
Title

Trabecular health of vertebrae based on
anisotropy in trabecular architecture and
collagen/apatite micro-arrangement after
implantation of intervertebral fusion cages in
the sheep spine

Author(s) Ishimoto, Takuya; Yamada, Katsuhisa; Takahashi,
Hiroyuki et al.

Citation Bone. 108 p.25-p.33

Issue Date 2018-03-01

oaire:version VoR

URL https://hdl.handle.net/11094/89831

rights This article is licensed under a Creative
Commons Attribution 4.0 International License.

Note

Osaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



Bone 108 (2018) 25–33

Contents lists available at ScienceDirect

Bone

j ourna l homepage: www.e lsev ie r .com/ locate /bone
Full Length Article
Trabecular health of vertebrae based on anisotropy in trabecular
architecture and collagen/apatite micro-arrangement after implantation
of intervertebral fusion cages in the sheep spine
Takuya Ishimoto a, Katsuhisa Yamada b, Hiroyuki Takahashi a,c, Masahiko Takahata b, Manabu Ito d,
Takao Hanawa e, Takayoshi Nakano a,⁎
a Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, 2-1, Yamada-Oka, Suita, Osaka 565-0871, Japan
b Department of Orthopedic Surgery, Graduate School of Medicine, Hokkaido University, North-15, West-7, Kita-ku, Sapporo, Hokkaido 060-8638, Japan
c Teijin Nakashima Medical Co., Ltd., 688-1 Joto-Kitagata, Higashi-ku, Okayama 709-0625, Japan
d Department of Spine and Spinal Cord Disorders, National Hospital Organization, Hokkaido Medical Center, 5-7-1-1 Yamanote, Nishi-ku, Sapporo, Hokkaido 063-0005, Japan
e Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, Kanda-surugadai, Chiyoda-ku, Tokyo 101-0062, Japan
⁎ Corresponding author.
E-mail address: nakano@mat.eng.osaka-u.ac.jp (T. Nak

https://doi.org/10.1016/j.bone.2017.12.012
8756-3282/© 2017 The Author(s). Published by Elsevier I
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 17 August 2017
Revised 7 December 2017
Accepted 10 December 2017
Available online 11 December 2017
Healthy trabecular bone shows highly anisotropic trabecular architecture and the preferential orientation of col-
lagen and apatite inside a trabecula, both of which are predominantly directed along the cephalocaudal axis. This
makes trabecular bone stiff in the principally loaded direction (cephalocaudal axis). However, changes in these
anisotropic trabecular characteristics after the insertion of implant devices remain unclear. We defined the tra-
becular architectural anisotropy and the preferential orientation of collagen and apatite as parameters of trabec-
ular bone health. In the present study, we analyzed these parameters after the implantation of two types of
intervertebral fusion cages, open and closed box-type cages, into sheep spines for 2 and 4 months. Alteration
and evolution of trabecular health around and inside the cages depended on the cage type and implantation du-
ration. At the boundary region, the values of trabecular architectural anisotropy and apatite orientation for the
closed-type cages were similar to those for isotropic conditions. In contrast, significantly larger anisotropy was
found for open-type cages, indicating that the open-type cage tended to maintain trabecular anisotropy. Inside
the open-type cage, trabecular architectural anisotropy and apatite orientation significantly increased with
time after implantation. Assessing trabecular anisotropy might be useful for the evaluation of trabecular health
and the validation and refinement of implant designs.
ano).
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© 2017 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The evaluation of bone health, including structural and functional
soundness, after the implantation of bone joint devices is crucial for val-
idating and improving them. The spine plays significant functional roles,
such as load bearing and hematopoiesis; therefore, devices for the spine,
such as intervertebral fusion cages and pedicle screws, should be creat-
ed to facilitate the maintenance and quick recovery of spinal function.

The spine is predominantly longitudinally loaded [1]. Vertebral bod-
ies consisting of a cortical shell and inner trabecular bone mainly play
the role of sustaining the load applied to the spine [2]. The stress field
in the vertebral body is highly anisotropic; it is almost uniaxial along
the cephalocaudal axis [1,3]. Likewise, the mechanical property of the
vertebral body is anisotropic [4]. Themechanical properties of biological
materials including bone are often based on their macroscopic
an open access article und
architecture and the specific arrangement of their microstructure [5].
Hierarchical ordering is effectively used in many biological materials
to maximize their functionality. With regard to trabecular bone, which
was reported to contribute to a significant proportion of vertebral
strength [6–8], hierarchically ordered anisotropic structuring sustains
the anisotropic stress field. The macroscopic trabecular architectural
orientation predominantly runs along the principal stress line, which
is typically seen in the proximal femur [9], calcaneal bone [10], and ver-
tebral body [11,12]; this is known as Wolff's law. As a result, trabecular
bone exhibits macroscopic anisotropy in an apparent Young's modulus
[12,13]. In addition, trabeculae showanisotropy in their componentma-
terial, whichmainly comprises organic collagen fibers and inorganic ap-
atite crystals. In a trabecula, the crystallographic c-axes of apatite [14,
15] and collagenmolecules [16], which act as templates for the epitaxial
precipitation of apatite, are preferentially oriented parallel to the trabec-
ular long axis. The apatite c-axis and collagen fiber direction (the stron-
ger direction of each material) co-orient in the trabecular direction,
leading to anisotropy of the intrinsic mechanical property such that
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the Young's modulusmeasured along the trabecular axis is greater than
that along the transverse axis [17]. Thus, trabecular bone is efficiently
strengthened in the principally-loaded direction through the formation
of hierarchical anisotropy in structure and mechanical properties.

The preferential orientation of collagen and the apatite c-axis is of re-
cent interest as a bone quality index because of its importance in evalu-
ating and predicting the mechanical properties and anisotropy of bone
[18–20]. It is becoming an important parameter for developing implant
devices in accordance with the concept that an implant should not dis-
rupt the structure of surrounding bone tissue and should generate bone
with an optimally oriented microstructure [21,22]. However, the effect
of implant devices on the orientation of the trabecular structure remains
unclear. In the present study, two types of intervertebral fusion cage
were investigated. One is a widely used, open box-type cage with a
large cavity for the bone graft to promote fusion between the vertebral
bodies. The other is a closed box-type cage that was recently introduced
to eliminate the need for an autogenous iliac bone graft [23,24]. The
bonding strength at the bone-cage interface was reported to differ be-
tween the two cages [23], suggesting a difference in bone formation be-
havior around them.

Here, we defined the anisotropic features of trabecular bone, i.e., tra-
becular architectural anisotropy and preferential orientation of collagen
and apatite, as parameters for trabecular bone health.We analyzed such
parameters after the implantation of two different intervertebral fusion
cages into the spines of sheep. The aims of the present study were to
compare the health of the trabecular bone surrounding the two types
of cage and to trace the evolution of trabecular anisotropy over time
in the cavity of the open-type cage. The findings of this study demon-
strate the importance of assessing trabecular anisotropy as a parameter
of bone health for the validation and optimization of implant design.

2. Materials and methods

2.1. Intervertebral fusion cages

Closed-type (Fig. 1a) and open-type (Fig. 1b) intervertebral fusion
cages with dimensions of 8 × 8 × 20mmwere prepared. For the closed
cage, a 1-mm thick porous titanium (Ti) sheet was firmly attached to
the upper, lower (5 × 13 mm), and lateral surfaces (5 × 6 mm) of the
cage by a diffusion bonding method to enhance the compatibility with
trabecular bone [23]. The porous Ti sheet was prepared with a porosity
of 80% using the slurry foaming method [25]. The open-type cage had a
large cavity (5 × 13mm) that encompassed the middle of the cage. The
open cage and the main body of the closed-type cage were shaped by
machining.

2.2. Sheep animal model and surgical operation

This animal study was conducted in accordance with the Guidelines
for Proper Conduct of Animal Experiments established by the Science
Fig. 1. Two-types of intervertebral fusion cages with dimensions of 8 × 8 × 20 mm. (a)
Closed-type titanium (Ti) cage with a porous Ti sheet on its surfaces. (b) Open-type Ti-
6Al-4V cage with a large cavity (5 × 13 mm).
Council of Japan. This study was approved by the Institutional Review
Board of the Bioscience Department/Toya Laboratory of Hokudo Co.,
Ltd.Weused twelve adultmale Suffolk sheep, approximately 20months
of age andweighing about 45 kg. Closed-type and open-type interverte-
bral fusion cages were randomly placed at the L2–3 or L4–5 disc levels.

An anterior lumbar interbody fusion was performed on each animal
through a right retroperitoneal approach under general anesthesia as
previously described [26]. After total removal of the L2–3 and L4–5 in-
tervertebral discs and the upper and lower cartilage endplates, a cage
was inserted into these spaces. The space for cage insertion was about
9 mm. An 8-mm cage height would be appropriate for this animal
model without causing significant destruction to the bony endplates.
After placement of the cages, a single screw/rod system consisting of
5-mm diameter screws (Kaneda SR, Depuy Synthes Spine, Raynham,
MA, USA) was applied across L2–3 and L4–5 to afford immediate stabil-
ity over the surgical sites. An autogenous iliac bone graft taken from the
right iliac crest of the same animal was packed inside the open-type
cage. According to the recommendation of time points for bone analysis
in the sheep cagemodel by Lindley et al. [27], six sheepwere euthanized
at 2 months and the remaining six at 4 months using bolus intravenous
injections of pentobarbital sodium and the lumbar spines, including the
cages, were removed.

2.3. Analysis of the degree of anisotropy (DA) of trabecular bone
architecture

Bone specimens of 1-mm thicknesswere sectioned along the sagittal
planewith a diamond band saw system (BS-300CP; Exakt Apparatebau,
Germany). Micro-computed tomography (μCT) was operated at 35 kV
and 25 μA to produce bone images with a spatial resolution of 12 μm
on each side to analyze the architectural anisotropy of vertebral trabec-
ular bone. For binarization of the μCT image, a threshold value was de-
termined as follows. A histogram curve for the gray value derived
from the μCT image with two peaks from bone and other tissues was
fitted by summing two normal distribution functions. The gray value lo-
cated corresponding to the upper 70% of the area under the fitted curve
for bone was used as a threshold for binarization. In the sagittal image,
distant, boundary, and inner regions with dimensions of 3 × 3 mm
were defined (see Figs. 2 and 5). The bone volume fraction, defined as
bone volume/total volume of interest (BV/TV), was determined. The
fabric ellipse of the mean intercept length was calculated from the
bone architecture in the sagittal plane [28]. DA of trabecular bone was
determined two-dimensionally (2D) as the aspect ratio (major axis
length/minor axis length) of the fabric ellipse and the angle of the
long axis of the ellipse from the cephalocaudal axis was obtained. For
these analyses, TRI/3D-BON software (Ratoc System Engineering,
Japan) was used.

2.4. Analysis of apatite c-axis orientation

A 1-mm-thick section, identical to that used for μCT analysis, was
used for analyzing the preferential orientation of the apatite c-axis. A
microbeam X-ray diffractometer with a transmission optical system
(R-Axis BQ; Rigaku, Japan) was used. Mo–Kα radiation was generated
at 50 kV and 90 mA. The incident beam was collimated into an 800-
μm circular spot using a double-pinhole metal collimator and projected
vertically onto the specimen to analyze the 2Ddistribution of the apatite
c-axis orientation along the surface of the thin specimen. The diffracted
X-rays were collected by an imaging plate placed behind the specimen.
The diffracted beam was collected for 900 s.

From the Debye ring, the diffraction intensities (I) of the (002) and
(310) planes of the biological apatite were integrated along the azi-
muthal angle (β) at steps of 1°. The (002) crystal plane is representative
of the apatite c-axis and the (310) plane is orthogonal to the (002)
plane. Intensity distributions (I(β)) as a function of β for the diffraction
intensities of the (002) and (310) planes (I002(β) and I310(β)) were



Fig. 2. Sagittal micro-CT (μCT) images of sheep vertebral bodies implantedwith (a) closed- and (b) open-type intervertebral fusion cages at 2months after surgery. C-D: Distant region for
the closed-type cage; C-B: Boundary region for the closed-type cage; O-D: Distant region for the open-type cage; O-B: Boundary region for open-type cage.
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individually fitted using the following elliptic polynomial function
(subtracted by a constant d) to minimize the effects of data scattering
using the least-squares method [21]:

I βð Þ ¼ cos2 β−μð Þ
a2

−
sin2 β−μð Þ

b2

( )1
2

−d

In this equation, a, b, d, and μ are the fitting parameters and μ is the
angle at which the intensity peaks. Finally, the degree of the apatite c-
axis orientation was calculated for each β as the ratio of (002) intensity

to (310) intensity ðI002ðβÞI310ðβÞÞ, resulting in 2D apatite c-axis orientation as a

functionofβ along the plane vertical to the incidentX-ray beam.Random-
ly-oriented hydroxyapatite powder provided by the National Institute of
Standards and Technology (NIST) (product #2910: calcium hydroxyapa-
tite) showed an intensity ratio of 0.6; therefore, values over 0.6 indicated
the presence of preferential apatite c-axis orientation in the analyzed di-
rection. The 2D distribution of apatite orientation was expressed as a
polar diagram and the maximum value was used for analysis.

2.5. Histology and analysis of collagen orientation

Another sagittal section was prepared for undecalcified staining. The
specimen was sectioned using the aforementioned diamond band saw
system into an appropriate thickness and was then ground to 0.1-mm
thickness. Staining with hematoxylin & eosin and toluidine blue O was
performed. Histological images and polarized images were taken with
an optical microscope (BX60; Olympus, Japan). A 2D birefringence ana-
lyzer (WPA-micro, Photonic Lattice, Japan)was utilized to assess collagen
orientation in the sagittal plane. For birefringence analysis, three polar-
ized monochromatic lights with wavelengths of 523, 543, and 575 nm
were used, along with 5× and 10× objective lenses. Since collagen is a
positively birefringent material [29], the optical fast and slow axes lie or-
thogonal and parallel to the long axis of the collagenfibers [30]; therefore,
we analyzed the slow-axis direction for preferential collagen orientation.

2.6. Statistical analyses

Quantitative results were expressed as the mean ± standard devia-
tion. Statistical significance was determined using either two-tailed t-
test (paired or unpaired) or analysis of variance (ANOVA) with vari-
ances of cage type, implantation duration, region, or combinations of
them. Post hoc Tukey HSD comparisons were conducted, where appro-
priate. A P-value b 0.05was considered statistically significant. SPSS ver-
sion 14.0J software (SPSS Japan Inc., Japan) for Microsoft Windows was
used for the statistical analyses.

3. Results

3.1. Comparison of trabecular anisotropy around the cage: closed vs. open-
type cages

Fig. 2 shows the sagittal μCT images of sheep vertebral bodies im-
planted with intervertebral fusion cages at 2 months after surgery.
Bony fusion was achieved through the large cavity inside the open-
type cage. TheDAof trabecular bone and the degree of apatite c-axis ori-
entation were analyzed in the boxed regions (3 × 3 mm), which were
defined as distant and boundary regions.

Typical fabric ellipses and polar diagrams representing trabecular
structural anisotropy and distribution of apatite c-axis orientation, re-
spectively, are shown in Fig. 3. Essentially, the directions of the trabec-
ular architecture and apatite c-axis preferentially oriented along the
cephalocaudal axis. The boundary region for the closed-type cage (C-
B) showedmore isotropic features. Fig. 4a and b compares theDA of tra-
becular bone and the degree of apatite c-axis orientation between the
two types of cages. For both, the boundary region for the closed-type
cage shows significantly lower anisotropy (P b 0.01 and P = 0.012, re-
spectively). Fig. 4c–e shows histology and collagen orientation around
the bone/implant interface for the closed-type cage with a porous tita-
nium layer on its surface. Active bone ingrowth into pores was ob-
served; however, patchy contrast seen around the interface in
polarized and birefringence images (Fig. 4d–e) indicated randomly or-
ganized collagen microstructure, while elongated trabeculae apart
from the cage surface (seen on the left side of Fig. 4c–e) showed well-
organized and aligned collagen along the trabecular direction (see ar-
rows in Fig. 4e). The less anisotropic trabecular features at the boundary
region continued until 4 months (data not shown).

3.2. Evolution of bone structure over time after insertion of the open-type
cage

3.2.1. Bone volume fraction (BV/TV)
Fig. 5 shows the sagittal μCT images of vertebral bodies implanted

with the open-type intervertebral fusion cages at 2 and 4 months after



Fig. 3. Anisotropic features of trabecular bone at distant and boundary regions for the two-types of cages. (a) Typical fabric ellipses representing 2D trabecular architectural anisotropy in
the sagittal plane. Minor axis length of fabric ellipses was normalized. (b) Polar diagrams representing 2D distribution of the apatite orientation in the sagittal plane. The radius represents
the degree of apatite c-axis orientation. Values in brackets correspond to the major axis length of each shape. The larger values represent the more prominent anisotropy.
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surgery. At 2months, the autogenous iliac bone graft was replaced with
newly formed bone in the inner region. As shown in Fig. 6, BV/TV of the
inner region was significantly higher (P b 0.01) than that of the distant
Fig. 4. Comparison of trabecular anisotropy between the closed- and open-type cages, and less-
type cage. (a) The degree of anisotropy (DA) of the trabecular structure and (b) the degree of p
(c) Optical microscope images of the sagittal section stained with hematoxylin & eosin and tolu
image, and (e) birefringence images. Color indication at the right-top of (e) shows the slow-a
Regions showing very small retardance were pale- or white-colored. *P b 0.05, **P b 0.01 by pa
region at 2 months after surgery. It decreased significantly (P b 0.01)
until 4 months after surgery; however, it was still higher (P b 0.01)
than that of the distant region at 4 months.
organized collagen arrangement at the interface of bone and porous coating of the closed-
referential apatite c-axis orientation. Value for a random apatite orientation is equal to 0.6.
idine blue O around the bone-closed-type cage interface, (d) the corresponding polarized
xis direction of birefringence representing the preferential collagen orientation direction.
ired t-test.
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3.2.2. Trabecular architectural anisotropy and apatite orientation
Fig. 7 shows the variation of the DA of trabecular bone architecture

and the angular difference between the trabecular direction (direction
of the major axis of the fabric ellipse) and the cephalocaudal axis. At
2months, the trabecular architecture of the inner regionwas nearly iso-
tropic (DA was approximately 1). At 4 months, the DA significantly in-
creased (P = 0.016) and the angular difference significantly dropped
(P = 0.018) to a lower value in the inner region, which showed that
the trabecular bone developed anisotropic morphology along the
cephalocaudal axis.

Fig. 8 shows the variation of the degree of apatite c-axis orientation.
At 2months, the apatite orientation of the inner regionwas significantly
lower (P = 0.025) than that of the distant region; it significantly in-
creased (P = 0.028) until 4 months.
Fig. 6. Sagittal μCT images of sheep vertebral bodies implanted with the open-type
intervertebral fusion cages at (a) 2 and (b) 4 months after surgery. **P b 0.01 by
unpaired t-test. #P b 0.05, ##P b 0.01 by Tukey HSD test.
3.2.3. Histology and collagen orientation in the inner region
Histology, polarized imaging, and birefringence property are shown

in Fig. 9. At 2months, immaturewoven-type bone (Fig. 9a)with no spe-
cific directionality of collagen was seen (Fig. 9c, e) in the inner region of
the cage. Osteocytes (arrowheads) in this bone were randomly distrib-
uted (Fig. 9a). The immature bonewas replaced by a rod-like trabecular
bone, which preferentially aligned along the cephalocaudal axis, by
4 months through remodeling (Fig. 9b). In a trabecula, collagen prefer-
entially andhomogeneously oriented parallel to the trabecular direction
(cephalocaudal axis) (Fig. 9d, f), and osteocytes elongated and aligned
in the same direction (Fig. 9b). Taken together with the apatite orienta-
tion, collagen and apatite c-axis preferentially oriented along the
cephalocaudal axis at 4 months after surgery, as illustrated in Fig. 9(g),
which might be approaching the microstructural features of a healthy
trabecula. However, itmay have requiredmore time to fully recover tra-
becular health in the inner region.
4. Discussion

The present study investigated the change in vertebral trabecular
anisotropy at two length-scale levels (trabecular architectural anisotro-
py and micro-arrangement of apatite and collagen inside the trabecu-
lae) after the implantation of two types of intervertebral fusion cage.
Alteration and evolution of trabecular health around and inside the im-
plants were observed.
Fig. 5. Sagittal μCT images of sheep vertebral bodies implanted with the open
4.1. Validity of the sheep model

The validity of the sheep model for the study of the spine and spinal
devices from the biomechanical viewpoint should be discussed. Amajor
difference between biped humans and quadruped sheep is the direction
of the spine axis, which is vertical in humans and horizontal in quadru-
ped animals. However, the sheep spine has been reported to show sim-
ilarities with the human spine in its geometry [31], mechanical
properties [32], andmost importantly, the anisotropy of lumbar trabec-
ular bone [3]. A report fromWang et al. [3] clearly stated that the trabec-
ulae preferentially run parallel to the cephalocaudal axis in the lumbar
vertebrae of both humans and sheep, which substantiates, according
to Wolff's law, that the vertebral bodies are mainly loaded along the
cephalocaudal axis in sheep and humans. Biped and quadruped spines
are substantially loaded in a similar manner. As such, the sheep model
is useful for the research of spinal devices for use in humans.
-type intervertebral fusion cages at (a) 2 and (b) 4 months after surgery.



Fig. 7. Variations of trabecular structural anisotropy implanted with the open-type cage.
(a) DA of trabecular bone structure and (b) the angular difference between the
trabecular aligned direction (direction of the major axis of the fabric ellipse) and the
cephalocaudal axis at 2 and 4 months after surgery. *P b 0.05 by unpaired t-test. #P b

0.05 by Tukey HSD test.

Fig. 8. Variation of the degree of apatite c-axis orientation at 2 and 4months after surgery.
Value for a randomapatite orientation is equal to 0.6. *P b 0.05 by unpaired t-test. #P b 0.05
by Tukey HSD test.
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4.2. Comparison of closed vs. open-type cages: trabecular anisotropy at the
bone-cage interface

The mechanical analysis at the bone-cage interface was performed
previously by detachment testing (tensile force along the cephalocaudal
axis was applied at the interface), demonstrating that the open-type
cage had a 1.8- and 1.3-fold higher bonding strength than the closed-
type cage at 2 and 4 months postoperatively. For the open-type cage,
bonding strength almost doubled between 2 and4months [23]. Accord-
ing to our results, the anisotropic trabecular organization possibly con-
tributed to better mechanical performance of the open-type cage. The
orientation of collagen has been reported to contribute to the tensile
strength and elastic modulus of bone [33,34]. Bone ingrowth into the
poreswas observed for the closed-type cagewith a porous titaniumsur-
face coating. However, the trabecular architecture and collagen/apatite
arrangement did not orient along the cephalocaudal axis at the inter-
face, which might be one possible reason for the lower bonding
strength. To enhance trabecular anisotropy along the loaded direction,
pores or grooves that elongate in a specific direction are reportedly ef-
fective [21,22]. Thus, there is scope to improve the surface design of
closed-type cages.
4.3. Evolution of trabecular anisotropy with implantation duration in the
open-type cage

For the open-type cage, a large cavity through the entire thickness of
the cage played a role in biologically and structurally connecting the
two vertebral bodies beneath the cage. This “through cavity” enabled
the growth of bone cells and provided blood vessels supplying oxygen
and nutrition and removing waste. The cavity did not intercept the
structuralization of bony architecture and stress transfer along the
cephalocaudal axis via newly formed bone inside the cavity. The grafted
iliac crest with marrow enhanced remodeling and bone reconstruction,
whichmight have led to the onset of stress transfer via the new bone at
an early stage postoperatively. The stress transfer along the
cephalocaudal axis was evidenced by highly aligned osteocytes in the
remodeled trabeculae (Fig. 9d) because osteocytes in the newly formed
trabeculae elongated andaligned in accordancewith thedirection of ap-
plied stress [21].

The evolution of trabecular architecture under the anisotropic stress
field has been well documented as an architectural adaptation using in
vivomodels and computational simulations [35]. One example is the ro-
tation of externally loaded, re-oriented trabeculae becoming parallel to
the loading axis in order to meet the anisotropic mechanical demand
[36,37]. In contrast, an adaptive response through the alteration of ma-
terial anisotropy, namely the preferential orientation of collagen and
apatite in the trabeculae, has been discussed rarely despite its remark-
able contribution to Young's modulus [19,34,38] and toughness [20],
as demonstrated in cortical bone. It has been reported that cortical
bone from several anatomical sites, such as long bones, parietal bones,
the mandibles, and lumbar vertebrae, demonstrates preferential orien-
tation of the apatite c-axis in specific directions according to the direc-
tion in which the principal stress is applied [18]. When the load is
removed from long bones, the material orientation becomes weakened
[39]. The insertion of an implant device may alter the stress environ-
ment. In many cases, it causes stress shielding. It is important to under-
stand the changes in trabecular anisotropy in response to the alteration
of the stress environment because trabecular bone is more likely to be
affected by environmental alterations than cortical bone because of its
higher turnover activity. The large “through cavity” of the open-type
cage used in this studymight havemaintained the principal stress direc-
tion as it was in the intact state. Therefore, new bone between two



Fig. 9.Histology and collagenorientation at 2 and 4months after surgery. (a, b) Opticalmicroscope images of the sagittal section stainedwith hematoxylin& eosin and toluidine blueO and
(c, d) polarized images, and (e, f) birefringence images taken from the boxed region in (c) and (d). In (a) and (b), arrowheads indicate osteocytes. Color indication at the right-bottomof (f)
shows the slow-axis direction of birefringence representing the preferential collagen orientation direction. (g) Schematic illustration of the preferential collagen/apatite c-axis orientation
at 4 months after surgery.
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vertebral bodies developed structural anisotropy that was similar to the
surrounding distant portion. Moreover, other pores that were created
on the lateral side contributed to the reduction of stress shielding and
the maintenance of the magnitude of the applied stress. It can be said
that the open-type cage was effective in achieving a mechanical envi-
ronment similar to the intact state and the resultant development of an-
isotropic trabecular features.

Quantitative analyses of trabecular architecture have been per-
formed for the purpose of understanding adaptive responses of trabec-
ular bone to in vivo loading [9]. However, such analyses after the
application of implants are relatively scarce [40]. The present study
demonstrated that the indices for trabecular anisotropy are meaningful
for assessing trabecular health after the implantation of an interverte-
bral cage. Considering trabecular health, including anisotropy in
trabecular architecture and collagen/apatite orientation may contribute
to creating a promising future for the development of bone joint de-
vices. To create trabecular anisotropy, sound stress transfer is crucial;
therefore, the shape of a device (e.g., involving pores along a principal
stress direction or anisotropically oriented pores/grooves on the im-
plant surface) should be optimized for the controlled in vivo stress
transfer.

4.4. Limitations

This study had several limitations. First, we did not include an effec-
tive control group.We analyzed a region 3mmaway from the bone-im-
plant boundary to allow comparisons with data from regions just
beneath and inside the cage. Non-operated vertebrae would have
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been useful as controls. Second, the time points selected for analyses
were not sufficient to permit full recovery of trabecular health. Longer
implantation duration is preferable in future studies. Third, all analyses
were performed in 2D, not 3D. A recently described technique reported-
ly enables the 3D analysis of trabecular collagen orientation [41]. This
will deepen the understanding of bone microstructure and the struc-
ture-function relationships of bonematerials. Lastly, we did not analyze
some important contributors to themechanical properties of trabecular
bone, such as mineral crystallinity [42], collagen cross-linking [43], and
so on. The collagen/apatite orientation is possibly closely correlated to
such microstructural features. This should be clarified to improve the
understanding of trabecular health after the implantation of interverte-
bral cages. Further studies are needed to validate these points.
5. Conclusions

In the present study, trabecular health was analyzed after the inser-
tion of two types of intervertebral fusion cages into sheep spines. Tra-
becular health was defined according to the architectural anisotropy
and preferential orientation of collagen and apatite in the trabecula. Al-
terations in trabecular health around the implants differed between the
cage types. Moreover, the trabecular health of new bone inside the cage
cavity increased with implantation duration, as demonstrated with the
open-type cage. The assessment of trabecular anisotropy may be useful
for the evaluation of trabecular health and for the validation and refine-
ment of implant designs.
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