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Abstract
Background: Establishing a normal L3-5 model and using �nite element analysis to explore the
biomechanical characteristics of extreme lateral lumbar fusion (XLIF) with different internal �xation
methods.

Method: The L3-5 CT image data of a healthy adult male volunteer were selected to establish a normal
lumbar �nite element model (M0). The range of motion (ROM) of L3-4 and L4-5, under �exion, extension,
left bending, right bending, left rotation, and right rotation, together with L3-4 disc pressure was analyzed.
Then the L4-5 intervertebral disc was excised and implanted with a cage, supplemented by different types
of internal �xation, including lateral two-hole plate model (M1), lateral four-hole plate model (M2),
VerteBRIDGE plating model (M3), lateral pedicle model (M4), posterior unilateral pedicle screw model
(M5)and posterior bilateral pedicle screw model (M6) . The ROM ,the maximum stress value of the cage ,
and the maximum stress value of the intervertebral disc of L3-4 were analyzed and studied . 

Results: The ROM of L3-4 and L4-L5 segments in the validation model under various motion states was
basically consistent with previous reports. The lumbar �nite element model was validated effectively.
After XLIF-assisted internal �xation, the range of activity in L3-4 segments of each internal �xation model
was greater than that of the normal model under various working conditions, among which the M5 M6
model had the larger range of activity in �exion and extension. After the internal �xation of L4-5
segments, the mobility in M1-M6 was signi�cantly reduced under various motion patterns. In terms of
�exion and extension, the posterior pedicle �xation model (M5 M6) showed a signi�cant
reduction,followed by M2. The maximal von mises cage stress of M1 was obviously greater than that of
other models (except the left bending). Compared with M0, the intervertebral disc stress of M1-M6 at L3-4
segments was increased.

Conclusions: It is recommended that the posterior bilateral pedicle screw model is the �rst choice,
followed by the lateral four-hole steel plate model for �xation during XLIF surgery. However, it is still
necessary to be aware of the occurrence of adjacent segment degeneration (ASD) in the later stage.

Introduction
Interbody fusion is a classic surgical method for treating degenerative diseases of the lumbar spine.
Traditional lumbar interbody fusion involves heavy pulling of soft tissue dissection, dural sac and nerve
root, resulting in more postoperative complications. Extreme lateral interbody fusion (XLIF), proposed by
Ozgur et al. [1] in 2006, was a surgical method that can be used to gain access to the lumbar spine via a
lateral approach that passes through the retroperitoneal fat and psoas major muscle. The advantages of
XLIF include no pulling of peripheral tissues such as nerves, blood vessels and peritoneum, and no need
to enter the spinal canal for operation, reducing the possibility of injury to the dural sac and cauda
equina, effectively avoiding the risks caused by anterior and posterior surgeries, with fewer complications,
and extensive clinical application [2–7]. At present, there are few reports on the biomechanics of XLIF
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internal �xation. Conventional biomechanics tests, such as animal experiments and cadaver specimens
tests, cannot fully re�ect the real biomechanical changes of the lumbar spine. Moreover, due to the
particularity of the human body, the experimental cost is high, and the reproducibility is low. However, the
three-dimensional �nite element analysis is highly repeatable and can simulate the complex mechanical
environment of the human lumbar spine in digital form. It is more vivid, practical and scienti�c, and is
widely used in the �eld of spine biomechanics. This study aims to use �nite element analysis to compare
the biomechanical characteristics of XLIF with various internal �xations, and provide a theoretical basis
for choosing the best internal �xation scheme.

Materials And Methods

Design
Three-dimensional �nite element analysis test

Time and place
From March 2020 to June 2021, it was completed at the Institute of Orthopedic Biomechanics, the Third
Hospital of Hebei Medical University.

Research object
A healthy adult male volunteer, who is 30 years old, 178cm tall, and 72kg, was selected. He had no history
of low back pain and lower extremity pain, and his physical examination was normal. There were no
obvious spinal lesions, deformities, tumors, injuries, and other manifestations on routine X-ray and CT
examinations. 

CT data acquisition
A 64-slice spiral CT from Siemens of Germany was used to continuously scan the L3-5 segment with a
thickness of 1.0mm, and the tomographic image was obtained and saved in the standard DICOM format.

Construction of the normal model 
The saved CT image �le in DICOM format was imported into Mimics 14.01 software. First, bone tissue
was processed by threshold segmentation, and surrounding tissue structure and editing mask were
removed in parallel. Then 3D reconstruction was carried out to preliminarily build the L3-5 3D model,
which was stored in STL format. The STL format model is imported into Geomagic 2013 software
(Geomagic, Research Triangle Park NC, USA) and saved as an STP solid model through deburring and
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smooth processing. After that, the solid model is imported into NX 12.0 software (Siemens Product
Lifecycle Management Software Inc., USA), and 3D models of intervertebral disc and articular cartilage
were established by stretching and Boolean operation commands. Finally, the models obtained in NX
were successively imported into Hypermesh14.0 (Altair Company, USA) software in STP format to divide
the grid; C3D10M mesh type was used in the vertebral body, and C3D20 mesh type was used in the
nucleus pulposus.

Seven kinds of ligament models: anterior longitudinal ligament (ALL), posterior longitudinal ligament
(PLL), ligamentum �avum (LF), interspinous ligament (ISL), supraspinous ligament (SSL), intertransverse
ligament (ITL), and capsular ligament (CL), were constructed, according to the actual structure of the
human anatomy atlas [8]. The ligament models were established by truss unit. The surface-to-surface
contact element was used to simulate the articular surface. The friction coe�cient between the articular
surfaces was set to 0.1, and the strength of the joint capsule ligament was to 200N/mm. Both the bony
structure and the intervertebral disc were assumed to be isotropic elastic materials, which were described
by the two parameters of elastic modulus and Poisson's ratio. Ligament was a material that can only
withstand tensile loads and had a zero response under compression. The material properties were quoted
from literature [9-12], as shown in Table 1.
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Table 1 
Properties of material in the lumbar spine finite element models 

Component

 

Young's modulus MPa Poisson's ratio

Cortical bone 12000 0.3

Cancellous bone 100 0.2

Posterior element 3500 0.25

Endplate 1000 0.4

Annulus 4.2 0.45

Nucleus pulposus 1.0 0.4999

Articular cartilage 10 0.4

ALL 7.8 0.3

PLL 10 0.3

LF 15 0.3

ISL 10 0.3

SSL 8 0.3

ITL 10 0.3

CL 7.5 0.3

Validation of normal lumbar spine �nite element 
First, the weight of the upper body of the human body was simulated; the lower edge of the L5 vertebral
body was �xed; and a 7.5 N-m [13] moment with a compressive preload of 500 N was imposed on the
superior surfaces of the L3 vertebral body. Then, we calculated the range of motion (ROM) of the L3-4, L4-
5 in �exion, extension, left bending, right bending, left rotation, and right rotation. The results showed that
the ROM of the L3-4 and L4-5 segments in the model was basically consistent with that reported by Shim,
et al. and Jiang, et al.[14-15], and it was all within a standard deviation range ( Table 2) . This proves that
the model is valid and can be used for further experimental research.
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Table 2
 Comparison of M0 with Jiang and Shim, etc.

Motion state ° L3-4 L4-5

M0 Jiang W 

 et al 

Shim

, et al.

M0 Jiang W 

, et al

Shim

, et al

Flexion 3.64 3.9 4.36±0.78 5.54 6.6 5.48±0.88

Extension 2.82 2.8 2.97±0.37 2.95 4.4 2.79±0.42

Left bending 1.99 1.80 1.76±0.72 2.91 2.80 2.23±1.01

Right bending 1.98 2.00 1.76±0.72 2.74 2.90 2.23±1.01

Left rotation 1.51 1.60 1.45±0.58 2.21 2.70 1.90±0.99

Right rotation 1.17 1.60 1.45±0.58 2.03 2.20 1.90±0.99

Establishment of XLIF �nite element model
In NX 12.0 software (Siemens Product Lifecycle Management Software Inc., the United States), the screw
rod internal �xation system model, the two-hole plate internal �xation model, the four-hole plate internal
�xation model, VerteBRIDGE plating model and the intervertebral fusion cage model were drawn and
established, and then optimized and meshed. After that, its position was adjusted by simulating the
implantation direction of the steel plate and screw during the operation. Finally it was imported into
Ansys to complete the establishment of the �nite element model. The contact relationship between the
intervertebral implant and the upper and lower endplates was set as surface-to-surface contact method to
simulate the pre-fusion state, and the friction coe�cient was set as 0.2 [16]. The Sextant system was
simulated for pedicle screw �xation with a diameter of 6.5mm and a length of 50mm. The contact
surface between the internal �xation system and the spine was set to be completely �xed, that is,
looseness, displacement, breakage, etc. of the internal �xation were not considered. According to the
research content, the models were named as M1 (lateral two-hole plate model), M2 (lateral four-hole plate
model), M3 (VerteBRIDGE plating model), M4 (lateral pedicle model), M5 (posterior unilateral pedicle
screw model), M6(posterior bilateral pedicle screw model) (see Figure 1). The lower edge of the L5
vertebral body was �xed to simulate the weight of the upper body of the human body, 500 N pressure was
applied to the upper edge of the L3 vertebral body, and 7.5N.m torque was applied. The ROM of the above
model was performed at L3-4 and L4-5 segments, including �exion, extension, left bending, right bending,
left rotation, and right rotation. Data for maximum stress of intervertebral cage and maximum pressure of
L3-4 intervertebral discs were collected and analyzed.

Results



Page 7/18

ROM for the L3-4
Compared with M0, the ROM of the L3-4 segment of M1-M6 was increased under all motion patterns.
Among them, the M5 M6 model had the larger range of activity in �exion and extension, the M6 models
had the largest range of ROM in left bending and right bending, while the M1 and M2 models had the
largest range of ROM in left and right rotation. As shown in Figure 2.

ROM for the L4-5
After internal �xation, the ROM of M1-M6 in the L4-5 segment was signi�cantly reduced under all motion
patterns. In terms of �exion and extension, the posterior pedicle �xation model (M5 M6) had a signi�cant
decrease ,followed by M2,while M1, M3, and M4 had relatively low decreases (see Figure 3).

Maximal von Mises stress of the Cage
As shown in Figure 4, the maximal von mises stress of the cage was obviously higher in M1 than that of
other models (except for left bending). The stresses of M3 and M5 were also relatively high. In the left
bending, the stress of M2, M1, and M4 were lower than other models.

Stress of the L3-4 Disc 
As can be seen from Figure 5 (as follows). Compared with M0, the maximum stress of the L3-4 disc in
M1-M6 was found to be higher under all loading conditions. In the �exion, M6 had the greatest stress .
The stress of M1 was the highest in the extension. M1 and M2 had the greatest stress in left and right
rotation.

Discussion
Finite element analysis is widely used in spinal biomechanics. At present, it is of great signi�cance in the
evaluation and analysis of spinal fusion and ASD[17–20]. In the past few years, XLIF was recognized and
adopted by spinal surgeons worldwide. Although this operation has many advantages, the complications
caused by it should not be ignored. Therefore, improving the stability of the fusion segment, reducing the
incidence of cage subsidence and ASD is still the focus of future research.

After lumbar interbody fusion, the biomechanics of the entire spine will change. Its stress load
transmission will also change accordingly. In order to stabilize the fusion segment, internal �xation is
often supplemented. Clinical studies had shown that, although stand-alone cage can increase the
stability of the segment, compared with the additional plate and pedicle screw �xation, the mobility of the
fusion segment was signi�cantly increased [21]. Through imaging analysis, Marchi et al. [22] found that
the rate of cage subsidence of stand-alone during XLIF was as high as 30%. Thus, supplementary
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�xation, such as pedicle screws, is recommended. Studies had shown that lumbar �xation and fusion can
signi�cantly reduce the ROM at the fusion level and provide strong stability[23]. Through research in this
article, after internal �xation, the ROM of M1-M6 in the L4-5 segment was signi�cantly reduced under all
motion patterns. In terms of �exion and extension, the posterior pedicle �xation model (M5 M6) had a
signi�cant decrease, followed by M2, while M1, M3, and M4 had relatively low decreases. It showed that
all �xation models could reduce the mobility of the fusion segment. The posterior pedicle �xation model
provided high stability, followed by M2, while M1, M3, and M4 were relatively low.

Although much literature reported that there was no signi�cant difference in stability and fusion rate
between unilateral and bilateral pedicle �xation [24–25], many scholars still believed that the strength of
unilateral �xation was not as stable as bilateral �xation [26–27]. Flexion and extension are the most
frequent movements in daily human life. In this study, compared with other models, the pedicle screw
�xation groups could signi�cantly reduce the mobility of the fusion segment in terms of �exion and
extension, indicating that the posterior pedicle �xation group can ensure the stability of the fusion
segment, followed by the M2.

Cage subsidence is one of the common complications of lateral lumbar interbody fusion. Macki et al.[28]

retrospectively analyzed 21 articles and included 1362 patients undergoing lateral lumbar interbody
fusion, and identi�ed that a subsidence incidence of 10.3% and a reoperation rate for subsidence of 2.7%.
The maximum stress could be used to predict the sinking risk of the cage. The greater the stress, the
higher the sinking risk [29–30]. Insu�cient internal �xation strength was one of the important factors for
cage subsidence. The use of supplemental internal �xation for lateral lumbar interbody fusion, such as
bilateral pedicle screws, served to mitigate subsidence, protect the indirect decompression, and promote
arthrodesis[31]. After fusion, the frictional contact between the cage and the endplate was likely to cause
stress concentration. Compared with the unilateral �xation of pedicle screws, the bilateral pedicle screws
can effectively control the stability of the index segment and reduce the load applied to the interbody
fusion cage. In addition, bilateral �xation had relatively little stress damage to the fusion segment, and
the protection of the cage itself was also relatively bene�cial [32–33].

As shown in Fig. 4, the maximal von mises stress of the cage was obviously higher in M1 than that of
other models (except for left bending), and the stresses of M3 and M5 were also relatively high.. In the left
bending, the stress of M2, M1, and M4 were lower than in other models. This shows that M1 has a higher
risk of cage subsidence, and the lateral internal �xation device can effectively share the stress of the cage
during lateral bending.

After lumbar spine �xation and fusion, the mobility of the �xed segment decreases, causing the center of
rotation to shift, thereby changing the motion of adjacent segments. Therefore, only by increasing the
mobility of adjacent segments to compensate for the loss of mobility of the entire spine caused by the
reduction of the mobility of the �xed segment.
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In our study, after internal �xation, the ROM and disc stress of each model in the L3-4 segment in all
motion cases were greater than that of the normal model, whereas the M5 M6 model had the larger range
of activity in �exion and extension,, M6 had a high ROM in left and right bending, and M1 and M2 had the
largest ROM in left and right rotation. By analyzing from the stress of the L3/4 disc, it could be concluded
that the M6 disc had the highest stress in �exion; M1 had the highest stress in l extension; M1 and M2
had the highest stress in left and right rotation. Increased ROM and intervertebral disc stress in adjacent
segments after spinal internal �xation were considered to be the main risk factors for ASD[ 34–35],and ASD
was considered to be the result of spinal fusion [36]. With the increase in the stress of the intervertebral
disc in the adjacent segment, the intervertebral disc deforms, resulting in an increase in the mobility of the
adjacent segment. Therefore, the increase in the mobility of the adjacent segment may be caused by the
increase in the intervertebral disc stress. Moreover, the �exion and extension activities were more closely
related to the course of ASD [37].

Overall, all internal �xation models increase the mobility of adjacent segments and the stress of the
intervertebral disc. Although the increase in mobility and intervertebral disc stress was not proportional to
the strength of internal �xation, ASD should be considered when performing XLIF surgery. In clinical
practice, the incidence of ASD can be reduced by reducing the ROM and intervertebral disc stress in
adjacent segments.

Our study was based on �nite element analysis and has several limitations. First of all, the division of
elements and the determination of boundary conditions in the modeling process were all arti�cial
settings, which need to be compared with cadaver specimens and in vivo experiments. Secondly, the
adult healthy volunteer was selected, degenerative factors were not considered, and the muscles were not
modeled. Therefore, the force of the human body could not be fully simulated. Furthermore, the
biomechanical effects of internal �xation and surgery was simpli�ed.

Conclusion
In conclusion, all �xation models could reduce the mobility of the fusion segment. The posterior pedicle
�xation model provided high stability, followed by the lateral four-hole steel plate model. All �xation
models could increase the ROM and intervertebral disc stress in adjacent segments and increase the
incidence of ASD. The stress of the cage in lateral two-hole plate model was the largest, followed by
VerteBRIDGE plating model and posterior unilateral pedicle screw model, and the risk of cage subsidence
is higher in the later stage. Therefore, it is recommended that the posterior bilateral pedicle screw model is
the �rst choice, followed by the lateral four-hole steel plate model for �xation during XLIF surgery.
However, it is still necessary to be aware of the occurrence of adjacent segment degeneration in the later
stage.

Abbreviations
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XLIF: Extreme lateral interbody fusion; ROM: range of motion; ASD: adjacent segment degeneration; ALL:
anterior longitudinal ligament; PLL: posterior longitudinal ligament; LF: ligamentum �avum; ISL:
interspinous ligament ; SSL: supraspinous ligament ; ITL: intertransverse ligament ; CL: capsular
ligament.
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Figure 1

M1-M6 models :M1 (lateral two-hole plate model), M2 (lateral four-hole plate model), M3 (VerteBRIDGE
plating model), M4 (lateral pedicle model), M5 (posterior unilateral pedicle screw model), M6(posterior
bilateral pedicle screw model
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Figure 2

Comparison of the ROM for the L3-4 for seven types of models
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Figure 3

Comparison of the ROM for the L4-5 for seven types of models
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Figure 4

Comparison of the maximal von mises stress of the cage for six types of models
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Figure 5

Comparison of the Stress of the L3-4 Disc for seven types of models


