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Objective: Lumbar cortical screw fixation (CSF), rather than pedicle screw fixation (PSF),
has recently been attempted in lumbar interbody fusion. The purpose of our study was to
evaluate the biomechanical stability of lumbar CSF using a finite element (FE) model.
Methods: A 3-FE model, including the L1 to S1 levels, was designed to evaluate and com-
pare the biomechanical stability of lumbar CSF and PSF in single-level lumbar interbody fu-
sion at L4-5. Cortical or pedicle screws were inserted bilaterally, and posterior lumbar in-
terbody fusion (PLIF) and transforaminal lumbar interbody fusion (TLIF) were modeled at
L4-5, respectively. We compared the stability of CSF to that of PSF in these 2 different ana-
tomic variations of PLIF, as well as in TLIF.

Results: Lumbar CSF showed less stability than PSF in PLIF when the midline posterior lig-
aments were not preserved, but demonstrated similar stability when the ligaments were
preserved. The range of motion (ROM) at the treated level in CSF was larger than that ob-
served for PSF, in all PLIF and TLIF models. Furthermore, the ROM in the posterior liga-
ment-sacrificing PLIF with CSF model was larger than the ROM in the posterior ligament-
preserving PLIF with CSF or PSF model.

Conclusion: Based on our FE analysis, the stability of CSF is comparable to that of PSF in
PLIF and TLIF when the midline posterior ligaments are preserved.

Keywords: Finite element analysis, Biomechanics, Lumbar

Since lumbar CSF utilizes a mediolaterosuperior cortical bone
trajectory, this CSF technique may maximize the contact be-

Of the various lumbar interbody fixation techniques, pedicle
screw fixation (PSF) is the standard and most commonly used
method."* However, PSF requires wide dissection and retrac-
tion of the posterior muscular structures. Excessive dissection
and retraction of the back muscles can cause unnecessary inju-
ry and atrophy of the muscles, resulting in significant postoper-
ative back pain. Recently, percutaneous lumbar PSF has been
introduced to minimize the skin incision and injury of the pos-
terior muscular structures.>* Additionally, cortical screw fixa-
tion (CSF) using a cortical bone trajectory rather than PSF has
been attempted in lumbar interbody fusion.>”
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tween screw and cortical bone." And, this cortical technique
has the same stability as traditional PSF in one cadaveric study.’
The cortical bone trajectory reduces posterior muscle dissec-
tion and injury than traditional PSF techniques."'"* However,
the biomechanical stability and strength of CSF have not been
adequately clarified. Therefore, in the present study, we aimed
to compare the biomechanical stability of CSF and PSF in lum-
bar interbody fusion under different loading conditions by us-
ing a finite element (FE) model that utilized computed tomog-
raphy (CT)-matched properties that reflect the cortical bone

structures.
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Fig. 1. (A) Lumbar model with a 4-noded tetrahedral element created using Abaqus (Dassault Systémes, Paris, France). (B)
Three-dimensional model showing variation of the element properties.

Table 1. Material properties of the finite element model

G Material Low Youngs Transition strain  High Young’s Pois§0n Cross segtion
model modulus (MPa) (%) modulus (MPa) ratio (mm?)

Cortical bone Linear elastic 10,000 - . 0.2 -
Anterior longitudinal ligaments Nonlinear 7.8 12 20 - 63.7
Posterior longitudinal ligaments Nonlinear 10 11 50 - 20
Ligamentum flavum Nonlinear 15 6.2 19 - 40
Facet capsule Nonlinear 7.5 25 33 - 60
Interspinous ligament Nonlinear 8 20 15 - 40
Supraspinous ligament Nonlinear 10 14 12 - 30
Intertransverse ligament Nonlinear 10 18 59 3.6
Screws and rods Linear elastic 110,000 - - 0.3 -
Polyether ether ketone cages Linear elastic 4,000 - - 0.3 -

Cancellous bone (Materials matched, p=1.067 HU+131 [g/cm’], E=0.09882, p"** [megapascal, MPa]), Nucleus pulposus (Mooney-Rivlin,
C10=0.12, C01 = 0.09, D1 =1), and Annulus fibrosus (Mooney-Rivlin, C10=0.56, C01=0.14, D1=1).

MATERIALS AND METHODS

1. FE Models

A 3-dimensional (3D) nonlinear FE model of the lumbar
spine from the L1 to S1 levels was developed (Fig. 1A)." To de-
velop the model geometry, a high-resolution CT scan (1.0-mm
thickness) of a healthy 24-year-old man with no spinal disease
was performed after obtaining his consent. We imported the
DICOM data into Mimics (Materialise, Leuven, Belgium), which
generated a 3D model. Thereafter, the 3D spine model was im-
ported into Hypermesh (Altair, Troy, MI, USA), which generat-
ed an FE mesh for analysis. Abaqus (Dassault Systémes, Paris,
France) was used to simulate surgical scenarios using the spine
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model. The FE model comprised five lumbar vertebrae, 1 sa-
crum, 5 intervertebral discs, 2 endplates for each level, and 7
spinal ligaments, including the anterior longitudinal, posterior
longitudinal, intertransverse, ligamentum flavum, capsular, in-
terspinous, and supraspinous. Cancellous bone was modeled
with tetrahedral elements. We used shell elements with 1-mm
thickness for cortical bone, endplates, and facet contact surfac-
es, while truss elements were used to model ligaments. Surface-
to-surface contact was used to simulate interactions between
the articulating surfaces of the facet joints. This FE model of an
intact spine was validated by comparing with the cadaveric study

12,13

by previously published FE models'>"* and Yamamoto et al."
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2. Material Properties

The properties of all elements were assigned as listed in Table
1.1"132! Linear elasticity was applied to bone and cartilaginous
structures. The material properties of cancellous bone were
represented in Mimics using a numerical expression of the rela-
tionship among CT gray value, mass density, and Young’s mod-
ulus (Fig. 1B). We used a region-specific elastic modulus for the
best simulation of CSE The nonlinear behavior of interverte-
bral discs was modeled to be hyper-elastic.''**' The parameters
of the Mooney-Rivlin formulation were used, as suggested in a
previous study.'"'>*' The spinal ligaments were designed as bi-
linear, with specific yield strain and stress values. Young’s mod-
ulus for screws/rods and polyether ether ketone (PEEK) cages
were assumed to be 110,000 and 4,000 MPa (megapascal), re-
spectively.

3. Lumbar Interbody Fusion Models

We used posterior lumbar interbody fusion (PLIF) and trans-
foraminal lumbar interbody fusion (TLIF) models at L4-5 (Fig.
2). Surgical scenarios were created according to the type of screw
fixation, interbody fusion, and posterior ligaments (PL) preser-

vation. Six scenarios were simulated in this study: (1) PL-sacri-
ficing PLIF with PSE, (2) PL-sacrificing PLIF with CSE (3) PL-
preserving PLIF with PSE (4) PL-preserving PLIF with CSE, (5)
TLIF with PSE, and (6) TLIF with CSE To simulate PLIF, partial
laminectomy was performed bilaterally at the L4 lamina, while
preserving the bilateral L4-5 facet joints by more than 50%.
Thereafter, the whole intervertebral disc was removed and re-
placed with two PEEK cages at L4-5 (Fig. 2). Experimental def-
inition of PL-preserving PLIF model is removal of bilateral in-
ferior articular process, bilateral laminotomy without sacrific-
ing of spinous process and posterior ligamentous structures. In
contrast, experimental definition of PL-sacrificing PLIF is re-
moval of bilateral inferior articular process, and subtotal lami-
nectomy. To simulate TLIE right-side hemilaminectomy and
unilateral total removal of the right L4-5 facet joint were per-
formed. A single cage was inserted tangentially at L4-5 (Fig. 2).
In both PLIF and TLIE the cages were bonded to the cortical
bone with a tie contact condition to simulate successful fusion.
The PLs, including the interspinous and supraspinous, were
optionally removed in the PLIF models. Thereafter, we applied
four simulated cortical screws or four pedicle screws in each

Fig. 2. Experimental setup of different lumbar interbody fusion models at L4-5. (A) Posterior lumbar interbody fusion (PLIF)
with pedicle screw fixation (PSF). Posterior ligaments were optionally removed. (B) Transforaminal lumbar interbody fusion
(TLIF) with PSE (C) PLIF with cortical screw fixation (CSF). Posterior ligaments were optionally removed. (D) TLIF with CSE.
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scenario. The cortical screw trajectory was from the inferome-
dial borderline to the superolateral borderline of the pedicle
(Fig. 2). The pedicle screws had an outer diameter of 6.5 mm
and length of 45 mm, while the cortical screws had an outer di-
ameter of 4.0 mm and length of 35 mm. The cages were 12 mm
in height and 30 mm in length in the TLIF models, and 12 mm
in height and 24 mm in length in the PLIF models. This dimen-
sions of the screws and cages which were used in the current
study were determined to be commonly used in Korean patients

in actual surgeries.

4. Boundary and Loading Conditions

The lower half of the sacrum was completely fixed in all di-
rections. The FE model used 2 different loading conditions. For
validation, the model was simulated under the same loading
condition that was used in the human cadaveric study by Ya-
mamoto et al.'"* A reference point was created and constrained
to the surface nodes of the L1 vertebra for force and torque ap-
plication in the FE analysis. Pure unconstrained 10-Nm flexion,
10-Nm extension, 10-Nm lateral bending, and 10-Nm torsion
moments were applied to the reference point in a stepwise man-
ner. For clinical simulation, a compressive load of 400 N and
momentum of 7.5 Nm were applied to the same reference point
as the flexion, extension, lateral bending, and torsion moments
generated under the compressive preload. To reach the target
moment, 10 load steps were applied. The range of motion (ROM)
at the endpoint of the loading cycle was calculated and com-
pared with that in the cadaveric model." In the present study,

5, Mises Control

(g 75%)
+%.000e + 00
+8.25De 400
+7.501e+00

+6.751e+00
+6.002e +00

PL sacrificing PLIF+PSF PL sacrificing PLIF+CSF

ROM was examined in the 4 above-mentioned motions gener-
ated in each of the 6 surgical scenarios. In addition, intradiscal

Table 2. Comparison of range of motion between the current
finite element model and the cadaveric study by Yamamoto et al."*

Moment Level Current  Yamamotos study,
study mean +SD

Flexion (°) L1-2 4.6 42+04
12-3 54 54+0.3
13-4 6.7 6.1£0.6
L4-5 7.4 7.1£0.6
L5-81 7.6 7.0£0.6

Extension (°) L1-2 3.1 2.8+0.3
L2-3 33 33+0.3
L3-4 2.5 23102
L4-5 4.3 4.0+£0.5
L5-S1 4.9 4.8+0.6

Rotation (°) L1-2 2.1 1.7+0.4
L2-3 1.7 14+0.3
L3-4 2.3 2.0£0.3
L4-5 1.5 14 £0.2
L5-S1 1.3 1.1£0.2

Lateral bending (°) L1-2 3.8 3.7+0.1
L2-3 54 51+04
L3-4 4.7 4.4+0.3
L4-5 4.6 43104
L5-81 4.2 39+0.3

SD, standard deviation.

PLIF+PSF TLIF+PSF

PLIF+CSF TLIF+CSF

Fig. 3. Von Mises stress at L3—4 after full flexion. Under flexion moment, the largest von Mises stress was observed at the anteri-
or annulus in the PL-sacrificing PLIF model. CSEF, cortical screw fixation; PL, posterior ligaments; PLIF, posterior lumbar inter-
body fusion; PSE, pedicle screw fixation; TLIF, transforaminal lumbar interbody fusion.
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Table 3. Range of motion at the treated L4-5 level

Table 4. Intradiscal pressure at L3-4 after full flexion

Lateral

Flexion Exten- . Rotation
o ., Dbending o
(°)  sion (°) 5 )
)
Control 6.40 2.97 1.75 5.48
PLIF with PSF 0.15 0.03 0.12 0.16
TLIF with PSF 0.19 0.16 0.43 0.16

PL-sacrificing PLIF with PSF  0.17 0.03 0.11 0.11
PL-sacrificing PLIF with CSF ~ 0.22 0.23 0.56 0.24
PLIF with CSF 0.21 0.22 0.19 0.23
TLIF with CSF 0.26 0.27 0.40 0.33

PLIE, posterior lumbar interbody fusion; PSE pedicle screw fixation;
TLIE transforaminal lumbar interbody fusion; PL, posterior ligaments;
CSE, cortical screw fixation.

pressure at L3-4 was also measured (Fig. 3).
We compared the stability of CSF with that of PSF in the 2
different anatomic variations of PLIF as well as in TLIE

RESULTS

1. Model Validation

The FE model of an intact spine was validated before simu-
lating lumbar interbody fusion. ROM in a control model was
compared with that in the cadaveric study by Yamamoto et al."*
(Table 2) and previously published literatures."* Experimental
and loading conditions were identical. Our ROM results were
amenable with those of the previous study.'>* As shown in Ta-
ble 2, the obtained data were within 10% of the average values
of 10 cadavers tested in vitro. The difference was considered to
occur due to differences between the subjects used to design
the models.

2. Changes in ROM According to the Lumbar Interbody

Fusion Model

The ROM at L3-4, L4-5, and L5-S1 was compared under
each of the four moments among the six models. At the treated
level (L4-5), the ROM of flexion, extension, lateral bending,
and rotation was significantly decreased after lumbar interbody
fusion, compared with the intact control model (Table 3). ROM
at the treated level in CSF was larger than that in PSE, in all PLIF
and TLIF models. In particular, ROM in the unilateral facetec-
tomy status (TLIF) with CSF was the largest than another fu-
sion conditions. And, ROM in the PL-sacrificing PLIF with
CSF model was larger than that of PL-preserving PLIF with
CSF or PSF model (Table 3).

302 Wwww.e-neurospine.org

Variable MPa psi

Control 0.1400 20.31
PLIF with PSF 0.1866 27.06
TLIF with PSF 0.1905 27.63
PL-sacrificing PLIF with PSF 0.2557 37.08
PL-sacrificing PLIF with CSF 0.2104 30.51
PLIF with CSF 0.1871 27.14
TLIF with CSF 0.1819 26.39

MPA, megapascal; psi, pound force per square inch; PLIE, posterior
lumbar interbody fusion; PSE pedicle screw fixation; TLIE, transfo-
raminal lumbar interbody fusion; PL, posterior ligaments; CSE, corti-
cal screw fixation.

3. Changes in Adjacent Intradiscal Pressure According to

the Lumbar Interbody Fusion Model

Intradiscal pressure was measured at the center of each inter-
vertebral disc. The absence of PLs significantly elevated the in-
tradiscal pressure at L3-4 in both CSF and PSF (Table 4, Fig. 3).
The lowest intradiscal pressure was measured during full flex-
ion in the TLIF with CSF model (26.39 pound force per square
inch [psi]), whereas the highest pressure was found in the PL-
sacrificing PLIF with PSF model (37.08 psi). The other fusion
techniques with PL preservation showed similar results (27.06-
27.63 psi).

DISCUSSION

Lumbar interbody fusion has been the standard surgical treat-
ment for lumbar degenerative disease with instability.”** Re-
gardless of surgical technique, the optimal strength of instru-
mented fixation is important until solid bony fusion occurs.
Lumbar instrumentation should provide sufficient strength for
stabilization since early instrumentation failure may lead to fu-
sion failure, which can result in postoperative back pain, insta-
bility, and kyphosis. Furthermore, an additional salvage opera-
tion may be required in some cases with fusion failure.

Although PSF provides sufficient strength and is a very famil-
iar technique for spine surgeons, wide dissection and retraction
of the posterior back muscles are demerits that can induce se-
vere muscle atrophy and significant postoperative pain.***® It
has been proposed that the preservation of posterior muscle
structures is important for the prevention of postoperative back
pain and the success of lumbar stabilization.?* Therefore, mini-
mally invasive techniques have been introduced to preserve the

posterior paravertebral muscles, including the multifidus.”*

https://doi.org/10.14245/1s.1836030.015
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Because the starting point of lumbar CSF is located more medi-
ally than that of PSE this technique can avoid extensive muscle
dissection and retraction.' Based on this concept, CSF has been
referred to as midline lumbar interbody fusion.

The cortical screw trajectory is from the inferomedial portion
to the superolateral portion of the pedicle.*®

CSF not only has a better muscle-sparing effect, but also uti-
lizes screws with a smaller outer diameter and shorter length
than those used in PSE' It was reported in one biomechanical
cadaveric study that CSF provides approximately the same sta-
bility as PSF in TLIF and direct lateral interbody fusion (DLIF).!
However, that investigation only utilized TLIF and DLIF proce-
dures that preserved the PL, and there was no comparative anal-
ysis of PLIF procedures. In the present study, the strength of
CSF was weaker than that of PSF in the FE models of PLIF and
TLIF In particular, the strength of conventional PLIF including
subtotal laminectomy with CSF was weaker than that with PSE
In addition, we demonstrated similar strength in PLIF with ei-
ther CSF or PSF when the midline PL structures were preserved.
The PL structures, such as the supraspinous and interspinous,
are important for lumbar stability.'****!

We believe that if cortical screws are used in PLIE the mid-
line PL complex should be preserved for reinforcement of post-
operative stability. Furthermore, we do not recommend using
cortical screws for the treatment of vertebral fracture with con-
comitant injury of the PL structures. Based on our study, the
biomechanical strength of CSF is slightly weaker than that of
conventional PSE.

However, CSF induces less influence at the adjacent levels
and, consequently, less increase in intradiscal pressure. We sug-
gested that the trajectory of CSF may be less likely to cause facet
joint violation and have less influence on cranial facet joint move-
ment. These effects of CSF may be associated with a less chance
of adjacent segment degeneration. However, the effect of CSF
on adjacent site degeneration cannot be concluded.

Although we cannot verify the occurrence of iatrogenic mus-
cle injury using this model, the likelihood of injury may be less
when CSF is applied. In addition, we believe that CSF has other
merits: It can be applied in certain condition, such as those in-
volving polymethylmethacrylate-augmented vertebrae or screw
repositioning due to loosening or malposition of pedicle screws.

There are some limitations of our FE model study. First, this
study had only a comparative design. Although the strength of
CSF was found to be weaker than that of PSE, we cannot know
whether CSF can provide sufficient strength until solid fusion.
Our FE model also did not have spinal muscular components;

https://doi.org/10.14245/ns.1836030.015

therefore, the effects of the lumbar muscular structure could
not be evaluated. During CSF or PSE the muscular structures
could be injured, which may affect lumbar stability. However,
muscle injury was not reflected in our study. In addition, the
cages and screws used in the FE models only had one size. Vari-
ous situations are possible according to the size of the cage and
screw. And, the stress on the screw itself was not measured. In
order to obtain a valuable results of screw fixation strength, it is
necessary to measure the stress on the screws. Finally, the ef-
fects of osteoporosis and osteopenia were not evaluated. De-
spite these limitations, our study is still valuable since it used an
FE model that utilized CT-matched properties that reflect the
real bone modulus.

CONCLUSION

In conclusion, based on our FE model analysis, the stability
of lumbar CSF was slightly weaker than that of PSF in PLIF and
TLIF models. Finally, PL preservation may increase the strength
of lumbar CSE Thus, in lumbar CSE, we recommend that lum-
bar PL and facet joint should be preserved in order to maintain
spinal stability.
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