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Abstract

Background: Adjacent segment disease (ASD) is a well-known complication after interbody fusion. Pedicle screw-
rod revision possesses sufficient strength and rigidity. However, is a surgical segment with rigid fixation necessary
for ASD reoperation? This study aimed to investigate the biomechanical effect of different instrumentation on
lateral lumbar interbody fusion (LLIF) for ASD treatment.

Methods: A validated L2~5 finite element (FE) model was modified for simulation. ASD was considered the level
cranial to the upper-instrumented segment (L3/4). Bone graft fusion in LLIF with bilateral pedicle screw (BPS)
fixation occurred at L4/5. The ASD segment for each group underwent a) LLIF + posterior extension of BPS, b)
PLIF + posterior extension of BPS, c) LLIF + lateral screw, and d) stand-alone LLIF. The L3/4 range of motion (ROM),
interbody cage stress and strain, screw-bone interface stress, cage-endplate interface stress, and L2/3 nucleus
pulposus of intradiscal pressure (NP-IDP) analysis were calculated for comparisons among the four models.

Results: All reconstructive models displayed decreased motion at L3/4. Under each loading condition, the
difference was not significant between models a and b, which provided the maximum ROM reduction (73.8 to
97.7% and 68.3 to 98.4%, respectively). Model c also provided a significant ROM reduction (64.9 to 77.5%). Model
d provided a minimal restriction of the ROM (18.3 to 90.1%), which exceeded that of model a by 13.1 times for
flexion-extension, 10.3 times for lateral bending and 4.8 times for rotation. Model b generated greater cage stress
than other models, particularly for flexion. The maximum displacement of the cage and the peak stress of the cage-
endplate interface were found to be the highest in model d under all loading conditions. For the screw-bone
interface, the stress was much greater with lateral instrumentation than with posterior instrumentation.

Conclusions: Stand-alone LLIF is likely to have limited stability, particularly for lateral bending and axial rotation.
Posterior extension of BPS can provide reliable stability and excellent protective effects on instrumentation and
endplates. However, LLIF with the use of an in situ screw may be an alternative for ASD reoperation.
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Background
Lumbar degenerative disease (LDD) is one of the most
common causes of dysfunction and decline in quality of
life in elderly people [1]. Interbody fusion surgery for
unstable spinal segments involved in LDD is currently
the gold-standard operative treatment. To achieve effect-
ive fusion with an interbody cage, supplemented internal
fixation is often used. As pedicle screw-rod instrumenta-
tion becomes more widespread, spine surgeons are
inevitably faced with a growing number of patients pre-
senting with symptomatic adjacent segment degener-
ation (ASD) [2–5]. The incidence of symptomatic ASD
ranges from 5.2 to 18.5%, as reported by Park et al. [6].
Ghiselli et al. reported that the rate of symptomatic ASD
following either decompression or fusion was predicted
to be 16.5% at 5 years and 36.1% at 10 years [7]. Al-
though the predisposing factors for developing adjacent
segment problems after spinal fusion are largely un-
known, altered biomechanics of the adjacent segments
have been emphasized. In 2014, Kyaw et al. utilized 10
cadaveric boar spines at the L2–L5 levels and evaluated
the biomechanical impact of pedicle screws on ASD in
the lumbar spine [8]. The loss of ROM of the fusion seg-
ments led to greater torque applied to adjacent levels,
which then contributed to further degenerative changes
in the disc. In current ASD treatment strategies, the
traditional approach is to extend the previous screw-rod
structure through the posterior approach [9, 10]. Exten-
sion revision surgery requires reopening the previous
scar and replacing the rods, leading to a longer operative
time and a greater technical challenge. Sometimes
reopening surgical scar tissue increases complication
rates more than primary surgery [11]. Hence, the con-
flict of ASD revision has sparked vigorous debate among
spine surgeons, and it is a pressing clinical issue that
needs to be addressed.
To date, few biomechanical studies have examined

ASD occurrence after lateral lumbar interbody fusion
(LLIF), which has been developed for more than a dec-
ade [12]. When ASD occurs in the upper segment while
the bone graft has successful spinal fusion in the lower
segment when using LLIF with bilateral pedicle screw
(BPS) fixation, how can the surgical choice be selected?
The reoperation choice is often quite diverse, and cur-
rently, we lack some high-quality clinical evidence for
the superiority of any surgical treatment. Since posterior
revision surgery facilitates extension of the connecting
rod, a posterior lumbar interbody fusion (PLIF) proced-
ure is also selected for ASD treatment after LLIF sur-
gery. In addition, lateral stabilization has also become a
recent alternative technique. The posterior spinal struc-
ture and pedicles are preserved, and lateral surgical tech-
niques may not hamper further surgery. Louie et al.
selected stand-alone LLIF to treat symptomatic ASD

[13]. Choi et al. reported that LLIF supplemented with
lateral screw fixation was an alternative surgical option
for ASD [14]. Segmental and regional lordosis, as well as
intervertebral disc height, were improved and remained
stable after the surgery. Because of these reports, LLIF is
often used in ASD revision surgery, and the short-term
results are favourable. However, these surgeries currently
lack an estimate of long-term reports.
Therefore, the aim of this work is to explore renova-

tion strategies in LLIF surgery and to determine the
mechanical parameters of several lateral-based con-
structs and posterior constructs for ASD. To our know-
ledge, no study has analysed the biomechanics of ASD
following LLIF using finite-element analysis (FEA),
which is well suited for physical parameter studies and
allows the determination of many more values than an
experimental study. It was hypothesized that stand-alone
LLIF would not provide adequate stability in the upper
segment but with the addition of supplementary instru-
mentation would provide comparable stability. More-
over, supplementary instrumentation was hypothesized
to reduce the stress loads on the cage device and end-
plate structure.

Methods
A three-dimensional FE model of the L2–5 lumbar spine
was constructed in this study (Fig. 1). The image data
were obtained from 1-mm-thick computerized tomog-
raphy (CT) scans from a male volunteer. The 3D geom-
etry structure was constructed by using Mimics (version
19.0; Materialise Inc., Leuven, Belgium), which trans-
formed the dicom format image into a digital model.
The model was smoothed, amended and spherized with
Geomagic Studio (version 2015; Geomagic, SC, U.S.A.).
The cortical bone, cancellous bone, bony endplate, zyga-
pophyseal cartilage and intervertebral disc were used to
generate the solid model in Solidworks CAD software
(version 2017; SolidWorks Corp, Dassault Systèmes,
Concord, MA). The bony endplates were simulated on
the superior and inferior surfaces of each vertebra. The
gap in the zygapophyseal joints was approximately simu-
lated by CT images. The intervertebral disc was parti-
tioned into the annulus fibrosis and nucleus pulposus,
and it was defined to be composed of 43% of the total
disc volume and located slightly posterior to the centre
of the disc [15]. All seven ligaments, the anterior/poster-
ior longitudinal ligament (ALL/PLL), ligamentum flavum
(LF), interspinous ligament (ISL), supraspinous ligament
(SSL), intertransverse ligament (ITL) and facet capsular
ligament (FCL), were constructed in the FE model.
Then, ABAQUS software (version 2016, Simulia Inc.,

USA) was used to set the properties of the lumbar spine
components. The material properties were described in
the previous literature as specified in Table 1 [16–18].
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The nucleus pulposus and ground substance of the
annulus fibrosis were modelled as a homogeneous,
hyper-elastic material using the Mooney–Rivlin model
[19]. Two nodes truss elements (T3D2) with non-
compressible properties were assigned to fibres of the
annulus fibrosis. Four reticular fibre layers were added
to the ground substance at an angle between 24° and 45°
[19]. The contact between adjacent facet joint surfaces
was defined as the coefficient of friction and was set at
0.1 [20]. Seven ligaments were defined as non-
compressible T3D2 and different cross-sectional areas
(CSAs). Each lumbar spine component was created with
mesh in ABAQUS. The mesh was subjected to quality
inspection and revised by using topological combina-
tions for mesh optimization. The element types and
element numbers of each lumbar spine component are
listed in Table 2.

Boundary and loading conditions
The inferior surface of the L5 vertebra was completely
constrained in all directions, and the loading condition
was applied on the superior surface of the L2 vertebra.
Utilizing a similar approach to that of Chen et al. [21]
and Zhong et al. [22], a 150 N axial compressive pre-
load was set, and a pure moment of 10 N-m was applied
to simulate the model in six directions: (1) flexion (Flx);
(2) extension (Ext); (3) left bending (LB); (4) right bend-
ing (RB); (5) left rotation (LR); and (6) right rotation

(RR). The applied load in this study was deemed to be
sufficient to generate maximum physiological motion
but was small enough not to harm the specimens ac-
cording to previous studies [17, 21, 23]. ABAQUS 2016
software was used for these analyses.

FE model validation
The intact L2–L5 FE model was compared to the ROM
among previously published studies [21, 22]. The kine-
matic behaviour of the FE model was verified under the
conditions of flexion, extension, lateral bending, and
axial rotation.

Stress sensitivity analysis
For the stress sensitivity analysis, the intact lumbar spine
model was tested in the following loading directions:
compression (150 N) and Flx (10.0 N-m). According to
Xu et al., the parameters were linearized to perform the
stress sensitivity analysis for the model [24]. To save
simulation time, the analysis did not involve annulus fi-
bres and ligaments since Jebaseelan et al., Fagan et al.
and Pianigiani et al. considered that the material proper-
ties of fibres and ligaments were not sensitive [25–27].
After the parameter linearization, the linear model was
compared with the previous nonlinear model (Table 3).
Moreover, the high-value and low-value models were

performed from the linearized basic model, which simul-
taneously increased and decreased linearly by 25% for

Fig. 1 Finite element model of the L2-L5 spine segment. Configuration of the designed lateral cage (a) and posterior cage (b) was placed at the
L3–4 segment. (c) Bone graft in Lateral cage has successful spine fusion at the L4–5 segment
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creation of the models. As Xu et al. suggested that ROM
was a sensitivity response in the stress sensitivity ana-
lysis. Thus, ROM was chosen to test in this study [24].
Since the stress or strain results were focused on the
L3–4 level, the ROM at the L3–4 level obtained by the
nonlinear model, linearized basic model, high-value

model and low-value model were compared. The object-
ive of the stress sensitivity analysis was to provide insight
into the overall effect of material property variations on
biomechanical behaviour.

FE model with implants
The intact lumbar spine model was modified to simulate
instrumented LLIF with different types of internal fix-
ation. In each group, ASD was assumed to occur at the
segment cranial to the upper instrumentation (L3/4).
Successful bone graft fusion with LLIF + BPS was
simulated at L4/5. The ASD segment for each group
underwent a) LLIF + posterior extension of BPS, b) PLIF
+ posterior extension of BPS, c) LLIF + lateral screw,
and d) stand-alone LLIF. In the ASD model, nuclear
pulposus and lateral annulus fibrosis resection proce-
dures were performed at the L4/5 segment, and subse-
quent insertion of a lateral cage was performed with BPS
fixation. At the L3/4 segment, models a, c, and d under-
went typical L3/4 LLIF surgery with or without add-
itional fixation. In PLIF model b, laminectomy, nuclear
pulposus and posterior annulus fibrosis resection were
performed at L3/4, with posterior cage and BPS fixation
(Figs. 1 and 2). The rest of the L2–5 element compo-
nents were preserved.
The lateral-inserted cage (48 mm length, 22 mm width,

9 mm height) was box-shaped, with an 8-degree incline
between the superior and inferior surfaces (DePuy
Synthes Spine, Inc., Raynham, MA). A posterior-inserted
cage (23 mm length, 10 mm width, 9 mm height) was
placed in the PLIF model (DePuy Synthes Spine, Inc.,
Raynham, MA). Two kinds of cages were centred on the
middle sagittal plane in the disc space. Three simulated
constructs were adopted for internal fixation except
model d (Fig. 2). The internal fixation and cage implants

Table 2 Element types and element numbers of the element
set of FE models

Element set Element type Total element
number

Vertebral cortical
bone

Tetrahedron (C3D10) 64,004

Vertebral cancellous
bone

Tetrahedron (C3D10) 144,989

Posterior bone Tetrahedron (C3D10) 135,081

Arthrodial cartilage Tetrahedron (C3D10) 32,276

Endplate Tetrahedron (C3D10) 15,568

Nuclear pulposus Tetrahedron (C3D10) 9086

Annulus fibers/
substance

Truss (T3D2)/ Hexahedron
(C3D8R)

3918

Ligaments Truss (T3D2) 38

Table 1 The material properties of spinal components

Element set Young modulus (MPa) Poisson
ratio

CSA (mm2)

Vertebral cortical
bone

12,000 0.3 /

Vertebral
cancellous bone

100 0.2 /

Posterior bone 3500 0.25 /

Endplate 1000 0.4 /

Arthrodial
cartilage

24 0.4

Nuclear pulposus Hyperelastic (Mooney–Rivlin)
c1 = 0.12, c2 = 0.09

0.499 /

Annulus fibers:

Outermost 550 0.3 0.76

Second 495 0.3 0.5928

Third 412.5 0.3 0.4712

Innermost 357.5 0.3 0.3572

Annulus
substance

Hyperelastic (Mooney–Rivlin)
c1 = 0.56, c2 = 0.14

0.45 /

Ligaments

ALL 12.8 0.3 63.7

PLL 10 0.3 20

LF 10 0.3 40

SSL 2.8 0.3 25

ISL 2.8 0.3 30

ITL 10 0.3 25

FCL 8 0.3 30

Table 3 Comparison of parameters in the nonlinear model and
linearized basic model

Element set Modulus (MPa) in nonlinear
model Modulus

Modulus (MPa) in
linearized basic model

Vertebral cortical
bone

12,000 12,000

Vertebral
cancellous bone

100 100

Posterior bone 3500 3500

Endplate 1000 1000

Arthrodial
cartilage

24 24

Annulus
substance

Hyperelastic (Mooney–Rivlin)
c1 = 0.56, c2 = 0.14

4.2

Nuclear pulposus Hyperelastic (Mooney–Rivlin)
c1 = 0.12, c2 = 0.09

1
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were reconstructed in Solidworks CAD software and fit-
ted closely to the vertebral and endplate structure. In
these ASD models, the diameter of the pedicle screws
was 6.0 mm, and the lengths of the screws were set to
reach the anterior or lateral cortex of the vertebral body.
All screws were fixed to the vertebral bodies without
allowing relative motion, which were assigned the con-
tact surfaces to be tied in ABAQUS software. The rods
connecting the screws were selected for lofting and re-
construction to ensure the exact fit. Pedicle screws and
rods were defined using a “Tie” constraint at the inter-
faces. A finite sliding algorithm with a coefficient of fric-
tion of 0.2 was defined between the cage and endplate to
allow for any small relative displacements between the
two contacting surfaces. Titanium alloy (E = 110 GPa)
and polyetheretherketone (E = 3.6 GPa) material proper-
ties were defined for the posterior/lateral configuration
and interbody cages [28].

Analysis
The L3/4 range of motion (ROM), interbody cage stress
(von Mises stress) and strain (mm), screw-bone interface
stress, cage-endplate interface stress, and L2/3 nucleus
pulposus of intradiscal pressure (NP-IDP) analysis were
tracked and calculated for comparisons among the four
models.

Results
Model validation
The ROM data of the intact lumbar spine were com-
pared to the results of previous studies, which were
under the act of the same load as listed in Fig. 3. The
ROM tendency of each segment was closely correlated
with the results of Chen et al. [21] and Zhong et al. [22].
In terms of flexion, the maximum ROM occurred at L4–
5, and the maximum ROM for extension and bending
was observed at L3–4 and L4-L5, respectively. The mean
values for torsion were under 3°. The ROMs of the L2-
L5 segments were 11.2°, 10.9°, 12.0°, and 7.1° for flexion,
extension, bending, and torsion, respectively. Overall,
the ROM discrepancy was within the acceptable range
of error. The results of our study confirm the rationality
of the model and can be further analysed.

Stress sensitivity analysis
The percentage differences in the ROM between the
linear basic model and original nonlinear model, be-
tween the linear basic model and linear high-value
model, and between the linear basic model and linear
low-value model under flexion are displayed in Fig. 4.
When compared with the ROM, the differences in
percentage between the linear basic model and non-
linear model were 1.32% under flexion and 1.09%
under compression, which were lower than those of

Fig. 2 ASD segment (L3/4) for each group was underwent: a LLIF + posterior extension of bilateral pedicle screw, b PLIF + posterior extension of
bilateral pedicle screw, c LLIF + lateral screw, d Stand-alone LLIF
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Fig. 3 Comparison of ROM for each single segment of the intact lumbar spine with other FEA studies

Fig. 4 ROM differences in percentage between the linear basic model and original nonlinear model, between the linear basic model and linear
high-value model, and between the linear basic model and linear low-value model: A) Flexion; B) Compression
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the linear high-value model/basic model (decreased
4.12% under flexion and 3.92% under compression,
respectively) and linear low-value/basic model (in-
creased 4.31% under flexion and 4.35% under com-
pression, respectively).

Range of motion
In Fig. 5, there was a significant reduction in the ROM
at L3/4 for models a, b and c when compared with the
intact model for all loading conditions. Model d slightly
decreased the ROM for axial rotation and lateral bend-
ing. The supplemented fixation device provided an add-
itional fixed effect on the fusion segment. Differences in
the ROM between models a and b were not significant
at less than 1° for all loading conditions. The ROM of
each instrumented model is shown in more detail in
Fig. 6.

Flexion-extension
In Fig. 6, there were no ROM differences in flexion
among the four models (90.1 to 98.8% restriction). In
terms of extension, model a and model b provided simi-
lar stability (97.7 and 98.4% restriction, respectively)
compared with the intact model. Model c reduced the
ROM of the intact model by 77.5%, and the ROM was
9.8 times greater than that of model a. Model d reduced
the lowest ROM (65.3% restriction), which was less re-
strictive than that of model a (15.1 times).

Lateral bending
Model a and model b provided the largest reduction in
the ROM, by 95.7 and 94.5% for lateral bending, com-
pared with the intact model. Model c demonstrated less
than 30% intact ROM (76.3% restriction). Similar to
flexion-extension, model d reduced the lowest ROM
(55.9% restriction), which was 10.3 times greater than
that of model a.

Axial rotation
The largest reduction in the ROM for axial rotation
ROM was found in model a compared with the intact
model. However, there was no significant difference in
the ROM observed within models a, b and c (73.8, 68.3,
64.9% restriction, respectively). Significant differences
were found in model d, which merely provided 18.3%
ROM restriction compared with the intact model. In
addition, axial rotation ROM was the least restricted
mode of kinematic behaviour.

The magnitudes of the maximum Von Mises stress in the
interbody cage
The maximum Von Mises stress in the interbody cage is
displayed in Fig. 7. For all loading conditions, the stress
of the cage was found to be largest in model b. For
flexion, the maximum stress of the cage reached 172.6
MPa in model b, which significantly increased the max-
imum stress compared with the other models. The cage
stress in model b was 13.2, 6.1, and 6.7 times greater
than that in models a, c and d in terms of flexion,

Fig. 5 Comparison of ROM for intact and implanted models at the fusion segment
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respectively. Similarly, the peak stress in model b was
4.8 and 2.3 times greater than that of models a and c for
lateral bending and 2.0 and 1.5 times greater than that
of models a and c for axial rotation. The difference was
not significant between models b and d in terms of lat-
eral bending and axial rotation.

The magnitudes of the maximum Von Mises stress on the
interbody cage-L4 superior endplate interface
Under all loading conditions, model d generated the
largest endplate stress among the implanted models
(Fig. 8). However, in terms of flexion, the maximum
stress caused by model b exceeded that by models a,

Fig. 6 Comparison of ROM for implanted models at the fusion segment

Fig. 7 Maximum Von Mises stress (MPa) in the interbody cage for implanted models
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c and d by 3.9, 2.3 and 1.6 times, respectively. The
stresses in models a and c were 40.9 and 68.9% those
of model d. In terms of lateral bending, the maximum
endplate stresses caused by model d exceeded those
of models a, b, and c by 2.6, 3.0, and 5.4 times for
left bending and 2.7, 2.5, and 1.7 times for right
bending, respectively. In terms of axial rotation, the
largest stress on the pedicle screw was found in
model b, which exceeded models a, c and d by 1.7,
1.8 and 1.3 times, respectively.

The maximum displacement (mm) in the interbody cage
For interbody cages without supplementary fixation, the
maximum displacement of the cage was found to be
high in model d under all loading conditions (Fig. 9). In
terms of flexion, the displacement caused by model d
exceeded that of models a, b and c by 121.3, 116.8, and
116.8%, respectively. Greater differences could be seen
in lateral bending, and the displacement caused by
model d exceeded that of models a, b and c by 173.8,
225.8, and 166.3%, respectively. In terms of extension
and axial rotation, model d was slightly higher than that
of the other models, but the difference was not
significant.

The magnitudes of the maximum Von Mises stress on the
screw-bone interface
The stress peak of the screw-bone interface was investi-
gated to show the load distribution between the

vertebrae and the spinal implants. It is important to
evaluate the risk of screw loosening and migration [29].
Figure 10 summarizes the maximum Von Mises stress of
the screw-bone interface for the implanted models. At
the L3/4 segment, the stress was greater with the lateral
instrumentation than with the posterior instrumentation
under all loading conditions. In terms of flexion-
extension, the stress in model c was 5.7 and 5.1 times
greater than that in model a and model b, respectively.
The largest stress of the screw-bone interface was found
to be 617.5 MPa in model c under axial rotation, which
exceeded that of model a and model b by 4.1 and 3.4
times, respectively. Greater differences could be seen in
terms of lateral bending, and the stress caused by model
c was 7.0 and 6.1 times greater than that of model a and
model b. In addition, the stress caused by model b was
slightly higher than that of model a under all loading
conditions. Particularly, in terms of axial rotation, the
difference was more than 30MPa.

The magnitudes of the maximum pressure in NP-IDP of
adjacent intervertebral discs
Figure 11 included the maximum pressure in NP-IDP of
the superior adjacent level (L2/3) for each instrumented
construct. Under all loading conditions, the L2/3 NP-
IDP caused by the four models was slightly higher than
that of the intact model, but the differences were not
significant.

Fig. 8 Maximum Von Mises stress (MPa) of L3/4 cage-L4 superior endplate interface stress analysis for implanted models
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Discussion
This study represents the first FEA to explore an existing
fusion strategy for treating ASD patients with previous
LLIF+BPS from a biomechanical standpoint. Compared
with the intact model, four instrumented constructs

under all loading conditions provided immediate postop-
erative stability. Although these findings are only fit for
describing the static effect on mechanical behaviour,
they did reflect an overall trend. The postoperative stiff-
ness of internal implants represents the ability to resist

Fig. 9 The maximum displacement (mm) of the interbody cage for implanted models

Fig. 10 Maximum Von Mises stress (MPa) of screw-bone interface for implanted models
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ROM of the lumbar fusion segment [22, 29, 30]. Al-
though all reconstructive models increased the stiffness
of the operative motion segment, the degree of stability
was considerably different between those models. The
pedicle screw, the fixation structure with high stiffness,
showed the greatest capacity to stabilize the operative
level. However, for two-level fusion, less-invasive LLIF
procedures may provide a favourable ability to stabilize
the cranial level when the caudal level has a rigid graft
bone fusion structure.
When an LLIF cage was placed into the ASD segment

that underwent previous successful spinal fusion in the
lower segment, stand-alone LLIF reduced ROM com-
pared with the un-instrumented disc of the intact model,
particularly during flexion-extension. This study con-
firmed that movement in terms of flexion and extension
did not destabilize the cage if the anteroposterior annu-
lus fibrosus, anterior longitudinal ligament and posterior
longitudinal ligament remained intact. However, facet
joint movement remained, and stand-alone LLIF was un-
able to effectively limit axial rotation activity. These re-
sults are supported by Laws et al.’s in vitro study. He
reported that when compared to the intact disc, the
stand-alone LLIF cage provided a significant decrease in
flexion-extension and lateral bending except axial rota-
tion [31]. Some studies considered the use of stand-
alone LLIF to be associated with a high risk of subsid-
ence in up to 30% of patients [32, 33]. The lack of acces-
sorial instrumentation leads to stress directly distributed
to the surface of the cage and endplate, which increases
the chance of bony endplate damage and cage

subsidence. Furthermore, the movement of the inter-
body cage was reduced when supplementary instrumen-
tation was added. In this study, adding lateral
instrumentation effectively reduced ROM in the lateral
bending and axial rotation conditions and appeared to
be the effective minimally invasive technique for clinical
application. However, due to the one column that was
fixed, more stress was shifted to the screw. In this study,
the stress concentration of lateral screw fixation could
be found at the screw-bone interface, where the peak
stress reached 331.9MPa under flexion-extension, 366.1
MPa under lateral bending and 617.5 MPa under axial
rotation. The typical mechanical properties of titanium
alloy are 1380–2070MPa for ultimate bearing strength
and 825–895MPa for yield strength [34]. For the mech-
anical properties of cortical bone, some previous studies
have reported that the failure strength of the human cor-
tical bone ranges from 90 to 200MPa [35, 36]. Our re-
sults showed that the maximum stress of cortical bone
in model c was less than 90MPa under axial rotation
conditions. Based on these data, the results of the screw
and cortical bone were in the range of the mechanical
results before yield strength and ultimate strength. Al-
though bone tissues and implants are defined as linear-
elastic material properties, the risk of screw loosening
and breakage is potentially increased in reality.
Previous biomechanical studies investigating lateral in-

strumentation further strengthened these findings. Shasti
et al. found that the reduction of bending ROM was
more pronounced when supplemented with lateral in-
strumentation in (LLIF) [37]. Zhang et al. reported that

Fig. 11 Maximum pressure (MPa) in NP-IDP of adjacent intervertebral disc for implanted models
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the lateral plate increased stiffness in terms of bending
and axial rotation and reduced cage stress and endplate
stress in all motion modes [38]. Fogel et al. also showed
that the lateral stabilization added in the vertebra and
spinous process could achieve stiffness under all loading
conditions similar to pedicle screws [39]. It was indi-
cated that while performing LLIF, the combination of
lateral instrumentation may offer an alternative. Clinic-
ally, Choi et al. proposed that LLIF combined with lat-
eral instrumentation could be applicable for ASD
treatment. Those authors utilized LLIF and lateral screw
fixation for adjacent segment stenosis of the lumbar
spine. This revision method can shorten the operation
time and decrease bleeding. The radiological findings
showed that the segmental angle and anterior disc height
were significantly improved [14].
At present, posterior extension surgery remains the

most regular strategy for ASD treatment. In this study,
posterior supplementary instrumentation provided the
most biomechanically stable construct and less peak
stress distribution. However, the prior surgery was LLIF
with BPS. Occasionally, reopening surgical scar tissue in-
creases the risk of complications, so using classic PLIF
should be discussed in ASD treatment. Our data showed
that LLIF or PLIF combined with posterior extension of
BPS provided the maximum reduction in ROM among
all constructs at every plane of motion, ranging from
66.8 to 98.8% of the intact spine. Moreover, the results
from this study demonstrate that the posterior extension
of BPS generated screw-bone interface stress, which re-
duced the risk of screw loosening. These findings
reinforce previous studies’ findings that bilateral rod fix-
ation provides better structural stability under all loading
modes [40, 41].
Although the use of different cages did not affect the

stability as assessed by ROM of the instrumented level
based on this study, our findings demonstrated that the
interbody cage stress and cage-endplate interface stress
varied with different cages. Significantly high-peak stress
was found in the traditional posterior cage. The peak
stress in the traditional posterior cage ranged between
2.0 and 13.2 times greater than that of the lateral cage
under all loading conditions. Similarly, the peak stress of
the cage-L4 superior endplate interface for the posterior
cage was 3.9 times greater than that of the lateral cage
under flexion. Our results suggest that the LLIF inter-
body cage generates the least amount of cage-endplate
interface stress. This finding is possibly because of the
smaller PLIF cage surface area in contact with the end-
plate in contrast to the larger area of an LLIF lateral
cage. These findings are consistent with those previously
published by Xu et al. [42], who used FEA to compare
peak cage-endplate interface stresses for standard cage
and crescent-shaped cages.

From a biomechanical standpoint, limitations inherent
to excessive rigid fixation may contribute to the acceler-
ation of ASD [6, 43]. Compared with the intact model,
four instrumented constructs under all loading condi-
tions increased the adjacent segment NP-IDP, while the
differences were not significant. Although these results
are only capable of describing immediate effects, they
did reflect an overall trend. At present, the term stability
is misused. Reducing the ROM does not necessarily
mean more stability. A stable system is one that does
not undergo a large displacement under small perturba-
tions. Clinically, less than 5° ROM was considered to be
successful fusion in terms of the FDA definition [44].
Since biomechanical studies are unable to simulate the
fusion process, ROM was chosen for comparison. In this
study, LLIF or PLIF with posterior extension of the BPS
were considered adequately stable but reinforced previ-
ous studies’ findings [37, 45]. However, it is worth not-
ing that LLIF with lateral instrumentation investigated in
this study could probably provide enough load sharing
to allow the bone to fuse, and more clinical studies are
recommended.
The stress sensitivity analysis was able to give an

insight about the accuracy of the FE models investigating
stress or strain. In this study, those results of stress sen-
sitivity analysis showed that the 25% difference in elastic
modulus respectively brought total 8.43 and 8.27% ROM
difference in flexion and compression. In addition, the
difference in percentage of the nonlinear model was
slightly higher than that of basic linear model, but the
difference was not significant. This might be the reason
why some FE studies considered that the components of
the spine were linear and simplified the calculation of
nonlinear materials [28, 46–48]. However, Eberlein et al.
considered that nonlinear material properties in the
process of simulation could be more accurate than linear
material properties under larger external load [49].
Therefore, the nonlinear model used in this study ap-
pears to be sensitive in the stress sensitivity analysis.
However, because of the many parameters in the mater-
ial properties of the lumbar spine, the stress sensitivity
analysis was not able to compare the individual effects of
each parameter on the biomechanical behaviour. De-
tailed analysis of each parameter of spinal components
will be performed in future research.
Although the previously mentioned findings in this

study might be meaningful for clinical practice, some
limitations of this study need to be mentioned. Bone
tissues, ligaments and implants were defined as linear-
elastic material properties. Because the focus of this
research is not to predict the post-yield mechanical be-
haviour of implants, isotropic linear-elastic material
models can be used to simulate the pre-yield mechanical
behaviour [29]. Many FEAs on the lumbar spine have
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assumed that the components of the spine are linear to
improve the calculation efficiency [28, 46–48]. The ten-
dency of predicted results with various fixation options
would not be substantially changed depending on the in-
dividual geometric model and simplified material prop-
erties. Further clinical studies evaluating the findings
from this study are also expected in the future.

Conclusions
This study indicates that stand-alone fixation is likely to
have limited stability, particularly in terms of lateral
bending and axial rotation. Posterior extension of BPS
can provide reliable mechanical stability and excellent
protective effects on the interbody cage, screw-bone
interface and cage-endplate interface. However, LLIF
supplemented with lateral screws may be an alternative
reoperation surgical option for the treatment of ASD.
Further clinical studies are necessary to evaluate the
clinical effects of augmentation of LLIF with in situ
screw fixation.

Abbreviations
ALL: Anterior longitudinal ligament; ASD: Adjacent segment degeneration;
BPS: Bilateral pedicle screw; CSAs: Cross-sectional areas; CT: Computerized
tomography; Ext: Extension; FCL: Facet capsular ligament; FEA: Finite-element
analysis; Flx: Flexion; ISL: Interspinous ligament; ITL: Intertransverse ligament;
LB: Left bending; LDD: Lumbar degenerative disease; LF: Ligamentum flavum;
LLIF: Lateral lumbar interbody fusion; LR: Left rotation; NP-IDP: Nucleus
pulposus of intradiscal pressure; PLIF: Posterior lumbar interbody fusion;
PLL: Posterior longitudinal ligament; RB: Right bending; ROM: Range of
motion; RR: Right rotation; SSL: Supraspinous ligament

Acknowledgements
The authors thank Mingjie Chen for his help in technical assistance.

Authors’ contributions
ZYL, JCC and XBJ contributed to the conception and design of the study.
JRZ, JHH, and ZYL performed the experiment. JJT and HR analyzed the data.
DL and LQY revised the manuscript. ZYL and JCC played the main role in
writing the manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author by reasonable request.

Ethics approval and consent to participate
The informed consent was obtained from the volunteer and this consent
was written.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1First Clinical Medical College, Guangzhou University of Chinese medicine,
Guangzhou 510405, China. 2Department of Spinal Surgery, The First Affiliated
Hospital of Guangzhou University of Chinese Medicine, 16 Airport Road,
Guangzhou City 510405, Guangdong Province, China. 3Department of Spinal
Surgery, The Dongguan hospital of Chinese Medicine, Dongguan 523000,
China.

Received: 16 October 2019 Accepted: 30 January 2020

References
1. Kalff R, Ewald C, Waschke A, Gobisch L, Hopf C. Degenerative lumbar spinal

stenosis in older people: current treatment options. Dtsch Arztebl Int. 2013;
110(37):613–23 quiz 624.

2. Hilibrand AS, Robbins M. Adjacent segment degeneration and adjacent
segment disease: the consequences of spinal fusion? Spine J. 2004;4(6
Suppl):190S–4S.

3. Okuda S, Nagamoto Y, Matsumoto T, Sugiura T, Takahashi Y, Iwasaki M.
Adjacent segment disease after single segment posterior lumbar Interbody
fusion for degenerative Spondylolisthesis: minimum 10 years follow-up.
Spine (Phila Pa 1976). 2018;43(23):E1384–8.

4. Scemama C, Magrino B, Gillet P, Guigui P. Risk of adjacent-segment disease
requiring surgery after short lumbar fusion: results of the French spine
surgery society series. J Neurosurg Spine. 2016;25(1):46–51.

5. Radcliff KE, Kepler CK, Jakoi A, Sidhu GS, Rihn J, Vaccaro AR, Albert TJ,
Hilibrand AS. Adjacent segment disease in the lumbar spine following
different treatment interventions. Spine J. 2013;13(10):1339–49.

6. Park P, Garton HJ, Gala VC, Hoff JT, McGillicuddy JE. Adjacent segment
disease after lumbar or lumbosacral fusion: review of the literature. Spine
(Phila Pa 1976). 2004;29(17):1938–44.

7. Ghiselli G, Wang JC, Bhatia NN, Hsu WK, Dawson EG. Adjacent segment
degeneration in the lumbar spine. J Bone Joint Surg Am. 2004;86(7):1497–503.

8. Kyaw TA, Wang Z, Sakakibara T, Yoshikawa T, Inaba T, Kasai Y. Biomechanical
effects of pedicle screw fixation on adjacent segments. Eur J Orthop Surg
Traumatol. 2014;24(Suppl 1):S283–7.

9. Ryu DS, Park JY, Kuh SU, Chin DK, Kim KS, Cho YE, Kim KH. Surgical
outcomes after segmental limited surgery for adjacent segment disease: the
consequences of makeshift surgery. World Neurosurg. 2018;110:e258–65.

10. Yue ZJ, Liu RY, Lu Y, Dong LL, Li YQ, Lu EB. Middle-period curative effect of
posterior lumbar intervertebral fusion (PLIF) and interspinous dynamic
fixation (Wallis) for treatment of L45 degenerative disease and its influence
on adjacent segment degeneration. Eur Rev Med Pharmacol Sci. 2015;
19(23):4481–7.

11. Djurasovic M, Glassman SD, Howard JM, Copay AG, Carreon LY. Health-
related quality of life improvements in patients undergoing lumbar spinal
fusion as a revision surgery. Spine (Phila Pa 1976). 2011;36(4):269–76.

12. Ozgur BM, Aryan HE, Pimenta L, Taylor WR. Extreme lateral Interbody fusion
(XLIF): a novel surgical technique for anterior lumbar interbody fusion. Spine
J. 2006;6(4):435–43.

13. Louie PK, Varthi AG, Narain AS, Lei V, Bohl DD, Shifflett GD, Phillips FM.
Stand-alone lateral lumbar interbody fusion for the treatment of
symptomatic adjacent segment degeneration following previous lumbar
fusion. Spine J. 2018;18(11):2025–32.

14. Choi YH, Kwon SW, Moon JH, Kim CH, Chung CK, Park SB, Heo W. Lateral
lumbar Interbody fusion and in situ screw fixation for rostral adjacent
segment stenosis of the lumbar spine. J Korean Neurosurg Soc. 2017;60(6):
755–62.

15. Denoziere G, Ku DN. Biomechanical comparison between fusion of two
vertebrae and implantation of an artificial intervertebral disc. J Biomech.
2006;39(4):766–75.

16. Xu H, Ju W, Xu N, Zhang X, Zhu X, Zhu L, Qian X, Wen F, Wu W, Jiang F.
Biomechanical comparison of transforaminal lumbar interbody fusion with 1
or 2 cages by finite-element analysis. Neurosurg. 2013;73(2 Suppl Operative):
ons198–205 discussion ons205.

17. Guo LX, Yin JY. Finite element analysis and design of an interspinous device
using topology optimization. Med Biol Eng Comput. 2019;57(1):89–98.

18. Kurutz M. Oroszváry LJFEAFBAtID: Finite element modeling and simulation
of healthy and degenerated human lumbar spine., vol. 193; 2012.

19. Schmidt H, Heuer F, Simon U, Kettler A, Rohlmann A, Claes L, Wilke HJ.
Application of a new calibration method for a three-dimensional finite
element model of a human lumbar annulus fibrosus. Clin Biomech (Bristol,
Avon). 2006;21(4):337–44.

20. Polikeit A, Ferguson SJ, Nolte LP, Orr TE. Factors influencing stresses in the
lumbar spine after the insertion of intervertebral cages: finite element
analysis. Eur Spine J. 2003;12(4):413–20.

21. Chen CS, Cheng CK, Liu CL, Lo WH. Stress analysis of the disc adjacent to
interbody fusion in lumbar spine. Med Eng Phys. 2001;23(7):483–91.

Liang et al. BMC Musculoskeletal Disorders          (2020) 21:117 Page 13 of 14



22. Zhong ZC, Chen SH, Hung CH. Load- and displacement-controlled finite
element analyses on fusion and non-fusion spinal implants. Proc Inst Mech
Eng H. 2009;223(2):143–57.

23. Yamamoto I, Panjabi MM, Crisco T, Oxland T. Three-dimensional movements
of the whole lumbar spine and lumbosacral joint. Spine (Phila Pa 1976).
1989;14(11):1256–60.

24. Xu M, Yang J, Lieberman IH, Haddas R. Lumbar spine finite element model
for healthy subjects: development and validation. Comput Methods
Biomech Biomed Engin. 2017;20(1):1–15.

25. Jebaseelan DD, Jebaraj C, Yoganandan N, Rajasekaran S, Kanna RM. Sensitivity
studies of pediatric material properties on juvenile lumbar spine responses
using finite element analysis. Med Biol Eng Comput. 2012;50(5):515–22.

26. Fagan MJ, Julian S, Siddall DJ, Mohsen AM. Patient-specific spine models.
Part 1: finite element analysis of the lumbar intervertebral disc--a material
sensitivity study. Proc Inst Mech Eng H. 2002;216(5):299–314.

27. Pianigiani S, Croce D, D'Aiuto M, Pascale W, Innocenti B. Sensitivity analysis
of the material properties of different soft-tissues: implications for a subject-
specific knee arthroplasty. Muscles Ligaments Tendons J. 2017;7(4):546–57.

28. Vadapalli S, Sairyo K, Goel V. Biomechanical rationale for using
polyetheretherketone (PEEK) spacers for lumbar interbody fusion: a finite
element study (vol 31, pg E992, 2006). Spine. 2007;32(6):710.

29. Xu M, Yang J, Lieberman I, Haddas R. Stress distribution in vertebral bone
and pedicle screw and screw-bone load transfers among various fixation
methods for lumbar spine surgical alignment: a finite element study. Med
Eng Phys. 2019;63:26–32.

30. Vadapalli S, Sairyo K, Goel VK, Robon M, Biyani A, Khandha A, Ebraheim NA.
Biomechanical rationale for using Polyetheretherketone (PEEK) spacers for
lumbar Interbody fusion–a finite element study. Spine (Phila Pa 1976). 2006;
31(26):E992–8.

31. Laws CJ, Coughlin DG, Lotz JC, Serhan HA, Hu SS. Direct lateral approach to
lumbar fusion is a biomechanically equivalent alternative to the anterior
approach an in vitro study. Spine. 2012;37(10):819–25.

32. Ahmadian A, Bach K, Bolinger B, Malham GM, Okonkwo DO, Kanter AS,
Uribe JS. Stand-alone minimally invasive lateral lumbar interbody fusion:
multicenter clinical outcomes. J Clin Neurosci. 2015;22(4):740–6.

33. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E, LJJoNS P. Radiographic
and clinical evaluation of cage subsidence after stand-alone lateral
interbody fusion. J Neurosurg Spine. 2013;19(1):110–8.

34. Murray G. Handbook of materials selection for engineering applications:
Taylor & Francis; 1997.

35. Dong XN, Acuna RL, Luo Q, Wang X. Orientation dependence of
progressive post-yield behavior of human cortical bone in compression. J
Biomech. 2012;45(16):2829–34.

36. Currey JD. Tensile yield in compact bone is determined by strain, post-yield
behaviour by mineral content. J Biomech. 2004;37(4):549–56.

37. Shasti M, Koenig SJ, Nash AB, Bahrami S, Jauregui JJ, O'Hara NN, Jazini
E, Gelb DE, Ludwig SC. Biomechanical evaluation of lumbar lateral
interbody fusion for the treatment of adjacent segment disease. Spine
J. 2019;19(3):545–51.

38. Zhang ZJ, Fogel GR, Liao ZH, Sun YT, Liu WQ. Biomechanical analysis of
lateral lumbar Interbody fusion constructs with various fixation options:
based on a validated finite element model. World Neurosurgery. 2018;
114:E1120–9.

39. Fogel GR, Parikh RD, Ryu SI, Turner AW. Biomechanics of lateral lumbar
interbody fusion constructs with lateral and posterior plate fixation:
laboratory investigation. J Neurosurg Spine. 2014;20(3):291–7.

40. Cappuccino A, Cornwall GB, Turner AW, Fogel GR, Duong HT, Kim KD,
Brodke DS. Biomechanical analysis and review of lateral lumbar fusion
constructs. Spine (Phila Pa 1976). 2010;35(26 Suppl):S361–7.

41. Liu XL, Ma J, Park P, Huang XD, Xie N, Ye XJ. Biomechanical comparison of
multilevel lateral interbody fusion with and without supplementary
instrumentation: a three-dimensional finite element study. BMC
Musculoskelet Disord. 2017;18:63.

42. Xu H, Tang H, Guan X, Jiang F, Xu N, Ju W, Zhu X, Zhang X, Zhang Q, Li M.
Biomechanical comparison of posterior lumbar interbody fusion and
transforaminal lumbar interbody fusion by finite element analysis.
Neurosurg. 2013;72(1 Suppl Operative):21–6.

43. Bono CM, Lee CK. Critical analysis of trends in fusion for degenerative disc
disease over the past 20 years: influence of technique on fusion rate and
clinical outcome. Spine (Phila Pa 1976). 2004;29(4):455–63 discussion Z455.

44. Boustani HN, Rohlmann A, van der Put R, Burger A, Zander TJCB. Which
postures are most suitable in assessing spinal fusion using radiostereometric
analysis? Cin Biomech (Bristol,Avon). 2012;27(2):111–6.

45. Metzger MF, Robinson ST, Maldonado RC, Rawlinson J, Liu J, Acosta FL.
Biomechanical analysis of lateral interbody fusion strategies for adjacent
segment degeneration in the lumbar spine. Spine J. 2017;17(7):1004–11.

46. Choi J, Shin DA, Kim S. Biomechanical effects of the geometry of ball-and-
socket artificial disc on lumbar spine: a finite element study. Spine (Phila Pa
1976). 2017;42(6):E332–9.

47. Xu H, Ju W, Xu N, Zhang XJ, Zhu XD, Zhu LF, Qian XF, Wen FB, Wu
WD, Jiang FG. Biomechanical comparison of Transforaminal lumbar
Interbody fusion with 1 or 2 cages by finite-element analysis.
Neurosurgery. 2013;73:198–205.

48. Wang K, Jiang CH, Wang LJ, Wang HH, Niu WX. The biomechanical
influence of anterior vertebral body osteophytes on the lumbar spine: a
finite element study. Spine J. 2018;18(12):2288–96.

49. Eberlein R, Holzapfel GA, Frohlich M. Multi-segment FEA of the human
lumbar spine including the heterogeneity of the annulus fibrosus. Comput
Mech. 2004;34(2):147–63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liang et al. BMC Musculoskeletal Disorders          (2020) 21:117 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Boundary and loading conditions
	FE model validation
	Stress sensitivity analysis
	FE model with implants
	Analysis

	Results
	Model validation
	Stress sensitivity analysis
	Range of motion
	Flexion-extension
	Lateral bending
	Axial rotation
	The magnitudes of the maximum Von Mises stress in the interbody cage
	The magnitudes of the maximum Von Mises stress on the interbody cage-L4 superior endplate interface
	The maximum displacement (mm) in the interbody cage
	The magnitudes of the maximum Von Mises stress on the screw-bone interface
	The magnitudes of the maximum pressure in NP-IDP of adjacent intervertebral discs

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

