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Biomechanical Comparison of Spinal Fusion Methods
Using Interspinous Process Compressor and Pedicle
Screw Fixation System Based on Finite Element Method

Jisoo Choi, M.S.," Sohee Kim, Ph.D.,"** Dong-Ah Shin, M.D., Ph.D.?

Department of Medical System Engineering,’ School of Mechatronics,” Gwangju Institute of Science and Technology (GIST), Gwangju, Korea
Department of Neurosurgery,® Yonsei University College of Medicine, Seoul, Korea

Objective : To investigate the biomechanical effects of a newly proposed Interspinous Process Compressor (IPC) and compare with pedicle screw
fixation at surgical and adjacent levels of lumbar spine.

Methods : A three dimensional finite element model of intact lumbar spine was constructed and two spinal fusion models using pedicle screw fixa-
tion system and a new type of interspinous devices, IPC, were developed. The biomechanical effects such as range of motion (ROM) and facet con-
tact force were analyzed at surgical level (L3/4) and adjacent levels (L2/3, L4/5). In addition, the stress in adjacent intervertebral discs (D2, D4) was
investigated.

Results : The entire results show biomechanical parameters such as ROM, facet contact force, and stress in adjacent intervertebral discs were
similar between PLIF and IPC models in all motions based on the assumption that the implants were perfectly fused with the spine.

Conclusion : The newly proposed fusion device, IPC, had similar fusion effect at surgical level, and biomechanical effects at adjacent levels were
also similar with those of pedicle screw fixation system. However, for clinical applications, real fusion effect between spinous process and hooks,
duration of fusion, and influence on spinous process need to be investigated through clinical study.

Key Words : Intervertebral disc degeneration - Pedicle screw - Interspinous device - Finite element analysis - Range of motion.

INTRODUCTION include screw loosening, breakage, and loss of correction. Be-
sides complications related to screw insertion, large blood loss
The lumbar arthrodesis is a prevalent surgical treatment for  and wound infection have also been identified*”. For these rea-
degenerative disc disease. Lumbar arthrodesis has many advan-  sons, the use of pedicle screw fixation system may need to be
tages such as high fusion rate, preservation of the original disc  limited by considering patient’s age and bone condition.
height, and maintained stability of lumbar spine”. The pedicle In order to minimize such complications, interspinous spacers
screw fixation system implemented by posterior lumbar inter-  such as X-stop and Coflex have been developed without using
body fusion (PLIF) method has been widely used and regarded  screw insertion*"**”, The Coflex system has been widely inves-
as gold standard for lumbar arthrodesis”. Although pedicle screw tigated through finite element analysis and clinical studies. As a
fixation system is a popular surgical treatment for degenerative  dynamic stabilization system, Coflex preserves the motion range
disc disease, high complication rates have been reported. It is ~ compared to pedicle screw fixation system and is less invasively
reported that the surgical procedure to implement the pedicle  inserted with convenient surgical process”. The complications
screw fixation system is technically demanding and many com-  including fracture of spinous process or implant after inserting
plications have been observed'”. The most frequently detected ~ Coflex were also investigated in previous studies™”. Recently,
complications are screw misplacement and pedicle breakage  one of interspinous devices, Interspinous Process Compressor
during surgical operation. Also, postoperative complications  (IPC), has been introduced, approved by Korean Food and Drug
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Administration (KFDA), and commercially released as TieG-
ER™ (ANT technology, Yongin, South Korea). The IPC has a
unique geometry that is different from other interspinous pro-
cess spacers as shown in Fig. 1. It consists of a bone block that is
inserted between spinous processes and hooks that are fixed on
each spinous process, in order to completely fuse the lumbar seg-
ments. Although this new spinal fusion implant is expected to
have advantages such as reduced damages to ligaments, muscles
and vertebrae as the implant is laterally inserted less invasively
and screws are not used to fix with vertebrae, the biomechanical
effects after the fusion of lumbar segments with the IPC have
not been investigated.

The purpose of this study is to investigate the biomechanical
effects of the proposed IPC system using finite element analysis
before clinical studies. The biomechanical effects such as range
of motion (ROM), intervertebral disc stress, and facet contact

Intersplnous process
compressor

Superior hook

force of IPC system were investigated and compared with con-
ventional pedicle screw fixation system.

MATERIALS AND METHODS

The computed tomographic scan data of a healthy 24-years-old
male was taken and reconstructed to three dimensional geome-
try using Mimics software (Materialise Inc., Leuven, Belgium).
The 3D geometry was imported to Hypermesh software (Altair
Engineering Inc., Troy, MI, USA) and converted from surface
to solid type. Then, it was meshed with finite elements. The ele-
ment types, number of nodes and elements of each component
are shown in Table 1. The cortical bone was constructed from
the surface of cancellous bone with a thickness of 1 mm and
cartilage endplate was extracted from the surface of interverte-
bral disc with a thickness of 0.5 mm. The final finite element (FE)
model had five vertebras (L1-5), four intervertebral discs, carti-
lage endplates, and ligaments. The total number of nodes and
elements were 398260 and 945960, respectively.

The material properties of each component were obtained

Table 1. Element type, number of nodes and elements of each component

Component Element type  No. of nodes  No. of elements
Cortical bone Shell 61577 121531
Cancellous bone Tetrahedral 39928 176598
Posterior bone Tetrahedral 47297 197019
Inferior hook Nucleus pulposus Hexahedral 160662 145985
e Annulus ground Hexahedral 128165 107924
Cartilage endplate Shell 40280 39846
Fig. 1. Geometry of the proposed inters inoué rocess compressor de Ligament fruss 104 1%
vigé, which congsts of borr)le glock, superigr hook,pscrew, and ir?ferior hook, ~ Entire components 398260 945960
Table 2. Material properties used in the finite element models
Component Young’s modulus (MPa) Poisson ratio Reference
Cortical bone 5000 0.3 Rohlmann et al., 2006™”
Cancellous bone 50 0.2 Rohlmann et al., 2006*
Posterior bone 3500 0.25 Polikeit et al., 2003'
Nucleus pulposus 1 0.499 Shirazi-Adl et al., 1984>”
Annulus ground 2 0.45 Lavaste et al.,, 1992'°
Cartilage endplate 24 0.4 Goel etal,, 1995
Ligament 0.45 Zhong et al., 2006™”
ALL 20
PLL 20
CL 329
ITL 58.7
ISL 11.6
SSL 15
Pedicle screw, rod (Ti6A14V) 110000 0.3 Chosa et al.?
PEEK cage 3500 0.3 Vadapalli et al.*”
IPC compressor 110000 0.3
Bone block 100 0.2

ALL : anterior longitudinal ligament, PLL : posterior longitudinal ligament, CL : capsular ligament, ITL : inter transverse ligament, ISL : interspinous ligament, SSL : supra-

supinous ligament, PEEK : polyether ether ketone
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Fig. 2. Finite element models of lumbar
spine with no implant (&), PEEK cage and
pedicle screw implemented by posteri-
or lumbar interbody fusion method (B)
and PEEK cage and interspinous pro-
cess compressor systems (C). PEEK :
polyether ether ketone.

®

PEEK cage

Pedicle screw

©

from the literature, as shown in Table 2. Nucleus pulposus has
nearly incompressible property. Annulus fibrous ground was
modeled to be linear elastic. Ligaments were modeled to be linear
elastic and they can resist tension only. The FE model was ex-
ported to Abaqus software (ABAQUS 6.13; Hibbitt, Karlsson &
Sorenson, Inc., Providence, RI, USA) after the material proper-
ties were applied to each component of lumbar spine in the
model. The frictionless sliding contact condition was applied to
the surface of facet joints. The developed 3-dimensional FE
model as shown in Fig. 2A was validated by comparing ROM at
each intervertebral segment in extension, flexion, lateral bend-
ing and axial torsion based on the study by Yamamoto et al.*”.
In order to compare the biomechanical changes after spine fu-
sion, two types of surgical models, PLIF and IPC models, were
developed based on the validated intact spine model. The PLIF
model consisted of polyether ether ketone (PEEK) cages, pedi-
cle screws, and rods as shown in Fig. 2B. The length and diame-
ter of the pedicle screw were 45 mm and 6 mm, respectively. The
geometry of pedicle screws was approximated as cylinder in or-
der to simplify the simulations. Following the standard surgical
method, supraspinous ligament, interspinous ligament, and pos-
terior longitudinal ligament at surgical level were removed, and
inferior portion of L3 lamina was also removed. The PEEK cage
was inserted between L3 and 14 after intervertebral disc was to-
tally resected. After the cage was inserted, the pedicle screw fix-
ation system was implanted at L3—4 level. The tie interaction
was applied to cage and vertebral bodies for the complete fusion.
Also, pedicle screws were entirely tied to the vertebral bodies.
Next, the IPC model consisted of PEEK cage, bone block, in-
ferior hook, superior hook, and screw that combines superior
hook with inferior hook, as shown in Fig. 2C. The size of bone
block and length of the hooks were adjusted to fit the developed
FE model. The surgical procedure was the same as with the
PLIF model. The PEEK cages were inserted at the same place as
with the PLIF model. The bone block was inserted between spi-
nous process of L3 and L4. The superior and inferior hooks were
placed on spinous processes of L3 and L4. The hooks were con-
nected with screw and tied so that hooks cannot be separated.
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The tie interaction was applied to all spinal implants and verte-
bral bodies for the complete fusion condition.

Two loading conditions were used in this study. The first load-
ing condition was for validation of the intact FE model, follow-
ing the same protocol used in the study of Yamamoto et al.*.
The pure moment of 10 Nm was applied to the superior surface
of L1 while the inferior surface of L5 was fixed in all directions.
The second loading condition was applied to both intact and
surgical models to analyze the biomechanical changes caused
by the surgical implants. The follower load of 280 N that repre-
sents partial body weight along the curvature of lumbar spine
was applied””. The truss elements were attached bilaterally
along the curvature of lumbar spine as previous studies""”. For
surgical models, adjusted moments were applied to superior
surface of L1 to obtain same lordosis (L1-5) that was calculated
with the intact model where the moment of 10 Nm was applied.
The moment that causes the same lordosis with intact spine was
investigated in each loading condition”. The identified moments
to apply to both surgical models under extension, flexion, bend-
ing, and torsion were 16 Nm, 12.6 Nm, 11 Nm, and 13.5 Nm, re-
spectively. The validation of intact FE model and biomechanical
changes caused by the surgical implants were investigated in
flexion, extension, lateral bending and axial torsion conditions.

RESULTS

To validate the constructed intact spine model, the ROM of fi-
nite element model of intact spine was compared with the results
of the study by Yamamoto et al.”® The results were within +1 de-
gree of the ROM values reported in Yamamoto et al’s study in
extension, flexion, bending, and torsion, as shown in Fig. 3.

In Fig. 4, the ROM at adjacent levels (L2/3, L4/5) and surgical
level (L3/4) was compared among intact and surgical models in
extension, flexion, lateral bending, and axial torsion. The ROM
of both surgical models remarkably decreased at surgical level
(L3/4) compared to the intact model in all motions. The ROM
at surgical level was changed by -96% and -94% in extension,
-96% and -95% in flexion, -92% and -89% in bending, and
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Fig. 4. ROM of the PLIF and IPC models at surgical level (L3/4) (A) and adjacent levels (L2/3, L4/5) (B) in extension, flexion, bending and torsion, com-
pared to the intact model. ROM : range of motion, INT : intact transverse ligament, PLIF : posterior lumbar interbody fusion, IPC : Interspinous Process

Compressor.

-87% and -88% in torsion in PLIF and IPC models, respectively,
compared to the intact model. The PLIF and IPC models result-
ed in similar ROM at surgical level, with a difference of less than
0.1 degree. On the other hand, the ROM increased in all mo-
tions at adjacent levels (L2/3, L4/5). The ROM at L2-3 level was
changed by +10% and +14% in extension, +29% and +30% in
flexion, +6% and +8% in bending, and +61% and +61% in tor-
sion in PLIF and IPC models, respectively, compared to the in-
tact model. The ROM at 14-5 level was changed by +90% and
+85% in extension, +30% and +30% in flexion, +9% and +9%
in bending, and +54% and +50% in torsion in PLIF and IPC
models, respectively, compared to the intact model. The ROM
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was more increased at L4/5 level than L2/3 level in both surgical
models and the surgical models had similar ROM, with a dif-
ference within 0.1 degree at adjacent levels.

The stress in intervertebral discs was compared in Fig. 5,
among intact and surgical models at adjacent levels (L2/3,
L4/5), which are represented as D2 and D4. The stress in D2
was changed by -3% and +3% in extension, +20% and +20% in
flexion, -0.4% and +3% in bending, and +12% and +10% in tor-
sion in PLIF and IPC models compared to the intact model, re-
spectively. The stress in D2 increased with the PLIF model in
flexion and torsion while it increased in all motions with the
IPC model. The stress in D4 was changed by +13% and +11% in
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Fig. 5. Von Mises stress in the intervertebral disc of the PLIF and IPC
models at adjacent levels (D2, D4) in extension, flexion, bending and tor-
sion, compared to the intact model. INT : intact transverse ligament, PLIF :
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Fig. 6. Facet contact force of PLIF and IPC models at adjacent levels
(L2/3, L4/5) in extension, flexion, bending and torsion, compared to the
intact model. INT : intact transverse ligament, PLIF : posterior lumbar in-
terbody fusion, IPC : Interspinous Process Compressor.

extension, +12% and +12% in flexion, +4% and +4% in bend-
ing, and -22.1% and -22.5% in torsion in PLIF and IPC models,
respectively, compared to the intact model. The stress in D4 in-
creased in both surgical models except torsion condition, com-
pared to the intact model. The difference in intervertebral disc
stress of IPC and PLIF models was 5.8% in D2 and 1.8% in D4.
The facet contact force at adjacent levels (L2/3, L4/5) was com-
pared in Fig. 6, among intact and surgical models. The facet
contact force at surgical level was zero in all motions while it
tended to increase at adjacent levels (L2/3, L4/5) in all motions
for both PLIF and IPC models. The facet contact force at L2/3
level was changed by +34% and +46% in extension, +42% and
+20% in bending, and +364% and +432% in torsion, in PLIF
and IPC models, respectively. In flexion, the facet contact force
was zero in intact model while it increased in both surgical
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models. The facet contact force at L4/5 level was changed by
+39% and +43% in extension, +29% and +24% in flexion, -2%
and -4% in bending, and +24% and +11% in torsion, in PLIF
and IPC models, respectively. The maximum difference in facet
contact force of PLIF and IPC models was 15.4% in bending
condition.

DISCUSSION

In this study, the biomechanical changes after inserting the IPC
were investigated and compared with pedicle screw fixation
system using finite element analysis. We used CT images of a
healthy, young male to reconstruct three dimensional geometry
of lumbar spine. The characteristic of FE model of lumbar spine
was represented by applying material properties of each com-
ponent, based on the previous FE studies as shown in Table 2. A
number of previous studies also used CT images of young pa-
tient and normal condition of lumbar spine to construct the FE
models™*">?”. In our FE model, only one level of intervertebral
disc (L3/4) was assumed to be degenerative condition, and more
importantly, the whole degenerative portion of intervertebral
disc was removed following the standard surgical procedure as
in previous studies*"*"”. Therefore, the used FE model could be
concluded to be appropriate to represent surgical model of de-
generative disc disease.

As a spinal fusion device, the IPC model showed comparable
biomechanical effects with the conventional PLIF model. At
surgical level (L3/4), the intersegmental rotation was remarkably
decreased. Accordingly, no facet contact force occurred in both
surgical models. The results predicted by FEA in the current
study were similar to the previous results>”. The ROM values
were similar between the IPC and PLIF models with a maximum
difference of 0.1 degree and no facet contact force occurred in
all motions for both surgical models. At adjacent level, on the
other hand, the ROM and facet contact force increased accord-
ing to fusion effect. These adjacent effects had been previously
reported and considered as major complications of spinal fu-
sion'>"*". We obtained similar results using the IPC model.
The ROM was maximally changed in extension at L4/5 level in
both surgical models. The ROM values were similar between
the IPC and PLIF models. The facet contact force of the IPC
model was slightly higher than that of the PLIF model in exten-
sion, while that of the PLIF model was slightly higher than the
IPC model in other motions. In addition, stress in intervertebral
discs slightly increased after spinal fusion at L2/3 or L4/5 level
as previous study”. The stress in adjacent intervertebral discs of
the IPC model was slightly higher than that of the PLIF model
with the difference of 5.8%.

In summary, the FEA results show that the adjacent effects of
using the IPC model were similar to those of using convention-
al pedicle screw fixation system, based on the assumption that
the implants were perfectly fused with the bones. The anterior
bone was fused with PEEK cage and posterior bone was also



J Korean Neurosurg Soc 59 | March 2016

fixed with screws for PLIF model, and with bone block and in-
terspinous compressor for IPC model. Accordingly, biomechani-
cal effects of using PLIF and IPC methods were not essentially
different in all motions.

As limitations of the current study, the spinous process and
hooks were modeled to be fused as one body although the hooks
were fixed with spinous process using keel in reality. According-
ly, the stress on spinous process was not analyzed, which how-
ever should be investigated in future clinical studies as compli-
cations such as fracture of spinous process can occur. The actual
fusion effect between spinous process and hooks, duration of
fusion, and influence on spinous process need to be investigated
through clinical study. In addition, interspinous devices such as
Coflex and DIAM were analyzed using finite element method
in previous studies"”. In those studies, the posterior parts were
fused with interspinous device and the intervertebral disc was
preserved. On the other hand, in our study, the intervertebral
disc was entirely removed and PEEK cages were inserted in-
stead. As a result, the biomechanical effects of the IPC system
could not be directly compared to other types of interspinous
devices reported in previous studies. Such comparative investi-
gations, however, would need to be performed as future works.

CONCLUSION

A new type of spinal fusion device, IPC, was analyzed biome-
chanically through FEM. Based on the simulated results, it ex-
hibited similar fusion effect at surgical level and similar biome-
chanical effects at adjacent levels compared to pedicle screw
fixation system. The IPC with less invasive local incision and
without screw insertion, resulting in reduced damages to liga-
ments, muscles, and vertebrae of the patient and eliminated
complications associated with screws, may extensively be used
regardless of patient’s age and bone conditions after clinical vali-
dations for fusion rates and long term stability.
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