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Background and objective: Our group has developed a novel artificial cervical
joint complex (ACJC) as a motion preservation instrument for cervical
corpectomy procedures. Through finite element analysis (FEA), this study aims
to assess this prosthesis's mobility and stability in the context of physiological
reconstruction of the cervical spine.

Materials and methods: A finite element (FE)model of the subaxial cervical spine
(C3-C7) was established and validated. ACJC arthroplasty, anterior cervical
corpectomy and fusion (ACCF), and two-level cervical disc arthroplasty (CDA)
were performed at C4-C6. Range of motion (ROM), intervertebral disc pressure
(IDP), facet joint stress (FJS), and maximum von Mises stress on the prosthesis and
vertebrae during loading were compared.

Results: Compared to the intact model, the ROM in all three surgical groups
demonstrated a decline, with the ACCF group exhibiting the most significant
mobility loss, and the highest compensatory motion in adjacent segments. ACJC
and artificial cervical disc prosthesis (ACDP) well-preserved cervical mobility. In
the ACCF model, IDP and FJS in adjacent segments increased notably, whereas
the index segments experienced the most significant FJS elevation in the CDA
model. The ROM, IDP, and FJS in both index and adjacent segments of the ACJC
model were intermediate between the other two. Stress distribution of ACCF
instruments and ACJC prosthesis during the loading process was more dispersed,
resulting in less impact on the adjacent vertebrae than in the CDA model.

Conclusion: The biomechanical properties of the novel ACIJC were comparable
to the ACCF in constructing postoperative stability and equally preserved
physiological mobility of the cervical spine as CDA without much impact on
adjacent segments and facet joints. Thus, the novel ACJC effectively balanced
postoperative stability with cervical motion preservation.

artificial cervical joint complex, anterior cervical corpectomy and fusion, cervical disc
arthroplasty, biomechanical, finite element analysis
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1 Introduction

Cervical spondylotic myelopathy (CSM) is a degenerative
disease caused by progressive spinal canal narrowing and chronic
compression of the spinal cord (McCormick et al, 2020). This
results in sensorimotor disturbances such as numbness of the
limbs, muscle weakness, and unsteady gait, severely
compromising the patient’s quality of life. When spinal cord
compression occurs at the vertebral body level, including disc
herniation extending over the disc level, severe osteophytes, and
ossification of the posterior longitudinal ligament (OPLL), anterior
cervical corpectomy and fusion (ACCF) is the conventional surgical
choice, as it provides ample surgical exposure and allows for
thorough decompression at the vertebral body level (Chen et al.,
20165 Pescatori et al., 2020; Li et al., 2021). However, the fusion alters
the kinematics of the cervical spine, leading to increased intradiscal
pressure and excessive wear of the facet joints, ultimately
progressing to adjacent segment degeneration (ASD) (Hua et al,
2020a; Rudisill et al., 2022; Toci et al., 2022). It has been reported
that approximately 25%-92% of patients will exhibit radiographic
changes at adjacent segments 10 years after the cervical fusion
procedure, and 9%-17% of them eventually develop symptomatic
disease that requires additional surgical intervention (Cho and
Riew, 2013).

Artificial cervical disc prosthesis (ACDP) is the most developed,
extensively applied, and well-researched motion preservation device
(Latka et al, 2019), aiming to reduce the incidence of ASD by
maintaining the natural kinematics of the cervical spine (Kim et al.,
2023). However, cervical disc arthroplasty (CDA) is not a suitable
substitute for ACCF due to different indications. Furthermore, this
procedure potentially causes an abnormal excessive postoperative
motion, which can compromise the stability of the cervical spine and
may lead to heterotopic ossification (HO), posing a risk of a decrease
in range of motion (ROM) at the index level (Wang et al., 2021).
Approximately 32.5% of the post-CDA patients experienced HO,
and 11.0% developed ROM-limited HO, which may eventually
progress to secondary fusion (Hui et al, 2020). This outcome
directly contradicted the primary purpose of ACDP, which aims
to preserve the segmental motion.

To address the immobility issue associated with ACCF and the
instability problem that comes with CDA, we have developed a novel
artificial cervical joint complex (ACJC) grounded in the principle of
spinal physiological reconstruction. The present study examines the
biomechanical properties of three distinct types of anterior cervical
surgeries above via finite element analysis (FEA) to evaluate whether
the ACJC can balance postoperative stability with cervical motion
preservation.

2 Methods and materials

2.1 Establishment of C3—-C7 finite
element models

The subaxial cervical spine (C3-C7) finite element (FE) model
was constructed based on the computed tomography (CT) scanning
(LightSpeed  128-slice CT, GE Healthcare,
United States, 0.625-mm scanning slice thickness) of a consented
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volunteer (gender: male, age: 30, height: 170 cm, weight: 60 kg),
without a history of cervical disorders, which was approved by the
Medical Ethics Committee of Xijing Hospital (SN: KY20202040-F-1,
2020-10-29). The CT images were imported into Mimics 21.0
(Materialise Technologies, Leuven, Belgium) for conversion into a
detailed C3-C7 facet model. Then, the geometric model underwent
optimization in Geomagic Studio 2014 (Geomagic Inc., NC,
United States), resulting in a refined non-uniform rational
B-spline (NURBS) surface representation. Subsequently, the FE
model was comprehensively prepared in Hypermesh 11.0 (Altair
Engineering Corp., MI, United States), including the assignment of
material properties, mesh generation, application of load and
boundary conditions, and definition of component interactions.
Finally, FEA was executed using MSC. Patran/Nastran 2012
(NASA  Company, United States),
biomechanical simulation of the subaxial cervical spine.

ensuring a rigorous

The geometric model of the subaxial cervical spine comprised
the vertebral bodies (cancellous and cortical bone), cartilaginous
endplates, intervertebral discs (nucleus pulposus and annulus
fibrosus), facet joints, and ligaments (including the anterior and
posterior longitudinal ligaments (ALL and PLL), ligamentum
flavum (LF), capsular ligament (CL), supraspinous ligament
(SSL), and interspinous ligament (ISL)). The cortical bone and
endplate thickness were defined as 0.5mm. The composition
ratio of nucleus pulposus (40%) to annulus fibrosus (60%), while
the fiber layers were crisscross distributed and angled at a degree of
25° to the endplate (Lee et al., 2011; Hua et al., 2020b; Manickam
etal,, 2021). The interface of facet joints was simulated as surface-to-
surface contact with a friction coefficient of zero, in alignment with
previous studies (Yuchi et al., 2019; Cai et al., 2020), and the contact
interfaces of the other cervical components were assigned to be
completely bonded. The ligaments were considered unidirectionally
tensioned one-dimensional non-linear spring materials, using 1D
Spring elements to ensure the realistic transmission of forces during
the FE simulation (Manickam et al., 2021; Sun et al., 2021). The
mesh convergence test was performed to obtain an accurate FE
model. The intact C3-C7 model contained 87,969 nodes and
275,980 elements, with an average mesh size of 0.15 mm (ranging
from 0.05 mm to 0.5 mm). The aspect ratio of mesh elements was
within 1:3, and the change rate of the maximal von Mises stress was
within 5% (Dai et al., 2022), with no distorted meshes observed, met
the convergence requirements.

According to the published literature (Lee et al., 2011; Yuchi
etal, 2019; Hua et al., 2020b; Sun et al., 2021), the detailed material
properties of the subaxial cervical spine components are described
in Table 1.

2.2 FE model validation

To verify the structural integrity, material parameterization, and
boundary condition constraints of the intact model, the present
investigation secured all nodal points on the caudal surface of
C7 and loaded axial compressive force upon the cranial surface
of C3 (50N, 1.0 N m), to mimic and assess the subaxial cervical
spine’s biomechanical responses and kinematic competencies. The
resultant ROM data for each segment under different loading
directions were then cross-referenced with the findings from
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TABLE 1 Material properties of subaxial cervical model components and surgery instruments.

Component Young's modulus (MPa) Poisson'’s ratio Cross section area (mm?)
Cortical bone 12,000 0.29 —
Cancellous bone 450 0.29 -
Endplate 500 0.40 —
Annulus fibrosus 3.4 0.40 —
Nucleus pulposus 1.0 0.499 —
Facet joint cartilage 10 0.40 —
Anterior longitudinal ligaments (ALL) 30 0.3 6.0
Posterior longitudinal ligaments (PLL) 20 0.3 5.3
Capsular ligament (CL) 20 0.3 46.6
Ligamentum flavum (LF) 1.5 0.3 50.1
Interspinous ligament (ISL) 1.5 0.3 13.1
Supraspinous ligament (SSL) 1.5 0.3 5
Cobalt-chromium-molybdenum alloy (Co-Cr-Mo) 210,000 0.32 —
Titanium alloy (Ti6Al4V) 116,000 0.35 —
Ultra-high molecular weight polyethylene (UHMWPE) 3,000 0.49 —

extant in vitro study (Panjabi et al., 2001; Liu et al,, 2016) and the
simulation research conducted under analogous conditions to affirm
the validity of the FE model (Wu et al., 2019; Sun et al., 2020).

2.3 Design of ACJC prosthesis

Based on our preliminary research (Wu et al., 2012; Tan et al,, 2015),
the present study has developed an innovative ACJC prosthesis as a
motion-preservation device that may be an alternative to ACCF surgery.

The ACJC prosthesis comprises two endplate components and
an intermediate vertebral body component. These components are
connected via upper and lower ball-and-socket joints. The endplate
and vertebral body components are fabricated from titanium alloy
(Ti6Al4V), the joint balls are constructed from cobalt-chromium-
molybdenum (Co-Cr-Mo) alloy, and the socket parts are made of
ultra-high molecular weight polyethylene (UHMWPE). Both
endplate components are designed in an “L” shape, consisting of
an anterior plate and a base. The anterior plate of the upper endplate
component forms an angle less than 90° with its base, whereas the
lower endplate forms an angle greater than 90° to conform to the
anatomical shape of the human cervical vertebral body. The superior
and inferior surfaces of the vertebral body component are inclined
anteriorly to posteriorly in the sagittal plane, fitting the natural
anterior-posterior slope of the human cervical spine. Two cavities
are formed in the vertebral body component for installing the
UHMWPE sockets. The joint ball is attached to the base of the
endplate component and forms an internal joint with the socket
capable of flexion, lateral bending, and axial rotation while
completely restricting the translation in all directions. Although
the translation is completely limited at a single joint, the complex
kinematics of the cervical spine can be replicated through the
coupled motion of the superior and inferior joints.

Frontiers in Bioengineering and Biotechnology

In the novel ACJC prosthesis, we have incorporated a new
design of external joints, also a ball-and-socket joint structure,
formed by the convex surfaces of the upper and lower endplate
components and the concave surfaces of the vertebral body
component. These external joints are in concert with the internal
joints to participate in the prosthesis’s motion. It can limit the range
of motion of the internal joint to 7° in various directions to avoid
excessive motion and minimize the impact and wear between
components. Additionally, the surface of the novel prosthesis that
interfaces with the bone features a porous titanium structure with
bone-like trabeculae. The porous titanium structure adopts a
dodecahedral grid micro-pore type reported in the literature for
its excellent osteogenic effects, with pore sizes ranging from 0.4 to
0.6 mm, grid wire diameters from 0.2 to 0.3 mm, porosity between
60% and 70%, and grid thickness at 1 mm (Huang et al.,, 2022;
Bandyopadhyay et al., 2023). Both improvements above are
intended to enhance the stability of the index segments while
preserving the mobility inherent to the prosthesis.

The ACJC prosthesis is fixed to the superior and inferior
vertebral bodies following subtotal corpectomy via vertebral
screws. Primary stability is achieved through the endplate teeth’s
anti-pullout configuration and the screw fixation. Meanwhile,
osteointegration is facilitated by new bone ingrowth into the
prosthesis’s porous structure, establishing a robust titanium-bone
that stability for the
segment (Figure 1).

interface ensures enduring index

2.4 Establishment of three types of anterior
cervical surgery models

All three surgical models were established in the validated
C3-C7 model (Figure 2A).
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FIGURE 1

(A) The structure of the novel ACJC prosthesis: (a) the “L" shape endplate component; (b) the anti-pullout endplate teeth; (c) the UHMWPE joint
socket; (d) the vertebral body component; (e) the porous titanium structure; (f) the external joint; (g) the Co—Cr—Mo alloy joint ball; (h) vertebral screws.

(B) Three-dimensional geometric model; (C) the implanted view.

The ACCF and ACJC arthroplasty were performed, respectively,
following subtotal corpectomy at the C5 level. In the ACCF model
(Figures 2F, G), a conventional titanium mesh cage (TMC) (Weigao,
Shandong, China) packed with autogenous bone grafts was inserted
into the post-corpectomy space, and the C4-C6 segments were secured
by plate and screws (Weigao, Shandong, China). The AC]C
arthroplasty technique (Figures 2B, C) parallels that of ACCF. The
body component of ACJC was situated within the post-corpectomy
cavity, and the superior and inferior endplate components were then
affixed to the C4 and C6 vertebral bodies, respectively, using screws
(Weigao, Shandong, China). In the two-level CDA model, the Prestige-
LP prostheses (Medtronic Inc., MN, United States) were inserted into
the post-discectomy spaces at C4-5 and C5-6 levels (Figures 2D, E). The
intervertebral disc, ALL, and PLL at the index segments were removed.
Following endplate removal, the contact area between the prostheses
and the vertebral bodies was maximized. The vertebral screws were
modeled as cylindrical shape, and the interfaces of prosthesis-screws
and vertebra-screws were subjected to tie constraint and with no relative
motion, considered complete fusion, according to reported literature
(Hua et al,, 2020a; Guo et al,, 2021). The Co-Cr-Mo alloy-UHMWPE
surface in the ACJC model and the Ti-Ti surface in the Prestige-LP
model were set as a surface-to-surface contact with a coefficient of
friction of 0.1 (Bhattacharya et al., 2011; Choi et al., 2021).

The ACCF surgical model included 48,174 nodes and
209,273 elements, the two-level CDA surgical model included
90,517 nodes and 368,813 elements, and the ACJC arthroplasty
model included 77,618 nodes and 268,691 elements.

2.5 Loading and boundary condition

A pure axial load of 50 N with a pure moment of 1 N m was applied
to the nodes connected to the upper endplate of C3 to simulate various
postures (flexion-extension, lateral bending, and axial rotation)
according to previous studies (Chen et al, 2020; Manickam et al,
2021). Fully constrained boundary conditions in all directions were
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applied to the inferior endplate of C7 during the flexion-extension,
lateral bending, and axial rotation simulation (Figure 3).

2.6 Data analysis

To verify the ability of motion preservation, each segmental
ROM and total C3-7 ROM of three surgical models were analyzed
under the directions of flexion (FL), extension (EX), left bending
(LB), right bending (RB), left axial rotation (LAR), and right axial
rotation (RAR), compared with the intact cervical model. The
intervertebral disc pressure (IDP), facet joint stress (FJS), and
maximum von Mises stress in the cervical vertebrae and the
instruments were quantified and analyzed via FE simulation to
evaluate the stability of three surgical constructs.

3 Results
3.1 FE model validation

To affirm its validity, the intact model of the C3-C7 cervical
spine was compared with prior biomechanical and FEA studies
[19-22]. The segmental ROM for flexion, extension, lateral bending,
and axial rotation indicates high consistency. Thus, the present
subaxial cervical spine FE model was considered valid and
practicable. A detailed comparison is presented in Figure 4.

3.2 Range of motion (ROM)

The comparison of the overall ROM across the three surgical
constructs and the intact model under six different loading
directions is illustrated in Figure 5. The ROM of the C3-C7
segments exhibited a reduction across all surgical models compared
to the intact model. The ACCF model demonstrated the most
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FIGURE 2

Three-dimensional finite element models of Intact subaxial

cervical spine (C3-C7) and three anterior cervical surgery were
established. (A) Front and lateral view of intact C3-C7 model; (B) The
artificial cervical joint complex (ACJC) prosthesis; (C) ACJC
implanted after C5 corpectomy; (D) Prestige-LP prostheses; (E) Two-
level CDA at the C4-C6 level. (F) The titanium mesh cage (TMC) with
plate and screws; (G) Anterior cervical corpectomy and fusion (ACCF)
at the C4-C6 level.

significant reduction in overall mobility, showing reductions ranging
from 29.7% to 38.3% compared to the intact model, with the most
pronounced decreases occurring during flexion-extension and axial
rotation. The CDA model maintained most of the overall motion of the
subaxial cervical spine, with a tiny decline of 2.3%-7.1%, closely
mirroring the intact model’s mobility. The ACJC model exhibited a
small increase in ROM loss compared to the CDA model, yet it was
notably less than that observed in the ACCF model. The segmental
ROM of C3-C4 and C6-C7 augmented significantly across all loading
directions following ACCF surgery, while such an increment was not
pronounced in the ACJC and CDA interventions.

3.3 Intervertebral disc pressure (IDP)

Figure 6 illustrates the variations in IDP at the C3-C4 and C6-C7
levels under different motion states, that all surgical constructs
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FIGURE 3
Loading and boundary conditions of the C3-C7 cervical model.

surpassed the intact model in IDP values at adjacent segments. The
ACCF model demonstrated a notable increment in IDP at C3-C4 and
C6-C7 compared to the intact model, particularly marked during lateral
bending at the C3-C4 level and axial rotations at the C6-C7 level. The
ACJC and CDA models imposed less impact on the C3-C4 disc, with
IDP increases approximately between 8.8% and 19.3% for ACJC and
11.3%-33.0% for CDA, with the latter presenting a slightly higher
increment in C3-C4 disc stress. A similar pattern of IDP changes was
noted at the C6-C7 level in both ACJC and CDA models.

3.4 Facet joint stress (FJS)

Simulated analyses of each segment’s facet joint stress (FJS) were
conducted separately. Overall, the index segments in the CDA model
displayed the highest FJS increment, while ACCF showed the lowest. In
contrast, increased FJS was observed in the adjacent segments in ACCF
and ACJC models. Notably, in the CDA model, the FJS in C4-C5 and
C5-C6 levels experienced significant elevations, with increases relative
to the intact model ranging from 25.3% to 63.7% and 18.5%-58.2%,
respectively, especially during flexion and extension. The ACJC and
ACCF models exhibited FJS reductions in C4-C5 and C5-C6 levels
compared to the intact model, with the most considerable decrease
during flexion and extension. At the C3-C4 and C6-C7 levels, FJS rose
across all surgical models to various extents. The ACCF model showed
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Validation of the intact cervical model. (a) Values of lateral bending and axial rotation summate both right and left motion. (b) Values of lateral

bending and axial rotation are unilateral.

the most pronounced increase during flexion, with the FJS at C3-C4 and
C6-C7 ascending by 45.2% and 27%, respectively, compared to the
intact model. The ACJC model also manifested an FJS increase,
particularly in flexion, with a rise of 32.9% and 21.3% in the stress
of the upper and lower adjacent segments, respectively. Relatively minor
FJS increments were observed at the C3-C4 and C6-C7 levels. The
specifics are detailed in Figure 7.

3.5 Maximum von Mises stress on the
cervical vertebrae and instruments

The maximum vertebral von Mises stress and its distribution in
different models are illustrated in Figure 8. In the six motion states, all
ACJC prosthesis, ACDP, and TCM-plate-screws system influenced
adjacent vertebral stress. In the CDA model, the C5 vertebra showed the
highest stress increase during flexion-extension and lateral bending,
ranging from 43.1 MPa to 57.8 MPa. The ACCF model exhibited the
slightest variation in vertebrae von Mises stress of 11.0 MPa-26.8 MPa,
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primarily concentrated around the screw-contact regions in C4 and
C6 vertebrae. The ACJC prosthesis prompted a stress rise in the C4 and
C6 vertebrae during lateral bending, whereas it was less marked during
flexion-extension and axial rotation. The AJC] model showed a
medium von Mises stress variation on adjacent vertebrae compared
to the ACCF and CDA models.

Figure 9 present the maximum von Mises stress values and their
distribution in each instrument model. The ACJC prosthesis and
ACDP experienced maximal stress during extension, predominantly
localized at the joint interfaces, measuring 160.9 MPa and
172.7 MPa, respectively. The stress in the TCM-plate-screws
system was comparatively lower across all motion states and
mainly distributed at the root of the screws.

4 Discussion

Anterior cervical fusion surgery stands as the primary
management of cervical disorders due to the directly relieving
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spinal cord compression, restoring intervertebral height, correcting
cervical kyphotic deformity, and reconstructing spinal stability
(Davies et al, 2017). However, adjacent segment degeneration
(ASD) post-fusion procedure emerges as a significant clinical
challenge (Cho and Riew, 2013; Rudisill et al., 2022; Toci et al.,
2022). Various studies corroborate that cervical disc arthroplasty
(CDA), compared to anterior cervical discectomy and fusion
(ACDF), significantly reduces the incidence of postoperative ASD
(Findlay et al., 2018; Kim et al.,, 2023; Lee et al., 2023). Yet, no
motion-preservation device has been approved for clinical use in
treating cervical spondylotic myelopathy (CSM) with vertebral-
body-level spinal cord compression. Our group has developed
various artificial cervical joint complex (ACJC) prostheses as an
alternative to cervical corpectomy and fusion (ACCF) in the context
of motion preservation (Wu et al., 2012; Tan et al., 2015). The prior
in vitro biomechanical assessments indicate that ACJC possesses
effective motion preservation capabilities and a small impact on
adjacent segments. Dong et al. (2015), Dong et al. (2016) also
engineered different types of ACJC prostheses that were distinct
from our prostheses in prosthesis material selection, the design of
the joint structure, and the bone-prosthesis interface yet share
similar biomechanical characteristics via in vitro researches. Still,
stability reconstruction remained a challenge for ACJC, and few
biomechanical studies comprehensively analyzed the differences
between ACJC, ACCF arthroplasty, and CDA regarding
postoperative segment stability. The current study further refined
the ACJC prosthesis guided by the principle of physiological
reconstruction and investigated whether the innovative ACJC
achieves a biomechanical balance between mobility and stability
following cervical corpectomy by comparing it with ACCF and two-
level CDA procedures through finite element analysis (FEA).
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FEA is an effective computational tool for biomechanical studies
that employs data simulation to evaluate and predict the
biomechanical behavior of various clinical scenarios and
orthopedic instruments. It is widely utilized in the research and
development of innovative spinal instrumentation. In the current
study, the subaxial cervical spine (C3-C7) was selected as the subject
to construct the intact model according to published FEA literature
(Cai et al.,, 2020; Srinivasan et al., 2021; Huang et al., 2023). The
anterior cervical surgical models were established at C4-C6 levels
not only because the central position of the C5 vertebra within the
lower cervical spine facilitates the biomechanical simulation and
analysis but also because the C4-C5 and C5-C6 are most frequently
implicated in disc degeneration and herniation (Jiang et al., 2011).
Model validation is an essential process before the FEA to confirm its
effectivity and feasibility. The current standard for validation
involves cross-referencing the ROM values with existing in vitro
studies and FEA research (Ke et al., 2021; Li et al,, 2021). The
obtained ROM values of the current intact FE model were aligned
with the data obtained from previous cadaveric studies (Panjabi
et al., 2001; Liu et al.,, 2016) and FE models (Wu et al., 2019; Sun
et al.,, 2020). This alignment suggests that the present FE model was
well-established and ready for subsequent biomechanical analysis.

4.1 Range of motion (ROM)

The etiology of ASD remains controversial, yet the prevailing
view attributes it to alterations in spinal kinematics following fusion
(Wu et al., 2018; Huang et al., 2023). Lower postoperative ROM is
generally associated with greater enhanced stability and diminished
potential for implant loosening. However, it is critical to recognize
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that rigid fixation may induce compensatory load increases and
hasten degeneration in the adjacent segments (Galivanche et al.,
20205 Ji et al,, 2020). Results of the present study indicated that
postoperative ROM decreases following three different anterior
surgeries, with the ACCF displaying the most significant ROM
loss compared to the intact model, yet CDA maintaining the
ROM close to the intact model, aligning with findings reported
in vitro experiments and FEA (Nunley et al., 2018; Patwardhan and
Havey, 2020; Roch et al., 2020). The greatest ROM loss was observed
in ACCF of up to 38.3% flexion reduction and over 30% reductions
in extension and axial rotation. This led to significant compensatory
motion at the C3-C4 and C6-C7 segments during flexion-extension
and rotation, as illustrated in Figure 5. The ACJC arthroplasty and
CDA exhibited similar ROM variation patterns. There was no
notable increasing activity at the C3-C4 and C6-C7 segments,
suggesting a relatively small impact on adjacent segments of the
ACJC prosthesis that fulfilled its purpose as motion-preservation
devices. Although ACJC arthroplasty did not match the mobility at
C4-5 and C5-6 levels in the two-level CDA model, the redesign
prosthesis was engineered to augment the stability by incorporating
a semi-constrained internal joint and a novel external joint
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structure. Hence, a comparatively lower motion-preservation
capability than ACDP was expected.

4.2 Maximal von Mises stress on adjacent
intervertebral disc

Non-physiological activities after fusion procedures commonly
lead to abnormal variations in intervertebral disc pressure (IDP) at
the adjacent segments, as previously reported in cadaveric and FEA
studies (Chang et al., 2007a; Park et al., 2014; Welke et al., 2016;
Purushothaman et al., 2020). The cadaveric investigation by Park
etal. (2014) showed a significant increase of pressure at the center of
the superior adjacent disc and the anterior part of the inferior
adjacent disc during flexion and axial rotation after two-level
cervical fusion surgery, while the IDP remained unchanged
CDA procedure. Likewise, in
biomechanical research by Welke et al. (2016) demonstrated a

following  two-level vitro
notable increase in kinematics and pressures at adjacent segments
in fusion models, whereas no such changes were observed in CDA

models. Through FEA, Purushothaman et al. (2020) found that
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fusion surgery significantly increased adjacent IDP during flexion, — models, resulting in analogous findings. Variations in IDP under
extension, and axial rotation, correlating with the notable increased  different loading directions are illustrated in Figure 6. Compared to
ROM in adjacent segments. In the current study, IDP was evaluated  the intact model, the most notable increase in IDP at C3-C4 was
within the intact model and ACJC, ACCF, and two-level CDA  observed in the ACCF model during LB and RB loading with
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increments ranging from 98.9% to 125.5%, while significant IDP
increases at C6-C7 were observed during LAR and RAR loading
ranging from 79.6% to 93.2%. The ACJC and CDA models exhibited
significantly lower impacts on adjacent segment discs under
different loading directions than the fusion model. During axial
rotation loading, both motion-preservation devices demonstrated a
relative increase in IDP, potentially attributable to the decreased
stability of adjacent segments caused by the excessive rotational
flexibility of prostheses, in which the impact on the lower adjacent
segment was greater than on the upper one, aligning with results
from previous in vitro study (Park et al., 2014).

4.3 Maximal von Mises stress on facet joints

Abnormal hypermobility of facet joints at adjacent segments
has been recognized as a factor contributing to ASD. Studies
indicate that facet joint stress (FJS) of the non-fused segments
significantly increases following fusion surgery, often accompanied
by abnormal increases in ROM (Chang et al., 2007a; Li et al., 2015;
Liang et al., 2022). Similar findings were observed in the present

Frontiers in Bioengineering and Biotechnology

10

study, as illustrated in Figure 7. In the CDA model, minimal
variations in FJS at adjacent segments were observed compared to
the intact model, consistent with the negligible compensatory
ROM at the C3-C4 and C6-C7 levels. However, the ACCF
model showed a marked increase in FJS in the non-fused
segments under various loading directions, with the most
significant increase noted during flexion. This increase may be
attributed to the restriction of flexion at the fused segments by the
anterior plate. The ACJC model also showed an FJS increase at C3-
C4 and C6-C7 levels during flexion-extension but significantly less
than that observed in the fusion model. It was noted that the
impact on adjacent segments varied with the different loading
directions. Specifically, during axial rotation, the ACJC prosthesis
processed the least influence on adjacent segments FJS but a
greater impact on the adjacent intervertebral discs while
showing the opposite effect in flexion and extension, potentially
due to its endplate design and unrestricted rotational mobility.
Overall, attributed to its preservation of index segment mobility,
ACJC exerts a significantly lower impact on adjacent segments’
stability than fusion surgery, which could effectively reduce the
incidence of ASD.
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However, enhanced postoperative mobility may not always be
beneficial. The cervical degeneration and the removal of critical
structures such as ligaments and intervertebral discs during surgery
can significantly compromise the stability of index segments (Choi
etal,, 2021). Rigid fixation provided by ACCF is aimed to offset these
adverse effects. The Prestige-LP prosthesis used in the current study
is an FDA-approved artificial cervical disc featuring an open two-
piece, semi-constrained design with metal-on-metal articulation
2005).
suggested that its semi-constrained mobility (0-10° of flexion-

(Traynelis, Previous  biomechanical  investigations
extension and lateral bending, up to 2 mm of anterior-posterior
translation) significantly increases facet joint stress at the operative
levels (Chang et al., 2007b; Choi et al., 2020). It has been presumed
that such mobility may alter compressive and shear stress within the
index segments, coupled with other factors such as mismatched
prosthesis height, improper prosthesis placement, and excessive
endplate damage, may contribute to the development of the
occurrence of heterotopic ossification post-CDA (Ganbat et al.,
2014; Qi et al, 2014; Shen et al., 2021). This can result in a
reduction of postoperative cervical ROM, which contradicts the

objectives of motion-preservation devices. Therefore, CDA is
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contraindicated for patients with spinal instability and facet joint
disorder in current clinical practice. One of the purposes of
developing the ACJC prosthesis was to address postoperative
segmental instability after motion preservation surgeries. Results
from the present FE simulation demonstrate that the ACJC
arthroplasty = significantly reduced FJS at the index levels
compared with CDA. Although no excessive activity in the index
segments was observed in the CDA model, there was a notable FJS
augmentation in the surgical levels during flexion and extension,
which may be attributed to the resection of ligaments and the
excessive translation of the Prestige-LP. It is noteworthy that
physiological activities of the cervical spine do include moderate
translational movement. Although the novel ACJC was specifically
designed to fully restrict translation at individual joints, the
integrated motion between the superior and inferior joints can
replicate complex cervical physiological movements. The FE
models revealed that this coupled motion provides greater
stability than the Prestige-LP.
Additionally, the cervical anterior column reconstruction with the
vertebral component of ACJC also contributed to enhanced
postoperative stability at the index levels.

direct translation of the
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4.4 Maximum von Mises stress on the
cervical vertebrae and instruments

Given the stability concern, the present FE study also
examined the stress responses within the constructs of ACJC,
ACDP, and TMC-plate-screw systems. The findings revealed that
across a variety of loading scenarios, the maximum von Mises
stress of C3-C7 vertebrae ranged approximately from 10.3 MPa
to 57.8 MPa and remained well within the yield stress of human
cortical bone (188.51 MPa) (Albert et al., 2021). As for the three
implants, the observed maximum von Mises stress was
approximately between 32.6 MPa and 172.7 MPa, significantly
below the yield stress of the Ti6Al4V alloy (870 MPa) (Bundy
et al., 1983). Consequently, no instances of vertebral fractures or
structural damage to the implants were observed during the
loading tests. During the simulations, the maximum von Mises
stress of the cervical vertebrae was observed in the CDA model
during lateral bending, as shown in Figure 8. Stress concentration
was primarily noted at C5 and C6, the lower adjacent segments to
the ACDP implant. This stress concentration might be attributed
to the rigid metal-on-metal structure of the Prestige-LP, which
may contribute to the postoperative subsidence of the prosthesis
(Choi et al., 2020). Moreover, the primary stresses on the ACDP
implant were noted at the articulating surfaces, suggesting the
potential generation of wear debris during disc movement, which
may lead to subsequent aseptic inflammation and instrumental
In the ACCF
concentration was predominantly noted at the screw-plate

failure eventually. surgical model, stress
interfaces, a factor potentially contributing to postoperative
complications such as implant loosening, fractures, and fusion
failure. However, the mechanical stress transmission to adjacent
vertebral bodies was minimal in the ACCF model, consistent with
findings reported in the literature (Fogel et al., 2003; Li et al,,
2021; Oda et al., 2022). The ACJC prosthesis demonstrated von
Mises stress values comparable to the ACDP’s. However, acting
like a TMC, the vertebral component effectively dissipated stress
and exerted significantly less impact on the adjacent vertebrae
than ACDP, theoretically reducing the risk of implant collapse.
However, the stress within the ACJC prosthesis was primarily
concentrated at the interface between the CoCrMo joint ball and
the UHMWPE socket, which could be the potential failure point
of ACJC. The fatigue resistance at this critical juncture warrants
further research for definitive validation.

5 Limitation

Taken together, the present FEA results of IDP, FJS, and the
stress distribution in both implants and cervical vertebrae at
index and adjacent segments in the ACJC model collectively
indicated maintenance of stability post ACJC arthroplasty.
However, certain limitations of the current study were
noticed. Firstly, while the employed FE model has been
validated, it was developed using geometric data from the
cervical spine of a single healthy individual, in which the
vertebrae shape may impact the simulation. Secondly, this FE
model did not account for the influence of the paravertebral
musculature and the variations of bone material properties in
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different the cervical segments (Al-Barghouthi et al., 2020; Garay
et al., 2022), and the intervertebral disc has been modeled as an
elastic material instead of the poroelastic medium (Volz et al.,
2022), introducing the potential for an oversimplification that
may not accurately simulate the stress distribution. Future FE
studies should refine the simulation of cervical structures to
mirror clinical reality more accurately. Thirdly, CDA surgery
is not indicated for patients requiring cervical subtotal
corpectomy. To facilitate comparison with the ACJC and
ACCF on postoperative mobility and stability, the present FE
model was established based on CT data from a healthy
individual, which did not account for the potential impacts of
cervical degeneration on outcomes. Additionally, to establish a
full fusion model and simplify the calculations, the vertebral
screws were modeled in a cylindrical shape with no threads,
leading to the neglect of the potential impact of threads on
cancellous bone, which was inconsistent with the clinically
the of the
simulations. Also, as with other FE studies, the current results

realistic and potentially affecting results
were generated from a simplified biomechanical analysis that
accurately the

requiring further

may not comprehensively and reflect

of the
validation through cadaveric studies.

characteristics cervical spine,

6 Conclusion

Biomechanical findings of FEA indicated that, theoretically,
the ACJC addressed the issue of the rigidity associated with
ACCF and the instability with CDA and effectively balanced
postoperative stability with cervical motion preservation. This
novel joint-structured cervical prosthesis presents a feasible
ACCF
reconstruction device.

alternative  to as a  physiological  spinal
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