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ABSTRACT

Background: Degenerative pathologies of the cervical spine often involve facet and disc degeneration, leading to
biomechanical instability of the cervical spine. A promising surgical solution is a cervical interfacet fusion system (CIFS),
typically combined with an anterior disc cage to promote bone fusion and restore stability. However, the necessity of the
anterior disc cage remains controversial because it increases surgical time, cost, and risk. The aim of this study was to evaluate
the biomechanical performance of CIFS alone compared with its combination with an anterior disc cage using a C2—C7 finite
element model.

Methods: The model was validated against literature data in terms of range of motion (RoM) and used to simulate 3
surgical scenarios: (i) anterior disc cage alone, (ii) CIFS alone, and (iii) CIFS combined with an anterior disc cage. Simulations
were performed with C4-C5, C5-C6, and C4—C6 treated levels under flexion, extension, axial rotation, and lateral bending.

Results: Models (i) and (iii) eliminated motion at the treated levels but induced hypermobility and increased intradiscal
pressure (IDP) at adjacent levels. Conversely, model (ii) preserved residual motion at the treated levels, providing mobility with
RoM values within the average range of a healthy population and reducing intradiscal pressure at both the treated and adjacent
levels, potentially protecting adjacent discs. However, model (ii) has a higher risk of pseudarthrosis due to the residual motion.

Clinical Relevance: This study highlights how a CIFS in cervical spine surgery is a cost-effective alternative that
preserves mobility but requires careful patient selection to minimize risks such as pseudarthrosis and adjacent segment

degeneration while emphasizing the need for postoperative muscle rehabilitation.

Conclusions:

These results suggest that CIFS alone may provide a treatment that is both cost-effective and capable

of preserving mobility with RoM values within the average range of a healthy population, especially with appropriate patient

selection and muscle rehabilitation.
Level of Evidence: 5.

Biomechanics

Keywords: finite element model, cervical column, cervical interfacet fusion systems, anterior disc cage, cervical radiculopathy,

cervical instability

INTRODUCTION

The cervical region is considered the most complex and
delicate section of the vertebral column because it pro-
tects vital structures such as the first portion of the spinal
cord and blood vessels; an injury at this level is common
and can result in long-term disability or even death.' Such
injuries could be caused by trauma, leading to disloca-
tions or fractures, or by degenerative diseases that develop
slowly, mainly affecting cartilaginous structures such as
the intervertebral discs and facets.>® Once this chronic
condition progresses, conservative treatments are ineffec-
tive, and surgery is required in terms of decompression of

the nervous structures and anterior/posterior fixation with
implantable devices.* To assess the effectiveness of these
fixation systems and understand how the cervical spine
may comply after their implantation, both experimental
and numerical studies can be carried out.”® In the past 20
years, the development of finite element models (FEMs)
of the cervical spine has increased exponentially; however,
they are mainly focused on posterior fixation with rods and
screws, anterior fixation with cage and plate, implantation
of artificial disc, or their combination. A valuable alterna-
tive to these devices is represented by cervical interfacet
fusion systems (CIFSs), which allow the treatment of facet
and disc degeneration by simultaneously decompressing
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On the left, the numerical C2-C7 model is shown, while on the right, histograms of ranges of motions (RoMs) in flexion, extension, lateral bending,

and axial rotation comparing the numerical model developed (REF) and reviewed experimental (review EXP) and numerical (review FEM) data are shown. EXP,

experimental; FEM, finite element model; REF, reference.

the nerve roots, distracting the facet joints, and promoting
fusion at the surgical level.® However, few studies’ ! have
analyzed the effects of these devices on the biomechanics
of the cervical spine. Therefore, the present study aims to
develop and validate a C2—-C7 cervical FEM and use it to
answer a clinical question.

In particular, in clinical practice, CIFSs are usually
combined with an anterior disc cage (ADC), which leads
to increased surgical time, risks, and costs associated with
the surgery. Therefore, the goal of the present study is to
determine whether the additional ADC is necessary or
whether a stand-alone implantation of a CIFS is sufficient
to achieve effective stabilization of the cervical spine.

METHODS
Development and Validation of the C2-C7 Model

A C2-C7 FEM was developed (Figure 1) using
Abaqus (SIMULIA Inc., Providence, RI, USA) soft-
ware, and was built based on the FEM developed by
Herron et al.'? Five intervertebral discs (from C1 to C5),
articular facets, and ligaments (anterior longitudinal
ligament, posterior longitudinal ligament, interspinous
ligament, ligamentum flavum, and capsular ligament)
were included.'?

The vertebrae, disc, and facet components were
modeled as continuum solid material, while the ligaments
were modeled as nonlinear tension-only springs.

The material properties of the components are reported
in Table 1. The mechanical properties of the ligamentous
structures are assigned as nonlinear force-displacement

The element types used for the discretization were
linear tetrahedrons for cortical and trabecular bone and
linear hexahedrons for the other components (Table 1).
Interactions between facets are modeled as general contact
with normal hard behavior and frictionless as tangential
behavior, while to the endplate-vertebra and the facet-
vertebra interfaces, a tie constraint is assigned.'>"?

Static analysis was conducted in 2 steps. In the first
step, each intervertebral disc is axially compressed by a
follower load of 50 N,14 which simulates head weight and
muscle forces. In the second step, a pure moment of +1.5
Nm is applied on the superior vertebra and posterior facet
surfaces in the sagittal, coronal, and transverse planes to
simulate flexion-extension, lateral bending, and axial rota-
tion, respectively. An encastre on the C7 inferior surface
was imposed.

Parameters have been set as a result of 2 sensitivity
analyses about the influence of preload’s magnitude (from
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Table 1. Material properties and mesh details for each component of the model.

Element
Component Reference Constitutive Model Material Properties Type # Element
Disc
Annulus Lin et al”® Hyperelastic C10=0.84 D=03 kl=3 k2=90 k=0.33 C3D8 3900
Holzapfel
Nucleus Lin et al' Hyperelastic C10=0.64 C01 =0.09 D1 =0.022 C3D8 3000
Mooney-Rivlin
Endplates Silva et al'® Elastic Isotropic E =5 MPa v=049 C3D8 4600
Vertebral bone
Cortical Herron etal'?  Elastic Orthotropic ~ E, = 8000 MPa E, = 8000 MPa E, = 12000 MPa v,=04 v,=03 C3D4 99,316
v,,=0.35 G,=2414MPa G ,=241.4MPa G, =241.4MPa
Trabecular Herron et al'? Hyperelastic C10=19.23 D1 =0.024 C3D4 99,504
Neo Hooke
Facet Herron et al'? Hyperelastic C10=1.923 D1=0.24 C3D8 8914
Neo Hooke

Note: C10, D1, D, CO1, k1, k2, and k are constitutive model constants; E , E , E., and E are elastic moduli; G

1 T
Poisson’s modulus components.

0 N to 100 N)"" and friction (frictionless or penalty f =
0.1)"® to develop physiological modeling of the spine.

The model was validated by comparing the range of
motion (RoM) of each level in terms of angle in flexion-
extension, lateral bending, and axial rotation with those
of a literature review of both numerical and experimental
studies.'>1%3

Simulation of Different Clinical Scenarios

The validated model has been employed to analyze
a specific clinical study. In particular, as reported in
Figure 2, x-ray images of a 60-year-old woman with
2 ADCs and 2 CIFSs implanted in C4-C5 and C5-C6

a)

1»» G,3» and G, are components of the shear modulus; and v, v, v,., and v , are

levels were provided by the Humanitas San Pio X Hos-
pital (Milan, Italy). The patient was suffering from
an intractable right cervical radiculopathy, which was
caused by an osteophytic discopathy with foraminal
stenosis at C4-C5-C6. Specifically, the CIFS implanted
was a Sharkage (SKC) fusion system manufactured by
2B1 srl (Milan, Italy).

To evaluate the influence of the ADC, the SKC, and
their combined effect, 3 different simulations were
defined:

e ADC model: insertion of the ADC between the
vertebral bodies, replacing the disc.

Figure 2. Posterior (a) and lateral (b) view of 60-year-old woman with the anterior disc cage (in blue) and the Sharkage (in orange).
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Figure 3. (a) The posterior view of REF, ADC, SKC, and SKC + ADC models with C4-C5 treated level. (b) Histograms of flexion, extension, lateral bending, and
axial rotation (applying 1.5 Nm) for C2-C7 levels for all models. ADC, anterior disc cage; REF, reference; RoM, range of motion; SKC, Sharkage.

e SKC model: bilateral insertion of SKC devices
between the posterior facets.

e SKC + ADC model: insertion of both the ADC
and SKC devices, as described in the clinical case

(Figure 2).
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For each of the above simulations (I, II, and III), 3
different cases were evaluated to assess the influence of
the treated level. Specifically, the C4-C5, C5-C6, and
bilevel C4—C6 segments were analyzed (Figures 3A,

(@) The posterior view of REF, ADC, SKC, and SKC + ADC models with C5-C6 treated level. (b) Histograms of flexion, extension, lateral bending, and
axial rotation (applying 1.5 Nm) for C2-C7 levels for all models. ADC, anterior disc cage; REF, reference; RoM, range of motion; SKC, Sharkage.
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Figure 5. (a) The posterior view of REF, ADC, SKC, and SKC + ADC models with C4-C6 treated level. (b) Histograms of flexion, extension, lateral bending, and
axial rotation (applying 1.5 Nm) for C2-C7 levels for all models. ADC, anterior disc cage; REF, reference; RoM, range of motion; SKC, Sharkage.

4A and 5A, respectively), the latter corresponding to
the clinical case shown in Figure 2.

The SKC CAD model was provided by the manufac-
turer (2B1 s.r.l., Milan, Italy). A Ti6Al4V alloy linear-
elastic material was assigned to the cage, with an elastic
modulus (E) of 110 GPa and Poisson’s ratio (v) of 0.3. The
SKC was positioned between the facets using an embed-
ded region constraint, based on x-ray images, which simu-
lates a fused bone-implant interface. The SKC model was
meshed using 121,612 4-node linear tetrahedral elements
(C3D4). At the treated level, the capsular ligament and
facet cartilage were removed as required by the surgical
procedure.

The ADC CAD was designed in Abaqus software as
a solid trapezoid, deriving the dimensions from x-ray
images (Figure 2). Young’s modulus has been assigned
considering a mean value between the solid (110 GPa)
and trabecular (67 GPa) elastic modulus, weighted
by the percentage of the respective occupied volume,
resulting in a final modulus of 80 GPa.*® After the exci-
sion of the intervertebral disc, anterior longitudinal lig-
ament, and posterior longitudinal ligament, the ADC
has been positioned into the empty cavity as depicted
in the x-ray images, constrained to the vertebral column
with an embedded region constraint and meshed with
70,864 4-node linear tetrahedrons (C3D4).

The interactions, boundary conditions, and loading
conditions were consistent with the validated model as
well as the material properties of the adjacent levels’ discs.
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RoM and intradiscal pressure (IDP) were calculated and
compared between models using values calculated for
the validated model as a reference (REF). In addition, the
percentage difference relative to the REF model in IDP
values was calculated for each model and for each disc,
where “NA” was reported in cases where a cage replaced
the disc. Moreover, the RoM of the entire C2 to C7 spine
segment was calculated and compared.

In addition, to investigate the biomechanics of the cer-
vical spine of a patient who tends to replicate a physio-
logic motor task (compensating the constrained motion of
the fixed segments with a muscular activation), a second
hybrid-loading protocol was used in flexion.”’* In par-
ticular, a flexion moment was imposed to the model and
able to obatain the same total RoM of the validated model
when 1.5 Nm is applied, along with a preload of 50 N.
The results of these further simulations (under the hybrid
loading protocol) were evaluated. Outcomes of the hybrid
loading protocol were the considering IDPs, which were
then compared with those obtained when applying 1.5 Nm
in flexion only.

RESULTS
Development and Validation of the C2-C7 Model

Figure 1 reports the intervertebral RoMs in flexion-
extension, lateral bending, and axial rotation com-
pared with the values derived from the literature (both



Ciriello et al.

experimental and numerical data were considered),
showing good agreement with the latter.

All RoMs were within 1 SD of either the numeri-
cal findings or the experimental data, except the C4-C5
segment in flexion-extension. Nevertheless, Herron et
al'? reported that the RoM of the C3-C7 segment of their
model was 38.37°, and the C3—C7 RoM of the current
model is 38.33°.

Simulation of Different Clinical Scenarios

Results in terms of RoM of the ADC, SKC, and SKC
+ ADC models at the C4—C5, C5—C6, and C4—C6 treated
levels are reported in Figures 35, respectively.

The use of ADC causes a complete elimination of
the RoM at the treated level for all types of movement
(flexion, extension, lateral bending, and axial rotation),
together with an increase in the RoM in the adjacent seg-
ments. On the other hand, in the SKC model, the RoM
at the levels where the SKC implant is placed is reduced
by 75.6% (for C4-CS5), 86.5% (for C5-C6), and 88.3%
(average reduction for C4—C6 levels) compared with the
REF model (the percentage reductions refer to extension
but are similar for all movements). Furthermore, the RoM
of the adjacent levels shows a decrease, contrary to what is
observed with the ADC model.

Finally, the SKC + ADC model, similar to the ADC
model, cancels the RoM at the level where the ADC device
is present. However, for the adjacent segments, it shows an
intermediate behavior between the SKC and ADC models.
Specifically, there is a reduction in RoM compared with
the REF model, although not as pronounced as in the SKC
model (Figures 3b, 4b and 5b).

The percentage differences of IDPs of all models
with respect to the REF model are reported in Table 2.

The SKC model, in which only the SKC is implanted,
shows a mean IDP reduction of 69% in the treated level
compared with all the other models. In addition, in the 2
adjacent levels, there is a reduction in IDP in all the cases,
ranging from 1% to 7%, except in the scenario of exten-
sion with the implantation of SKC alone in C4 to C6,
where IDP increases of 13%. Conversely, when ADC is
used either alone or in combination with SKC, there is an
increase in IDP at both the superior and inferior levels with
respect to the treated one, ranging from 1% to 21%, par-
ticularly in the case of C4 to C6 extension with the SKC
+ ADC model.

Results in terms of total RoM of the validated model
(REF) and the clinical models in flexion, extension, lateral
bending, and axial rotation are reported in Table 3. As
already observed in Figures 3-5, the SKC models show a

Table 2. Percentage reduction of intradiscal pressure (IDP) in each intervertebral disc for all models during flexion, extension, left and right bending, and left and

right rotation, relative to the REF model.

IDP in Flexion IDP in Left Bending IDP in Left Rotation
Device d1 d2 d3 d4 d5 d1 d2 d3 d4 ds d1 d2 d3 d4 ds
Ref P (MPa) 0.98 1.26 1.46 0.94 0.72 0.84 0.60 0.61 0.70 0.46 0.68 0.77 0.65 0.77 0.62
C4-Cs5
ADC Reduction (%) 0% —2% NA -1% 0% -1% -12% NA -3% 0% 0% 2% NA 0% 0%
SKC 0% 1% 45% 3% 0% -1% 1% 70% 2% 0% 0% 2% 58% 1% 0%
SKC + ADC 0% 0% NA 1% 0% -1% —4% NA 2% 0% 0% 2% NA 0% 0%
C5-C6
ADC Reduction (%) 0% 0% -1% NA 0% 1% 1% -3% NA 7% —2% —2% -1% NA -1%
SKC 0% 0% 2% 42% 3% 1% 1% —2% 79% 6% 2% —2% —4% 70% 0%
SKC + ADC 0% 0% -3% NA -3% 0% 0% —8% NA —2% —2% —2% -1% NA -1%
C4-Co
ADC Reduction (%) 0% 0% NA NA 0% -1% -3% NA NA 8% 2% 1% NA NA -1%
SKC 0% 2% 58% 56% 4% 0% 2% 77% 82% 6% —2% 0% 61% 72% 0%
SKC + ADC 0% —2% NA NA -3% -1%  -12% NA NA 2% -1% 0% NA NA -1%
IDP in Extension IDP in Right Bending IDP in Right Rotation
d1 d2 d3 d4 ds d1 d2 d3 d4 ds d1 d2 d3 d4 ds
Ref P (MPa) 0.57 0.48 0.81 0.78 0.75 0.84 0.64 0.71 0.49 0.56 0.75 0.83 0.81 0.77 0.47
C4-Cs5
ADC Reduction (%) -1% -18% NA -5% 0% -1% —6% NA —6% 0% 0% 1% NA -1% 0%
SKC 0% 2% 97% 7% 0% 0% 3% 69% 6% 0% 0% 0% 54% 2% 0%
SKC + ADC 0% 5% NA 1% 0% -1% 0% NA 5% 0% 0% 2% NA -1% 0%
C5-Co6
ADC Reduction (%) 0% 0% —2% NA 2% -1% -3% -3% NA 2% -1% -1% 0% NA 2%
SKC 0% 1% 2% 105% 7% 0% 7% 13% 69% 23% -1% -1% -1% 65% 0%
SKC + ADC 0% —2% —9% NA —5% -1% -1% —8% NA —4% -1% -1% 0% NA 2%
C4-Co
ADC Reduction (%) -1% —5% NA NA 3% 2% —2% NA NA 2% -1% 1% NA NA 2%
SKC 3% -13%  71% 83% 2% -1% 3% 76% 68% 2% -1% 0% 63% 1% 0%
SKC + ADC 2% -21% NA NA -5% —2% —8% NA NA —4% -1% 0% NA NA —2%

Abbreviations: ADC, anterior disc cage; NA, not available; Ref, reference; SKC, Sharkage.

Note: “d1” through “d5” indicate intervertebral discs. “d1” through “d5” indicate intervertebral discs. Postive numbers indicate a reduction in IDP, while negative numbers represents an increase in IDP. “NA”

means that the ADC device is in place of the disc.
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Table 3. Total RoM [°] under a 1.5 Nm load across different configurations in
flexion, extension, lateral bending, and axial rotation.

Measure ADC SKC SKC+ADC
Flexion (Ref = 22.44°)
C4-C5 19.22° 19.43° 18.70°
C5-C6 17.37° 18.23° 17.37°
C4-C6 13.62° 14.71° 13.62°
Extension (Ref = 23.52°)
C4-C5 20.39° 20.96° 20.67°
C5-C6 16.62° 17.00° 16.62°
C4-Co6 13.78° 14.19° 13.78°
Lateral Bending (Ref = 20.45°)
C4-C5 17.76° 16.83° 16.38°
C5-C6 16.41° 16.56° 16.41°
C4-C6 12.70° 12.92° 12.70°
Axial Rotation (Ref = 37.64°)
C4-C5 31.57° 31.50° 30.98°
C5-C6 29.29° 29.95° 29.29°
C4-C6 22.57° 23.66° 22.57°

Abbreviations: ADC, anterior disc cage; Ref, reference; RoM, range of motion;
SKC, Sharkage.

higher RoM with respect to ADC and SKC + ADC models
in each movement and treated level, as expected.

With a constant applied angle of 22.44°, simulating the
patient’s compensatory mechanism to reproduce a pre-
implant condition, in which the spine was able to achieve a
greater rotation under a lower applied moment, IDPs were
analyzed only during flexion. IDP values of all patholog-
ical models (SKC, ADC, and SKC + ADC) together with
the percentage difference from those obtained with the
application of a 1.5 Nm moment are reported in Table 4.

In each model, the tendency to replicate the physiolog-
ical RoM leads to an increase in the IDPs that exceeds the
IDPs of the REF model. Comparing the 3 clinical models
(ADC, SKC, and SKC + ADC), the SKC models show

less influence on the overloading of the discs in each
treated level, confirming the trend in Table 2. In addition,
given the higher mobility of the SKC models, the moment
needed to reach the physiological motion is lower than that
of the ADC and SKC + ADC models. Finally, the disc at
the treated level in models SKC still experiences a decom-
pression, though it is reduced if compared with the results
of the models where a 1.5 Nm moment is applied.

DISCUSSION
Validation of the C2-C7 Model

In the present study, a C2-C7 FEM was developed,
removing the cranium, C1, and the associated structures
from the available model of Herron et al.'? Since the
implantation of the SKC, CIFS is not recommended
at these levels according to the surgeon’s indications.
As already mentioned, the intervertebral RoMs of the
model in flexion-extension, lateral bending, and axial
rotation are in good agreement with experimental and
numerical literature data; thus, the model could be
considered validated. The validation did not take into
account the IDPs of the model due to a lack of liter-
ature data regarding appropriate disc pressurization in
flexion-extension, lateral bending, and axial rotation, as
few studies include these data for the validated model or
are incomplete or use different loading conditions with
respect to the current model.

Subsequently, to explore the influence of the magnitude
of preload and friction, 2 sensitivity analyses have been
carried out. Focusing on the preload, the literature suggests

Table 4. IDP values at a physiological flexion angle of 22.44° (Table 3) across different clinical configurations.

Device Torque, Nm d1 d2 d3 d4 ds
C4-Cs5
ADC 1.75 IDP (MPa) 1.12 1.45 NA 1.08 0.82
% diff 14.2% 12.4% 12.5% 13.0%
SKC 1.73 IDP (MPa) 1.10 1.39 0.89 1.01 0.81
% diff 13.1% 11.3% 11% 10.7% 12.0%
SKC + ADC 1.80 IDP (MPa) 1.14 1.45 NA 1.07 0.84
% diff 17.1% 14.6% 14.4% 15.4%
C5-C6
ADC 1.94 IDP (MPa) 1.22 1.53 1.85 NA 0.91
% diff 24.9% 21.3% 26.2% 25.7%
SKC 1.85 IDP (MPa) 1.17 1.48 1.69 0.63 0.83
% diff 19.6% 16.7% 18.3% 16.4% 17.6%
SKC + ADC 1.94 IDP (MPa) 1.22 1.53 1.81 NA 0.88
% diff 24.9% 20.9% 20.0% 19.1%
C4-C6
ADC 2.47 IDP (MPa) 1.51 1.87 NA NA 1.09
% diff 54.8% 48.1% 50.4%
SKC 2.29 IDP (MPa) 1.41 1.70 0.85 0.56 0.95
% diff 44.4% 36.6% 37.2% 35.7% 36.8%
SKC + ADC 2.47 IDP (MPa) 1.51 1.83 NA NA 1.05
% diff 54.1% 41.4% 41.1%

Abbreviations: ADC, anterior disc cage; IDP, intradiscal pressure; NA, not applicable; SKC, Sharkage.
Note: “NA” indicates ADC device is in place of the disc. The percentage difference is relative to the IDP obtained applying 1.5 Nm (see Table 2).
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that its variation does not notably affect the results, and
no significant difference is reported in the quality of the
measured data.'” The sensitivity analysis showed a varia-
tion in the RoM between the validated model (50 N) and
those that use 0 and 100 N of preload that was not signifi-
cant (lower than 9.5%), in accordance with the literature. 7
Moreover, a higher preload is associated with greater sta-
bility, which in turn is related to a reduction in RoM.*
In fact, increasing the preload from O to 100 N leads to a
reduction of the RoM, which could be associated with an
enhancement of the stability.

Moving to the sensitivity analysis of the friction, results
show that specifying a penalty of 0.1, instead of imposing
a frictionless tangential behavior, does not lead to signifi-
cantly different RoMs (the maximum variation is 5.2% in
extension). However, a healthy synovial cartilage has a
friction coefficient that is below 0.05; therefore, its model-
ing with a penalty of 0.1 is not representative of its physi-
ological behavior.*’

Simulation of Different Clinical Scenarios

The validated model (REF) was successfully used to
analyze various clinical scenarios inspired by a represen-
tative case of a 60-year-old woman with right cervical
radiculopathy caused by an osteophytic discopathy with
foraminal stenosis at C4-C5-C6, who underwent surgery
to implant 2 SKC and 2 ADCs at levels C4-C6 (Figure 2).
Based on this case, 3 different models were developed to
compare 3 different surgical techniques: ADC alone, SKC
alone, and a combination of the 2 (SKC + ADC). In addi-
tion, 3 conditions were simulated for each model to assess
the influence of treatment at different levels (C4—C5, C5—
C6, and C4-C6).

In general, the use of SKC significantly reduces the
RoM, up to a maximum of 94% in axial rotation in the C4—
C6 model. However, it does not completely eliminate the
RoM at the treated level, which may lead to an increased
risk of pseudarthrosis; on the contrary, with ADC, the RoM
was eliminated where the device is implanted, resulting in
greater spinal stability. The increased mobility allowed by
SKC is further confirmed by analyzing the total RoM over
different simulated movements. As shown in Table 3, the
RoM in the SKC model reduces by a maximum of 59% in
axial rotation at C4 to C6, compared with a 67% reduction
with ADC. The increased mobility with SKC primarily
results in a reduced load on the disc, leading to an overall
reduction in IDPs at all levels. At the treated level, SKC
produces a maximum IDP decrease of approximately
105% (the maximum value was obtained in extension with
C5-C6 treated).

When analyzing the levels adjacent to the treated one,
SKC leads to a slight reduction in mobility in the adjacent
segments (up to 10.5% in right bending when C4—C6 are
treated), unlike the ADC model, where hypermobility is
observed (Figures 3-5). When both SKC and ADC are
used in combination, slight hypermobility is maintained
regardless of the involved level.

As expected, in adjacent levels with SKC, the IDP gen-
erally decreases, resulting in decompression or shielding
of the disc. In contrast, the hypermobility induced by ADC
(both ADC and SKC + ADC models) leads to an increased
IDP, which may indicate overloading and affect nutrient
exchange, potentially increasing the probability of postop-
erative disc degeneration.” In addition, it may result in a
higher potential of pseudarthrosis.

The analysis of the total RoM shows that, as mentioned
above, the SKC model allows the cervical spine to have
global mobility that is closer to the physiological one;
therefore, the treated level is less stiff than that of ADC
and SKC + ADC models. This may be beneficial if the
patient compensates with muscular activation for losing
RoM. When the global physiological RoM is restored,
specifically by imposing 22.44° in flexion as in this study,
IDPs increase in all models (ADC, SKC, and SKC +
ADC). However, the SKC stand-alone model requires a
lower moment (indicating less muscular effort) and shows
a smaller increase in IDP compared with the ADC and
SKC + ADC models, as shown in Table 4.

As in the previous analysis, where a bending moment
of 1.5 Nm was applied, imposing an angle equivalent to
the physiological one results in lower IDPs for the SKC
model compared with the ADC and SKC + ADC cases,
confirming the trend.

A notable difference between the 2 analyses is that
when the same angle is applied, IDPs increase in all
cases except in the discs at the surgical level (SKC
model). On the other hand, when the torque is applied,
both increases and decreases in IDPs are observed, par-
ticularly a reduction in the levels adjacent to the treated
ones, as shown in Table 3.

Furthermore, considering the variations observed
between the treated levels (C4-C5 vs C5-C6 vs C4-C6),
the C4-C6 segment is the stiffest under both loading con-
ditions: (i) an applied torque of 1.5 Nm and (ii) an imposed
flexion angle of 22.44°. Specifically, in condition (i), the
reduction in RoM at the treated levels is more pronounced
for C4-C6 compared with single-level treatments. In
condition (ii), the C4-C6 case in the ADC and SKC +
ADC models requires a maximum torque of 2.47 Nm to
achieve the same RoM as the REF model, indicating how
much the muscles must compensate to impose a flexion
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equivalent to that of a condition without implanted devices
(22.44° of flexion), resulting in a greater increase in IDPs
at the adjacent levels (Table 4). These findings align with
the established literature, which consistently reports that
when motion at the operated or fused segment is restricted,
adjacent levels compensate by increasing their RoM. This
compensatory hypermobility leads to higher IDPs and
is considered a contributing factor to adjacent-segment
degeneration.> 71837394142 1y thig context, the results
confirm that muscular and neural compensation attempts
to restore preimplant motion, thereby increasing the loads
and IDPs at both the treated and adjacent segments.

Limitations

Some limitations must be acknowledged. First, in
the models simulating the clinical cases, pathology was
not explicitly modeled, and the spine was assumed to
have the curvatures of a healthy individual after implan-
tation of the different cages. In addition, muscles and
their effects were excluded from this study. Second,
as described above, an embedded interaction was used
between the device and the bone to simplify the device-
bone interaction. This approach prevents any move-
ment between the 2 components, simulating the device
as fully osseointegrated. This could overestimate the
SKC stability and ignore the early postoperative phase
when micromovements could occur, potentially leading
to cage displacement under excessive loading (worst
case scenario). Finally, regarding the geometries of the
implanted devices, the SKC 3D model was provided by
the manufacturer, while, for the ADC model, a simpli-
fied trapezoidal shape was used with material properties
adjusted to account for its trabeculated structure, result-
ing in a lower overall modulus (80 GPa) compared with
standard titanium alloy (110 GPa).*

Finally, the study highlights that CIFS alone could rep-
resent a cost-effective, less invasive, and equally effective
alternative to combined CIFS and ADC fusion for selected
patients, offering sufficient spinal stabilization while reduc-
ing surgical time. However, careful patient selection and
postoperative rehabilitation are crucial to mitigate the risks
of pseudarthrosis, adjacent segment degeneration, and
excessive muscular compensation.”

CONCLUSION

In conclusion, this study focused on developing and
validating a FEM of the C2—-C7 cervical spine, which
was then used to investigate a specific clinical scenario.
The primary goal was to determine whether the SKC, a
CIFS designed by 2B1 S.r.I., implanted as a stand-alone
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solution, was comparable to an ADC implant or to the
combination of the 2 systems (SKC + ADC). Remark-
ably, in several cases, the stand-alone SKC implant
resulted in a greater RoM of the cervical spine while
reducing IDP. This suggests that the stand-alone SKC
system may offer significant benefits to patients, both
mechanically and clinically.
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