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ABSTRACT ARTICLE HISTORY
Inappropriate lordotic angle of lumbar fusion cage could be associated with cage damage or Received 27 August 2017
subsidence. The biomechanical influence of cage lordotic angle on lumbar spine has not been Accepted 14 February 2018
fully investigated. Four surgical finite element models were constructed by inserting cages with

- . . . ¢ KEYWORD
various lordotic angles at L3-L4 disc space. The four motion modes were simulated. The range of ORDS

Lumbar spine; biomechanics;

motion (ROM) decreased with increased lordotic angle of cage in flexion, extension, and rotation, interbody cage; finite
whereas it was not substantially changed in bending. The maximum stress in cage decreased with element analysis (FEA);
increased lordotic angle of cage in all motion modes. The maximum stress in endplate at surgical subsidence; facet contact

level increased with increased lordotic angle of cage in flexion and rotation, whereas it was not force
substantially changed in extension and bending. The facet joint force (FJF) was much smaller than

that for the intact conditions in extension, bending, and rotation, while it was not substantially
changed in flexion. In conclusion, the ROM, stresses in the cage and endplate at surgical level are
sensitive to the lordotic angle of cage. The increased cage lordotic angle may provide better stability

and reduce the risk of cage damage, whereas it may increase the risk of subsidence in flexion and
rotation.

1. Introduction quality of vertebral trabecular and endplate, and preparation
of endplate. However, according to the existing literature,
the etiology of subsidence is not fully understood. It was
necessary to study the biomechanical effects of interbody
cages with various lordotic angles using a lumbar spine
model, as well as damage to the adjacent levels induced
by the increased stiffness in the surgical level related to the
interbody cage. The aim of this study was to investigate the
biomechanical properties of interbody cages with various
lordotic angles using finite element method (FEM).

Lateral lumbar interbody fusion has been widely
performed for degenerative lumbar disease, and the
implantation of the lordotic cage was thought to con-
tribute to lordosis restoration (Knight et al. 2009;
Dakwar et al. 2010; Kim, Lee et al. 2014; Sembrano
et al. 2017). A recent clinical and radiological study
indicated that the 12° lordotic cage seemed to result
in more disc angle and less subsidence (Kim, Lee et al.
2014). According to the recent finite element study, the
increased segmental lumbar lordosis could be achieva- .
ble by using lordotic cages (Uribe et al. 2012, 2015). In 2. Materials and methods
addition, it was known that Nuvasive (Nuvasive, Inc.,  The FE model of the intact lumbar spine employed in this
San Diego, CA) went from 10° to 15° lordosis on their  study was developed and validated in our previous study
standard cages, but we have not found related studies ~ (Zhang et al. 2017). A total of 492 computed tomogra-
on subsidence effect of 50% increase in degrees of lor-  phy (CT) images of lumbar spine with interval of 0.7 mm
dosis. A finite element study is necessary to elucidate ~ were obtained from a healthy woman (age 36 yr, height
the influence of the lordotic angle of interbody cages 158 cm, weight 52 kg), excluded from lumbar disease by
on the subsidence. visual and radiographic examination. The CT image data
It was known that some factors could contribute tosub- ~ was imported into medical image analysis and process-
sidence risk, such as cage design and implant position, bone  ing software Mimics (Materialise Inc, Leuven, Belgium).
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The three-dimensional (3D) geometric model was recon-
structed using Mimics. The 3D geometric model con-
sists of vertebrae (L1, L2, L3, L4, and L5), intervertebral
discs (D1, D2, D3, and D4) and cartilage endplates. The
geometric model was meshed using preprocessing soft-
ware Hypermesh (Altair Technologies Inc, Fremont, CA).
Lastly, the model was imported into FE software Abaqus
(Simulia Inc, Providence, RI) to perform FEA. The work-
station used for the simulation was ThinkStation (Lenovo,
China) configured with 64 GB memory and 24 processors.

Figure 1 displayed the FE model of the intact lumbar
spine. Each vertebra was divided into three parts: can-
cellous bone, cortical bone, and posterior bone. Each
intervertebral disc was divided into two parts: annulus
fibrosus and nucleus pulposus. 7 kinds of ligaments were
included in the FE mode: anterior longitudinal ligament
(ALL), posterior longitudinal ligament (PLL), ligamenta
flava (LF), interspinal ligament (ISL), supraspinal ligament
(SSL), intertransverse ligament (ITL), and capsular liga-
ment (CL). The thickness of cortical bone was 1.0 mm,
and the thickness of bone endplate was 0.5 mm (Ambati
etal. 2015). All kinds of ligaments were modeled as truss
elements (T3D2) which had the property of tension-only.
The 3D tetrahedral elements were employed to mesh the
FE model except for the ligaments. 195,533 nodes and
841,038 elements were contained in the intact FE model,
which could effectively eliminate the influence of meshing
on the accuracy of the calculation.

The interbody cages with various lordotic angles were
modeled based on Nuvasive cage (Nuvasive, Inc., San
Diego, CA). The lordotic angle of the reference cage was
15°, the anterior height was 10 mm, and the posterior
height was 4 mm. The cage was made of polyetheretherke-
tone (PEEK). The bilateral pedicle screw system was mod-
eled based on EXPEDIUM 5.5 System (DePuy Synthes
Spine, Inc, Raynham, MA). The diameter of pedicle screw
was 5.5 mm. The pedicle screw was made of titanium alloy

Figure 1. FE model of intact lumbar spine.

(Ti6Al4 V). The material properties of components were
shown in Table 1 (Shirazi-Adl et al. 1986; Chosa et al.
2004; Vadapalli et al. 2006; Zhong et al. 2006; Schmidt
et al. 2007; Ayturk and Puttlitz 2011; Xiao et al. 2012;
Dreischarf et al. 2014; Faizan et al. 2014).

Two steps of simulation were implemented to validate
the intact FE model. The predicted results were compared
with the previous experimental data. The interfaces of
vertebrae and intervertebral discs were assigned to tie
constraints. The interfaces of adjacent facet joints were
assigned as nonlinear frictionless sliding contact (Shirazi-
Adl et al. 1986; Zhong et al. 2006; Schmidt et al. 2007;
Ayturk and Puttlitz 2011; Dreischarf et al. 2014). First
of all, the convergence analysis was performed using the
results of intervetebral disc pressure (IDP). The intervet-
ebral disc of the motion segment L4-L5 was meshed with
different mesh sizes (0.5, 1.0, and 2.0 mm) to establish
three models (Model-0.5, Model-1.0, and Model-2.0)
. The IDP of the three models under pure compression
400 Nm was calculated. According to the results of conver-
gence validation, the mesh size was chosen. The compres-
sion-displacement of the motion segment L4-L5 under
pure compression was calculated. The upper surface of L4
was applied with increasing preload values (100 N, 200 N,
300 N, and 400 N) as described by Berkson et al. (1979).
The compression-displacement and IDP of L4-L5 were
also compared with the previous experimental results
(Berkson et al. 1979; Brinckmann and Grootenboe 1991;
Schmidt et al. 2012). Then the range of motion (ROM)
of intact lumbar spine L1-L5 under pure moment was
predicted. The increasing moments (2.5, 5.0, and 7.5 Nm)
were applied to the upper surface of L1 while the bot-
tom of L5 was fixed. The predicted total ROM of L1-L5
was compared with the previous experimental results
(Schmidt et al. 2012; Dreischarf et al. 2014). The validation
results of intact FE model was reported in our previous
study (Zhang et al. 2017).

\ Vertebral bone

Lumbardlsc
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Table 1. Material properties of components in the FE models.

Components Young's modulus (MPa) Poissonratio  Cross-sectional area (mm?) References

Cortical bone 12,000 0.3 - Shirazi-AdI et al. (1986), Zhong et al.
(2006)

Cancellous bone 100 0.2 - Shirazi-Adl et al. (1986), Zhong et al.
(2006)

Posterior bone 3500 0.25 - Shirazi-Adl et al. (1986), Zhong et al.
(2006)

Endplate 4000 0.3 - Schmidt et al. (2007)

Annulus fibrosus 4.2 0.45 - Shirazi-Adl et al. (1986), Zhong et al.
(2006)

Nucleus pulposus 1 0.49 - Ayturk and Puttlitz (2011), Dreischarf et
al. (2014)

ALL 20 0.3 63.7 Zhong et al. (2006), Faizan et al. (2014)

PLL 20 0.3 20 Zhong et al. (2006), Faizan et al. (2014)

LF 19.5 03 40 Zhong et al. (2006), Faizan et al. (2014)

ISL 11.6 0.3 40 Zhong et al. (2006), Faizan et al. (2014)

SSL 15 03 30 Zhong et al. (2006), Faizan et al. (2014)

TL 58.7 0.3 3.6 Zhong et al. (2006), Faizan et al. (2014)

CL 329 03 60 Zhong et al. (2006), Faizan et al. (2014)

Cage (PEEK) 3500 0.3 - Vadapalli et al. (2006), Xiao et al. (2012)

Pedicle screws (Titanium alloy) 110,000 0.3 - Chosa et al. (2004), Xiao et al. (2012)

Notes: (ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; ISL, interspinous ligament; SSL,supraspinous ligament;

TL, transverse ligament; CL, capsular ligament.).

To simulate the surgical conditions, the segment L2-L5
was chosen to predict the biomechanical changes after
inserting the cages with various lordotic angles. The inter-
body cage was inserted into the L3-L4 disc space laterally
according to the clinical situation. The surgical conditions
were ALL intact and supplemental bilateral pedicle screws.
The various lordotic angles of cages were 0° (Cage0), 5°
(Cage5), 10° (Cagel0), and 15° (Cagel5). The surgical FE
models with various lordotic cages were shown in Figure 2.
All the four surgical FE models were constructed based
on the validated intact model. The interfaces of the verte-
brae and discs, and the surface contact between the facet
joints were consistent with that of the intact model. The

Figure 2. Surgical FE model with lordotic cages.

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 L2 as in previous literature
(Rohlmann et al.2001; Choi et al. 2016; Zhang et al. 2017).
The compressive load corresponded to the partial weight
of a human body. The moments simulated the different
motion modes. Taking into account the symmetrical sag-
ittal plane, the four motion modes (flexion, extension, left
bending, and left rotation) was simulated for surgical FE
models in this study. The main biomechanical parameters
were analyzed and exported, including ROM, cage stress,
IDP, endplate stress, and facet joint force (FJF). The ROM

Cage lordotic angle

Pedicle screws
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data were normalized to the intact ROM data. Under the
combined load of 280 N and 7.5 Nm, the intact L2-L5
model was recalculated. A total of 20 simulation calcula-
tions for five models and four motion modes were per-
formed. Simulation results were in accordance with the
requirements of visualization, and mechanics data was
expressed using Von Mises stress contours. The maximum
Von Mises stresses were exported as cage stress, IDP, and
endplate stress in this study.

3. Results
3.1. Model validation

Under the pure compression, the IDP of the L4-L5 seg-
ment was displayed in Figure 3(a) and (b). Compared
with Model-0.5, the IDP for Model-1.0 was changed by
—4.58%, and the IDP for Model-2.0 changed by —37.3%.
The element size of 1.0 mm was chosen in this study,
which is also comparable to the previous study (Xiao
et al. 2012). Figure 3(c) showed the compression-dis-
placement curves, which demonstrated that the axial
displacement of L4-L5 increased almost linearly with the
increased axial compressive loading. Compared with the

Model-0.5

Model-1.0

Model-2.0
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previous in vitro experimental study (Berkson et al. 1979),
the predicted results were reasonable and reliable. Figure
3(d) displayed the compression-IDP curves, which were
compared with the previous FE and in vitro experimen-
tal studies (Brinckmann and Grootenboe 1991; Schmidt
et al. 2012). The predicted results indicated that IDP of
L4-L5 increased almost linearly with the increased axial
compressive loading.

The FE model of the intact lumbar spine has been vali-
dated in our previous study (Zhang et al. 2017). When the
pure moment of 7.5 Nm was applied, the total ROM was
within the range of the previous FE and in vitro experi-
mental results (Schmidt et al. 2012; Dreischarf et al. 2014).
The load-deflection curves were comparable with the
existing results of previous studies (Schmidt et al. 2012;
Dreischarf et al. 2014).

3.2. Range of motion (ROM)

Under the combined load of 280 N and 7.5 Nm, the pre-
dicted ROM of surgical models was shown in Figure 4.
After implantation of interbody cages, the ROM at surgical
level L3-L4 decreased substantially in all motion modes.
The ROM at surgical level decreased with increased

&
8
2
%
100 200 300 400
Axial Compressive Load (N)
(b) ®Model-0.5  ®Model-1.0  ®Model-2.0
0.8
~
2
a
?
%
0 100 200 300 400
(d) Axial Compressive Load (N)

= =8 =In vitro-Brinckmann = = FE-Schmidt =——e— FE-Present

Figure 3. Predicted contour plots of Von Mises stress in the intervetebral disc for different models (a) and IDP for different models (b),
and compression-displacement curves (c) and compression-IDP curves (d) under axial compression. (IDP, maximum Von Mises stress in

the intervetebral disc.).
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Figure 4. ROM at surgical level with various cage lordotic angles
in four motion modes. (ROM, range of motion).

lordotic angle of cage in flexion, extension, and rotation,
whereas it was changed very little in bending. Compared
with Cage0, ROM for Cage5, Cagel0, and Cagel5 was
changed by —25.01, —42.34, and -75.64% in flexion,
—-17.01,-31.43, and —55.17% in extension, —6.57, —12.16,
and -5.31% in bending, —9.30, —20.29, and —40.82% in
rotation, respectively.

3.3. Cage stress and IDP

The maximum stress in cage was shown in Figure 5. The
maximum stress in cage decreased with increased lor-
dotic angle in all motion modes. Compared with Cage0,
the maximum stresses in cage for Cage5, Cagel0, and
Cagel5 was changed by —20.61, —50.76, and -77.81%
in flexion, —23.95, —41.27, and —61.35% in extension,
-35.32,-43.79, and —62.00% in bending, —4.15, —14.30,
and —84.11% in rotation, respectively. The IDP at adja-
cent levels was shown in Figure 6. Compared among
surgical models, the IDP at adjacent levels was not
substantially changed with increased lordotic angles of
cage. However, the IDP at adjacent level L2-L3 after
intebody fusion increased to about twice the intact
model in extension.

100

¥ Cage0
® Cage5
= Cagel0
® Cagel5

80 -

Cage stress (MPa)

Flexion Extension Bending Rotation

Figure 5. Maximum Von Mises stress in the cage with various cage
lordotic angles in four motion modes.

3.4. Endplate stress

Figure 7 showed the maximum stress in the L3 inferior
endplate of surgical models. After implantation of inter-
body cages, the endplate stress at surgical level L3-14
increased in all motion modes. The endplate stress at sur-
gical level L3-14 increased with increased lordotic angle
of cage in flexion and rotation, whereas it was not sub-
stantially changed in extension and bending. Compared
with Cage0, the maximum stress in endplate for Cage5,
Cagel0, and Cagel5 was changed by 26.10, 45.49, and
103.69% in flexion, —0.83, 0.58, and 15.04% in extension,
—-9.68, —14.56, and —3.62% in bending, 0.98, 12.15, and
40.25% in rotation, respectively.

3.5. Facet joint force (FJF)

Figure 8 displayed the FJF of the surgical models. After
implantation of interbody cages, the FJF at surgical level
L3-14 decreased substantially in all motion modes except
for flexion. Compared among surgical models, the FJF at
surgical level L3-L4 was not changed substantially with
increased lordotic angle in flexion and extension. In bend-
ing and rotation, the FJF at surgical level was sensitive to
the cage lordotic angle. Compared with Cage0, the FJF
for Cage5, Cagel0, and Cagel5 was changed by -7.51,
-9.06, and —10.92% in flexion, —2.48, —4.14, and —6.02%
in extension, 5.12, 11.15, and 25.78% in bending, —3.99,
—8.48, and —18.18% in rotation, respectively.

4. Discussion

The predicted ROM with various cage lordotic angles was
comparable to the previous studies (Beaubien et al. 2005;
Slucky et al. 2006; Cappuccino et al. 2010). In addition, the
current study showed the cage stress, IDP, endplate stress,
and FJE. As was displayed in Figure 4, the ROM at surgi-
cal level L3-L4 decreased substantially after inserting the
lordotic cages in all the motion modes. As was displayed
in Figures 5 and 6, the maximum stress in cage decreased
substantially with increased lordotic angle, whereas the
maximum stress in endplate increased with increased
lordotic angle in flexion and rotation. The cage stress and
endplate stress at surgical level L3-L4 were sensitive to the
cage lordotic angle. Compared among the cages with var-
ious lordotic angles, the 15° lordotic cage displayed some
advantages at surgical level, such as the minimum ROM in
flexion, extension and rotation, the minimum cage stress
in all motion modes, and the minimum FJF in flexion,
extension and rotation. However, the endplate stress for
15° lordotic cage was the maximum in flexion, extension,
and rotation. The results indicated that the increased cage
lordotic angle may improve lumbar stability and reduce
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Figure 6.IDP atadjacent levels with various cage lordotic angles in four motion modes. (IDP, maximumVon Mises stress in the intervetebral
disc; FL, flexion; EX, extension; BD, bending; RT, rotation; D2, disc between L2 and L3; D4, disc between L4 and L5.).
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Figure 7. Maximum Von Mises stress in the L3 bottom endplate
with various cage lordotic angles in four motion modes.
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Figure 8. FJF at surgical level with various cage lordotic angles in
four motion modes. (FJF, facet joint force).

the risk of cage damage, while it may increase the risk of
subsidence in flexion and rotation.

The basic idea of lumbar fusion is to stabilize the lum-
bar spine by reducing the ROM at surgical level. Some
literatures have shown that lumbar fusion may cause a
stress shielding effect, which may accelerate the interver-
tebral disc degeneration at adjacent levels (Kim, Kang et
al. 2014; Zhang et al. 2016). In Figure 6, the IDP at L2-L3

increased substantially after fusion in extension, while it
showed similar results with the case of intact model in
other motion modes. Because the same load condition was
considered in the present study, the IDP at adjacent levels
was not substantially changed in all motion modes except
for extension. However, in order to achieve the desired
total ROM, patients after interbody fusion will increase
the driving force naturally, which may further increase the
risk of intervertebral disc degeneration at adjacent levels.

In this study, Nuvasive 15° lordotic cage was chosen as
reference cage according to the foraminal height and disc
angle of the present lumbar model. In the previous studies
on lumbar fusion it was shown that bilateral pedicle screw
fixation provides superior biomechanical stability in lateral
lumbar interbody fusion (Kim, Kang et al. 2014; Ambati
et al. 2015). In the present study, the surgical conditions
were chosen according to the clinical practice (Figure 2).
This FE study may explain the relationship between cage
lordotic angle and risk of subsidence. However, optimal
design of the geometry of interbody cage and the methods
of reducing subsidence still need further investigation. The
next work for our team is to optimize the anterior geom-
etry of an interbody cage which may reduce the endplate
stress in flexion, and to implant a lateral plate which might
help a little in bending and rotation.

There are some limitations in this finite element study,
such as using a unique lumbar model, simplifying the
material properties of some tissues, and ignoring the role
of muscles. First of all, the geometric model of lumbar
spine varies from person to person, such as disc height
and the joint space. But in the present study only one
model of lumbar spine was chosen. Secondly, although
the components of lumbar spine are nonlinear in reality,
the material properties of them were simplified as lin-
ear elastic in this study. However, many FEA on lumbar
spine have assumed that the components was linear in
order to improve the calculation efficiency (Grauer et al.
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2006; Vadapalli et al. 2006; Zhong et al. 2006; Kim et al.
2010; Choi et al. 2016; Zhang et al. 2017). In addition,
the muscles have an important contribution to support
the stability of lumbar spine. But the muscles were not
considered in this study. However, the tendency of pre-
dicted results with varied lordotic angles of cage would not
be substantially changed depending on the personalized
geometric model, material properties of components, and
model of the muscles.

5. Conclusion

According to the predicted results of the FEA, it was shown
that the lordotic angle of interbody cage can affect the bio-
mechanics of lumbar spine noticeably. Compared among
the cages with different lordotic angles, the 15° lordotic
cage showed some advantages in reducing the ROM, cage
stress and FJE This may explain the reason why Nuvasive
went from 10° to 15° lordosis on their standard cages from
a biomechanical point of view. However, the increased
cage lordotic angle may increase the risk of subsidence.
The predicted results indicated further investigation seems
to be necessary to reduce the endplate stress, such as opti-
mal design of the anterior geometry of cages and compar-
ing various supplemented fixation options.
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