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ARTICLE INFO ABSTRACT

Keywords: In anterior cervical discectomy and fusion (ACDF), an interbody fusion device is an essential
Biomechanical implant. An unsuitable interbody fusion device can cause postoperative complications, including
Cervical

subsidence and nonunion. We designed a customized intervertebral fusion device to reduce
postoperative complications and validated it by finite element analysis. Herein, we built a non-
homogeneous model of the C3-7 cervical spine. Three implant models (customized cage, com-
mercial cage, and bone graft cage) were constructed and placed in the C45 cervical segment after
ACDF surgery. The simulated range of motion (ROM), stress at the cage-bone interface, and stress
on the cage and implants were compared under different conditions. The commercial cage
showed maximum stress peaks at 40.3 MPa and 43.2 MPa in the inferior endplate of C4 and
superior endplate of C5 under rotational conditions, higher compared to 29.7 MPa and 26.4 MPa,
respectively, in the customized cage. The ROM was not significantly different between the three
cages placed after ACDF. The stresses on the commercial cage were higher compared to the other
two cages under all conditions. The bone graft in the customized cage was subject to higher stress
than the commercial cage under all conditions, particularly lateral bending, wherein the
maximum stress was 5.5 MPa. These results showed that a customized cage that better conformed
to the vertebral anatomy was promising for reducing the risk of stress shielding and the occur-
rence of subsidence.

Cage
ACDF
Finite element analysis

1. Introduction

Anterior discectomy and fusion (ACDF) surgery is widely performed for the treatment of cervical disc disease, like cervical
spondylotic myelopathy, cervical disc herniation, and posterior longitudinal ligament ossification [1,2]. An intervertebral fusion
device for fixation is the most commonly used in this surgery and plays an important role in restoring disc height, decompressing, and
maintaining stability [3,4]. However, complications, including non-healing bone, subsidence, and pseudoarthrosis occur after surgery
[5,6]. Although various new fusion devices have been developed and used in clinical settings, postoperative complications have not
improved significantly.
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Inappropriate moduli of elasticity or mismatches in the shape of the intervertebral fusion device are essential factors during the
subsidence [7- 9]. Optimizing intervertebral fusion devices by changing their material properties and constructing for microporosity
are favorable research directions. The advent of the cage in materials like titanium and poly-ether-ether-ketone (PEEK) has gradually
replaced autologous bone grafts and become mainstream, owing to the better stability and biocompatibility of titanium alloys; the
elastic modulus of PEEK is close to that of cortical bone [10,11]. Wang et al. [12] performed local topological optimization of the unit
lattice to obtain a lattice structure filled into the lumbar fusion for microporous fusion, which reduced the weight and showed a more
uniform stress distribution. Although altering the elastic modulus of the intervertebral fusion cage improves the stress distribution
across the vertebral body, decisive help in resolving postoperative subsidence remains lacking.

In addition to changing the elastic modulus properties, the shape design of the intervertebral fusion is popular for optimization.
However, the majority of intervertebral fusion shapes are designed with emphasis only on contact area, intervertebral height resto-
ration, intervertebral fusion fixation, and form fixation parameters. Despite the convenience of commercially available cages designed
according to fixation parameters, the vertebral structure of individual patients is different, leading to neglecting of individualized
characteristics of commercial cages, and ineffective results after application. Recently, the concept of personalization has been
gradually developed with the integration of bionic and biomechanical concepts into the design of implants and gained traction [13].
Kang et al. [14] designed a multisegmented artificial intervertebral implant customized to the patient’s spinal anatomy, which not only
met the safety requirements of the implant but also achieved positive clinical results. The customized design provided better matching
of the cage-bone interface, improved biomechanics, and a homogeneous mechanical distribution of the vertebral body surface along
with reasonable mechanical conduction. Therefore, designing a cage that can conform to suit the individual patient’s requirements and
simultaneously reduce postoperative complications is necessitated.

Finite element analysis (FEA) simulates the biomechanics of a model, thus making up for the lack of experimental biomechanical
data from in vitro experiments. Application in spinal surgery also has the advantages of convenient modeling, the possibility of
constructing different procedures, and adjusting the applied forces. Therefore, FEA is a crucial tool for solving complex problems in the
biomechanical study of the spine. In this work, a finite element model of the healthy human cervical spine C3—C7 was established,
which was modified such that an intervertebral fusion cage could be inserted in the C4-C5 segment during ACDF operation. We
attempted to use an individualized cage design method to reduce the risk of cage sinking and stress shielding. Therefore, the purpose of
this study was to analyze the impact of different cages on the biomechanics of the affected and adjacent segments after surgery.

2. Material and methods
2.1. Models

The computer tomography (CT) thin-section scans of the cervical spine were obtained from normal healthy female volunteers aged
32 years (height: 172 cm, weight: 70 kg, and thickness: 0.625 mm). The study design was approved by the Ethics Committee of the
Second Hospital of Jilin University, and informed consent was obtained from the volunteers. Subsequently, the CT scan images were
imported into Mimics (Mimics 19, Materialise, Inc., Belgium) software, the thresholds were adjusted to visualize the areas of C3-7
bones, a layered examination was performed to show the unrecognized and redundant parts of the system, and after obtaining the
3D model, it was smoothed and the noise was reduced. Cortical and cancellous bones were assigned using the gray value formula in
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Fig. 1. Finite element model for intact C3-7 cervical spine. (A) Intact Model; (B) Force and Constraint; (C) Cage, and (D) Endplate, Nucleus pul-
posus, and Fiber.
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Mimics, and intervertebral disks and cartilage were built using 3-Matic (3-Matic 11.0, Materialise, Inc, Belgium). Finally, the model
was imported into Hypermesh 20.0 (Hypermesh 20.0, Altair Technologies, Inc., CA, USA) for meshing, defining material properties,
and FEA.

The intact vertebral body comprised cancellous bone, cortical bone, end-plate, intervertebral disc, anterior longitudinal ligament,
posterior longitudinal ligament, interspinous ligament, ligamentum flavum, and capsular ligament (Fig. 1A and B). Cortical and
cancellous bones were assigned seven different thresholds using the gray value formula. The intervertebral disc comprised the three
following parts: nucleus pulposus, annulus ground substance, and annulus fibrosus. The annulus fiber was a net structure consisting of
truss units subjected only to tension and inclined between 15° and 45° from the horizontal (Fig. 1D). Diagonal corners of the hexahedra
of the fiber annulus were connected using rod units, adjusted to the desired angle, and three layers were built from the medullary
nucleus to the outermost side. The hyperelastic material property was assigned to the nucleus pulposus and annulus ground substance.
We built a layer of articular cartilage in the joint space of the vertebral body surface using a hexahedral unit. The mesh element size of
the C3-7 spine vertebra model was 0.5 mm. To insulate the results of the FEA from the mesh size, 0.3 mm and 0.7 mm meshes were
added and set to low quality (element size 0.7 mm, elements 575,103, and nodes 118,692), medium (element size 0.5 mm, elements
1,086,295, and nodes 219,103), and high quality (element size 0.3 mm, elements 3,065,174, and nodes 602,772) meshes, respectively,
to perform mesh convergence analysis. The difference between the medium and high-quality models was less than 5%, and thus, the
medium-quality mesh was convergent [15]. A layer of articular cartilage was built on the surface of each vertebral body in the facet
joint. All five ligaments were built using spring units in the vertebral body. The materials properties for finite element models are listed
in Table 1 [16-18].

2.2. Design of the cage

The design of the new customized cage conformed to the anatomy of the human vertebral body based on a bionic concept adhering
to the anatomy of the cervical intervertebral space (Fig. 1C). The upper and lower ends of the customized cage fit the same area as that
of the lower surface of the C4 vertebra and the upper surface of the C5 vertebra, respectively, thus maximizing the fit to the vertebral
body. The area of the customized cage was 40% of the vertebral body surface for providing adequate support. Customized cages with
several aspect ratios were created to select the most suitable size, not interfering with the pedicle joint. In the center of the customized
cage, holes were designed through the upper and lower curves to allow the insertion of bone grafts for better fusion. The bone cage
used the unpunched fitted cage and replaced the material properties with the bone graft material, while the commercial cage used the
scanned STL file for reconstruction.

2.3. Simulation of ACDF

The commercial cage was reconstructed by scanning, followed by input into the computer, and the customized cage was fitted
according to the top and bottom of the endplate (Fig. 2A). Bone graft cage was simulated by iliac bone extraction. After ACDF surgery,
cage subsidence can produce spinal stenosis, causing nerve root pain and nerve root palsy, thus seriously affecting postoperative nerve
root decompression. Post-ACDF nerve root palsy is most common in the C4-5 segment. To simulate ACDF surgery, the C4/5disc,
superior endplate of C5, inferior endplate of C4, C4/5 anterior longitudinal ligament, and C4/5 posterior longitudinal ligament were
removed. The commercial cage, customized cage, and bone graft cage were correspondingly assembled with the surgical model, to
simulate the implantation of the cage filled with bone graft (Fig. 2B). We selected the cage-bone interface, cage, and bone graft with
von Mises stress as the object to compare the biomechanical effects of the three different cages.

2.4. Boundary, contact and loading conditions

Aload of 73.6 N was applied to the upper surface of the C3 vertebral body to simulate the physiological state and a moment of 1 Nm
was used to simulate flexion, extension, lateral bending, and axial rotation, and constrain the underside of the C7 cervical spine [19].

Table 1
Material properties and element types in the model.
Components Young, s Modulus (MPa) Poisson Ratio Element type
Bone p =47+ 1.122+HU 0.3 C3D4
E = 0.69 % pi.35
Endplate 500 0.4 C3D8RH
Facet cartilage 10.4 0.4 C3D8RH
Nucleus pulposus Mooney — Rivlin C3D8RH
C10 =0.12C1 = 0.09
Annulus ground Mooney — Rivlin C3D8RH
C10 =0.56C1 =0.14
Fiber 450 0.45 Rod
Ligaments stress—strain curves Spring
Cage( Ti6Al4V) 110000 0.3 C3D4
Bone graft cage 3500 0.3 C3D4
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Fig. 2. 3D view of implants used in ACDF models (A) ACDF model and (B) Three cage models and bone implants assembled in ACDF models.
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Fig. 3. Validation of the C3-7 intact model. (A)Flexion. (B)Extension. (C)Lateral bending. (D)Axial rotation.
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The cage-bone interface used surface-to-surface contact, setting the friction coefficient to 0.5 [20]. The contact between the vertebral
body, intervertebral disc, and endplate was set using the stick set, and the contact of facet joints was set using the slide set.

3. Results

3.1. Model validation

The FEA model in this experiment was compared to a previous experimental model (in vivo or in-vivo) (Fig. 3A-D). The present test
complete model yielded a range of motion (ROM) in C3-4, C4-5, and C5-6 segments in forwarding flexion-extension (5.4°, 5.9°, 4.9°/
3.9°, 4.2°, and 4.1°), lateral bending (6.8°, 5.4°, and 4.4°), and rotational (6.3°, 5.4°, and 4.2°) conditions, consistent with previous
findings. Therefore, the FEA model in the present experimental study was valid [17,21,22].

3.2. ROM

The angular results for the position change were obtained by selecting two points on the same plane on the vertebrae and sub-
tracting the angle of the next vertebrae from the last vertebrae to obtain the ROM value. The ROMs of models A, B, and C at C34, C45,
and C56 segments compared to the full model are shown in Table 2. The ROM of the three models increased in C34 and C45 segments
in flexion-extension conditions (Fig. 4A and B) and decreased in lateral bending and axial rotation conditions compared to the intact
model (Fig. 4C and D).

3.3. von Mises stress for cage-endplate

The peak von Mises stress of the C4 inferior endplate in the three different cages is shown in Fig. 5. Under axial rotation, the
commercial cage model showed maximum peak stress of 40.3 MPa. Under flexion, the bone graft cage model showed a minimum peak
stress of 11.9 MPa in the inferior endplate of C4.

The peak von Mises stress on the superior endplate of C5 for three different cage models is shown in Fig. 6. Under axial rotation, the
commercial cage model showed maximum peak stress of 43.2 MPa. Under the extension, the bone graft cage model showed a minimum
peak stress of 9.4 MPa in the superior endplate of C5.

3.4. von Mises stress of cage

The von Mises stress distributions of the three cage models in ACDF are shown in Fig. 7. The stresses on the commercial cage model
were more concentrated on the surface area, while the stresses on the customized cage model and bone graft cage model were more
widely distributed across the cage surface. The maximum peak stress of the customized cage model and the bone graft cage model was
lower than that of the commercial cage model under flexion, extension, lateral bending, and axial rotation. The commercial cage model
showed a maximum stress of 709.3 MPa under lateral bending; the customized cage model showed a maximum stress of 196.8 MPa
under axial rotation, and the bone graft cage model showed a maximum stress of 117.3 MPa under lateral bending. The maximum
stress was mainly concentrated at the junction of the endplate and the edges of the cage model.

3.5. von Mises stress of bone graft

Fig. 8 shows the maximum von Mises stress in bone grafts in the commercial cage model and customized cage model. In both cases,
the bone graft experienced maximum force under lateral bending movement, followed by axial rotation, flexion, and extension. The
maximum stress in lateral bending conditions was 5.5 MPa and 1.5 MPa for custom cage bone implants and commercial cage bone

implants, respectively. The maximum stress on the bone graft was observed at the margin of contact with the cage.

4. Discussion

The ACDF procedure using an intervertebral fusion cage for fixation is a classic surgical approach for the anterior cervical spine, as

Table 2
Percentage change in ROM for different cages relative to the intact model.
Flexion Extension Lateral bending Axial rotation
C34 C45 C56 C34 C45 C56 C34 C45 C56 C34 C45 C56
5.4 5.9 4.9 3.9 4.2 4.1 6.8 5.4 4.4 6.3 5.4 4.2
4.4% - 40.0% 2.8% — 98.0% 40.2% — 22.0% — 96.2% — 28.4% —22.2% — 96.6% —29.7%
96.2%
4.6% - 40.0% 2.8% — 98.5% 40.0% — 22.5% — 97.0% —29.0% — 22.5% — 98.3% — 30.0%
97.4%
4.4% - 39.7% 2.5% — 96.9% 40.0% — 21.6% — 95.0% - 27.7% —21.7% —95.1% — 28.3%
96.0%
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Fig. 4. ROM comparison for three different cages working conditions. (A)Flexion. (B)Extension. (C)Lateral bending. (D)Axial rotation.

it supports the vertebral space, restores intervertebral height, and maintains vertebral stability [3,4]. Nevertheless, the mismatch
between the cage and the vertebral body after surgery and the excessive elastic modulus often lead to postoperative complications,
including cage subsidence, adjacent intervertebral disc degeneration, and bone non-union [23]. Previous studies have shown that
bionic implants can better distribute stress [13,21], however, only a few reports of custom anatomical intervertebral fusions are
available and the benefits of bionic implants have not been quantified. In this work, we evaluated the advantages of using personalized
data from the cervical spine to build a bionic cage, validated its impact on the biomechanics of adjacent segments after ACDF, and
compared it to a conventional cage.

Post-ACDF intervertebral fusion cage and endplate contact are essential as they influence the emergence of subsidence. The surgical
scraping off of a part of the endplate enables a proper fit of the intervertebral fusion to the vertebral body. Unsuitable interbody fusion
and untrimmed endplate contact result in an unreasonable distribution of stress concentration, leading to stress shielding and the
occurrence of subsidence [24]. Therefore, better contact between the intervertebral fusion cage and end plate and reduction of un-
reasonable matching are research hot spots in the field. Wang et al. [25] designed several types of cages, like rectangular, kidney, and
12-leaf-shaped. They simulated the anterior cervical plate and cage surgery to compare the biomechanical effects of all cages and
found that the 12-leaf cage had a more desirable effect in resisting the onset of postoperative subsidence. Li et al. [26] had also
designed a porous fusion cage by local topological optimization, which enhanced the osseointegration effect but, at the macroscopic
level, was still limited to a neat structure. The experiment focused only on cage shape optimization, without considering the state of the
cage fit to the upper and lower endplates, and did not accurately provide a good assessment of the cage-bone contact surface. Zhang
et al. [13] also designed an end-plate compliant cage and demonstrated the reduction in stresses at the cage-bone interface and
adjacent joints compared to conventional cages. Therefore, the von Mises size and distribution of the cage-bone interface may impact
the occurrence of postoperative cage subsidence.

In this work, we implanted three cages into the ACDF surgical model to obtain the stress distribution of adjacent endplates. The
commercial cage showed the maximum von Mises stress area in the inferior endplate of C4 and the superior endplate of C5 under
rotation. This may be attributed to the stress concentration caused due to the mismatch between the endplate and the cage under
rotation. The commercial cage has a uniform design and cannot be well adapted to all patients. Thus, the high-stress concentration area
is generated. Under all motions, the bone graft cage had lower maximum stress and a more uniform stress distribution compared to the
other two cages from the C45 upper and lower endplates. The maximum von Mises stress peaked at 40.3 MPa and 43.2 MPa in the
lower endplate on C4 and the upper endplate on C5 in the commercial cage under rotation. Compared to the commercial cage, the
customized and bone cages showed a 26.3% and 41.2% reduction in peak stress on the upper endplate at c5, respectively. The
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Fig. 5. The von Mises stress distribution diagram and maximum von Mises stress on inferior endplate for different cages under flexion, extension,
bending, and rotation conditions.

customized cage was shaped for greater integration into the vertebral body, optimizing the mechanical transfer. In contrast, the bone
cage had the lowest stress peaks due to the elastic modulus of the more closely fitting bone. The remaining three working conditions
had a similar stress peak trend as the rotating condition. Loenen et al. [27] similarly designed patient-specific trussed lumbar inter-
vertebral fusion cages and obtained a better mechanical distribution on the cage surface, following the same trend as in the present
experiment. The commercial cage is not designed to conform to the endplate morphology, creating a localized stress peak due to
compression with the endplate during vertebral movement. The primary role of the commercial cage commonly used in clinical
practice is the restoration of the intervertebral height and supporting the vertebral body [28,29]. However, patients with commercial
cage implants show different outcomes, frequently, subsidence and non-healing bone complications. Figs. 5 and 6 show the stresses on
the endplate after implantation with a commercial cage when simulating ACDF. The high-stress concentration areas were greater in the
endplate than in the customized cage. After postoperative movement of the vertebral body, a mismatch between the endplate and the
cage resulted in compression leading to high-stress concentration, making subsidence complications more likely. The customized cage
for an individual patient, with a fitted design adjacent to the vertebrae, matched the surface undulation of the endplate, enabling a
preferred stress distribution across the endplate. The customized cage was designed for higher anatomical compatibility, which
avoided compression of the cage against the end plate during movement and reduced the risk of subsidence. Zhang et al. [13] also
implanted an endplate-conformed cage and a non-conformed cage in cadaveric C45 for biomechanical comparison and found that the
former showed a maximum change in mobility during rotation and a lower and more uniform distribution of interfacial stress than the
latter. These findings were consistent with our observations of maximum stress peaks under rotation. The change in rotation is more
likely to affect the contact between the cage and the end plate, leading to stress concentration. The personalized design is a macro-
scopic optimization of the cage shape, improving the contact surface and stress distribution. Hence, both customized cage and bone
graft cage can effectively reduce the occurrence of postoperative cage subsidence owing to their high endplate compliance and small
von Mises stress maxima in the upper and lower endplates compared to the commercial cage, thus effectively reducing the stress at the
cage-bone interface.

The stress stimulation of the bone graft implanted in the cage critically affects postoperative bone healing. Appropriate stress
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Fig. 6. The von Mises stress distribution diagram and maximum von Mises stress on superior endplate for different cages under flexion, extension,
bending, and rotation conditions.

stimulation of the bone graft accelerates bone growth and better bridges the postoperative segmental fusion [30]. Fig. 8 shows that
stresses in the bone graft were higher in the customized cage compared to the commercial cage under different working conditions,
probably due to the uniform distribution of stresses in the customized cage, which reduced stress shielding and allowed for better
transfer of stresses to the bone graft. The maximum stresses were all distributed at the point of contact with the cage, which explained
the transfer of stresses on the cage to the bone graft.

The influence of cage subsidence is multifactorial and affected not only by the stresses applied to the superior and inferior endplate
surfaces but also by the stress concentrations due to high stresses on the cage, thus affecting bone healing and slowing down the
segmental fusion [31,32]. An inappropriate cage during ACDF poses a greater risk. The Jayanta study found that using ACDF and total
disc replacement (TDR), respectively, with different bone qualities, revealed that TDR was better at reducing stress in the adjacent
segment when the patient’s bone quality was poor [33]. Therefore, the cage application or procedure choice can be based on the
patient’s condition. As the main bridge between the upper and lower vertebrae, a suitable intervertebral fusion cage is essential to
post-operative recovery [34,35]. High stresses concentrated on the cage surface may lead to subsidence [12,36]. Therefore, effectively
reducing the stress on the cage and stress concentrations, for a more uniform stress distribution on the cage to maintain a positive
stimulation effect on bone growth, is a research hotspot [37- 39]. In this experiment, the commercial cage showed the maximum von
Mises stress peak under all working conditions compared to other cages, and a stress concentration zone in the contact area with the
endplate was observed (Fig. 7). The customized cage and bone graft cage are anatomically designed to better fit the endplate and
maximize the contact area with the endplate, resulting in more uniform force transfer and distribution on the cage. The customized
cage offered the advantage of actively matching the cervical segment to other conventional cages without the need for extensive
destruction of the cartilage endplates to accommodate the cage. Moreover, the bionic cage design shows better synergy with the upper
and lower vertebrae during vertebral movements, with forces being evenly transferred from the vertebrae to the cage, leading to an
optimized design.

The commercial cage showed a maximum von Mises stress peak at 709.3 MPa in the bending condition, much higher than the
175.3 MPa and 117.3 MPa in the customized cage and bone graft cage, respectively. During bone healing, the stiffness of the new bone
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Fig. 7. The von Mises stress distribution diagram and maximum von Mises stress for different cages under flexion, extension, bending, and rota-
tion conditions.

adjacent to the cage increases as it hardens, and some of the stresses on the cage are transferred to the new bone thereby stimulating
bone growth [40]. Therefore, high-stress concentration in the commercial cage may fail in better stress transfer, thus prolonging the
bone healing time and increasing the chance of subsidence. Both the customized and bone graft cage showed low-stress peaks with
positive force conductivity. The two cages were optimized to the vertebral structure but the stresses applied were different, with the
bone graft cage having a lower stress peak than the customized cage. This may be because the bone graft cage had a lower modulus of
elasticity than the customized cage, which was close to the modulus of bone and more suited for mechanical conduction between the
vertebrae. The peak von Mises stresses were much higher in all three cages in both the lateral bending and rotating conditions
compared to the other two motions, indicating that excessive stresses were more likely to occur in the cages in these two motions,
resulting in stress shielding. Both movement patterns can be reduced during the postoperative recovery period to avoid excessive stress
between the cage and the vertebral body, which can affect the fusion. The customized cage is an upgrade on the commercial cage
design, compensating for some of the mismatches at the intersection. After a sensible profile design, incorporating material changes
and micro-pores will be pivotal in addressing post-operative subsidence.

An unsuited intervertebral fusion not only affects the stress profile of the adjacent vertebrae but also predisposes the adjacent
segment to degeneration after surgery. The degeneration of adjacent segments of the cervical spine may be due to the changes in the
nucleus pulposus. During the degeneration, the nucleus pulposus alters from the liquid phase into a solid phase and the elastic modulus
gradually approaches that of the disc matrix, leading to biomechanical alterations [41,42]. The ROM is commonly used in studies of
the interbody fusion cage to evaluate the altered motion of the cervical spine and its effects on the compensation of the adjacent
segments [17,18,22]. For post-surgical cervical segmental fusion fixation, the mobility of the adjacent cervical segment usually tends
to increase to substitute for the reduction in the fixed one to maintain normal life activities. As shown in Table 2, the ROM of the C45
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segment decreased significantly in the three cage models due to the fused fixation of this segment. The bionic design of the customized
cage reduced the relative motion of the vertebral body during movement. The customized cage had the greatest percentage reduction
in ROM values at the C45 segment, which provides the optimum fixation for segmental fusion. However, the bone cage has a larger
ROM value in the C45 segment than the commercial cage, which might be due to the modulus of elasticity factor of the bone cage
resulting in deformation during vertebral motion. The ROMs of C34 and C56 showed a compensatory increase in anterior flexion and
posterior extension, enhancing the stress on adjacent segments, and making them more susceptible to degeneration. The same phe-
nomenon has been reported previously [20,43,44]. Li et al. [45] used FEA to compare the effects of two different plate fixations on the
spine. The ROM of adjacent segments showed a compensatory increase but decreased under lateral bending and rotation conditions.
The implant affected the mobility of the adjacent segment, thus impacting the degeneration of the adjacent segment. Furthermore, in
the C45 segment, the customized cage fused better than the other two cages because its design was better suited to the upper and lower
endplates and more anatomically accurate. However, the fusion rate of the bone graft cage with the same profile differed from that of
the customized one, probably because the difference in modulus of elasticity also affected the fusion rate.

This study has some limitations that warrant consideration. First, the cervical spine is complex, and the present FEA model has
limitations and simplifications that do not consider the influence that muscles may have on the movement and stress of the cervical
spine. Second, the cage model was designed to be solid, ignoring the mesh for better convergence of the model’s calculations. Despite
these limitations, the present study ensured that the conditions of the model were consistent with those described in the literature and
effectively demonstrated the biomechanical changes in the personalized cage model after ACDF surgery. With advances in bone en-
gineering and biomechanics, incorporating a lattice structure based on the patient’s design, which not only maintains structural
advantages but also lightens it and reduces the equivalent elastic modulus, is possible. The lattice also aids bone tensioning, allowing
for rapid postoperative vertebral body fusion.

5. Conclusions

Herein, the relationship between different postoperative cages and cervical spine biomechanics was successfully determined based
on the ACDF surgical model and different intervertebral fusion cage models. The customized design provided a more uniform stress
distribution over the intervertebral fusion cage while avoiding high-stress concentrations on the endplate and reducing the occurrence
risk of post-operative cage subsidence. The customized cage also reduced the impact on adjacent segmented disc degeneration and
accelerated bone healing with a higher mechanical stimulation of the bone graft.
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