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A spinal cage is one of the primary spinal devices used for the treatment of spinal diseases such as lumbar spondylolisthesis. Since it is set
in the intervertebral space that causes instability to promote the fusion of the adjacent vertebral bodies, it requires the early induction of healthy
bones. For this reason, in most cases, an autogenous bone extracted from the patient’s ilium is implanted in the interior of the cage to stimulate
bone formation. However, collecting autogenous bone involves secondary surgery and several clinical problems such as pain in the part from
which it is collected. Additionally, the effect of the autogenous bone graft itself has not been sufficiently studied yet. Moreover, the mechanical
functions of trabecular bones in a vertebral body are governed by the anisotropic structure of the trabeculae and the preferential orientation of the
apatite/collagen in a trabecula with respect to the principal stress. Despite this fact, after the implantation of the cage, the mass of the bones is
evaluated with soft X-ray photography, which does not guarantee an accurate measurement of bone functions. In this study, the effect of the
autogenous bone graft on the spinal cage was verified based on structural anisotropy of trabecular bones and the preferential orientation of
apatite/collagen in a trabecula using sheep. The autogenous bone graft demonstrated a significant effect on the increase of bone mass and
anisotropy of the trabecular structure. However, compared to the trabecular anisotropy of normal parts, the anisotropy of the trabecular structure
and apatite c-axis orientation of the parts with autogenous bone graft were considerably lower, indicating a minimal effect of the autogenous
bone graft. Therefore, it was suggested that early stabilization of the spinal cage requires another strategy that rapidly forms the unique

hierarchical anisotropic structure of trabecular bones.
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1. Introduction

A spinal cage is one of the primary spinal implant devices
used for the treatment of diseases such as degenerative
spondylolisthesis, which cause neuropathy due to a
destabilized vertebral body. Because it is inserted in an
intervertebral space to fuse and stabilize the adjacent
vertebral bodies, it is also referred to as an intervertebral
fusion cage. The number of patients who used a spinal cage
in Japan was more than 70,000 in 2017, and this figure is
expected to increase in the future as the population ages."

Since a spinal cage stabilizes the vertebral bodies, it is
essential that there is a rigid fusion between the cage and
vertebral bone. The most common shape of a spinal cage
currently used is the box type, which has a large cavity in the
central part to accelerate fusion with the adjacent vertebrae.
In most cases, this cavity is filled with grafted bone extracted
from the ilium to stimulate osteointegration.? However,
extracting a bone graft from the ilium is an invasive and
burdensome procedure for the patient, and the pain occurs
at the harvest site of iliac crest bone graft after the surgery,
which are clinical problems associated with autogenous bone
graft.>¥ For this reason, it is necessary to develop a new
spinal cage that stimulates osteointegration and provides
strong mechanical fixation without the use of autogenous
bones. In practice, however, the effects of autogenous bone
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graft on mechanical fixation have not been sufficiently
studied yet.>

The mechanical functions of a bone are governed not only
by its mass but also by bone quality partly characterized by
the preferential orientation of bone matrix, which mainly
consists of collagen and apatite.® Since a vertebral body
contains abundant trabecular bones, the mechanical fixation
between the cage and bones is determined by the structural
anisotropy of the trabeculae and the preferential orientation
of collagen/apatite within it. Therefore, these indices can be
used as new indices to evaluate the soundness of trabecular
bones.” Through the construction of anisotropic trabeculae
that runs along the trajectory of principal stress, as well as
the anisotropic material of the trabecula,'” the mechanical
properties of trabecular bones in the stress direction were
improved. However, the evaluation of the bone after the
implantation of the spinal cage is performed based on the
bone mass by soft X-ray photography, X-ray computed
tomography (CT), and histopathological tissue examination.

In this study, we performed a cage implantation test in a
sheep with a standard box-type spinal cage to clarify the
effects of autogenous bone graft using new evaluation
indices: trabecular structure anisotropy and preferential
orientation of collagen/apatite within the trabecula.

2. Materials and Methods

2.1 Design and construction of a spinal cage for a sheep
In this study, to construct a spinal cage with the shape and
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size of the vertebral body of the sheep used, we designed it
using previously acquired micro-CT images of sheep spine.
The cage was designed with a width of 12 mm and a length of
23 mm to prevent deviation of the cage from the anterior edge
of the vertebral body and interference between cage and
spinal canal (spinal nerve). The height of the cage was set to
7mm. This is adequately higher than the soft tissues
including the intervertebral disk. Two cavities, which were
each 6 mm wide and 6.5 mm long, were created in the interior
of the cage. Additionally, to increase the fluidity of the bone
marrow, a through hole with a diameter of 1.5mm was
created on the side of these cavities (Fig. 1). The cage was
constructed with Ti-6A1-4V ELI (extra low interstitial) alloy
powder based on computer-aided design (CAD) (Solid-
Works; Dassault Systémes SolidWorks, France) data. The
cage was fabricated with the electron beam melting (EBM)
method (Model Q10; Arcam, Sweden),'" one of the layer-by-
layer powder bed fusion type metal 3D-printers in which a
thin layer of metal powder is selectively melted by an
electron beam irradiation to form 3D structures.

2.2 Implantation of the spinal cage in the sheep spine
Five 18-months-old male Suffolk sheep weighting 72 £+
6kg were used in the experiment. They were fixed in the
lateral decubitus position under inhalation anesthesia. The
spinal cage was implanted in the space between lumbar
vertebral body L1-L2 and L3-L4 (Fig. 2) through a lateral
approach. With a box chisel, the intervertebral disks were
partially cut according to the shape of the cage which was
implanted in that cut part. Pedicle screws were attached to the
vertebral body adjacent to the affected part, and the implanted
spinal cage was compressed by connecting these screws with
a rod. To analyze the effects of autogenous bone graft under
similar conditions, one of the cavities in the spinal cage was
filled with autogenous bone extracted from the ilium (bone
graft (BG) group), and the other was left empty (control
group) (Fig. 1(c)). After removing the fibrous soft tissue, the
autogenous bone was crushed into pieces with a size of
2-3mm using a bone rongeur. The autogenous bone was
filled in the cage cavity without any additional treatments.
The implantation period was set to eight weeks so that
the initial osteointegration behavior could be analyzed. In the
eighth week after the surgery, calcein green (25 mg/kg) was
administered intravenously, and the bones were fluorescent-
labeled. Eight weeks after the implantation, the animals were
euthanized (pentobarbital, 20 mg/kg, intravenous adminis-
tration), and the cages were removed along with the
surrounding bones. The bones were immersed in 70%
ethanol and fixated. All experimental procedures were
approved by the Institutional Review Board of the Bioscience
Department/Toya Laboratory of Hokudo Co., Ltd.

2.3 Analysis of bones around and inside the spinal cage

Based on the analysis of the bones around and inside the
spinal cage, two types of undecalcified thin slices in the
sagittal section were obtained to evaluate the effect of the
autogenous bone transplantation. The first type was a
histopathological tissue slice, which was stained with
Villanueva bone stain, embedded in methyl methacrylate
resin, and polished to a thickness of 100 um. It was placed
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Fig. 1 (a) Schematics representing shape and dimensions of the spinal
cage and (b) picture of fabricated cage by electron beam melting.
(c) Autogenous iliac bone graft on one side of the cavities.

under visible and fluorescent light to observe bone formation
activity and bone morphology. The second type was a 1-mm-
thick slice obtained from the part adjacent the histopatho-
logical slice. The trabecula was photographed using the
micro-CT method (SMX-100CT, Shimadzu, Japan), and the
amount of trabecular bone determined as percent of bone
volume with respect to total bone volume (BV/TV) and
degree of anisotropy of the trabecular structure along the
craniocaudal axis were quantitatively analyzed using the 3D
analysis software TRI-3D BON (Ratoc System Engineering,
Japan). The degree of trabecular anisotropy was quantita-
tively determined from the aspect ratio of fabric ellipsoid
(major axis length/minor axis length) calculated from the
mean intercept length.”) Additionally, the apatite c-axis
orientation in the trabecula within the X-ray irradiation area
was analyzed with a microbeam X-ray diffractometer (R-Axis
BQ; Rigaku, Japan) that has a transmission optical system.
The Mo-Ka was used as a radiation source. The collimator
diameter was 800 um and the measurement time was 300
seconds. The incident beam was irradiated vertically to sliced
sample to obtain the two-dimensional diffraction intensity
distribution (Debye ring) on the slice surface.'” The
integrated diffraction intensity (/) from the crystal plane
(002) representing the c-axis and that from (310)
perpendicular to (002) were obtained at every azimuth angle
(B) of 1°. The B dependency of each diffraction intensity was
approximated by the least square method with the modified
ellipsoid function below
1B = {cosz(ﬁ — ) sin*(B— M)}
a? b?

and the integrated diffraction intensity ratio / (002)/7 (310)
was calculated for each B.'¥ a, b, ¢, and u are constants. This
enables to analyze the direction and magnitude of maximum
apatite c-axis orientation within the plane. Moreover, the
preferential orientation of apatite c-axis reflects that of
collagen fibers because apatite crystallizes on the collagen
template in an epitaxial manner through an in vivo self-
assembly process so that apatite c-axis is parallel to the
elongated direction of collagen.'¥

The numerical data obtained from each analysis above is
represented as the mean value =+ standard error. The mean
values were considered statistically significant when P <
0.05. Data were analyzed using repeated measures analysis

ol—

—c (D
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<Sagittal section> <Coronal section>

Fig. 2 Computed tomography images of spinal cage after implantation into
the intervertebral space.

of variance (IBM SPSS software for Microsoft Windows
version 25 (SPSS Japan Inc., Japan)).

3. Results and Discussion

All the animals started walking less than one hour after the
surgery, and no infection was observed during the test period.
In this study, we designed and produced an intervertebral
spinal cage with two cavities and verified whether the
autogenous bone graft had any effect on bone fusion through
the cavities.

Micro-CT was used to confirm that the spinal cage was
implanted in the intervertebral space of the extracted spine
(Fig. 2). Figure 3 shows images of the sagittal section,
including the cage, stained with Villanueva bone stain and
green-fluorescent calcein. No soft tissue was observed
between the cage and the adjacent vertebral body, indicating
that the height of the cage was appropriate. Bone ingrowth
from the adjacent vertebral body was observed in the cage
cavity, regardless of the autogenous bone. Since calcein
combines with calcium, fluorescent coloring were observed
in bone that calcified when the calcein was administered.
From the image of the calcein staining (Fig. 3(b)), we noted
that, the bone formation activity after the cage implantation
was limited to the interior and a small peripheral part of the
cage.

Figure 4 shows micro-CT images of bone tissue from inner
regions of the cavities in the cage and bone tissue 7 mm
distant from the cage surface. Since almost no calcein
coloring was detected in the distant region, we referred to this
distant region as the normal part, which was hardly influenced
by the implantation of the cage.”” The morphology of the
trabeculae in the inner and distant regions was very different.
While the trabeculae preferentially run along the craniocaudal
axis in the distant region, the trabecular structure was less
anisotropic and the trabecula was thin in the inner regions,
regardless of the transplanted autogenous bone.

The BV/TV and degree of trabecular anisotropy of the
inner and distant regions are shown in Fig. 5. The data from
the distant region is indicated by the broken line. The BV/TV
of the BG group was significantly higher than that of the
control group. Additionally, even though the trabecular

Craniocaudal axis

Fig. 3 (a) Villanueva bone stain image and (b) calcein fluorescent image of sagittal section including spinal cage cavities. *: cross-section

of Ti-6Al-4V cage.

Control

Craniocaudal axis

Distant

Fig. 4 Micro-X-ray computed tomography cross-sectional images of vertebral trabecular bone from (a) inner regions of the cage of control

group and (b) BG group, and (c) distant region.
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Fig. 5 (a) Amount of trabecular bone (BV/TV) and (b) degree of
trabecular anisotropy from inner regions of the cage in control and BG
groups (bars) and distant region (broken line). *: P < 0.05. #: P < 0.05 vs
distant region.
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Fig. 6 (a) Representation of analyzed points and (b) degree of apatite
c-axis orientation analyzed in the inner regions of the cage in control and
BG groups (bars) and distant region (broken line). #: P < 0.05 vs distant
region.

anisotropy was significantly high in the BG group, it was
considerably lower than that of the distant region in both
groups.

Figure 6 shows the apatite crystallographic c-axis
orientation along the craniocaudal axis. For each animal,
the mean value from seven points in the inner region and
from two points in the distant region was used. Even though
there was no significant difference between the control group
and the BG group, the control group without autogenous
bone graft showed a significantly low orientation in the
distant region.

The aforementioned results indicate that autogenous bone
graft can effectively increase the amount of bone formation
and trabecular structure anisotropy in the craniocaudal axis.
The fact that the trabecular bones form the preferential
trabecular directionality along the principal stress direction
through remodeling suggests that the cellular components
and various cytokines contained in grafted bones, including
bone marrow, contributed to the increase in the remodeling
activity. However, the anisotropy and apatite orientation of
the trabecular structure in the inner part was very low. We,
therefore, conclude that the effect of the autogenous bone
graft on the initial recovery in mechanical function is minor
in this case.

A strategy for the reconstruction of the unique hierarchical
anisotropy of the trabecular bone should be required for early
stabilization of the spinal cage. Other studies have reported
the use of growth factors such as bone morphogenetic
protein-2 to accelerate the fusion, and soft X-ray photographs
indicated a high fusion rate.!>!'® However, since these
photographs only allow for a quantitative evaluation of bone
mass, it is unclear whether the bone is mechanically sound.
The use of growth factors increases bone formation activity
dramatically. On the other hand, it has been reported that
growth factors lead to the formation of bones with low
orientation and inferior mechanical functions.®!” A different
strategy other than use of growth factors is required for the
early recovery of bone anisotropy.

For example, the elongation and alignment of the
osteoblasts, which form bones, is extremely important for
the matrix orientation in bones. Bone matrix is formed in
parallel with the aligned direction of the osteoblasts and the
higher osteoblast alignment results in the more prominent
bone matrix orientation.'® It is also possible to obtain aligned
osteoblasts from undifferentiated cells such as induced
pluripotent stem (iPS) cells.!” The arrangement of osteo-
blasts can be controlled with fine anisotropic grooves on
the substrate.?%2!) The challenge is how to introduce a surface
with such a fine structure into the interior of the spinal cage.
Moreover, implant devices that is suited to respective spinal
bone defects created, for example, by resection of cancer
metastasis?* 2% will gain more importance in the future. 3D
printers which enable to fabricate 3D structure with high
flexibility in product shape and high precision should be one
of the solutions.

The validity of the sheep model for the study of the spinal
devices for human should be discussed. As humans are
bipeds and sheep are quadrupeds, the craniocaudal axis
directions of their spines are vertical and horizontal,
respectively, to the ground. However, the anatomical shape
of the sheep spine is similar to that of humans,?” and both
have a trabecula that runs in parallel with the craniocaudal
axis. This also supports the assumption that the direction of
principal stress in the vertebral bodies of humans and sheep
is similar with respect to the craniocaudal axis.?® In the case
of quadrupedal animals, bending moment is applied on the
spine, which is converted to an axial load on the craniocaudal
axis. Based on these facts, we can say that studies involving
sheep are useful for the research and development of spinal
devices for humans.

4. Conclusion

In this study, we used sheep to verify the effect of
transplanting autogenous bone into cavities in a spinal cage
with a hollow structure. The results indicated that trans-
planted autogenous bone could increase the bone mass and
anisotropy of the trabecular structure. However, compared to
a normal part, the trabecular structure anisotropy and apatite
orientation were considerably low, even after autogenous
bone transplantation. Therefore, the results suggest that a
strategy for the reconstruction of the unique layered
anisotropy of the trabecular bone for early stabilization of
the spinal cage is required.
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