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Abstract 

Objectives Modified cortical bone trajectory (MCBT) technique was proposed by our team in previous studies, 
but its biomechanical properties at adjacent segments have not been discussed yet. Therefore, the purpose of this 
study is to investigate the biomechanical properties of modified cortical bone trajectory (MCBT) technique on adja-
cent segment degeneration (ASD) in transforaminal intradiscal lumbar disc fusion (TLIF) compare to traditional bone 
trajectory (TT) technique and cortical bone trajectory (CBT) technique.

Methods The four human cadaveric lumbar specimens were provided by the anatomy teaching and research 
department of Xinjiang Medical University and four intact finite element models of the L1-S1 segment were gener-
ated. For each of these, three transforaminal lumbar interbody fusion procedures with three different fixation tech-
niques were reconstructed at the L4-L5 segment, as follows: TT-TT (TT at both L4 and L5 segments), CBT-CBT (CBT 
at both L4 and L5 segments), MCBT-MCBT (MCBT at both L4 and L5 segments). The range of motion and von Mises 
stress of the intervertebral disc of the L3-L4 and L5-S1 segments were recorded with a 400N compressive load and 7.5 
Nm moments in flexion, extension, left–right bending, and left–right rotation.

Results The peak ROM of the L3-L4 segment in the MCBT-MCBT group was reduced by 10.5%, 6.1%, 12.2%, 4.1%, 
and 1.5% in flexion, extension, left–right bending, and left rotation compared to the TT-TT group and reduced 
by 1.8%, 5.5%, 10.0%, 12.8%, and 8.8% in flexion, left–right bending, and left–right rotation compared to the CBT-CBT 
group, respectively. The MCBT-MCBT group has the lowest peak ROM of the L3-L4 segment in flexion, left bending, 
and right rotation, the lowest peak ROM of the L5-S1 segment in extension and right rotation, and the lowest peak 
von Mises stress of the intervertebral disc at the L5-S1 segment in right rotation compared to the TT-TT and CBT-CBT 
group. In addition, the peak von Mises stress at the L3-L4 segment was lowest and more dispersed in all motions, 
the MCBT-MCBT group exhibited lower peak ROM of the L5-S1 segment in flexion, extension, and right rotation, 
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Introduction
Adjacent segment degeneration (ASD) was first reported 
by Anderson et  al. in 1956 [1], is a pathological pro-
cess that produces abnormalities in the adjacent seg-
ments after lumbar fusion. It has been found that ASD 
is a chronic disease, and Paul Park et  al. [2] proposed 
that age, fusion fixation, small joint injury in adjacent 
segments, number of fused segments, gender, degree of 
osteoporosis, body mass index, and surgical methods 
may be important factors in the degeneration of adjacent 
segments.

German surgeon Harms first introduced transforami-
nal lumbar interbody fusion (TLIF) in 1986 [3] and is 
an intervertebral fusion technique developed based on 
posterior lumbar interbody fusion (PLIF). TLIF can 
significantly reduce the risk of dural sac rupture and 
nerve injury, and this advantage has been well-proven 
in clinical practice [4]. Traditional bone trajectory (TT) 
technique became the "gold standard" in spinal fixation 
techniques [5]. Most operators currently apply the TT 
fixation technique to TLIF surgery. However, it is worth 
mentioning that recent studies have shown that the TT 
technique has deficiency points such as the tendency to 
screw loosen after surgery, especially in elderly patients 
with osteoporosis [6, 7]. Umehara et al. [8] reported that 
the reduction or loss of the anterior convexity angle of 
the lumbar spine after internal fixation fusion, or even 
the appearance of kyphosis and coronal instability, as well 
as three-dimensional instability of the spine, are impor-
tant causes of ASD from the internal fixation system after 
fusion surgery. Therefore, the above shortcoming of the 
TT technique may develop as a long-term potential fac-
tor for accelerating the development of ASD in TLIF.

Santoni et  al. [9] proposed the cortical bone trajec-
tory (CBT) technique in 2009. Different from the TT 
technique, the CBT technique has more contact with 
the cortical bone increasing the pull-out strength by 
30% [9] and the insertion torque by 1.7 times [10]. How-
ever, we found that the CBT technique did not fully uti-
lize the cortical bone at the medial border of the pedicle 
and lateral margin of the superior endplate of the verte-
bral body. Therefore, we proposed the modified cortical 
bone trajectory (MCBT) technique since the year 2018 

[11–13]. Fujiwara et al. [14] found that CBT screw inser-
tion torque was positively correlated with screw length, 
negatively correlated with the distance from the screw 
to the medial border of the pedicle, and negatively cor-
related with the distance from the screw to the superior 
endplate. This is also consistent with the MCBT concept 
of having a longer cortical screw tract and closer place-
ment to the medial and inferior walls of the pedicle, as 
well as closer placement of the screw head to the lateral 
aspect of the vertebral body’s superior endplates, which 
improves the biomechanical properties of the screws by 
allowing the screw tract to come into contact with more 
cortical bone [12, 13]. In a previous study, our team 
evaluate the biomechanics effect of the modified cortical 
bone trajectory (MCBT) technique with other traditional 
internal fixation systems by comparing the von Mises 
stress, displacement, von Mises stress on L4–L5 segment 
of the lumbar spine using numerical simulation method, 
and demonstrated that the MCBT technique showing 
better biomechanical characteristics in the fixed segment 
compared to the other fixation techniques [15]. However, 
the biomechanical properties of the MCBT-MCBT tech-
nique at adjacent segments in the TLIF FE model have 
not been discussed previously. In this study, the biome-
chanical properties of the MCBT-MCBT technique at 
adjacent segments were investigated and compared with 
the TT-TT and CBT-CBT techniques.

Material and methods
Model development and validation
Construction and validation of the intact FE models were 
constructed and validated in the previous study [16]. 
Material properties were set in line with the previous 
models [16]. The finite element (FE) models comprised 
5 lumbar vertebrae with the sacrum, 7 ligaments, and 5 
intervertebral discs including cranial and caudal end-
plates. Each segment incorporated facet joint cartilages 
with an initial space of 0.5  mm [17]. Cortical bone and 
endplate thicknesses were defined as 0.5–1 mm[17] and 
1 mm [18], respectively. The nucleus pulposus simulates a 
fluid, incompressible substance that occupies 44% of the 
disk volume [19]. The trihedral elements were adopted 

and showed lower peak von Mises stress of the disc at the L5-S1 segment in flexion, extension, and right rotation 
compared with the TT-TT group.

Conclusion The modified cortical bone trajectory technique may have a beneficial effect on reducing the incidence 
of ASD in the L4-L5 TLIF model compared to the traditional bone trajectory technique and cortical bone trajectory 
technique.

Keywords Cortical bone trajectory, Transforaminal lumbar Interbody fusion, Adjacent segment degeneration, Finite 
element analysis
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for each selected elements. Informed consent was 
obtained as previously reported.

Construction of surgical models
Three different posterior fixations were established: (1) 
TT-TT group, TT at both L4 and L5 segments (Fig. 1A) 
[16]; (2) CBT-CBT group, CBT at both L4 and L5 seg-
ments (Fig.  1B) [16];(3) MCBT-CBT group, MCBT at 
both L4 and L5 segments (Fig. 1C) [20]. For CBT screws 
the starting point of the screw is located at the intersec-
tion of the horizontal line 1  mm below the transverse 
process and the vertical line of the outer edge of the ipsi-
lateral superior articular process with the left pedicle 
projecting in the 5 o’clock direction and the right pedicle 
projecting in the 7 o’clock direction, using the clock face 
for orientation [21]. For MCBT screws the entry point is 
located at the intersection of the horizontal line 1  mm 
below the transverse process and the medial wall tangent 
line of the pedicle which was shown in the previous stud-
ies [12]. The TT, CBT, and MCBT techniques have dif-
ferent trajectories and entry points for screw placement. 
The varying trajectories intrinsic to each technique dic-
tate optimal screw lengths. After a review of related aca-
demic literature and analysis of relevant anatomical data 
[10, 22–25], we selected TT screws with the diameter in 
6.0 mm and the length in 45 mm, CBT screws with the 
diameter in 5.0  mm and the length in 35  mm, MCBT 
screws with the diameter in 5.0  mm and the length in 
40 mm. The accuracy of screw placement with the same 
trajectory was strictly controlled for all models.

Boundary and loading conditions
In all of the models, we have successfully fixed and 
restrained the sacrum to prevent any movement at the 
sacral base and lower lumbar levels which ensures a sta-
ble base for applying loads and moments. Then, 400  N 

compressive load and 7.5 Nm torque were applied to the 
reference point on the superior surface of the L1 verte-
bra to simulate flexion, extension, left–right bending, and 
left–right rotation. The ROM and von Mises stress of the 
intervertebral disc at L3-L4 and L5-S1 segments were 
recorded and analyzed by using the ANSYS Workbench 
19.1 (ANSYS, Inc., Canonsburg, PA, USA).

Statistical analysis
SPSS 27.0 software was used for data analysis and pro-
cess. The means of quantitative data were expressed as 
mean ± standard deviation, and we used paired t-test for 
the analysis of variance. When differences were statisti-
cally significant, post hoc tests were performed using the 
least significant difference (LSD) method. All results were 
considered statistically significant at P < 0.05.

Results
Model validation
In this finite element (FE) model, we have generated three 
distinct mesh resolutions (mesh 1, mesh 2, and mesh 3), 
and conducted a convergence analysis by comparing the 
percentage difference in von Mises stress between mesh 
1 and mesh 3 and between mesh 2 and mesh 3. Between 
Mesh 1 and Mesh 3, predicted von Mises stress showed 
percentage differences of 4.06% in cortical bone, 1.45% 
in cancellous bone, 0.03% in cartilaginous endplate, 
0.14% in nucleus pulposus, and 0.17% in annulus. These 
values were reduced to 2.48%, 0.55%, 0.03%, 0.02%, and 
0.01% respectively when comparing Mesh 2 and Mesh 
3. The results demonstrated that the differences in von 
Mises stress among the components were minimal 
between mesh 2 and mesh 3, thus validating the selection 
of mesh 2 as a highly reliable option [16]. Subsequently, 
we compared each segment’s range of motion (ROM) 
after subjecting them to a compressive load of 400 N 

Fig. 1 FE models of L1-S1 lumbar spine with TLIF at the L4-L5 segment with three different fixation techniques. A TT at L4 and L5 (TT-TT) [16]; B 
CBT at L4 and L5 (CBT-CBT) [16]; C MCBT at L4 and L5 (MCBT-MCBT) [20]
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and moments of 7.5 Nm to simulate flexion, extension, 
left–right bending, and left–right rotation. The ROM of 
the intact model exhibited similarity with the findings 
and variational trends reported by Yamamoto et al. [26], 
Shim et al. [27], Huang et al. [28], and Lo et al. [29], thus 
validating the efficacy of the FE model for further biome-
chanical analysis [16].

ROM of L3‑L4 segment
The TT-TT group exhibited the highest peak ROM of the 
L3-L4 segment (1.51 ± 0.207°) in extension. Compared 
with the TT-TT group, the CBT-CBT group showed 
an 8.9%, 9.8%, and 7.1% reduction in the peak ROM of 
the L3-L4 segment in flexion, extension, and left bend-
ing. Right bending, left- right rotation increased by 6.1%, 
11.4%, and 9.2%, respectively. Compared with the TT-TT 
group, the peak ROM of the L3-L4 segment in the 
MCBT-MCBT group decreased by 10.5%, 6.1%, 12.2%, 
4.1%, and 1.5% in flexion, extension, left–right bending, 
and left rotation, respectively. And there was an increase 
of 0.4% in right rotation. In addition, compared with the 
CBT-CBT group, the peak ROM of the L3-L4 segment 
in the MCBT-MCBT group showed a 1.8%, 5.5%, 10.0%, 
12.8%, and 8.8% decrease in flexion, left–right bend-
ing, left–right rotation, and a 3.9% increase in posterior 
extension, respectively.

ROM of L5‑S1segment
The figure shows that the TT-TT group showed the high-
est peak ROM (1.45 ± 0.349°) in extension. Compared 
with the TT-TT group, the CBT-CBT group showed 
5.6%, 13.8%, 3.7%, 5.4%, and 3.7% decreases in the peak 
ROM of the L5-S1 segment in flexion, extension, left 
bending, and left–right rotation. And right bending 
increased by 12.4%. Compared with the TT-TT group, 
the peak ROM of the L5-S1 segment in the MCBT-
MCBT group decreased by 2.5%, 15.8%, and 7% in flex-
ion, extension, and right rotation. In contrast, there were 
increases of 8.9%, 15.5%, and 1% in left- right bending, 
and left rotation. Compared with the CBT-CBT group, 
the peak ROM of the L5-S1 segment in the MCBT-
MCBT group decreased by 2.4% and 3.4% in extension 
and right rotation, respectively. And it increased by 3.4%, 
12.3%, 3.6%, and 6.3% in flexion, left–right bending, and 
left rotation.

Von Mises stress of intervertebral disc at L3‑L4 segment
Compared with the TT-TT group, the CBT-CBT group 
showed a 1.76%, 0.05%, and 0.06% decrease in peak von 
Mises stress of the disc L3-L4 segment in right bending, 
and left–right rotation, respectively. And it increased by 
0.20%, and 0.21% in flexion, and extension. In addition, 
compared with the TT-TT group, the peak von Mises 

stress of the L3-L4 segment in the MCBT-MCBT group 
decreased by 1.4% in right bending, while it increased by 
0.33%, 0.90%, 0.39%, 0.47%, and 0.36% in flexion, exten-
sion, left bending, left–right rotation, respectively. Com-
pared with the CBT-CBT group, peak von Mises stress of 
the L3-L4 segment in the MCBT-MCBT group increased 
by 0.13%, 0.69%, 0.38%, 0.33%, 0.53%, and 0.41% in flex-
ion, extension, left–right bending, left–right rotation.

Von Mises stress of intervertebral disc at L5‑S1 segment
Compared with the TT-TT group, the CBT-CBT group 
showed a 2.66%, 2.86%, 8.94%, 9.77%, and 2.79% decrease 
in peak von Mises stress of the disc at L5-S1 in flexion, 
extension, left–right bending, and left rotation, except in 
right rotation which increased by 2.04%. Compared with 
the TT-TT group, peak von Mises stress of L5-S1 in the 
MCBT-MCBT group decreased by 0.39%, 0.75%, 3.33%, 
and 0.78% in flexion, extension, right bending, and right 
rotation. In contrast, it increased by 1.63% and 3.58% 
in left bending and left rotation. Compared with the 
CBT-CBT group, the peak von Mises stress of L5-S1 in 
the MCBT-MCBT group was reduced by 2.80% in right 
rotation. There was an increase of 2.27%, 2.13%, 10.44%, 
6.65%, and 6.26% in flexion, extension, left–right bend-
ing, and left rotation, respectively.

Discussion
Adjacent Segment Degeneration (ASD) has become one 
of the major complications after lumbar interbody fusion, 
and sometimes it may lead to further complications such 
as lumbar instability and lumbar spinal stenosis, which 
seriously affects the postoperative outcome of patients 
and causes more financial burden [30]. By following 912 
patients with lumbar fusion at 5 and 10 years postopera-
tively, Sears et  al. [31] found that the incidence of ASD 
increased year by year, it is 17% and 31%, respectively. 
The first step in TLIF is to implant an internal fixation 
screw to restrict the movement of the fused segment in 
all directions to enhance the anatomical stability of the 
three-dimensional structure of the spine, and then bone 
rongeur is used to remove unilateral inferior articular 
process and enter the spinal canal, decompression is per-
formed at the lower lumbar recess of the internal fixa-
tion fusion segment to relieve nerve compression. Finally, 
bone fragments or appropriate cage are implanted to 
complete lumbar fusion [3], thus it will promoting the 
bony fusion between the fused vertebrae. The increased 
long-term load on the posterior column of the lum-
bar spine after fusion fixation increases the shear forces 
acting on the adjacent segments which in turn leads to 
changes in the biomechanics of the spine and acceler-
ates the development of ASD. In addition, Lee et al. [32]
further demonstrated that postoperative hyperactivity 
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of adjacent segments and stress overload in adjacent 
discs are important factors in accelerating adjacent seg-
ment degeneration (ASD). How to try to avoid ASD dur-
ing TLIF surgery is one thing that spine surgeons need 
to think seriously about. It has been shown that supe-
rior adjacent segment degeneration is particularly com-
mon after fusion [33], which may be caused by a shift of 
the spinal movement center to the proximal segment of 
the fusion segment after spinal fusion fixation, with the 
superior adjacent segment bearing more compensatory 
biomechanical effects [34]. However, the anatomical 
characteristics of the human body itself are that the ana-
tomical structure of the lower lumbar spine is stronger 
than that of the upper lumbar spine, and the stability of 
the lower lumbar spine in all directions is stronger than 
that of the upper lumbar spine as a means of resisting 
the gravitational force to which the body is subjected [35, 
36]. Therefore, it is unreasonable to assume more com-
pensatory biomechanical effects on the upper lumbar 
spine, which are relatively weak in anatomical structure, 
after the spinal motion center is shifted upward by lum-
bar internal fixation fusion in clinical practice, so it is 
very important to equalize the stresses on the upper and 
lower adjacent segments intraoperatively, which can play 
a very important role in the postoperative outcome.

Rom of the adjacent segment in three fixation techniques
In the present study, our data showed that the peak ROM 
of the adjacent segment in the TT-TT group was slightly 
higher than the CBT-CBT group under all motion states, 
and the peak von Mises stress of the disc at L3-L4 seg-
ment in the TT-TT and CBT-CBT group were essentially 
equal, while the peak von Mises stress of the disc at L5-S1 
segment in the TT-TT group was higher than the CBT-
CBT group, which is generally consistent with the results 
of data from Zhang R et  al. [16] Whereas the results in 
the article by Zhang L et  al. [37] showed that the peak 
ROM of the adjacent segments in the TT-TT group was 
smaller than the CBT-CBT group in all motion condi-
tions, the peak von Mises stress of the disc at L3-L4 seg-
ment was essentially equal in the TT-TT and CBT-CBT 
group, while the peak von Mises stress of the disc L5-S1 
segment in the TT-TT group was slightly smaller than 
the CBT-CBT group. The reason for this difference in 
data results was explained in our previous study [16], 
and this article focuses on the biomechanical properties 
of the MCBT-MCBT technique on the incidence of adja-
cent segments after TLIF surgery.

In the peak ROM of upper adjacent segments (L3-
L4), we found that the TT-TT group exhibited the high-
est peak ROM in extension (1.5075 ± 0.2071°), and the 
MCBT-MCBT group showed the lowest peak ROM in 
right rotation (1.1375 ± 0.39870°) and the highest peak 

ROM in extension (1.4150 ± 0. 24,772°). Some scholars 
have demonstrated that the higher ROM of adjacent 
segments after fusion causes a higher possibility of 
adjacent segment degeneration (ASD) [37]. Compared 
to the TT-TT group, the peak ROM of the L3-L4 seg-
ment in the MCBT-MCBT group was reduced by 10.5%, 
6.1%, 12.2%, 4.1%, and 1.5% in flexion, extension, left–
right bending, and left rotation. It was reduced by 1.8%, 
5.5%, 10.0%, 12.8%, and 8.8% in flexion, left–right bend, 
and left–right rotation compared to the CBT-CBT 
group. The MCBT-MCBT group showed lower peak 
ROM of the upper adjacent segment (L3-L4) almost in 
all motions, except for a 0.4% increase in right rotation 
compared to the TT-TT group and a 3.9% increase in 
extension compared to the CBT-CBT group (Fig.  2). 
This general trend suggests that the MCBT technique 
reduces the compensatory biomechanical effect of the 
adjacent segment (L3-L4) which is more able to pro-
tect the relatively weak upper adjacent segment joint 
capsule (L3-L4), thus the long-term accumulation of 
this protective function has some effect in delaying the 
development of ASD. In the peak ROM of the lower 
adjacent segment (L5-S1), the MCBT-MCBT group 
showed lower peak ROM in flexion, extension, and 
right rotation, but higher peak ROM in left–right bend-
ing, and left rotation compared to the TT-TT group. 
Additionally, the MCBT-MCBT group showed lower 
peak ROM in extension and right rotation, but higher 
peak ROM in flexion, left–right bending, and left rota-
tion compared with the CBT-CBT group (Fig. 3). There 
may be three reasons for this result, ① different screw 
sizes: TT screws (6.0  mm in diameter and 45  mm in 
length), CBT screws (5.0  mm in diameter and 35  mm 
in length), and MCBT screws (5.0 mm in diameter and 
40 mm in length) ② Different screw placement points: 
The TT screw placement point is the intersection point 
between the vertical line of the outer edge of the upper 
articular process and the horizontal line of the mid-
point of the transverse process; the CBT screw place-
ment point is located at the lateral point of the articular 
isthmus; the MCBT screw point was placed at the 
incisal edge of the medial wall of the pedicle. ③ Differ-
ent angle of screws: the cranio-cauda angle of the TT 
screw tract is 5° to 15°, and the mediolateral angle is 0° 
to 30°; the CBT screw tract has a cranio-cauda angle of 
10° and the mediolateral angle of 25° [38]; the MCBT 
screw tract has cranio-cauda angle of 22° and the medi-
olateral angle of 20° to 30° [12]. The MCBT technique 
increases the thickness of the marginal cortex at the 
edge of the screw insertion point and increases the sta-
bility of the screw by contacting the medial wall of the 
pedicle and the lateral side of the upper endplate, espe-
cially increasing the effective screw length within the 
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pedicle [12, 13]. Under the action of force conduction, 
more overload stress was concentrated in the fusion 
segment of the MCBT-MCBT group and the firmer 
lower adjacent segment (L5-S1), thus the center of rota-
tion of spinal movement was not significantly shifted 
upward. This is conducive to showing the lower peak 

ROM of the L3-L4 segment which relatively weak ana-
tomical structure, while the little higher peak ROM of 
the L5-S1 segment which more stable anatomical struc-
ture, which further suggests that the MCBT technique 
may tend to equalize the ROM of the in the upper and 
lower adjacent segments.

Fig. 2 ROM of L3-L4 segment in three fixation techniques

Fig. 3 ROM of L5-S1 segment in three fixation techniques
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Von Mises stress of intervertebral disc at the adjacent 
segment in three fixation techniques
The intervertebral disc and the two-facet joints consti-
tute the three-joint complex, which maintains the stabil-
ity of the lumbar spine and transfers load, guiding and 
restricting the movement of the lumbar spine. Lee and 
Langrana [34] used the L3-S1 segment of the cadaveric 
spine to study the stress changes of adjacent discs and 
demonstrated that the mechanical stress concentra-
tion of adjacent discs and joint surfaces occurred after 
lumbar fusion, which accelerated the incidence of ASD. 
It is proven that the greater the stress endured on the 
intervertebral discs, the higher the probability of adjacent 
segment degeneration [37].

In the present experiment, the disc stress at the L3-L4 
segment was lowest and more dispersed in all motions 
in the TT-TT, CBT-CBT, and MCBT-MCBT groups 
(Fig.  6). The data showed that the three fixation tech-
niques essentially showed the same stress on the upper 
adjacent disc after fusion. The MCBT-MCBT group 
showed the highest peak disc stress in left bending 
(1.5980 ± 0.43642  MPa) and the lowest peak disc stress 
in flexion (0.5971 ± 0. 11,060 MPa) at the L3-L4 segment 
(Figs.  4,  6). In von Mises stress of the disc at the L5-S1 
segment, the MCBT-MCBT group exhibited the highest 
peak disc stress (1.4342 ± 0.25578  MPa) in left bending 
and the lowest peak disc stress (0.8779 ± 0.29620  MPa) 
in flexion. Compared with the TT-TT group, the MCBT-
MCBT group showed a decrease of 0.39%, 0.75%, 3.33%, 
and 0.78% in anterior flexion, posterior extension, right 
bending, and right rotation, respectively. In contrast, 
there was an increase of 1.63% and 3.58% in left bend-
ing and left rotation. Compared to the CBT-CBT group, 
the MCBT-MCBT group showed higher peak von Mises 

stress of the disc at L5-S1segemnt in almost all motion 
conditions, with a reduction of 2.80% only in right rota-
tion (Figs. 5, 6). The MCBT technique appeared to sub-
ject the inferior lumbar L5-S1 to a higher stress load. The 
three fixation techniques all increased the overload stress 
on the adjacent intervertebral discs to a certain extent, 
but the MCBT-MCBT group, which showed a higher 
peak stress of the L5-S1 intervertebral disc, may cause 
the degeneration of the L5-S1 intervertebral disc earlier. 
In the axial position, the angle of the L1-L2 facet joints of 
the lumbar spine is almost vertical, while the L5-S1 facet 
joints increase in width, become shallower, and tend to 
be coronal to prevent the spine from moving forward. 
Therefore, the direction of the articular angle of the lum-
bar facet changes from top to bottom and gradually from 
sagittal to coronal position. In addition, the articular 
capsule is more robust than that of the upper and lower 
lumbar vertebrae, with more attachment to the edge of 
the articular process (13 mm inside), and these anatomi-
cal structural changes further increase the stability of the 
lower lumbar vertebrae [35, 36]. Therefore, we believe 
that the above disadvantage of the MCBT-MCBT group 
is compensated by the robust anatomical characteristics 
of L5-S1 to some extent. The L5-S1 segment below the 
fixed segment (L4-L5) is more capable of carrying heav-
ier stress loads due to its own anatomy compared to the 
L3-L4 segments above. Further cadaver research is still 
needed to better understand how the higher von Mises 
stress of the L5-S1 segment in MCBT-MCBT groups to 
patient outcomes. Furthermore, the MCBT technique 
allows the screw head end to reach the lateral edge of 
the horizontal column of the vertebral body. Even if the 
front end of the MCBT screw breaks through the upper 
endplate cortex of the vertebral body, due to the large 

Fig. 4 Von Mises stress of intervertebral disc at L3-L4 segment in three fixation techniques
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external angle of the modified screw placement, only the 
peripheral part of the fibrous annulus of the interver-
tebral disc will be damaged, while the key part of the 
nucleus pulposus will not be damaged like CBT screw, 
thus the occurrence of adjacent vertebral disease (ASD) 
will be avoided [11–13].

Facet joints violation of three fixation techniques
The facet joint is an important joint of the spine and 
forms a three-joint complex with the intervertebral disc. 
It is an important component of the lumbar motion seg-
ment and has great significance for the stability of the 
lumbar spine [39]. Symmetrical facet joints are subject to 
equal loads on both sides and have a high degree of inter-
dependence with the intervertebral disc, where changes 
in one can affect the other two and vice versa [40]. Dam-
age and degeneration of the proximal articular facet 
joints will further increase the pressure on the proximal 
intervertebral disc [41]. In lumbar fusion fixation, the 
choice of screw placement point, the patient’s conditions, 
and the surgeon’s experience may cause the injury of the 
facet joint. The injury of facet joints can cause relative 
displacement and angular deformity of the spine, result-
ing in spinal instability and postoperative lumbar and 
back pain. At the same time, the protrusion joints after 
injury are prone to dissociation, resulting in excessive 
disc torsion, thus also accelerating disc degeneration and 
increasing the incidence of postoperative ASD [42–45]. 
Chung et al. [46] and He et al. [47] reported that differ-
ent locations of screw placement during surgery would 
impact the invasion of adjacent facet joints.

From the position of the screw placement point and 
facet joint, the TT screw placement point was at the 

intersection of the transverse horizontal line and pedicle 
midline, close to the facet joint (Fig. 1A). The intraopera-
tive transverse process is not easy to reveal and has ana-
tomic morphological variation, which requires extensive 
peeling and pulling of soft tissues such as fascia, muscle, 
and ligament to accurately determine the screw place-
ment point location, which greatly increases the inva-
sion rate of the lower facet joint of the upper adjacent 
segment (2.1% ~ 30.4%) [48]. Compared with TT screws, 
CBT screws were placed at the intersection of the hori-
zontal line 1  mm below the transverse process and the 
vertical line of the outer edge of the lateral articular pro-
cess, which was relatively far away from the articular pro-
cess, and positioning could be completed by peeling off 
a small amount of soft tissue (Fig. 1B). The incidence of 
articular process injury was 0–11.8% [49]. Our previous 
studies have found that the CBT technique still has lit-
tle shortcomings such as the tail of the screw being not 
enough far away from the facet joint, which is easy to 
impact and cause discomfort to patients. Rexiti P et  al. 
[12, 13] set the screw placement point of the MCBT at 
the intersection point between the 1 mm horizontal line 
of the lower edge of the transverse process and the medial 
wall of the pedicle, also used the accessory spines of the 
lumbar spine near the base of the transverse process as 
an anatomical reference to solve the problem of difficult 
identification of the lower edge of the transverse process, 
to facilitate the positioning process of screw placement 
(Fig.  1C). Compared with CBT screws, the longitudinal 
axis of MCBT screws is moved inward, the screw place-
ment point is closer to the midline level, and the place-
ment point is as far away from the facet joint as possible, 
thus the screw tail can have more room for movement 

Fig. 5 Von Mises stress of intervertebral disc at L5-S1 segment in three fixation techniques
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and can avoid impact with the facet joint, and the joint 
capsule is protected.

Damage to adjacent muscles and soft tissues in three 
fixation techniques
It has been suggested that the extensive destruction of 
the paravertebral muscles and posterior spinal ligament 
complex during lumbar fusion surgery is also an impor-
tant cause of postoperative degeneration of adjacent 
segments. Among the paravertebral muscle groups, the 
superficial large muscle groups are mainly responsible for 
counteracting extrinsic loads and maintaining the pos-
ture of the whole spine. The deep intersegmental mus-
cle groups are mainly responsible for maintaining the 

stability of the lumbar spine [50]. When the paravertebral 
muscles and soft tissues are damaged too much to per-
form normal physiological functions, it will lead to loss of 
spinal balance and compensatory biomechanical changes 
in the triple joint complex. When the loss of balance 
exceeds the compensatory capacity of the triple joint 
complex, degenerative changes in the triple joint complex 
will be accelerated.

Fusion surgery often requires blunt separation of the 
paravertebral muscles and partial resection of the facet 
joints to expose the surgical field of view, including TLIF. 
This process causes some damage to the paravertebral 
muscles and soft tissues, further aggravating the degener-
ation of the triple joint complex. A smaller intraoperative 

Fig. 6 Stress programs over the screw in three fixation models. A TT-TT; B CBT-CBT; C MCBT-MCBT
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invasion of the deep muscle groups of the multifidus, soft 
tissues, blood vessels, and nerves can not only reduce 
postoperative pain and infection but also decrease the 
length of hospital stay [51], which is especially impor-
tant for obese patients. In this experiment, we calculated 
and compared the corresponding values on the finite ele-
ment model for the range and proportion of muscle area 
that needs to be stripped for the three internal fixation 
techniques (Fig. 7). Among them, the TT technique has 
the largest surgical exposure area, and the implantation 
of TT screws requires extensive stripping and pulling of 
soft tissues such as fascia, muscles, and ligaments, which 
causes severe damage to the soft tissues of the patient’s 
surgical site, which not only affects the stress of the adja-
cent segments but also affects the fixed segment itself 
and even leads to loosening of the internal fixation [52]. 
The second is the surgical exposure area of the CBT tech-
nique. and the CBT technique reduces the incidence of 
ASD by shifting the screw placement point internally 
and changing the angle of the screw path, which avoids 
extensive exposure of the articular eminence joint to a 
certain extent and reduces muscle stripping and surgical 
trauma [49]. The technique with minimal posterior surgi-
cal exposure is the MCBT technique, which differs from 
the CBT technique mainly in that the screw placement 
point is closer to the midline of the spinous process in the 
longitudinal axis and has a greater abduction angle. This 
advantage minimizes surgical field exposure, and mus-
cle stripping, and protects the nerve roots, the dural sac, 
and large blood vessels in the anterior spine during screw 
placement [11, 12]. However, the MCBT screws have 
some disadvantages in the case of small vertebral bodies 
for that screw placement is easily affected by the spinous 
process, requiring thinning of the spinous process or 
removal of a portion of the spinous process. In patients 
with lateral saphenous fossa stenosis, decompression 
may be limited due to concerns about the position of the 

screw placement point being affected, and neurologic 
symptoms may be incompletely relieved. Additionally, 
the MCBT technique is only possible in the lumbar 3, 
4, and 5 vertebrae, which have a large transverse pedicle 
diameter, but not in the lumbar 1 and 2 vertebrae, which 
have a small transverse pedicle diameter. The MCBT 
technique is more suitable for patients with central canal 
stenosis, and its applicability can be further increased by 
combining it with spinal endoscopic technique [11–13].

Limitations of this study
While finite element models offer valuable insights, 
they are simplifications with inherent limitations com-
pared to real-world clinical scenarios. First, models rely 
on assumptions and approximations that may not fully 
capture the intricacies of biomechanics and physiology. 
Small errors could compound. Second, replicating the 
variability amongst patients seen in daily practice poses 
challenges. Factors like age, gender, BMI, bone density, 
etc. impact outcomes. Third, models are restricted by 
input accuracy. Using imprecise material properties or 
loading conditions reduces applicability. Fourth, captur-
ing complex biological responses like bone remodeling 
over time is difficult, necessitating long-term clinical 
data. Fifth, models estimate trends but cannot precisely 
predict individual patient outcomes or substitute clinical 
judgment of risks versus benefits.

To further improve the reliability of the results of spi-
nal biomechanical finite element analysis, the following 
aspects can be considered as follows: Accuracy of the 
material model, accuracy of geometric modeling, rea-
sonable mesh delineation, accuracy of boundary con-
ditions, sensitivity analysis, and result verification. To 
translate these findings into practice, clinical validation 
is essential. Outcomes predicted by models should be 
compared to observations from physical experiments 
and patient studies, with discrepancies noted and used 

Fig. 7 Proportion of surgically exposed area in three fixation techniques
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to refine the models. Additionally, FE models likely 
function optimally complementing rather than replac-
ing physician expertise, supporting rather than sup-
planting clinical decision-making.

Conclusions
In conclusion, after fixation of the diseased L4-L5 seg-
ments using the three fixation techniques in TLIF, 
the MCBT-MCBT group was able to better equalize 
the ROM of the upper and lower adjacent segments 
in almost all motions compared to the CBT-CBT 
and TT-TT groups, with keeping the center of spinal 
motion in the fused segment and the lower lumbar 
spine. And it will conduce to protecting the degener-
ation-prone superior adjacent segments. However, the 
MCBT-MCBT group showed higher peak von Mises 
stress of the disc in the L5-S1 segment in almost all 
motions than the CBT-CBT group, so the protective 
effect of the L5-S1 segment disc may not be strong. But 
the screw placement point of the MCBT technique is 
more distant from the articular facet joint and the sur-
gical exposure area is smaller, which maximizes the 
protection of the articular facet joint and muscle soft 
tissue damage. Therefore, we believe that the MCBT 
technique has some advantages in reducing the inci-
dence of ASD after lumbar fusion.
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