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ABSTRACT

Posterior lumbar interbody fusion (PLIF) related
complications such as cage instability, cage subsidence and
pedicle screws loosening are among the most prevalent cases
reported postoperatively. These conditions are highly related
to mechanical factors (PLIF design and material), patient
health condition as well as activities conducted by the patient
after undergone the surgery. Latest advancement on PLIF
technology has created a new technique that allows the
application of unilateral cage insertion in an oblique
orientation. This solution has potentially overcome the
problem related to an unintended mechanical and clinical
shortcoming, provided that a bilateral posterior
instrumentation (PI) is instrumented to the construct and the
cage is fabricated from a material that is closely imitate the
modulus elasticity of the cortical bone. In order to prove these
statements, an image based finite element analysis (FEA) was
conducted to assess the phenomena of cage subsidence and
screw loosening by examining the stress profile on the cage
construct and the wvertebral bodies. Obliquely-placed
unilateral PLIF with P1 showed the most promising results. It
showed the most minimal stress distortion at cage-endplate
and pedicle screw-bone interface. In conclusion, the selection
of a biocompatible cage material is the most crucial factors
that has to be considered in achieving biomechanical
superiority in PLIF surgery.

Key words: Drucker-Prager Stress, Finite Element Analysis,
Posterior Instrumentation, Posterior Lumbar Interbody
Fusion, Spine.

1. INTRODUCTION

The primary function of the posterior lumbar interbody fusion
(PLIF) with assistive posterior instrumentation (PI) is to
improve structural stability of the motion segment, to assist
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fusion and to eliminate severe back pain [1]. This surgical
procedure is adopted when severe degenerative disc disease
with disc space collapse is identified. Other conditions that
may also require spinal fusion includes spinal disc herniation,
vertebral fracture, scoliosis, spondylosis, kyphosis and any
condition that causes instability of the spine. This treatment
has been widely accepted as 80,000 interbody fusions were
successfully implanted in the year of 1995 to 1999 [2].

Cage isinitially fabricated from either medical grade titanium
alloy or stainless steel. Latest advancement in medical
research has discovered a new medical grade
polyetheretherketone (PEEK) material. This material shows
better radiolucency if compared to the preceding materials
that improves the visibility thus improving the accuracy to
locate the cage on the targeted areas. In addition, it is also
more compatible to bone as the stiffness of the material (E =
3.6 GPa) is nearer to that of cortical bone (E = 12 GPa). This
feature can significantly reduce the stress shielding effect that
is associated to titanium alloy (E = 110 GPa) [3]. As the
research in medical expanding, carbon fiber reinforced
polymers (CF-P) has been introduced to improve the quality
of PEEK material. This material has shown high fusion rates
and satisfactory clinical outcomes. However, the stiffness
factor has undermined the performance of this material over
PEEK material that shows PEEK can significantly lessen the
risks of cage subsidence into the vertebral body [4]. The
majority of the previous studies [5]-[7] has confirmed that
PEEK cages could significantly improve fusion rates
(93-100% in 12 months’ time postoperatively), reduce
subsidence rates on cage-endplate interfaces (0-14.2%) and
exhibit excellent clinical outcomes (80-96%).

The used of bilateral cage with PI has shown to be the perfect
method to achieve high segmental stability. However, this
condition is riskier and costly. On these regards, a single
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spacer might cost $2,000-5000 and bilateral cage insertion
required wider distraction of facetectomy and laminectomy
which increases the risk of neurologic damage due to major
nerve root manipulation [8]. Based on this basis, cost
effective, less risky and speedy recovery are the ultimate
choices for whosever seeking interbody fusion surgery.
Therefore, there is a strong demand in promoting the usage of
unilateral cage in interbody fusion surgery. Unilateral cage
oriented in oblique position has been reported to have
identical potential as bilateral cage did. Moreover, this
configuration could also significantly reduce cage-endplate
interface stress, provide better segmental stability, and
demonstrate less pedicle screw stress [9]-[11]. To further
reduce the cost of the treatment, there was an attempt to adopt
unilateral pedicle screw and rod constructs in either unilateral
or bilateral cage fusion. However, according to Ambati et al.
[9], this effort is ineffective because it would greatly
undermine the construct stability that lead to a construct
failures such as screw loosening due to repetitive loading
conditions.

This study was formulated to quantitatively assess the
efficiency of unilateral PEEK spacer with bilateral Pl oriented
in an oblique positioned by comparing its biomechanical
performance with other set of PLIF constructs (different cage
material and orientation) of the following: bilateral PEEK;
bilateral titanium; and unilateral titanium plus oblique
orientation. To achieve this goal, finite element analysis
(FEA) approach was utilized to scrutinize the cage subsidence
symptom and pedicle screw loosening effect by means of
stress distribution patterns.

2. MATERIALS AND METHODS

A three dimensional (3D) model of L4 to L5 lumbar segment
was created form a CT scan data of a patient via
MECHANICAL FINDER™ software (Research Center of
Computational Mechanics Co. Ltd. Japan). The CT scan
images were obtained from a 29-year-old Japanese male
subjects without any previous medical history. The weight
and height of the patient was 78 Kg and 176 cm, respectively.
Written informed consent was obtained prior to participation
in the research.

The vertebral bodies were assigned as a cancellous bone core
surrounded by a 0.4 mm thick cortical shell. The cancellous
bone, intervertebral discs and facet joint cartilages were
modelled with 1.0 mm solid tetrahedral element while the
cortical bone was modelled with 1.0 mm linear shell
triangular element. The bone material properties were
defined as non-linear and inhomogeneous material. To reflect
the heterogeneity of bone, the Young’s modulus and yield
strength for each of the bone element were formulated based
on the Hounsfield Unit (HU) values of the CT scan images in
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accordance to the relationship as stated by Keyak et al. [12].
The Poisson’s ratio for the bones was fixed at 0.4 [12]. In
contrast, the intervertebral discs and facet joint cartilages
were defined as linear and homogeneous material. The
intervertebral discs Young’s modulus (E) and Poisson’s ratio
were set at 8.4 MPa and 0.45, while for the facet joint they
were set at 11 MPa and 0.2, respectively [13-14]. Any relative
movements of the intervertebral disc and facet joint cartilages
were restrained by introducing perfectly bonded interface
condition to the vertebral bodies.

Two commercially available interbody fusions (Telamon™,
Medtronic Sofamor Danek, Memphis, TN) fabricated from
titanium (10 mm in height, 22 mm in length, and 10 mm in
width) and PEEK (8 mm in height, 26 mm in length, and 10
mm in width) materials were utilised and simulated in this
study. 40% of the laminae and spinous processes of L4 were
removed in order to simulate the spacer placement into the 3D
model. The cages were inserted into the disc space in either
unilateral or bilateral configuration. For the bilateral cage
fusion, the cages were positioned symmetrically at the
midsagittal plane, while for the unilateral cage fusion, the
cage was placed in an oblique position. The cages were
securely attached to intervertebral disc to inhibit any relative
movement during the simulation. Next, a bilateral Pl was
instrumented to the model by inserting pedicle screws (51.8
mm in length and 6.2 mm in diameter) and rods (50mm in
length) to the vertebral bodies. The pedicle screws-rods
system was assigned with Titanium material properties. The
contact surfaces of the pedicle screws-rods and pedicle
screws-bone were simplified to be in perfectly bonded.

Finally, four PLIF constructs shown in Figure 1 with different
type of cage orientations were developed. The models were
loaded with five physiological spine motions namely;
compression (1000 N), extension(1.0 Nm), flexion (4.2 Nm),
lateral bending (2.6 Nm) and axial rotation (3.4 Nm) [15].
The loads were applied to the intervertebral disc located
immediately on the top of L4 (85% of the load) and to the
superior facet joint cartilages attached to L4 (15% of the load)
based on three column load bearing concept [16]. The
intervertebral disc located below L5 and the inferior facet
joint cartilages attached to L5 were fixed in all directions.
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Figure 1: Simulated PLIF Construct
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3. RESSULTS AND DISCUSSIONS
3.1 Cage-Endplate Interface Stress

Figure 2 shows the Drucker-Prager stress distributions of the
different PLIF constructs under the application of spine
physiological motions. In order to further corroborate the
stress distribution patterns on the vertebral bodies of each
model as shown in Figure 3, 20 area of interests (Aols) were
selected to determine the maximum value of the stress.
Obviously, in overall the highest Drucker-Prager stresses for
each of the spine motion (except in lateral bending motion)
were produced by obliquely-placed unilateral titanium cage
construct. In contrast, the lowest Drucker-Prager stresses
were mostly generated by obliquely-placed unilateral PEEK
cage construct. In addition, it is important to note that they
were also exhibited the similar stress profiles in all motion
activities.
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Apparently, in almost all of the specified spine motions, we
have found that the highest stress generations were produced
at the cage-endplate interface junctions. The existence of this
spike stress disturbance at this contacting area could be
classified as a distortion stress due to the application of the
cages into the intervertebral disc, which is more likely due to
stiffness mismatch between the cage and the vertebral bone.
Based on this criterion, the maximal Drucker-Prager stress
distributions at the cage-enplate junction are summarized into
a bar graph as illustrated in Figure 4. The distortion stresses
ranged from 1.11 to 20.72 MPa, 1.00 to 24.67 MPa, 0.73 to
18.9 MPa and 2.01 to 38.19 MPa for the bilateral PEEK cage,
bilateral titanium cage, obliquely-placed unilateral PEEK
cage and obliquely-placed unilateral titanium cage construct,
respectively. Based on these figures, the cage subsidence
symptom was highly affected the obliquely-placed unilateral
titanium cage followed by bilateral titanium cage, bilateral
PEEK and obliquely-placed unilateral PEEK cage,
accordingly.
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Figure 4: Cage-Endplate Interface Stress
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Apparently, the selection of the cage material plays the utmost
significance in eradicating the cage subsidence impact rather
than the cage orientation. However, this finding has drawn a
unique conclusion that for a material having a close proximity
to that of cortical bone material properties, the
obliquely-placed cage is the best practice. However, for the
stiffer material the bilateral configuration is the most
practical way.

3.2 Bone-Pedicle Screw Interface Stress

The effect of pedicle screw loosening was carefully
investigated via maximal bone-pedicle screws interface stress
as depicted in Figure 5. Obviously, the most significance load
bearing variations occurred during compression activity. In
other motions, they became incomparable because of their
relative differences and maximal values are less than 10 %
and 10 MPa, respectively. Therefore, based on this condition
it was cleared to us that the obliquely-placed unilateral
titanium cage construct has the greatest tendency to increase
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the load bearing on PI construct (87.1 MPa). This was then
consecutively followed by bilateral titanium cage (69.1 MPa),
obliquely-placed PEEK cage (68.5 MPa) and bilateral PEEK
cage construct (61.7 MPa). Certainly, double spacer
configuration shows better load dispersion on the
bone-pedicle screws interfaces irrespective of the type of the
material. However, if the type of the cage material is
considered, likewise the higher stress profiles would be
detected on the stiffer material (titanium) regardless of its
number and cage configuration.
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Figure 5: Bone-Pedicle Screw Interface Stress

lateral bending  axial rotation

3.3 Relative Stress Concentration Gap Difference

The relative stress concentration gap difference between
the cage-endplate and bone-pedicle screw interface in
reference to the stress generated on the bone-pedicle screw
interface was used to investigate the stress mitigation impact
on the cage-endplate interface. The relative stress
concentration difference for the unilateral PEEK, bilateral
PEEK, bilateral titanium and unilateral titanium cage
construct was 72 %, 66 %, 64 % and 56 %, respectively.
These results suggest that the PEEK-based cage construct
could significantly reduce the load-bearing distribution
afflicted on the anterior part of the vertebral body with the
obliquely-positioned cage construct showed the most
excellent endplate stress mitigator. Furthermore, the high
magnitude indicates a large amount of load would be
transferred through the PI, reducing the stress concentration
on the cage-endplate interface and thus reducing the risk of
cage subsidence.

3.4 Discussion

The results have shown that the application of PEEK material
could significantly reduce the stress shielding effect and has
better load sharing mechanisms. These conditions were
reflected by the least amount of stress generated by the PEEK
compared to the titanium cage at the both endplate and facet
joint junction. Notably, almost all of the maximal interface
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stresses were generated below the average of the normal
people bone’s yield strength (83 MPa) [17] except at the
bone-pedicle screw interface for the obliquely-placed titanium
cage. This condition indicates that only unilateral titanium
cage construct was at the higher risk of screw loosening effect.

From this finding, we conclude that the titanium-based spacer
is not recommended to be implanted in osteoporosis patient.
This is because this condition will further deteriorate the
stress shielding effect and hence will undermine the structural
integrity of the reconstructive configuration by putting the
bone at higher risks of bone fracturing even by performing
basic daily living activity. FEA study conducted by Adam et
al. [2] has shown that the simulated severe osteoporosis in
vertebral body model has caused the endplate stress increases
up to three-fold than its initial state. Hence, low stiffness
accompanied by high ultimate and tensile strength [6] are the
remarkable benchmark to describe the applicability and
biocompatibility of the PEEK-based cage in PLIF surgery.

Technically, the smaller stress in the PEEK spacer the lesser
the subsidence effect will be detected at the endplate
junctions. This is most likely due to the higher stress that has
been effectively transferred through the stiff structure of the
rod and pedicle screw system which has been proven by the
higher relative stress difference between the posterior and the
anterior column of the vertebral body. This is in tandem with
the purpose of instrumenting PI in order to provide structural
support to the spine. This is based on the fact that this point of
attachment is very crucial in terms of transferring and
supporting load between the pedicle screws and the vertebral
bones [14] so that the load could be transferred to the adjacent
vertebral body in a safe and effective manner. It has been
reported that the application of PI could significantly reduce
the cage-endplate interface stress by 50 to 60% if compared to
non-instrumented cage [1]. In addition, the application of PI
would also mitigate the risks of cage failure and cage
migration by increasing the cage pullout resistance
[9]1[10][18]. Even though it seems like the increased stress on
the pedicle screw would increase the load burden on that area,
however we have to bear in mind that the stress generation by
the PEEK-based cage was comparably lower than the stress
generation produced by titanium-based cage construct.

4. CONCLUSIONS

The performance of the mechanical and clinical outcomes in
PLIF surgery procedures lies concretely within the type of
material used as a cage material and the orientation of the
cage configuration. Indeed, obliquely-placed unilateral PEEK
spacer with PI offers greater immediate stability as well as
reduces cage subsidence and pedicle screw loosening
symptoms. Therefore, this surgical technique could be
utilized as an alternative to bilateral cage fusions by
mitigating the surgical costs and lessen the risks of construct
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failure and spinal injuries. Continued analyzation along with
clinical experimentation will be required to achieve further
refinement on the applicability of the reconstructive
configuration.
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