of a
lateral mass plating system for the reduction and stabili-
zation of unilateral cervical dislocation/fracture-dislo-
cation.*® In many cases, this system provided satisfactory
results. However, late-developing kyphosis occurred in
some patients treated with lateral mass plate systems.* Pre-
vious biomechanical studies in the cervical spine have re-
ported that pedicle screws have greater resistance to pull-
out forces compared with lateral mass screws,'?
demonstrating the superiority of pedicle screws for the
reduction of rigid transitional deformities of the cervical
spine. In the present case, therefore, we selected a pedicle
screw-rod system containing a rigid constrained screw-
rod connection.’” By using this system, we were able to
achieve perfect anatomic reduction of the displaced
cervical spine. Although we performed an extensive
unroofing of the left C5 root, we achieved stabilization
of the spine with a minimum single segment (C4-C3)
surgery.

In the present case, since images of 3D CT angiogra-
phy showed occlusion of left VA, injuring the remaining
right VA during surgery could have resulted in serious
complications due to consequent brainstem ischemia.’”
We therefore eliminated pedicle screw insertion into the

copyright < Lippincott Willlams & Wilkins. Unauthorized reproduction of this article is prohibited.
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right side during our surgery. Taneichi et al analyzed 11
patients with traumatically induced VA occlusion asso-
ciated with cervical spine injuries and found thar resto-
ration of VA blood flow occurred after treatment in 3 of
their 11 patients.’® This study led us to insert pedicle
screws carefully and accurately even on the VA-occluded
side. In the present case, we conducted a surgical simu-
lation of the pedicle screw insertion at C4—C35 and the
anterior and posterior releases using the 3D full-scale
model. Through the simulation, we could accurately
evaluate the detailed bony structures of the deformed
cervical vertebrae. Intraoperatively, the model facilitated
our understanding of the anatomic landmarks around
the facet joint, lateral mass, and osseous bridges over
C4-CS5 disc, thereby enabling us to successfully insert
pedicle screws and accomplish the appropriate anterior
and posterior releases during actual surgery.

| Key Points

e We report a case of old fracture-dislocation at
left C4—CS5 facet, late-onset CS palsy, and occlu-
sion of the left vertebral artery.

® Reduction of the deformity, decompression of
the impinged left C5 nerve root, and spinal fusion
at C4-C5 were successfully performed using a
pedicle screw-rod system.

e Surgical simulation using a 3D full-scale model
simplified the surgical procedure and enhanced the
safety of the complex spinal reconstruction for this
patient.
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