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ABSTRACT

Implant sinking, pedicle screw loosening, and instability are commonly observed complica-
tions in posterior lumbar interbody fusion (PLIF) surgeries, attributed to a range of mechan-
ical, biomechanical, and environmental factors. To address these challenges, the utilization
of unilateral cages positioned obliquely, along with bilateral posterior instrumentation, and
employing a material with a comparable modulus to cortical bone, has shown promising effi-
cacy. The present study employed image-based finite element analysis (FEA) to evaluate the
influences on cage sinking, screw loosening, and construct stability. The outcomes revealed
that obliquely positioned unilateral fusion cage constructs with posterior instrumentation
yielded superior biomechanical outcomes, characterized by reduced range of motion and
stress distortion at the cage-endplate and screw-bone junctions. Furthermore, these findings
indicated a lower risk of fractures and diminished deformations in normal and traumatic
events. Hence, the utilization of biocompatible cage materials and structural symmetry holds
critical significance for achieving biomechanical success in PLIF surgery.
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1  INTRODUCTION

PLIF with accompanying posterior instrumentation (PI) is a surgical intervention
designed to address severe back pain, promote spinal stability, and facilitate fusion [1].
It is typically employed in cases characterized by severe degenerative disc disease and
disc space collapse. Furthermore, spinal fusion may be warranted in various other
conditions, such as spinal disc herniation, vertebral fractures, scoliosis, spondylosis,
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and kyphosis. This treatment has been widely accepted and has a good record of suc-
cess, with 80,000 successful interbody fusions implanted between 1995 and 1999 [2].

Initially, medical-grade stainless steel or titanium alloys were used as the material
for the cage in PLIF surgery. However, current exploration in medical research has
led to the use of polyetheretherketone (PEEK), which has superior radiolucency and
biocompatibility and has a Young’s modulus nearer to cortical bone [3]. Although car-
bon fiber reinforced polymer (CF-P) has been considered for use, PEEK remains the
favored choice due to its better elastic modulus. Previous research studies [4-7] have
provided evidence to support the benefits of using PEEK cages in spinal surgeries.
These studies have reported improved fusion rates ranging from 93% to 100% after
a 12-month follow-up period. Additionally, PEEK cages have reduced subsidence
rates at the cage-endplate interfaces, with reported rates ranging from 0% to 14.2%.
Moreover, the clinical outcomes associated with PEEK cages have been consistently
excellent, with reported success rates ranging from 80% to 96%.

The utilization of bilateral cages with PI offers an optimal solution for achieving
high segmental stability. However, this approach entails increased risks and costs.
Specifically, the insertion of a single spacer can cost between $2,000 and $5,000,
while the use of bilateral cages necessitates broader adjustment of facetectomy and
laminectomy, which elevates the incidence of nerve injury [8]. Considering these
factors, cost-effectiveness, risk mitigation, and speedy recovery are crucial consider-
ations for individuals pursuing spinal surgery. Consequently, there is a growing trend
of requesting unilateral cages procedures. Obliquely oriented unilateral cages have
been reported to have comparable potential to bilateral ones. Moreover, this configu-
ration can significantly decrease stress at the cage-endplate interface, enhance stabil-
ity, and reduce pedicle screw stress [9-11]. In an effort to further lessen the treatment
costs, there have been attempts to implement unilateral pedicle screw and rod con-
structs. Nevertheless, this endeavor proves insufficient as it compromises construct
stability, leading to screw loosening or construct failure under repetitive loads [9].

This research aims to evaluate the performance of using a unilateral PEEK cage
integrated with bilateral PI, positioned obliquely, by comparing their biomechanical
effectiveness with other cage constructs of the posterior lumbar interbody fusion
(PLIF) procedure. The four cage constructs include bilateral PEEK, bilateral titanium,
unilateral PEEK in an oblique orientation and unilateral titanium in an oblique ori-
entation. The biomechanical analysis was conducted using finite element analysis
(FEA) to examine parameters such as cage subsidence, construct stability, and loos-
ening effect at the pedicle screw attachment area by analyzing maximal stress distri-
bution and predicting fracture risk patterns. The research hypothesis suggests that
the obliquely-placed unilateral PEEK cage will enhance segmental stability by effec-
tively distributing a greater load through the cage and reducing stress on the pedicle
screw-bone and cage-endplate junctions.

2 MATERIALS AND METHODS
2.1 Finite element (FE) modeling

The MECHANICAL FINDER software was used to create a 3D finite element model
of the L4-L5 lumbar section. A healthy 29-year-old man patient’s CT scans were used
to build the model. The client weighed 78 kg, measured 176 cm in height, and had
no previous medical history. The individual provided written informed consent before
agreeing to participate in the study. Sagittal two-dimensional tomographic images of the
T11-L5 vertebral body were acquired using a 128-row, 256-slice GE spiral CT scanner

124 International Journal of Online and Biomedical Engineering (iJOF) 1JOE | Vol. 19 No. 18 (2023)


https://online-journals.org/index.php/i-joe

Comparative Biomechanical Evaluation of Unilateral and Bilateral Cages in PLIF: Endplates Subsidence, Pedicle Screw Loosening and Implant Stability

iJOE [ Vol. 19 No. 18 (2023)

(Sensation 16 Siemens, Germany). These scans were performed with a 1 mm slice thick-
ness and a resolution of 512 x 512, and the resulting data were saved in DICOM format.
The vertebral bodies were modeled as cancellous bone cores around 0.4 mm thick
cortical shells in the 3D finite element model. 1.0 mm solid tetrahedral components were
used to separate the facet joint cartilages, intervertebral discs, and cancellous bone. On
the other hand, 1.0 mm linear shell triangle components were used to discretize the
cortical bone. A mesh convergence study was conducted to determine the optimal mesh
size for optimizing the FEA results. The convergence study involved selecting different
mesh sizes of tetrahedral elements, applying simple FEA, and analyzing the results. In
this study, seven mesh sizes ranging from 0.7 to 1.3 mm were applied, with a 1 kN dis-
tributed load applied to the top of L4. The bone displacement and maximum stress gen-
erated were then analyzed. The results indicated that the 1 mm mesh size exhibited a
converged value for both bone displacement and maximum stress under the given load.
The methodology described by Keyak et al. [12] was used to compute Young’s mod-
ulus and yield strength of each element according to the Hounsfield Unit (HU) values
extracted from the CT scan images. The material properties of the bone were classified as
non-linear and inhomogeneous. The bone material’s Poisson ratio was fixed at 0.4 [12].
The cartilages of facet joints and intervertebral discs were modeled as linear, homoge-
neous materials. The intervertebral disc’s Young’s modulus (E) and Poisson’s ratio were
set at 8.4 MPa and 0.45, respectively, whereas the facet joint’s values were 11 MPa and
0.2, respectively [13,14]. A fully bonded interface condition was included to ensure
their relative motion was restrained within the vertebral bodies to imitate the confined
movements between the facet joint cartilages and intervertebral disc cartilages.

Two interbody fusion implants were designed in computer-aided design (CAD)
software. The first implant was set with titanium material, while another implant
was set with PEEK material. The dimensions of the titanium implant were 22 mm in
length, 10 mm in height, and 10 mm in width, while the PEEK implant had dimen-
sions of 26 mm in length, 8 mm in height, and 10 mm in width. The cages were fixed
into the intervertebral disc space between L4 and L5. The cages were symmetrically
located around the midsagittal plane for bilateral cage fusion. For the unilateral cage
fusion, the cage was positioned obliquely. A bilateral PI was implanted in the model.
This involved the insertion of rods and pedicle screws and rods into the model. The
PI was assigned titanium material. The contact surfaces of the PT were assumed to
be perfectly bonded to ensure there was no sliding or separation at these interfaces.

Four PLIF constructs were developed, each featuring a different cage orientation,
as illustrated in Figure 1. The models were subjected to compression (1000 N), flexion
(4.2 Nm), extension (1.0 Nm), axial rotation (3.4 Nm) and lateral bending (2.6 Nm)
loads[15]. Theseloadswere subjected to the intervertebral discimmediately above the L4
vertebra, with 85% of the load directed to the intervertebral disc and the remaining load
directed to the superior facet joint cartilages of L4. This setup followed the three-column
load-bearing concept [16]. The bottom part of the model was fixed in all directions.
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Fig. 1. Simulated PLIF constructs
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2.2 Fracture analysis

Cage subsidence and pedicle loosening phenomena were carefully investigated
by adopting non-linear FEA based on the Newton-Raphson method. Ten iterations
of 1 kN load increments were applied to the models in order to replicate traumatic
loading conditions. It has been reported that the ultimate compressive strength of the
vertebral body is 8000 N [17], and the maximum 10 kN load is supposed to cause a
50% risk of injury [18]. The material properties for each element were assumed to be
bi-linear elastoplastic, where the modulus of elasticity of the material was reduced
to 95% of its initial value in a yielded state [19]. The behavior of the materials was
isotropic, acting differently in tensile and compressive directions. The ultimate ten-
sile stress was set at 80% of the compressive yield stress, and the crushing strain was
fixed at 10,000 microstrains [20]. The workflows of the non-linear fracture risks
prediction are described in Figure 2 [14,20]. The consideration of cage subsidence
becomes relevant when one of the shell elements fails in a manner that could result
in a significant clinical fracture. Thus, failure of a small portion of cancellous bone is
considered insignificant as long as the cortical bone remains intact [20].
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Fig. 2. The flowchart of failure elements determination
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2.3 Relative movement of vertebrae

The range of motion (ROM) for each model was measured by computing the rela-
tive position of L4 in relation to L5 [21]. This was done by using perpendicular lines on
the upper surface of each vertebra, associated with four knots, as shown in Figure 3.

Fig. 3. Reference coordinates and lines in measuring the ROM of the vertebral models

The reference coordinates for every vertebra are divided into frontal and sagit-

tal planes:
Frontal plane:
lef/“ =N, (XY, Z) 1)
N}E;*/LS =N,(X.,Y,Z) (2)
Sagittal plane:
NS =N (XY, Z.) (3)
NS =N (XY, Z.) 4)

The lengths of both lines were obtained using the formulae of analytical geome-
try as follows:

Frontal plane:
L= J&X,~X, P +(¥,-Y P +(Z,-Z,F (5)
Sagittal plane:
Lsz\/(st_Xsl)Z +¥, =Y P +(Z,-Z,) (©)
Then the directional cosines are computed as follows:
Frontal plane:
X, -X, Y,-Y, Z,=Z,
L= L R U (7
f f f
X -X Y -Y Z -7
l= s2 sl’mZSZ 81,71: s2 sl’ 8
s L ! L f L ®)

Finally, the relative angles with respect to L5 in their respective spinal motions
were computed via scalar product as follows:

Flexion, extension and compression:

_ _ L4y L5 L4
cosa,, (L, - L)=mim!s + n! 9)
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Lateral bending:

COSaLB(L4—L5)=l}E4Z;5 +n}E4n}€5 (10)
Axial Rotation:

cosa,, (L,— L,)= 1;41;5 + m}%‘*m}éS (1D

Technically, the calculation of the range of motion (ROM) of the vertebrae has
a direct relationship to the stability of the reconstructive configuration of the
vertebrae. Thus, it is necessary to compare the stability of each vertebra model by
evaluating their micro-motion activity.

3  RESULTS
3.1 Stress profiles

Cage-endplate interface stress. Figure 4 shows Drucker-Prager stress distribu-
tions of the various PLIF configurations under physiological spine motions. Twenty
areas of interest (AOI) were chosen to scrutinize the stress distributions in the model.
The stress distributions and the technique to obtain the AOI are shown in Figures 5
and 6, respectively. The results have shown that the obliquely positioned unilateral
titanium cage construct exhibited the highest Drucker-Prager stresses for most spine
motions. On the other hand, the obliquely placed unilateral PEEK generated the
lowest Drucker-Prager stresses. It is worth noting that similar stress profiles were
observed across all motion activities.
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Fig. 4. Drucker-Prager stress distributions (sagittal views)
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Fig. 6. Selection of twenty Aol to measure the maximum Drucker-Prager stress

The analysis reveals that the cage-endplate interface junctions experienced the
highest stress generation in nearly all specified spine motions. This stress concen-
tration, termed distortion stress, is likely a result of the stiffness mismatch between
the vertebral bone and the cage. Figure 7 presents a bar graph summarizing the
maximum Drucker-Prager stress distributions at the cage-endplate junction. The
distortion stresses ranged from 1.12 MPa to 20.73 MPa for the bilateral PEEK cage,
1.00 MPa to 24.67 MPa for the bilateral titanium cage, 0.73 MPa to 18.9 MPa for the
obliquely-placed unilateral PEEK cage, and 2.01 MPa to 38.19 MPa for the obliquely-
placed unilateral titanium cage. Therefore, the obliquely-placed unilateral titanium
cage exhibited the highest susceptibility to cage subsidence, followed by the bilateral
titanium, bilateral PEEK, and obliquely-placed unilateral PEEK cages.

45

" PEEK (bilateral)
40 Titanium (bilateral)
PEEK (unilateral)
Titanium (unilateral)

Drucker-Prager Stress (MPa)
= [ N N w w
o v Qo (8] o v

wv

0 n I I I

compression flexion extension lateral bending  axial rotation

Fig. 7. Cage-endplate interface stress

The study findings suggest that the choice of cage material plays a vital role
in mitigating the impact of cage subsidence, outweighing the influence of cage
orientation. Specifically, it is concluded that using a cage material with properties
closely resembling cortical bone yields the best results when employing an obliquely-
placed cage. On the other hand, for stiffer materials, the bilateral cage configuration
is considered the most practical approach. Therefore, while cage material is the key
factor in addressing cage subsidence, the optimal cage orientation depends on the
material properties used.

Bone-pedicle screwinterface stress. The study extensively examined the impact
of pedicle screw loosening by analyzing the maximal stresses at the bone-pedicle
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screw interface, as illustrated in Figure 8. It is evident that the most significant vari-
ations in load-bearing occurred during compression activity. For all other motions,
the responses of each configuration were nearly identical, with relative differences
and maximal values being less than 10% and 10 MPa, respectively. Therefore, it was
observed that the obliquely-placed unilateral titanium cage exhibited the highest
inclination to escalate load bearing on the pedicle screw-rod construct, with a value
of 87.1 MPa. This was followed by the bilateral titanium (69.1 MPa), obliquely-placed
PEEK (68.5 MPa), and bilateral PEEK (61.7 MPa) cages. It is worth noting that the
double spacer configuration demonstrated improved load distribution on the bone-
pedicle screw junctions regardless of the cage material. However, if only the mate-
rial is considered, higher stress profiles were observed on the stiffer material
(titanium), irrespective of the number of spacers and cage configurations.

100
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80 Titanium (unilateral)
g
s 70
v
$ 60
&
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]
S 40
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Fig. 8. Bone-pedicle screw interface stress

Relative stress concentration gap difference. The study employed the rela-
tive stress concentration gap difference between the cage-endplate and bone-pedicle
screw interface to assess the stress mitigation effect on the cage-endplate junction.
The computed relative stress concentration differences for the unilateral PEEK, bilat-
eral PEEK, bilateral titanium, and unilateral titanium cage constructs were found
to be 73%, 67%, 65%, and 57%, respectively. These findings showed that the PEEK-
based cage effectively reduces the load dispersal on the frontal part of the spine.
Additionally, the obliquely-placed cage construct was particularly effective in mit-
igating interface stress at the cage-endplate. The higher magnitude of the relative
stress concentration gap indicates that a significant portion of the load is transferred
through the pedicle screw-rod construct. This reduces stress at the cage-endplate
interface, ultimately decreasing the incidence of cage sinking.

3.2 Failure element distributions
Figure 9 shows the chronological changes of the failure element distributions

under incrementally increasing loads of 1 to 10 kN to replicate the high-impact
loading condition. These two graphs describe the effects of cage subsidence and the
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screw loosening symptom. The respective graphical representations of the yield-
ing and failure elements under 8 kN loads are shown in Figure 10. The findings
indicate that the PEEK-based cage construct had the least deformed elements. The
obliquely-placed unilateral PEEK cage could significantly reduce cage subsidence
effects,butat the same time, itwould slightly increase the loosening effect on the bone—
pedicle screw junction. However, for the bilateral PEEK cage, the response was recip-
rocal. Thus, the obliquely-placed unilateral cage construct was shown to be the best
clinical approach since reducing the impact of cage subsidence is significantly more
advantageous than reducing the effects of pedicle screw loosening. This is based on
the relative difference of the deformed elements between the two cage constructs
at the bone-pedicle screw and cage-endplate junctions, which was 39% and 3%
(readings at 10 KN), respectively. In addition, the onset fracture load for this con-
struct was 6 kN, considered the toughest PLIF construct.
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Fig. 9. Historical changes of failure element distribution
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As for the titanium-based cage, the PLIF construct acted differently in low to
middle (1 to 8 kN) and high (9-10 kN) input loads. The bilateral cage configura-
tion showed fewer failure elements in the low to middle input loads than the uni-
lateral cage configuration at cage-endplates and pedicle screw-bone interfaces. On
the contrary, they acted the opposite at the high input loads, with higher numbers
of failure elements generated by the bilateral cage configuration in both adjoining
areas. This condition might be related to a more severe screw-loosening effect on the
bilateral cage configuration based on the high accumulation of failure elements on
the bone-pedicle screw junction. This, in tandem, increased the stress on the cage-
endplate junction by allowing large amounts of loads to transmit through the stiff
cage material to cause further deterioration on their surface areas. Based on the con-
siderations above, we assumed that the obliquely-placed unilateral titanium cage
construct is the most unreliable PLIF construct because it tends to cause a higher risk
of bone fracturing, even under the impact of a non-traumatic event.

3.3 Spine ROM

The ROM for the simulated fusion constructs is shown in Figure 11. The minimal
ROM for compression, flexion, extension, lateral bending and axial rotation could
be detected with bilateral titanium, bilateral PEEK, unilateral PEEK, and unilateral
PEEK and bilateral titanium fusion constructs, respectively. The unilateral PEEK and
the bilateral titanium fusion constructs exhibited more activities that produced the
most minimal ROM. However, the bilateral titanium fusion construct showed the
greatest ROM under flexion and lateral bending motions. The accumulated ROM for
each activity can be summarized as follows (from the greatest to the lowest): bilateral
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PEEK (56.9°), bilateral titanium (54.1°), unilateral titanium (51.2°), and unilateral
PEEK (49.5°) cage constructs. We assumed that the most stable PLIF construct must
be the reconstructive structure with the highest frequency of minimal stress gen-
erations and produced the smallest accumulative ROM. Based on these criteria, we
concluded that the obliquely-placed PEEK is the most stable PLIF cage construct
compared to others. From the mechanical viewpoint, stability is the most important
criterion in determining the lifespan of the reconstructive reconfiguration before a
revision surgery is required to rectify any spinal health-related issues.

18
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Titanium (bilateral)
PEEK(unilateral)
Titanium(unilateral)

16

14

12

10

Range of motion (Degree)

compression flexion extension lateral bending  axial rotation

Fig. 11. Vertebral range of motion

4  DISCUSSION

The biomechanical advantages of PEEK over titanium have been extensively dis-
cussed in spinal surgery, primarily due to its lower modulus of elasticity (MOE) that
closely matches cortical bone [3-7]. The study’s findings demonstrate that using PEEK
material can significantly lessen the stress shielding effect and improve load sharing.
This was evident in the lower stress levels observed in PEEK constructs compared to
titanium spacers at both the end-plate and facet joint junctions. Importantly, almost
all maximal interface stresses remained below the average yield strength of normal
bone (83 MPa) [22]. The exception was the bone-pedicle screw junction in the case of
the obliquely-placed titanium cage, suggesting a higher incidence of fracture (screw
loosening effect) in the unilateral titanium cage construct. However, it should be noted
that the study did not consider the dynamic factor, which is typically five times higher
than the static state [23]. Therefore, the margin of safety for most reconstructive con-
figurations may not be satisfactory and could be susceptible to bone fracturing. Future
research should incorporate the dynamic factor to validate these findings further.

The analysis of stress profiles aligns well with the assessment of fracture risks,
highlighting the higher likelihood of cage subsidence and pedicle screw loosening
in titanium-based cage constructs. This is evidenced by the presence of a larger
number of failure elements in those areas and fractures at lower loads. Based on
these findings, it is concluded that titanium-based spacers are not recommended
for patients with osteoporosis. This is because osteoporosis exacerbates the stress
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shielding effect, compromising the structural integrity of the reconstructive config-
uration and increasing the risk of bone fractures even during basic daily activities.
An FEA study by Adam et al. [2] demonstrated that severe osteoporosis in a verte-
bral body model resulted in endplate stress levels up to three times higher than in
a healthy bone. Therefore, the notable characteristics of PEEK, such as low stiffness
and high ultimate and tensile strengths [6], make it highly applicable and biocom-
patible for use as a cage material in PLIF surgery.

The lower stress in PEEK spacers leads to reduced subsidence of the spacers into the
endplate. This can be attributed to the effective transfer of higher stress through the rigid
structure of the rod and pedicle screw system. This aligns with the objective of using PI to
offer structural support to the spine [14]. The point of attachment between the vertebral
body and the screw plays a crucial role in supporting and transferring loads effectively.
It has been reported that PI can significantly reduce the stress at the cage-endplate inter-
face by 50-60% compared to non-instrumented cages [1]. Furthermore, PI can also alle-
viate the possibilities of cage failure and migration by aggregating the resistance to cage
pullout [9,11]. Although it may seem that increased stress on the pedicle screw could
impose a higher load burden on that area, it is important to note that the stress gener-
ated by PEEK-based cage constructs is generally lower than titanium-based cage con-
structs. As mentioned earlier, the biomechanical superiority of PEEK-based constructs
over titanium-based ones has been discussed. Therefore, in the subsequent explana-
tions, we will not discuss any effects associated with titanium-based cage constructs.

Adopting a single cage configuration has become a viable alternative and the cen-
ter of much attention ever since PI has become feasible as a load-supporting struc-
ture, thus surpassing the need to implant a bilateral cage configuration [1,8,9,11].
This is because, according to Tsuang et al. [1], a standalone bilateral cage inser-
tion could, at best, only reduce the stress generation at the cage-endplate interface
by 33%. Moreover, most experiments have shown that applying a bilateral cage
would increase the risk of spinal injuries and incur higher costs [8]. Dural tears,
kyphosis and severe back pain are PLIF-related diseases that could confine an indi-
vidual’s mobility and thus lessen their quality of life. Based on this notion, we assume
that by instrumenting PI, adding a second cage will become redundant and less
effective. Furthermore, reducing cage-endplate stress might be related to a smaller
cage area in contact with an endplate than bilateral cage insertions. The rule of
thumb is that a small contact surface area will damage the surrounding structures,
while a large contact surface area will reduce implant stability. In this study, we
have found that the application of unilateral cage insertion in PEEK-based cage con-
structs has achieved the most excellent stress reduction in both cage-endplate and
bone pedicle screw interfaces. As a result, the effects of cage subsidence and pedicle
screw loosening were also significantly reduced. Furthermore, this reconstructive
configuration could be easily adapted to normal and traumatic events.

Based on our findings, the obliquely-placed unilateral PEEK cage construct was
conclusively regarded as the most stable PLIF by offering structural symmetry to the
construct. Theoretically, even though the optimization of the structural symmetry
could only be achieved by placing the cage sagittally in the midline, this configu-
ration requires too invasive an incision, exposing the nerve root to damage. The
mechanical stability of the model was dictated by minimal spine ROM. The results
obtained in this study are consistent with the preceding findings conducted by Cho
et al. [24], Tsuang et al. [1], and Chiang et al. [11] using an FEA approach. In the
reports, most of them agreed that the implementation of obliquely-placed single
PLIF cages with PI showed biomechanical stability on par with bilateral PLIF cage
construct. They also reported that this construct could generate less stress on the
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cage-endplate junction and, to some extent, increase the stress on the facet joints
compared to double cage fusion. Our results also suggest that instability is the under-
lying cause of the increased screw loosening effect. This is because inadequate stabi-
lization might increase micro-motion movability, elevate the pedicle screw and rod
system stress, and finally accelerate the screw loosening [9]. Finally, it is also import-
ant to note that PI is the main contributor to maintaining the postoperative stability
of the PLIF construct. It has been reported that instrumenting PI could significantly
reduce the ROM at the index level by between 80% and 99% compared to an intact
condition [25]. Therefore, integrating an oblique configuration in conjunction with
PI would result in the best clinical outcomes.

5  CONCLUSIONS

The choice of cage material and the cage configuration’s orientation are key fac-
tors in achieving better mechanical and clinical outcomes in PLIF surgery. The use of
an obliquely-placed unilateral PEEK spacer with posterior instrumentation (PI) offers
several advantages, including immediate stability, reduced cage subsidence, and
decreased risk of pedicle screw loosening. This surgical technique has the potential
to be an alternative to bilateral cage fusions, as it can lower surgical costs and mini-
mize the risks of construct failure and spinal injuries. However, further analysis and
clinical experimentation are needed to refine the applicability of this reconstructive
configuration. It’s important to note that this paper has limitations as it has yet to be
experimentally validated. The results presented are based on relative comparisons
among various fusion cage constructs, highlighting the significant factors for consid-
eration in this and future studies. Future research could focus on further developing
cage materials and designs to achieve an optimized biomechanical construct. One
promising option is the introduction of new PEEK/titanium-based composites com-
bined with flexible fixation using PI. However, such options need to be validated
through experimental and virtual studies to assess their effectiveness and safety.
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