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Purpose: The aim of this study was to investigate the biomechanical stability provided by a
novel, polylactic acid/nano-sized, B-tricalcium phosphate, bioabsorbable, self-retaining cervical
fusion cage (BCFC).

Methods: Quasistatic nonconstraining torques (maximum 1.5 NM) induced flexion,
extension, lateral bending (1.5 NM), and axial rotation (£1.5 NM) on 32 sheep cervical spines
(C2—C5). The motion segment C3—C4 was first tested intact; the following groups were tested
after complete discectomy: autologous tricortical iliac crest bone graft, Medtronic—Wego
polyetheretherketone (PEEK) cage, Solis PEEK cage, and BCFC. The autologous bone graft
group was tested with an anterior plate. The mean range of motion (ROM) was calculated from
the load-displacement curves.

Results: BCFC significantly decreased ROM in lateral bending and axial rotation compared
to other implants, and no significant difference in ROM between two types of PEEK cages and
BCFC could be observed in flexion and extension. Anterior cervical plate (ACP) significantly
decreased ROM in flexion and extension, but no significant difference in ROM between BCFC
and bone graft plus ACP could be determined in lateral bending and axial rotation.
Conclusion: The BCFC device showed better stability to autologous tricortical iliac crest bone
graft and PEEK cages in single-level anterior cervical discectomy and fusion models and thus
may be a potential alternative to the current PEEK cages.
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Introduction

Anterior cervical discectomy and fusion (ACDF) is widely applied in the treatment
of cervical disc herniation and cervical spondylosis.!? Tricortical iliac crest bone
graft has been the gold standard to fill the residual space after surgical disc removal.?
Although autologous grafts obtained from the anterior iliac crest achieve high fusion
rates, it brings significant disadvantages, including bone absorption, graft extrusion, and
pseudoarthrosis. These deficiencies have led to a rapid increase in the use of a cervical
spine interbody fusion cage (CSIFC). A metallic cage was first used in ACDFE. The
shortcomings of the metallic cage, including cage migration, subsidence, stress shielding,
and obscured postoperative radiologic assessment, have already been reported.** Carbon
fiber and polyetheretherketone (PEEK) cages are radiolucent and less stiff, which allows
radiologic evaluation and reduces stress shielding.’ However, carbon fiber and PEEK
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are still nonabsorbable materials and therefore cannot lead to
completely biological interbody fusion. Despite satisfactory
initial results, long-term problems, such as subsidence and
breakage of the cage, have been noticed.®’

The development of bioabsorbable materials!®!! and
inherent limitations of current nonabsorbable CSIFC
devices have promoted the study of bioabsorbable cages.
Bioabsorbable cages can be designed with similar stiffness
to human bone to reduce stress shielding of the inside graft,
and adequate postoperative assessment of interbody fusion
would be possible. Polylactic acid (PLA) and its copolymer
have a long history of safe clinical use. Although it can also be
designed as an interbody fusion cage, PLA acidic degradation
products can cause asepsis inflammation, which will damage
the microenvironment of bone formation. Kandziora et al'? and
Frost et al'* have reported osteolysis around lumber and cervical
fusion cages made of PLA. Previous studies have indicated
that the incorporation of B-tricalcium phosphate (B-TCP) into
PLA materials can both enhance its osteoconductivity and
buffer acid products.'*'* Additionally, nano-sized B-TCP shows
improved mechanical properties and tunable degradability
compared to micro-sized powders.'®!” Therefore, it is a
potentially promising approach to design composite fusion
devices combining the advantages of the two biodegradable
materials and overcoming the disadvantage of each.

Anterior plates and screws are often employed for
additional support to promote interbody fusion, reduce
the rate of pseudoarthrosis, and maintain the spinal
curvature and intervertebral height. Internal fixation devices
may cause complications, such as plate migration, screw
breakage and pullout, stress shielding, and even spinal cord
or nerve injuries, that may require further treatment.'® Under
the premise of ensuring high fusion rates, how can these side
effects be reduced or minimized? Further research into these
aspects is necessary.

Recently, we developed a novel bioabsorbable cervical
fusion device (BCFC) fabricated by the composite of PLA
and nano-sized B-TCP; its anchoring clips, which can be
implanted into the endplates of vertebrae, are designed
to provide the primary biomechanical stabilization. The
purpose of this study was to compare the biomechanical
stability of BCFC with tricortical iliac crest bone graft
and PEEK cages and with a tricortical iliac crest bone
graft plus anterior cervical plate (ACP).

Materials and methods

Specimen preparation

In this study, 32 cervical spines (C2—C5) of 2-year-old adult
female sheep (average weight 66.3 + 5.1 kg) were prepared

for biomechanical tests. Each specimen was radiographically
screened to rule out pathologic abnormalities. The motion
segment C3—C4 was isolated, and the musculature and fascia
were carefully removed, preserving ligaments, discs, and
joint capsules intact. En bloc specimens were obtained fresh
frozen and thawed at room temperature.

After intact spinal analysis, a complete discectomy of
C3-C4 with resection of the anterior longitudinal ligament
was performed to simulate essential clinical features. The
intervertebral disc height of C3—C4 was adjusted to 5 mm
or 6 mm after the endplates were shaved with a high-speed
diamond burr. All implants were inserted from 1 mm to 2 mm
excess of preoperative disc height.

Cervical spine interbody fusion cages

The implants used for the biomechanical test were tricortical
iliac crest bone graft (Figure 1A), Medtronic cage (Medtronic,
Minneapolis, MN), which has a cylindrical hollow center and
a flat superior surface (Figure 1B); and Solis cage (Stryker,
Kalamazoo, Michigan), which has a hollow center, a convex
superior surface, and 1 mm titanium spikes bilaterally on
both inferior and superior surfaces (Figure 1C). Cervical
cages were implanted according to the manufacturer’s
instructions. To allow comparison among the different
implants, bone graft and cages of similar height, width,
and depth were used. The volume of the cages and their
hollow centers were determined by the water displacement
technique, according to Archimedes’ principle.

BCFC cervical fusion device

The BCFC device is a PLA/nano-sized B-TCP composite
cage (containing 30 wt% [-TCP) with two anchoring clips
(containing 10 wt% B-TCP) (Figure 1D) that can be implanted,
with custom-made instrumentation, in the superior and inferior
endplates of vertebrae to aid in expulsion resistance.

Study protocol

Specimens (n = 32) were randomly assigned to four groups
after intact testing: A, autologous tricortical iliac crest
bone; B, Medtronic cage; C, Solis cage; and D, BCFC device
(Figure 2A-E). Eight spines were tested in each group.
Specimens in Group A were also tested with ACP (Medtronic,
Minneapolis, MN) (Figure 2F).

Biomechanical testing apparatus

and measurement system

All cervical spines were kept moist by spraying saline
throughout the biomechanical test. For testing, C2 and C5
were mounted in pots using polymethylmethacrylate. After

submit your manuscript

5876

Dove

International Journal of Nanomedicine 2012:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Novel PLA/nano-sized 3-TCP cage

23

24 25 26 23 24 25 26

23

24 25 26 24 25

Figure | The different implants tested in the study. (A) Autologous bone graft was obtained from the anterior iliac crest. (B) Medtronic cage has a cylindrical hollow center
and a flat superior surface. Inset: lateral view of a Medtronic cage. (C) Solis cage has | mm titanium spikes bilaterally on both inferior and superior surface. Inset: lateral view
of a Solis cage. (D) BCFC device, composite of an interbody fusion cage and two anchoring clips. Inset: lateral and dorsal views and of assembled BCFC device.

Abbreviation: BCFC, bioabsorbable, self-retaining cervical fusion cage.

the lower pot was rigidly fixed to the material testing
apparatus, nondestructive biomechanical testing was
performed by using a mechanical testing system machine
(MTS system; Zwick—Roell, Ulm, Germany). A pure
moment was applied to the C3 vertebra through servomotors.
Each cervical spine was subjected to an unconstrained pure
moment of £1.5 NM at a motor rate of 1°/s for a total of
load/unload cycles; relaxing for 60 seconds was allowed to
minimize viscoelastic response before the data of the third
cycle were used for analysis. Resultant three-dimensional
range of motion (ROM) of each segment was tracked by the
motional analysis system.

Data management and analysis

The ROM for each surgical implant was compared with
other implants and with the intact specimen. For multiple
comparison procedures, an analysis of variance (ANOVA)
was used followed by Student—-Newman—Keuls test for
post hoc analysis. The values are given as mean =+ standard
deviation. Statistical evaluation was supported by SPSS 15.0
(IBM Corporation, Armonk, NY).

Results

Data of the cages

Height, width, and depth of the implants along with results
of volume of the cages and their hollow centers are provided
in Table 1. The Solis cage had the greatest hollow volume
for graft filling among these cages. The BCFC cage had a
larger hollow volume than the Medtronic cage.

Comparison between BCFC

and stand-alone interbody implants

Figure 3 summarizes the ROM results for all groups. In
comparison to the intact motion segment, the tricortical iliac
crest bone showed a significantly higher ROM in flexion,
extension, and axial rotation (P < 0.05). No significant
difference in the ROM among the Medtronic cage, Solis cage,
and BCFC device could be determined in flexion or extension.
The BCFC device demonstrated a significantly lower ROM
in lateral bending and axial rotation (P < 0.05).

Comparison among stand-alone
interbody implants, BCFC, and bone
graft plus ACP

Compared to the intact motion segment, the Medtronic cage,
Solis cage, and BCFC device, additional ACP significantly
(P < 0.05) decreased ROM of the tricortical iliac crest bone
in flexion and extension. In lateral bending and axial rotation,
bone graft plus ACP showed slightly better stability than
BCFC but with no statistical significance.

Discussion

The present study was performed to evaluate the primary
biomechanical stability of a BCFC, a novel cervical fusion
device. The cage and anchoring clips were fabricated
with different contents of nano-sized B-TCP, according to
unpublished data from our previous study (unpublished data).
In that study, PLA/nano-sized composite rods were obtained
from an axial compression molding process, and the in vitro

Table | Height, width, depth, and volume of the cervical spine interbody fusion cages and bone graft

Cage Company  Materials Height (mm)  Width (mm) Depth (mm) Volume (cm?®)  H-volume (cm?®)
Bone graft - Bone 7 14 12 1.2 -
Medtronic cage ~ Medtronic PEEK 7 14 13 1.6 0.5
Solis cage Stryker PEEK 7 14 13 1.2 0.6
BCFC - PLA/nano-sized 7 14 14 I.1 0.5
B-TCP

Note: H-volume indicates the volume of the center hollow of cages.

Abbreviations: BCFC, bioabsorbable, self-retaining cervical fusion cage; PEEK, polyetheretherketone; PLA, polylactic acid; B-TCP, B-tricalcium phosphate.
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Figure 2 The different instrumentation techniques tested in the study. Depicted are lateral radiographs of sheep cervical spine (C2—C5) with the different instrumentations
from left to right: (A) native sheep cervical spine; (B) bone graft; (C) Medtronic cage; (D) Solis cage; (E) BCFC device; (F) bone graft plus ACP.
Abbreviations: BCFC, bioabsorbable, self-retaining cervical fusion cage; ACP, anterior cervical plate.

degradation, mechanical properties, and cytocompatibility of
the composites were investigated to screen suitable material
for fabricating the cage and anchoring clips. To the best of our
knowledge, we are the first to use a PLA and nano-sized 3-TCP
composite to fabricate a bioabsorbable cervical interbody
fusion device.

Although ACDF is the proverbial “gold standard” to treat
cervical disc herniation and cervical spondylosis, controversy
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remains about the choice of the best instrumentation for ACDFE.
The ideal CSIFC for ACDF is influenced by several factors,
including materials, maximum graft filling of the intervertebral
space, optimal surface contact area of graft and vertebral body,
and biomechanical stability. Competition exists between cage
volume and graft volume. One important biologic factor for
CSIFC is having the smallest possible cage volume, which
allows the maximum graft filling of the intervertebral space.'
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Figure 3 Graph showing the variation in the biomechanical ROM in all loading models for all groups.
Notes: *, #, v, §, € significance with respect to intact bone graft, Medtronic cage, Solis cage, BCFC, and bone graft plus ACP, respectively (P < 0.05).
Abbreviations: ROM, range of motion; BCFC, bioabsorbable, self-retaining cervical fusion cage; ACP, anterior cervical plate.
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For this purpose, the hollow center of the BCFC was designed
as a double cylinder, and the convex superior surface of the
BCFC leads to a large contact area of graft and vertebral body.
The present study showed that both the Solis cage and BCFC
with the convex superior surfaces were more stable than the
Medtronic cage with a flat surface.

Various materials have been used for manufacturing
CSIFC for ACDF. PEEK is a nonabsorbable biopolymer and
lacks osteoconductivity. The PEEK cage is now widely applied
because its elasticity modulus is close to that of cortical bone. '®
Despite satisfactory initial results, the long-term effects of
using the PEEK cage alone in ACDF are still unknown. The
novel BCFC device composite of PLA and nano-sized B-TCP
can be absorbed completely in vivo. Absorption and bone
healing are simultaneous (creeping substitution), leading to
complete fusion and new bone formation. Consequently, there
are no long-term effects, such as toxic or allergic reactions or
cage migration and breakage.

A sufficient compressive stiffness is crucial for the
application of a bioabsorbable cage, otherwise destruction of
the cage might lead to loss of disc space height and migration
of breakdown products to the spinal canal.® The compressive
stiffness of BCFC has not been evaluated. However, our
unpublished data suggested that PLA/nano-sized composite
material containing 30 wt% B-TCP might have sufficient
stiffness for interbody stabilization. In contrast, composite
material containing 10 wt% B-TCP, which was more flexible
and thus more resistant to deformation, might be suitable for
fabricating the anchoring clips. Although the compressive
stiffness of BCFC is still lower than that of the PEEK cage,
BCFC has already demonstrated the ability to withstand loads
and limited ROM in a sheep model. Although ACDF without
any additional anterior support is a proven and widely accepted
surgical technique, especially at the single level, anterior plating
offers more immediate stability and increases fusion rate of the
operated segment; however, side effects make it a controversial
procedure. The Solis cage design in terms of its shape and the
presence of titanium spikes minimizes the need for an anterior
plate device and its associated complications. However, a recent
study has reported a prevalence of 25.5% subsidence and 14.9%
intervertebral nonunion after using a stand-alone Solis cage
in ACDF® To overcome these problems, anchoring clips of the
BCFC are designed to preserve the natural anatomic profile. In
the comparison between the BCFC and stand-alone implants,
the present study demonstrated biomechanical equivalence in
flexion and extension. In lateral bending and axial rotation, the
BCFC showed significantly better stability than other implants.
The self-retaining anchor provides immediate solid fixation

between the cage and the adjacent vertebral bodies without
additional anterior plating systems, simulating the effect of
anterior plates and screws. Furthermore, bone graft ACP
showed slightly better stability than BCFC in lateral bending
and axial rotation; however, with no statistical significance.
The limitations of this study should be mentioned.
Although anatomical, biomechanical, and bone mineral
density evaluation of sheep and goat cervical spine have shown
good comparability with human spine, the biomechanical
performance of tested implants in the human in vivo may differ
significantly from the results obtained in the sheep in vitro
study due to the complex loading conditions of human cervical
spine in vivo. In vivo animal study is required for further
validation of using the BCFC device in the ACDF model.

Conclusion

The biomechanical study showed better stability of the novel
BCFC device than traditional cervical interbody devices in
a single-level ACDF model. The results suggest that it may
be a viable alternative to current PEEK cages and anterior
plate devices.
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