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Abstract: This finite element (FE) study of lumbar biomechanics aims to predict how the parameters like range of
motion (ROM), intervertebral disc pressure (IDP), cage stress and screw stress are affected by different direction-
changeable cage positions. Firstly, the three-dimensional FE model of L3-L5 segment was developed, and the model
was adjusted to adapt different direction-changeable cage positions at the L4-L5 level though transforaminal lum-
bar interbody fusion (TLIF) with pedicle screws. The effects of Type A (the lateral region), Type B (the lateralcentral
region) and Type C (the anteriocentral region) on ROM, IDP, cage stress and screw stress were examined. The results
showed that after implantation of interbody cages at different positions, the ROM at surgical level L4-L5 decreased
substantially in all motion modes. The maximal stress in cage decreased with Type A, B and C in all motion modes
except flexion and extension. The maximal cage stress was observed in Type A with 720.5 MPa in left rotation, in
Type B with 707 MPa in flexion, in Type C with 397.3 MPa in left rotation, respectively. The maximal IDP was similar
in three types, with 1.6 MPa in left lateral bending in Type A, 1.5 MPa in flexion in Type B, and 1.4 MPa in flexion in
Type C. The range of screw peak stress was 16.4 to 61.1 MPa in Type A, 15.9 to 50.9 MPa in Type B, and 14.6 to
46.1 MPa Type C. In conclusion, comparing the cages with different positions, anteriocentral position cage has more
advantages like lower cage stress, ODL and screw stress.
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Introduction

Transforaminal lumbar interbody fusion (TLIF)
was introduced in 1980s and has become a
mainstream method to treat degenerative lum-
bar disorders since then. It has a number of
advantages, including less invasiveness, less
blood loss, less nerve root retraction and a
shorter hospital stay compared with other lum-
bar fusion techniques [1-4]. A suitable inter-
body cage plays a pivotal role in successful
bone fusion for TLIF. The materials of the inter-
body cage are constantly updated, from the
early titanium metal and carbon fibers to poly-
etheretherketone (PEEK) materials now. And
the morphology is also changing, from the early
cylindrical metal threads to vertical annular
titanium meshes, and from bullet shape to the
anatomical kidney shape used today [5].

The kidney-shape PEEK cage has become pop-
ular in lumbar fusion as the biomechanics and

clinical outcomes show that it has more merits
compared to the traditional bullet-shape lum-
bar cage [5-8]. It has higher bone fusion rate,
lower radiation exposure and fewer postopera-
tive complications compared to the traditional
bullet cage [5, 6]. With its wide application,
complications such as cage subsidence, migra-
tion and other problems have been emerged
and not thoroughly solved yet. As the cage posi-
tion could contribute to cage subsidence and
migration in the traditional bullet-shape lumbar
cage [9-11], while spine surgeons often choose
the position for implantation according to their
own experience. In terms of the direction-
changeable kidney-shape cage, the optimal
position remains controversial.

The finite element (FE) method is an ideal tool
to study the biomechanics of spine, the strength
of the FE method is that it enables calculating
the internal stress on both the bone and the
implants compared with cadaveric study under
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Figure 1. Model of the intact lumbar spine reconstructed by MIMICS 14.0.

loading [12, 13]. In this situation, we developed
a FE lumbar spine model and aimed to predict
how the parameters like the range of motion
(ROM), intervetebral disc pressure (IDP), cage
stress and screw stress were affected by differ-
ent cage positions, and to provide a biome-
chanics reference for surgeons to choose the
position for implantation.

Materials and methods
Development of FE L3-L5 spine model

The model was based on computed tomo-
graphic images with an interval of 0.625 mm of
a healthy subject (male, 28 years old, 65 Kg,
175 cm). The images were imported into Mimics
V14.0 software (Materialise, Ltd., Belgium)
(Figure 1). After segmentation, 3D graphic
data format files (Stereolithography, STL) were
imported to Geomagic Studio V2013 software
(3D Systems, Ltd., USA) to acquire nonuniform
rational B-splines surfaces. The errors and
regional burrs of the imported data were cor-
rected, and cortical and cancellous bones were
reconstructed individually to achieve accurate
anatomical modeling. Output data were univer-
sal graphic data format files (Initial Graphics
Exchange, IGS) and they were imported to the
design modeler module of ANSYS V14.0 soft-
ware (ANSYS, Ltd., USA) to build spine com-
ponents.
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The vertebral body was divided into three parts:
cortical bone, cancellous bone, and posterior
bone. The intervertebral disc was divided into
nucleus pulposus and annulus ground. The
intact model included 7 kinds of ligaments:
anterior longitudinal ligament (ALL), posterior
longitudinal ligament (PLL), ligament flava (LF),
interspinal ligament (ISL), supraspinal ligament
(SSL), intertransverse ligament (ITL), and cap-
sular ligament (CL). The thickness of cortical
bone was 1.0 mm, and the thickness of bone
endplate was 0.5 mm. All kinds of ligaments
were modeled as truss elements (T3D2), which
had the property of tension-only [14]. The mate-
rial properties of the model were assumed to
be homogeneous and isotropic and were cho-
sen from previous studies [14, 15] (Table 1).
The 3D tetrahedral elements were employed to
mesh the FE model except for the ligaments.
184,522 nodes and 730,021 elements were
contained in the intact FE model, which could
effectively eliminate the influence of meshin-
gon the accuracy of the calculation.

Experimental conditions

The interbody cages were modeled based on
direction-changeable cage (Sanyou Inc., Shang-
hai, CN). The cages were imported into ANSYS
software (ANSYS, Ltd., USA) (Figure 2). The
material of the cages was PEEK. The pedicle
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Table 1. Material Properties Used in the Present Finite-Element Model of the Lumbar Spine

Material properties

Young modulus,

Poisson ratio,

Cross section area,

MPa m mm?
Cortical bone 12000 0.3
Cancellous bone 100 0.2
Posterior bone 3500 0.25
Endplate 4000 0.3
Annulus fibrosus 4.2 0.45
Nucleus pulposus 1 0.49
ALL 20 0.3 63.7
PLL 20 0.3 20
LF 19.5 0.3 40
ISL 11.6 0.3 40
SSL 15 0.3 30
TL 58.7 0.3 3.6
CL 329 0.3 60
Cage (PEEK material) 3500 0.3
Pedicle screws and rods (Titanium alloy material) 110000 0.3

Figure 2. CAD models of direction-changeable cage.

screws were modeled based on LumFix System
(Sanyou, Inc, Shanghai, CN). The pedicle screws
were made from titanium alloy (Ti6AI4V).

The FE of the intact lumbar spine was validated
by comparing the range of motion of the L3-4
and L4-5 segments with those from the cadav-
eric study of the lumbar spine previously con-
ducted by Shim et al. [16], and three different
moments (2.5 Nm, 5.0 Nm, and 7.5 Nm) were
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applied to the superior surface of L3 while the
inferior surface of L5 was fixed.

To simulate the surgical conditions, the L3-L5
segment was chosen to predict the biomechan-
ical changes after inserting the cages with vari-
ous positions. The interbody cage was inserted
into the L3-L4 disc space laterally according to
the clinical situation, followed by excision of
unilateral facet joint of L4-5 vertebral body,
preservation of spinous process and ligaments
with supplemental bilateral pedicle screws
(Figure 3). Three types of cage positions were
applied (Figure 4): Type A referred to the lateral
region, Type B referred to the lateralcentral
region, and Type C referred to the anteriocen-
tral region. All the surgical FE models were con-
structed based on the validated intact model.
The interfaces of vertebrae and cages were
also assigned to tie constraints. The bottom of
L5 was fixed in all directions. The combined
load of 280 N and 7.5 Nm were applied on the
upper surface of L3 according to the literature
[14, 17]. The compressive load corresponded
to the partial weight of human body. The mo-
ments simulated the different motion modes.
Taking into account the symmetrical sagittal
plane, four motion modes (flexion, extension,
left bending, and left rotation) were simulated
for surgical FE models in this study. The main
biomechanical parameters were analyzed and
exported, including ROM, IDP, cage stress and
screw stress.
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A

Figure 4. Three types of cage positions. A. Lateral region. B. The lateralcentral region. C. The anteriocentral region.

ROM
O R NWRUON®W

Flexion Extension Lateral
bending

Figure 5. The ROM in FE model of the L3-L5 implanted with different direction-

changeable cage positions.

Results
Model validation

To validate our model, the ROM of L3-4 and
L4-5 segments was compared with available
experimental results. The ROM of the intact
L3-L5 FE model in the sagittal plane for flexion-
extension, the coronal plane for lateral bending
and the axial plane for axial rotation was 17.1°,

392

LI.LI.

Rotation

17.8° and 9.7°, respective-
ly, which was within the
range of previous FE in vitro
experimental studies [14-
16].

M Intact Range of motion (ROM)

B Type A

u Type B

B TypeC

Under the combined load of
280 N and 7.5 Nm, the pre-
dicted ROM of surgical seg-
ment was shown in Figure
5. After implantation of
interbody cage at different
positions, the ROM at L4-
L5 surgical level decreased
substantially in all motion
modes. Compared with the
intact, ROM for Type A, Type
B, and Type C decreased by
68.8, 69.1, and 65.1% in flexion, 66.1, 66.9,
and 65.5% in extension, 75.9, 78.2, and 75.5%
in bending, 66.3, 65.1, and 64.6% in rotation,
respectively.

Cage stress, IDP and screw stress
The maximal stress in cage was shown in Figure

6. The maximal stress in cage decreased in
Type A, B and C in all motion modes except flex-
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Figure 6. The maximal Von Mises stress on the different cages.

ion and extension. The maximal stress was
observed in left rotation motion with 720.5
MPa in Type A, in flexion motion with 707 MPa
in Type B, in left rotation 397.3 MPa in Type C
respectively. Compared with Type A, the maxi-
mal stress in Type B and C changed by 52.9,
-67.8% in flexion, 44.4, -58.4% -61.35% in
extension, -27.9, -63.5% in left lateral bending,
-30.1, -44.9% in left rotation, respectively.

The IDP at L3-L4 adjacent level was shown in
Figure 7. The maximal IDP was similar in the
three types, with 1.6 MPa in left lateral bending
in Type A, 1.5 MPa in flexion in Type B, and 1.4
MPa in flexion for Type C. Compared with Type
A, the maximal IDP decreased in B and C in all
motion modes except flexion.

The peak stress across the pedicle screws in
different simulated models were presented in
Figure 8. The stress was at minimum in rotation
and maximum in extension. The range of peak
stress was 16.4 to 61.1 MPa in Type A, 15.9 to
50.9 MPa in Type B, and 14.6 to 46.1 MPa Type
C.
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Discussion

The lumbar cage has been widely used for
spine fusion, and satisfactory bone fusion can
effectively prevent postoperative cage shifting
and postoperative intervertebral space height
loss [18]. But cage-related complications have
also raised concerns. Cage migration is one of
the most common complications, and the
shape of the cage has been proved be an
important factor to cause migration. Zhao et al.
retrospective studied the complications of cage
migration in five spine centers, and the analysis
showed that rectangular-shaped cages had a
significantly greater incidence of cage migra-
tion (3.11%) than kidney-shaped cages (0.28%)
[19]. In addition, improper cage placement is
also an important cause of cage migration.
While in practice, the position for cage place-
ment is mainly decided according to the
surgeons’ experience, and its adjustment is
achieved with a pushrod under a fluoroscope.
We have designed a direction-changeable kid-
ney-shape cage, which could be easily and pre-
cisely placed at the midline of the spine [5, 6].
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Figure 7. The maximal IDP of L3-L4 segement in FE model of the L3-L5 im-
planted with different direction-changeable cage positions.
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Figure 8. The maximal screw stress in FE model of the L3-L5 implanted with

different direction-changeable cage positions.

Hence, In order to provide a biomechanics ref-
erence for surgeons to choose the position for
implantation, we conduct this FE study and find
its midline position could provide a better bio-
mechanics result in cage stress, IDP and screw
stress.

The major daily lumbar motions include flexion,
extension, lateral bending, and rotation. In this
study, we applied 3 different cage positions to
observe the ROM changes, and the results
showed that motion in all the directions de-
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creased after cage fusion,
which was position-inde-
pendent and consistent
with the literatures [20,
21]. Lumbar cage fusion
could stabilize the lumbar
spine by reducing the ROM
at the surgical level. IDP at
adjacent levels decreased
in Type A, B and C, particu-
larly in extension, lateral
bending and rotation, indi-
cating that the anteriocen-
tral position could further
increase the risk of inter-
vertebral disc degeneration

Right at adjacent levels.
Rotation

= Type A
= Type B
“Type C

Stress shielding has been
reported in lumbar cages
[6, 22], which could cause
nonunion in the lumbar
cage and lead to cage
subsidence and migration.
From the mechanical per-
spective, high stress can
cause bone failure, and
thus decreasing the stress
might avoid the failure of
bone contact [21]. In this
study, we found that the
maximal cage stress of
Type A, B and C tended to
decrease from 720.5 MPa
t0 397.3 MPa, with a 44.9%
drop, which could decrease
the risk of subsidence and
migration. Overall, it indi-
cated that the position of
the cage placement could
affect the release of the
vertebral loads onto the
cages.

Right

Posterior implants can behave as a lever to
further improve anterior support in the cage
region. Biomechanical studies have shown
higher stability of ALIF/FSF over ALIF [20]. Also
a clinical study showed that the rate of dis-
placement of PLIF segments is 16.7% and the
rate of subsidence is 9.5%, while both values
could decrease significantly if posterior fixation
is applied [23]. In addition, in this study, the
stress of posterior pedicle screw decreased
with the change of the position of fusion cage.
The maximal force was 61.1 MPa and decre-

Am J Transl Res 2020;12(2):389-396



Biomechanical effects of direction-changeable cage positions

ased by 24.5% (46.1 MPa) from Type A to Type
C. The screw stress data indicated that the
position of the interbody cage could have a sig-
nificant influence on the posterior hardware.
And a position like anteriocentral may poten-
tially improve the surgical outcome of TLIF by
reducing posterior hardware-related complica-
tions

There are some limitations in this study, includ-
ing applying one single lumbar model, simplify-
ing the material properties of some tissues,
ignoring the role of the muscle. Also the data
might not represent the general population,
especially these with degenerative spines. In
addition, although the components of lumbar
spine are nonlinear in reality, the material prop-
erties of them were simplified as linear elastic
in this study. And we only examined 3 different
cage positions in this study, and further studies
are necessary for prostheses with more differ-
ent positions.

In conclusion, according to the predicted
results of the FE, the position of the direction-
changeable cage could noticeably affect the
biomechanics of lumbar spine. Comparing the
cages with different positions, we found that
the anteriocentral position cage showed advan-
tages in lower cage stress, ODL and screw
stress.
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