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ARTICLE INFO ABSTRACT

Keywords:
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Objective: Anterior cervical corpectomy and fusion (ACCF) has been widely used in the treatment of cervical
spondylotic myelopathy (CSM) but is accompanied by unavoidable motion loss and destruction of vertebra. We
aim to evaluate the range of motion (ROM) of caprine cervical spine constructs implanted with cervical artificial

ﬁlomec}lfamci_ disc and vertebra system (ADVS). The purpose of this study was to investigate the biomechanical properties of the
ange ol motion . . . . . .
Noni-;fusion ADVS from an in vivo caprine cervical spine non-fusion model.

Methods: Twelve goats were randomly divided into ADVS or control group, with 6 animals in each group. The
animals in the ADVS group were implanted with ADVS at the C4 level. The cervical spine constructs were har-
vested 6 months after the operation. The ROM of cervical spine specimens in the ADVS group was recorded.
Biomechanical testing of the specimens in the control group were conducted to evaluate the ROM of the cervical
spine specimens under intact and fixed condition (C3-Cs) by an anterior plate, respectively.

Results: The biomechanical outcomes showed that the ROM of the levels (C3-Cs) implanted with ADVS was
maintained. The ROM in the adjacent level (Cy.3) did not increase significantly comparing with intact group.
Conclusions: In general, ADVS could preserve the ROM of operative levels and could reconstruct the height of the
vertebra. ADVS did not increase the ROM of upper adjacent level. This device provides a non-fusion method for
the treatment of patients suffering from CSM. However, improvements on the design of ADVS are still needed.
Translational potential statement: This study introduced a novel cervical spinal implant, which was designed to have
the ability of motion preservation and vertebra construction. Our study provided a non-fusion procedure in the
treatment of CSM after ACCF.

1. Introduction

Cervical spondylotic myelopathy (CSM), which can cause spinal cord
injury, is a common disease with several therapeutic options [1-3].
Anterior cervical corpectomy and fusion (ACCF) is an effective treatment
for CSM [4-7]. This procedure usually fuses three or more cervical
vertebrae by using an anterior plate and bone graft or titanium mesh cage

after decompression by corpectomy [8]. ACCF allows direct removal of
the compression to the spinal cord and provides the cervical spine with a
stable biomechanical environment via anterior arthrodesis at the oper-
ative levels. Although ACCF has been reported to exhibit good neurologic
recovery [9], and restoration of cervical alignment in patients with CSM,
the long-segment solid fusion inevitably sacrifices partial motor function
of the cervical spine. The loss of motion at the operative levels can lead to
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an increased range of motion (ROM) of the adjacent intervertebral space
[10,11], which can possibly lead to adjacent segment disease and
resulting in CSM in those patients [12-14].

Non-fusion device such as artificial cervical disc has been demon-
strated maintaining the ROM at the operative levels for the prevention of
adjacent segment disease [15]. Previous studies have reported superior
long-term neurological or radiographic outcomes of patients undergoing
artificial cervical disc replacement compared with anterior cervical
fusion [16]. However, due to its design specifically for cervical disc,
artificial cervical disc is infeasible for patients with CSM resulting from
vertebral lesions [17] or ossification of the posterior longitudinal liga-
ment [18]. In such cases, ACCF is the frequent surgical option. Consid-
ering that preservation of motor function of the intervertebral disc is
necessary while reconstructing the load-bearing function of the vertebral
body, we designed a novel cervical artificial disc and vertebra system
(ADVS) to restore the intervertebral motion and maintain the height of
the vertebral body after cervical corpectomy.

Previous studies have reported that the cervical spine of goat is an
ideal model for spinal implants [19,20]. We thus established an in vivo
cervical spine non-fusion model by implantation of an ADVS specially
designed for goat. We hypothesis that ADVS can maintain mobility of
operational level and reduce the ROM of adjacent segment. The aim of
this study is to evaluate the ROM of non-fusion caprine cervical spine
constructs implanted with ADVS 6 months after the operation in com-
parison with intact and anterior plate fixed cervical spine models.

2. Materials and methods
2.1. Characteristics of ADVS

ADVS for caprine cervical spine was designed containing three parts,
an upper and lower artificial disc and a vertebra (China patent number:

201410072192.7) (Fig. 1). These parts are three-dimensional (3D)
printed titanium-aluminum alloy (Ti6Al4V) (Bright Laser Rapid
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Prototyping Technology Co. Ltd., Xi’an, China). The prosthesis is
assembled before implantation. Each disc is first fixed on to the artificial
vertebra and then rotated 90° until the plate is anterior. The endplates of
the vertebral bodies correspond to the discs. The chamfered structure of
the upper and lower intervertebral disc surfaces aids bone formation. The
anti-dislocation structure of the intervertebral disc component is “L"
shaped, with a shallow spherical core with a height of 2 mm in the
middle, surrounded by a shallow spherical fossa joint in the vertebral
body. The spherical core and fossa form a spherical fossa joint, which
embodies the prosthesis' mobility: 6 degrees of flexion, extension, left
and right lateral bending, and 360 degrees of axial rotation between the
intervertebral disc and the vertebral body. The “L" shaped anti-
dislocation structure of the disc is unique to ADVS, as it prevents disc
and vertebral body dislocation while still allowing for some mobility
between the two. The articulation of this implant is metal on metal.

2.2. Surgical procedure and postoperative care

All animal surgeries and experimental procedures were conducted
following the protocols approved by the ethics committee of Xi’an
Jiaotong University (XJTULAC2014-405). A total of 12 male goats (18.5
+ 2.5 month, 35.34 + 3.2 kg) were included in this study, 6 in the ADVS
group with implantation of the ADVS and 6 in the non-surgical group,
which were treated as controls.

Operation in the ADVS group was performed under aseptic condi-
tions. The goat in the ADVS group underwent a three-day fast for
gastrointestinal tract emptying and a subcutaneous injection of atropine
(0.02 mg/kg) before intravenous anesthesia to reduce the tracheal se-
cretions. Thiopental sodium solution (2.5%) was used as anesthetic with
an initial dose of 10 ml and gradually added during the operation.
Anteroposterior and lateral radiographs for the exclusion of skeletal ab-
normalities were taken when the goat displayed a satisfying anesthetic
effect. The goat was placed in a supine position. Penicillin sodium (100
mg/kg) was injected via the venous channel, which was established via
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Figure 1. Photographs of ADVS. The artificial disc has an anterior plate (a, b). The angle between anterior plate and disc is 84° in upper artificial disc (A), 100° in
lower artificial disc (b). A core (10 mm in diameter, 2 mm in height) is in the below-center of the disc surrounding with L-structure anteriorly & posteriorly for
preventing the dislocation of disc from the vertebra (a, b). Two screw holes (3.5 mm in diameter) are designed in the middle of the anterior plate (c). Several zigzag
crests are on the above surface of the disc (¢). Four unicortical self-tapping screws (3.4 mm in diameter, 14-16 mm in length) are used for the fixation (d). The artificial
vertebra is a quadrangular column (width: 14 mm; length: 35 mm; depth: 14 mm). Articular fovea matching to the core of the disc is designed cranially & caudally of
the artificial vertebra (e, f, g). This hemisphere socket joint allows 18° ROM in flexion-extension and lateral bending, 360° ROM in rotation. Several tubes for bone

graft are designed laterally (h).
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the auricular vein. A negative pressure aspirator and sputum suction
apparatus were used to remove the blood and for respiratory caring. The
ADVS was implanted at the C4 level after the resection of C4 vertebral
body, and the surgical process was recorded (Fig. 2). Before closing the
wound, 500 ml metronidazole solution (5 mg/ml) was used to douche
the operative region. The implantation was performed at C4 with reasons.
The adjacent levels would be C; .3 and C4_s if C3 was implanted. However,
Cy.2 is not appropriate for testing ROM because it has a very large ROM
under a very small torque, rending the ROM of the other levels inaccu-
rate. Cs was not chosen because the markers below could not be recor-
ded. Finally, we decided to implant the prosthesis at C4 and observed the
ROM of the upper adjacent level (Cz.3).

Penicillin sodium (100 mg/kg) was administered for an additional
three days after the operation. The dressing was changed once a day until
the wound healed. All 12 goats were kept in a special animal care center
(De Sheng Husbandry, Sanyuan County, Xi’an) and were euthanized six
months after the operation.

2.3. Image examination

All images were taken while the goats were under general anesthesia.
Immediate postoperative anteroposterior and lateral radiographs (QDR-
2000; Hologic, Waltham, MA, USA.) were taken for inspecting the posi-
tion of the ADVS. Computed tomography (CT) (GE Medical Systems,
Milwaukee, Wisconsin) images with the slice thickness of 0.625 mm were
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obtained to observe the implant in detail by using 3D reconstruction
model. Magnetic resonance imaging (MRI) of 1.5 T (MAGNETOM Amira,
Siemens, Germany) was taken to make sure there was no compression to
the spinal cord.

2.4. Biomechanical testing

All 12 goats’ cervical specimens (C;-Cy;) were harvested six months
after the operation. The surrounding muscle and soft tissue were
removed with caution, keeping the facet joints and interspinous liga-
ments intact. The specimens were preserved in a —20 °C lab refrigerator.
Before testing, the fresh frozen goat cervical spine specimens were
thawed at room temperature and kept hydrated using 0.9% saline-soaked
gauzes. C; and Cy as well as Cg and C; were fixed together with several
nails to increase the contacting area between the specimen and fixing
material for the enhancement of embedding. The top and bottom verte-
brae were embedded in a square cylinder containing mixture of N (3-
dimethylaminopropyl)-1, 3-propylenediamine and bisphenol A-
(epichlorohydrin) (1:1) to maintain the specimens in a neutral position.
Four light-emitting diodes (LEDs) were firmly fixed with screws to the Co,
Cs, C4 and Cs vertebra. There were 16 LEDs in total (Fig. 3a, b, 3c).

Flexibility test was performed on a servohydraulic materials testing
machine (MTS 858 Bionix machine, MTS System Inc., Minneapolis, MN,
USA). Without any axial preload, a 2.5 N m torque was applied to the C;
and C, vertebrae, producing a ROM of the specimen in flexion-extension,

Figure 2. Process of implantation of ADVS. After sterilization, a right-sided anterolateral retropharyngeal approach to the cervical spine was used (a, b). C4 vertebral
body was exposed following the incision and separation of soft tissue using high-frequency electrosurgical equipment (¢, d). The median crests of C3 and Cs were
localized by positioning needle, respectively (e). The C4 vertebra corpectomy was performed accompanied with the discectomy of C3 4 and Cy4.5 by using bone rongeur
or nucleus pulposus forceps (f). A decompression groove (approximately width: 15 mm; length: 35 mm; depth: 15 mm) was made in the middle of C4 vertebra body
(g). The assembled ADVS was filled with bone grafts and implanted into the decompression groove (h). Four unicortical self-tapping screws were fixed with a 20°

trajectory in cranial and caudal direction, respectively (i).
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Figure 3. Photograph of biomechanics testing and radiological results. a: biomechanics testing of ADVS group; b: intact group; c: fixation group. Postoperative
anteroposterior (d) and lateral (e) radiographs showed that ADVS was implanted at Cy4, no dislocation was observed. Postoperative CT of hardware enhanced model of
3D reconstruction anteroposterior (f) and laterally (g) images showed ADVS reconstructed the height of vertebra after corpectomy of C4. Screws were implanted into
Cs vertebral body (h) and Cs vertebral body (i) respectively, no screw broke into the spinal canal. Sagittal (j) and axial (k) view of postoperative MRI T, images showed

that no compression to the spinal cord was observed.

lateral bending and axial rotation. During the test, movements of the
LEDs on Cs, Cg, C4 and Cs were recorded using an optoelectronic three-
dimensional motion capture system with three cameras (OPTOTRAK
CERTUS, Northern Digital Inc., Waterloo, Canada). This device has a
three-dimensional precision of 0.1 mm, a resolution of 0.01 mm and a
sampling frequency of 100 Hz. The positions of the LEDs recorded by
OPTOTRAK CERTUS were converted into ROM using a program written
in Matlab (MathWorks, Natick, MA, USA).

Specimens in the control group were first tested as an intact group and
were then tested as a fixation group in which each cervical spine was
fixed by using anterior plate (Fule Science & Technology Development
Co., Ltd, Beijing, China) from C3 to Cs (Fig. 3a, 3b, 3c). In total, three
groups (intact group, fixation group and ADVS group) were included in
this study. The primary data, the instantaneous coordinates of the marks,
were converted into the load—displacement curve and ROM curve of Cj_3,
Cs.4, C4.5 and Cy s in flexion, extension, lateral bending (left and right)
and axial rotation (left and right). ROM was obtained for all the speci-
mens. Five loading cycles were completed. The third circle was used for
data analysis.

2.5. Statistical analysis

The data were analyzed using SPSS software (version 19.0; SPSS Inc.,
Chicago, IL, USA). The results are presented as the means + SD. Graph-
Pad Prism 5.01 (GraphPad Software, Inc.) was used to create the histo-
gram. The data for ROM were analyzed using one-way analysis of
variance (ANOVA) and the least significant difference (LSD) post-hoc
test. A P-Value less than 0.05 was considered statistically significant.
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3. Results
3.1. Radiological results

Anteroposterior and lateral plain films were taken immediately after
the operation. The results showed that the ADVS was implanted in C4 and
that the screws were fixed in C3 and Cs. No dislocation of the prosthesis
or loosened/fractured screws were observed. Postoperative CT showed
that the ADVS reconstructed the vertebra. The upper and lower artificial
discs were in the C3.4 or C4.5 intervertebral spaces and firmly attached to
lower endplate of C3 and upper endplate of Cs (Fig. 3d and e). 3D-CT
detected that all prosthesis and screws were in good positions (Fig. 3f,
g, 3h, 3i). The postoperative MRI confirmed that the diameter of spinal
canal at the operative level did not change suggesting that there was no
compression to spinal cord (Fig. 3j and k).

3.2. Biomechanical results

Load-displacement curve and ROM curve of Cy.3, C3.4, C4.5 and Cy 5
segments in flexion-extension, lateral bending axial rotation were
showed in Fig. 4. Total ROM of three degrees-of-freedom for each
segment were recorded (Supplementary Figs. 1-12).

3.3. C2.3 ROM
Significantly increased Cy.3 ROM in flexion was observed in the fix-

ation group compared with intact group (p = 0.027). Cy.3 ROM in
extension in the intact, fixation and ADVS groups did not differ in
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Figure 4. A typical load-displacement curve (a) and ROM curve (b) of C, 5 axial rotation.

pairwise comparisons (p > 0.05) (Fig. 5al). Co.3 ROM in left lateral
bending in the intact, fixation and ADVS groups were significantly
different (intact VS fixation, p < 0.01; intact VS ADVS, p = 0.01; fixation
VS ADVS, p < 0.01). The C.3 ROM in right lateral bending in the fixation
group was significantly larger than ADVS group (Fig. 5b1). Significantly
increased Cp.3 ROM in right and left axial rotation in the fixation group
were observed in comparison with the intact and ADVS groups (intact VS
fusion, p < 0.01; fusion VS ADVS, p < 0.01) (Fig. 5c1).

3.4. C3.4 ROM

Significantly decreased C3.4 ROM in the flexion in fixation group was
observed comparing with the intact and ADVS groups (fixation VS intact,
p < 0.01; fixation VS ADVS, p < 0.01) (Fig. 5a2); however, no difference
was detected in C3.4 ROM in extension in the pairwise comparison among
the intact, fixation and ADVS groups (p > 0.05) (Fig. 5a2). Significant
increased Cs.4 ROM in left lateral bending was only observed between
fixation group and ADVS group (p < 0.01) (Fig. 5b2). Significant dif-
ferences in C3.4 ROM right lateral bending were observed in pairwise
comparisons among the intact group, fixation and ADVS groups (intact
VS fixation, p < 0.01; intact VS ADVS, p < 0.01; fixation VS ADVS, p =
0.35) (Fig. 5b2). Significantly decreased C3.4 ROM in left and right axial
rotation in the fixation and ADVS group were observed compared with
the intact group (left axial rotation: fixation VS intact, p < 0.01; ADVS VS
intact, p < 0.01; right axial rotation: fixation VS intact, p < 0.01; ADVS
VS intact, p < 0.01) (Fig. 5c2). Significant differences in left and right
axial rotations also existed in a comparison between the ADVS group and
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the anterior fixation group (left axial rotation: p = 0.014; right axial
rotation: p = 0.016) (Fig. 5¢2).

3.5. C4.5 ROM

C4.5 ROM decreased significantly in flexion & extension in the fixa-
tion group compared with the intact group and ADVS group (fusion VS
intact, p < 0.01; fusion VS ADVS, p < 0.01), but increased significantly in
flexion in the ADVS group compared with the intact group (p < 0.01)
(Fig. 5a3). Significant decrease of C4.5 ROM in left lateral bending in the
fixation group compared with intact and ADVS groups were detected
(fixation VS intact, p < 0.01; fixation VS ADVS, p < 0.01) (Fig. 5b3).
Similarly, the fixation group showed a significantly decreased C4.5 ROM
in right lateral bending compared with the ADVS group (p = 0.024)
(Fig. 5b3). C4.5 ROM in left axial rotation in the ADVS group increased
significantly compared with the intact and fixation groups (ADVS VS
intact, p = 0.011; ADVS VS fixation, p < 0.01) (Fig. 5¢3). C4.5 ROM in
right rotation in the fixation group decreased significantly compared
with the intact and ADVS groups (fixation VS intact, p < 0.01; fixation VS
ADVS, p < 0.01) (Fig. 5¢3).

3.6. C2.5 ROM

Significantly decreased Cy.5 ROM in the flexion in fixation group was
detected compared with the intact group and ADVS groups (fixation VS
intact, p < 0.01; fixation VS ADVS, p < 0.01) (Fig. 5a4). C2.5s ROM in
extension in the fixation group decreased significantly compared with
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the ADVS group (p < 0.01) (Fig. 5a4). No difference in left lateral
bending of Cz.5s ROM was observed in pairwise comparisons among the
intact, fixation and ADVS groups (p > 0.05) (Fig. 5b4). A significant
difference in right lateral bending was only detected in a comparison
between the intact and fixation groups (p = 0.036) (Fig. 5b4). Co.5 ROM
in left axial rotation in the fixation and ADVS groups were significantly
increased compared with the intact group (fixation VS intact, p = 0.013;
ADVS VS intact, p < 0.01) (Fig. 5c4). Significant differences were
observed in right axial rotation in pairwise comparisons among the
intact, fixation and ADVS groups (intact VS fixation, p < 0.01; intact VS
ADVS, p < 0.01; fixation VS ADVS, p = 0.014) (Fig. 5c4).
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4. Discussion

ACCF has been widely used for the treatment of CSM [5]. Solid fusion
and decompression to the spinal cord have been considered successful
outcomes of this procedure [6,21]; however ACCF is, in fact, the
second-best choice when corpectomy must be performed for decom-
pression and anterior fusion must be achieved to maintain a stable
biomechanical environment. In theory, the loss of motion of the opera-
tive levels resulting from rigid fusion redistributes into adjacent segments
[11]. Studies have reported increased ROM of adjacent levels and high
pressures in adjacent discs and facet joints [11,22,23]. For maximum
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preservation of the normal function of the spine, non-fusion implant is
advocated and has been used in the clinic for decades [24]. Motion
preservation prostheses, such as artificial cervical disc, have demon-
strated superiority compared to interbody fusion devices [25,26]. Unlike
solid fusion, ACD replacement could preserve the dynamic function of
the intervertebral space. Consequently, the ROM of adjacent levels and
the pressure in the adjacent discs and facet joints will not increase
accordingly [26]; however, artificial cervical disc could only be appro-
priate for the reconstruction of intervertebral disc instead of a functional
spinal unit. To preserve the ROM after corpectomy, ADVS is designed to
restore the motion of the intervertebral segment.

This study investigated the three degrees-of-freedom ROM of the
caprine cervical spine under three conditions. Theoretically, the ROM in
left lateral bending should be equal to the right lateral bending and the
ROM in left axial rotation should be equal to the right axial rotation [10].
However, in our study, the left ROM was not equivalent to the right ROM.
Possible reasons for this discrepancy is that the movement behavior of a
specimen does not always have to be symmetrical. The ROM in flexion of
the three groups was not equal to the extension because goats have larger
ROM in flexion than extension [27].

The fixation procedure contributed significantly to the change of
ROM of the operative levels (C3—Cs). In our study, the ROM in the fixa-
tion group was not completely lost because the fixed model did not have
rigid fusion. Despite this finding, the ROM of C3.4 and C4.5 decreased in
the fixation group and experienced little change in the ADVS group
compared with the intact group, suggesting that ADVS could preserve the
dynamic function of the intervertebral space. Although ADVS was
designed to have ROM levels of 360° in axial rotation and 12° in one-side
lateral bending, the ROM levels of the ADVS group were dramatically
decreased in right lateral bending and right axial rotation in C34 and
were increased in flexion and left axial rotation in C4.5 compared with the
intact group. Because the goat had a flexible neck after the operation, the
motion of the cervical spine six months of implantation might contribute
to the slight positional abnormality of the ADVS resulting in different
ROM values in different directions.

The ROM of the adjacent level (Cy.3) in the fixation group was
significantly increased indicating the compensation of the loss of motion
of the fixed level, that is, the loss of motion of the operative segments
redistributed to the adjacent level; however, we could not conclude that
the ROM in Cs¢ had presented a similar situation because no markers
were fixed to Cg. The ROM of Cy.3 in all directions except left lateral
bending maintained by ADVS did not differ from those of the intact
cervical spine.

Generally, the total ROM would have compensated when the motion
of the fixed level was lost; however, the total ROM (Cs.5) of the fixation
group was decreased dramatically in all directions except left lateral
bending. The reason for this phenomenon may due to that 6 months of
implantation is not too long enough for the caprine spine to compensate
the ROM lost in the fixed levels. Interestingly, the ROM of the ADVS
group also decreased in some directions suggesting that improvement of
the ADVS is still needed.

The limitations of our study must be acknowledged. First, this study
was conducted in vivo in animals. Consequently, disparities compared to
the human anatomical structure were unavoidable. Second, the obser-
vation time of this non-fusion model was just 6 months and long-term in
vivo observation is needed. Third, metal-on-metal has historically been a
poor bearing surface, and a friction test is necessary for the pre-clinical
evaluation for this new implant. The metal ions in the blood of the ani-
mals should be examined in the next stage. Forth, the Cs.¢ ROM was not
reported due to technical limitations.

In conclusion, ADVS was designed for the preservation of motion at
the operative levels and for the reconstruction of the vertebral body. The
biomechanical properties of ADVS from an in vivo caprine cervical spine
model showed that ROM values at the levels affected by implantation of
this prosthesis were maintained. The radiographic outcomes suggested
that the height of the vertebra was restored without spinal cord
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compression. Overall, this non-fusion device provides a new, promising
model for the treatment of patients suffering from CSM.
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