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Abstract Purpose: The purpose of this study was to investigate finite element biomechanical
properties of the novel transpedicular transdiscal (TPTD) screw fixation with interbody
arthrodesis technique in lumbar spine.
Methods: An L4eL5 finite element model was established and validated. Then, two fixation
models, TPTD screw system and bilateral pedicle screw system (BPSS), were established on
the validated L4eL5 finite element model. The inferior surface of the L5 vertebra was set im-
mobilised, and moment of 7.5 Nm was applied on the L4 vertebra to test the range of motion
(ROM) and stress at flexion, extension, lateral bending and axial rotation.
Results: The intact model was validated for prediction accuracy by comparing two previ-
ously published studies. Both of TPTD and BPSS fixation models displayed decreased motion
at L4eL5. The ROMs of six moments of flexion, extension, left lateral bending, right lateral
bending, left axial rotation and right axial rotation in TPTD model were 1.92, 2.12, 1.10,
1.11, 0.90 and 0.87�, respectively; in BPSS model, they were 1.48, 0.42, 0.35, 0.38, 0.74
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Table 1 Material properties us
analysis of lumbar spine.

Material properties Young’s
modulus
(MPa)

Cancellous bone 100
Cortical bone 12,000
Endplate 1000
Accessory 3500
Facet 75
Nucleus pulposus 1
Interbody cage

(PEEK)
4340

Screw (Titanium) 110,000

PEEK Z polyetheretherketone.
and 0.75�, respectively. The screws’ peak stress of above six moments in TPTD model was
182.58, 272.75, 133.01, 137.36, 155.48 and 150.50 MPa, respectively; and in BPSS model,
it was 103.16, 129.74, 120.28, 134.62, 180.84 and 169.76 MPa, respectively.
Conclusion: Both BPSS and TPTD can provide stable biomechanical properties for lumbar
spine. The decreased ROM of flexion, extension and lateral bending was slightly more in
BPSS model than in TPTD model, but TPTD model had similar ROM of axial rotation with
BPSS model. The screws’ peak stress of TPTD screw focused on the L4eL5 intervertebral
space region, and more caution should be put at this site for the fatigue breakage.
The translational potential of this article: Our finite element study provides the biomechan-
ical properties of novel TPTD screw fixation, and promotes this novel transpedicular trans-
discal screw fixation with interbody arthrodesis technique be used clinically.
ª 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Lumbar interbody fusion is a widely used and efficient
treatment for many lumbar degenerative conditions [1e4],
such as lumbar spinal stenosis [5], spondylolisthesis [6],
lumbar segmental instability [7], sciatica [8,9] and low back
pain [10]. Posterior bilateral pedicle screw system (BPSS)
with an interbody cage has been recognised as the “gold
standard” technique. However, traditional open surgery
often demands considerable trauma, prolonged operative
time as well as an increased implant-related complication
and surgical site infection [11,12]. Many minimally invasive
spinal fixation techniques with comparable stability of BPSS
were designed and developed in last decades.

It was pioneered by Grob et al [13] to use two screws for
treating patientswith spondylolisthesiswith anterior slippage
of at least 25% and disc height decreased at least 75% of the
original height. Birkenmaier et al [14] combined this tech-
nique with robot-assisted navigation for advantages of mini-
mal invasion. Aghayev et al [15] reported a novel designed
transpedicular transdiscal (TPTD) screws combining with
transforaminal lumbar body fusion technique for non-
spondylolisthesis and found that transdiscal and pedicle
screw system had comparable immediate stabilisation in an
in vitro biomechanical model, but without data of transdiscal
ed in the finite element

Poisson’s
ratio m

Element
type

0.2 Tetrahedral
0.3 Shell
0.3 Shell
0.25 Tetrahedral
0.4 Shell
0.499 Tetrahedral
0.4 Tetrahedral

0.3 Tetrahedral
screwsecage model. Wu et al [16] also reported that TPTD
screws could be used in nonspondylolisthesis patients percu-
taneously [17]. Therefore, TPTD screws have many potential
clinical advantages, such as minimally invasive, less screw
use, lower cost, shorter skin incision as well as quicker
recovery.

However, there is still no finite element study working
on TPTD screws combined with interbody cage. In this
study, we investigated ROM, screw stress and vertebral
stress of TPTD screw fixation with interbody fusion and
compared its properties with intact lumbar spine and “gold
standard” BPSS fixation with interbody fusion.

Materials and methods

A three-dimensional (3-D) digital spine model was con-
structed using a spine model from Digimation (Saint Rose,
LA, USA), which was a completely and morphologically ac-
curate model of a healthy human spine from the atlas to
the pelvis. The digital model was in the form of “IGES” or
“parasolid” files, which served as input file for SolidWorks
(Concord, MA, USA), a 3-D computer-animated design pro-
gram for further geometrical modification. The SolidWorks
model was then imported into the finite element analytical
program ANSYS Workbench software (ANSYS Inc. Canons-
burg, PA, USA) for quantitative analysis. Levels of L4eL5
were included in this study. Modifications were pro-
grammed to incorporate material properties and several
contact surfaces, such as the facet joints.

The solid model of the spine was first modified to
accurately simulate the structure of the vertebral bodies.
Five distinct material profiles were used for the vertebra:
cancellous bone, cortical bone, endplate, accessory and
facet. The intervertebral discs were also constructed by
two materials: annulus and nucleus. Material properties
Table 2 Parameter of annulus fibrosus. Data from the
study by Wagner and Lotz.

Mu1 Alpha1 Mu2 Alpha2 Mu3 Alpha3 D1 D2 D3

�126.22 24.81 123.78 25.00 2.75 11.66 1.42 0 0

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Forceedisplacement curve of ligaments.
ALL Z anterior longitudinal ligament; CL Z capasular ligament; FL Z flavum ligament; ITL Z intertransverse ligament;
ISL Z interspinal ligament; PLL Z posterior longitudinal ligament; SSL Z suprsaspinal ligament.

Figure 2 Intact lumbar spine of L4eL5 was established.

Figure 3 Range of motion of this intact model was compared with that in the previously published studies in flexion and
extension.
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Figure 4 Range of motion of this intact model was compared with that in the previously published studies in lateral bending.

Figure 5 Range of motion of this intact model was compared with that in the previously published studies in axial rotation.

Table 3 Comparison of screws’ peak stress of two
reconstructed models.

Moments TPTD screw (MPa) BPSS (MPa)

Flexion 182.58 103.16
Extension 272.75 129.74
Left lateral bending 133.01 120.28
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were obtained from previously validated models [18e22]
and listed in Table 1. The annulus fibrosus was modelled
by a hyperelastic constitutive law for the ground substance
and by nonlinear springs oriented at about 30� to each
other. Coefficients of the fifth-order Ogden hyperelastic
formulation were determined from experimental data [19]
and listed in Table 2. Ligaments were incorporated into
the model in the form of tension-only spring elements,
including anterior longitudinal ligament, posterior longitu-
dinal ligament, flavum ligament, intertransverse ligament,
interspinal ligament, supraspinal ligament and capsular
ligament. According to previously published experiments
[23e28], nonlinear forceedisplacement curves, which were
defined as each ligament’s reaction to different vertebral
loading, were presented in Figure 1. The intact constructed
model of L4eL5 was showed in Figure 2.
Right lateral bending 137.36 134.62
Left axial rotation 155.48 180.84
Right axial rotation 150.50 169.76

BPSS Z bilateral pedicle screw system; TPTD Z transpedicular
transdiscal.
Model validation

The model was made up by 166,144 elements. With a pre-
load axial compression of 500N, a pure moment up to 10 Nm
was applied. Nonlinear behaviour of the finite element
model was verified over the entire momenterotation curve
under the conditions of flexion, extension, lateral bending
and axial rotation. The motion at the bottom was fixed in
all directions. The rotation of the upper section of the
segment was recorded and validated against the results of
previously published studies and experimental results
[27e29] for prediction accuracy.



Figure 6 Comparison of stress contour plots for the screws of transpedicular transdiscal screw system and bilateral pedicle
screw system.
BPSS Z bilateral pedicle screw system; TPTD Z transpedicular transdiscal.
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Table 4 Comparison of ROM of two reconstructed models.

Moments TPTD model
ROM (�)

BPSS model
ROM (�)

Intact model
ROM (�)

Flexion 1.92 1.48 5.21
Extension 2.12 0.42 3.74
Left lateral

bending
1.10 0.35 3.97

Right lateral
bending

1.11 0.38 4.05

Left axial
rotation

0.90 0.74 2.39

Right axial
rotation

0.87 0.75 2.54

BPSSZ bilateral pedicle screw system; ROMZ range of motion;
TPTD Z transpedicular transdiscal.
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Model of TPTD screw system

The finite element model was modified to simulate the
surgical procedure to put the trapezium-shaped interbody
cage at the L4eL5 level via a lateral approach. Two cylin-
drical screws were designed in ANSYS Workbench software
and assembled into finite element model. Two screws were
set to “tie” with the vertebra. After removal of the inter-
vertebral disc, size dimension of preset position for the
interbody cage was verified. According to this result, the
substance of trapezium interbody cage was designed in
CATIA (Dassault, Paris, French) based on the measurements
mentioned previously. Then, the model of interbody cage
was put into ANSYS Workbench software with optimal po-
sition in the vertebra. A finite sliding algorithm with a co-
efficient of friction of 0.4 was defined between the cage
and endplate to allow any small relative displacements
between the two contacting surfaces.

Model of BPSS

The posterior instrumentation consisted of transpedicular
screws (55-mm long and 6-mm diameter) and longitudinal
rods (45-mm long and 6 mm diameter) spanning between
adjacent screws, which were designed in the ANSYS Work-
bench software and assembled into finite element model.
Rigid fixation was simulated using a “tie” constraint at the
following interfaces: pedicle screw and pedicle/vertebral
body and pedicle screw and rod. The substance of the
standard interbody cage was designed in CATIA accordingly.
The model of interbody cage was positioned optimally in
vertebra in the ANSYS Workbench software. The superflu-
ous parts of the structure were cut. Same with TPTD screw
system, the coefficient of friction between the cage and
endplate was set as 0.4.

Boundary and loading condition

A motion protocol was defined for all reconstructive options
and two operation lumbar spine models. The inferior sur-
face of the L5 vertebra was immobilised throughout the
load simulation. The nodes on the uppermost surface of the
L4 vertebra were coupled to a reference node for load
application. A bending moment of 7.5 Nm was applied to
this reference node on the superior surface of the L4
vertebra to represent movements of flexion/extension,
lateral bending and axial rotation. The ROMs and stress of
screws of two models were tested and contrasted.

Results

Loaded with motions of flexion, extension, lateral bending
and axial rotation, nonlinear behaviour was observed for
the intact model. The finite element analysis of L4eL5 of
the intact model indicated similar ROM compared with the
in vitro biomechanical result of Heuer et al [29] and
Schimdt et al [30] in flexion and extension, with only slight
reduction in flexion for this intact model compared with the
data of Panjabi et al [31], but not in extension (Figure 3).
Under the condition of lateral bending, we found that our
present model was consistent with the models of Heuer
et al [29] and Panjabi et al [31] (Figure 4). The condition of
axial rotation was consistent with that in the study by
Heuer et al [29] (Figure 5).

Screws’ stress analysis of two reconstructed models

For TPTD screw system, the maximum peak stresses were
found in flexion and extension, with 182.58 MPa and
272.75 MPa, respectively, whereas the minimum peak
stresses were found in left lateral bending and right lateral
bending, with 133.01 MPa and 137.36 MPa, respectively
(Table 3).

Stress contour plots for the screws of TPTD screw fixa-
tion and bilateral pedicle screw fixation system were shown
in Figure 6. We found the peak stress of TPTD screw was
presented in the contact surface between the screw and
upper vertebra.

For bilateral pedicle screw system, the maximum peak
stresses were in moments of left axial rotation and right
axial rotation, with 180.84 MPa and 169.76 MPa, respec-
tively. The minimum peak stresses of screws were in flexion
and left lateral bending, with 103.16 MPa and 120.28 MPa,
respectively (Table 3). We found that the peak stress was
concentrated in the junctional area of screw cap and screw
body for bilateral pedicle screws (Figure 6).

Comparison of ROM for two reconstructed models

The ROM of both reconstructed models decreased dramat-
ically (Table 4). But, ROMs of BPSS were all slightly less than
those of transpedicular transdiscal screw system under any
condition of motion (Figure 7). The maximum ROM was at
the condition of flexion and extension for TPTD screw sys-
tem. For BPSS, the largest ROM was under the condition of
flexion as 1.48�, whereas for other five conditions, ROM was
all less than 0.75�.

Discussion

In our study, the tests were based on one function spinal
unit. Both TPTD screw fixation and BPSS are used for lumbar



Figure 7 Comparison of ROM of transpedicular transdiscal screw system and bilateral pedicle screw system.
BPSS Z bilateral pedicle screw system; ROM Z range of motion; TPTD Z transpedicular transdiscal.
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fusion; the fixation is used for temporary (about 3 months),
and it is rigid fixation, but not semi-rigid fixation or dynamic
fixation, which aimed to preserve the motion of indexed
level and needed to compare the motion and stress of the
adjacent levels [27]. The rigid fixed lumbar level will ach-
ieve interbody fusion at about 3 months after surgery.
Theoretically, the motion and stress of the adjacent levels
will be the same after interbody fusion of the indexed level
among different fixation techniques; therefore, we did not
compare the motion and stress of the adjacent levels in the
present study. Our L4eL5 model was first validated similar
with the results of published studies of in vitro investiga-
tion, including studies of Heuer et al [29], Schmidt et al [30]
and Panjabi et al [31], proving the great simulation and
feasibility of this model used for analysis.

After the validation study of the model of L4eL5 lumbar
spine segment, our investigation established the model of
TPTD screw with the trapezium-shaped interbody cage [32]
and the model of BPSS with the standard interbody cage. To
imitate the surgery operation more realistically, when
placed with the interbody cage in the intervertebral space,
the fibrous ring and nucleus pulposus were cut. And, two
reconstructed models were both loaded with 7.5 Nm
moments.

The maximum peak stress of TPTD screw system reached
272.75 MPa more than the maximum value in BPSS. Screws’
stresses were mainly concentrated in the connective area
of screws and upper vertebra, which remind us to
strengthen this part of screws. We also found that under
the condition of extension, the peak stress achieved the
maximum for TPTD screw system. A previous cadaveric
study had reported familiar results. In an in vitro
compression investigation, St Clair et al [33] found that
loaded with bending motion the screw was easy to pierce
from the anterior part of upper vertebra. Another in vitro
biomechanical investigation by Aghayev et al [15] reported
that TPTD screw system had been proven with immediate
stabilisation; however, the data of TPTD screw with the
interbody cage were unavailable, which was investigated
by our present study. Besides, we also provided detailed
information about stress and ROM.

The ROMs were decreased dramatically for two recon-
structed fusion models with screws and interbody cage
compared with intact model under six angles of motions.
However, the ROM decreased in the BPSS model was slightly
more than that in the TPTD models; these results were
similar to those of the cadaveric studies [15,32]. Our finite
element analysis suggested a comparable stability for TPTD
screw system with BPSS in axial rotation, slightly less
stiffness in flexion, extension and lateral bending. But, both
reconstructions can provide immediate stability for lumbar
spine.

There were some advantages of finite element analysis
used in our study. First, the stress condition of screw and
internal vertebral structure can be quantified in the finite
element model, which cannot be investigated in in vitro
investigation. Second, easy availability and constancy of
the finite element model allowed repeated test on it.
Moreover, with finite element analysis, different surgical
procedures can be designed and modified on it. With ac-
curate measurement on it, the dimension of surgical mea-
surements can be designed more reasonable. Finally, cost-
effectiveness of finite element analysis was another sig-
nificant superiority compared with in vitro biomechanical
investigation. However, as a simulation technology, finite
element model cannot completely imitate the condition of
a complex spine structure. Some of them had to be
simplified for valid calculating. Besides, the validation of
the model had to rely on consistency with the data of
in vitro biomechanical investigation.

Conclusions

Our finite element analysis suggested that the technique of
TPTD screw fixation combined with interbody cage can
provide stable biomechanical properties for lumbar spine.
The decreased ROMs of flexion, extension and lateral
bending were slightly more in the BPSS model than in the
TPTD model, and ROMs of axial rotation were similar be-
tween the BPSS model and TPTD model. The screws’ peak
stress of TPTD screw focused on the L4eL5 intervertebral
space region, and more caution should be put at this site for
the fatigue breakage.
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[6] Wang YXJ, Káplár Z, Deng M, Leung JC. Lumbar degenerative
spondylolisthesis epidemiology: a systematic review with a
focus on gender-specific and age-specific prevalence. J
Orthop Transl 2017;11:39e52.

[7] Muggleton JM, Kondracki M, Allen R. Spinal fusion for lumbar
instability: does it have a scientific basis? Clin Spine Surg 2000;
13(3):200e4.

[8] Ropper AH, Zafonte RD. Sciatica. N Engl J Med 2015;372(13):
1240e8 [eng].

[9] Hwang D, Kim S, Abeydeera NA, Statum S, Masuda K,
Chung CB, et al. Quantitative magnetic resonance imaging of
the lumbar intervertebral discs. Quant Imaging Med Surg 2016;
6(6):744e55 [eng].

[10] Wang YX, Wang JQ, Kaplar Z. Increased low back pain preva-
lence in females than in males after menopause age: evi-
dences based on synthetic literature review. Quant Imaging
Med Surg 2016;6(2):199e206 [eng].

[11] Pull ter Gunne AF, Cohen DB. Incidence, prevalence, and
analysis of risk factors for surgical site infection following
adult spinal surgery. Spine 2009;34(13):1422e8 [eng].

[12] Lonstein JE, Denis F, Perra JH, Pinto MR, Smith MD, Winter RB.
Complications associated with pedicle screws. J Bone Joint
Surg Am 1999;81(11):1519e28 [eng].

[13] Grob D, Humke T, Dvorak J. Direct pediculo-body fixation in
cases of spondylolisthesis with advanced intervertebral disc
degeneration. Eur Spine J 1996;5(4):281e5 [eng].

[14] Birkenmaier C, Suess O, Pfeiffer M, Burger R, Schmieder K,
Wegener B. The European multicenter trial on the safety and
efficacy of guided oblique lumbar interbody fusion (GO-LIF).
BMC Musculoskelet Disord 2010;11:199 [eng].

[15] Aghayev K, Gonzalez-Blohm SA, Doulgeris JJ, Lee 3rd WE,
Waddell JK, Vrionis FD. Feasibility and biomechanical per-
formance of a novel transdiscal screw system for one level in
non-spondylolisthetic lumbar fusion: an in vitro investigation.
Spine J 2014;14(4):705e13 [eng].

[16] Wu AM, Tian NF, Wu LJ, He W, Ni WF, Wang XY, et al. A
radiological and cadaveric study of oblique lumbar interbody
fixation in patients with normal spinal anatomy. Bone Jt J
2013;95-B(7):977e82 [eng].

[17] Wu AM, Ni WF, Shao ZX, Kong XJ, Tian NF, Huang YX, et al.
Percutaneous posterior transdiscal oblique screw fixation with
lateral interbody fusion: a radiological and cadaveric study.
Eur Spine J 2015;24(4):852e8 [eng].

[18] Pintar FA, Yoganandan N, Myers T, Elhagediab A, Sances Jr A.
Biomechanical properties of human lumbar spine ligaments. J
Biomech 1992;25(11):1351e6 [eng].
[19] Wagner DR, Lotz JC. Theoretical model and experimental
results for the nonlinear elastic behavior of human annulus
fibrosus. J Orthop Res 2004;22(4):901e9 [eng].

[20] Guan Y, Yoganandan N, Zhang J, Pintar FA, Cusick JF,
Wolfla CE, et al. Validation of a clinical finite element model
of the human lumbosacral spine. Med Biol Eng Comput 2006;
44(8):633e41 [eng].

[21] Goel VK, Ramirez SA, Kong W, Gilbertson LG. Cancellous bone
Young’s modulus variation within the vertebral body of a liga-
mentous lumbar spine e application of bone adaptive remod-
eling concepts. J Biomech Eng 1995;117(3):266e71 [eng].

[22] Yamamoto I, Panjabi MM, Crisco T, Oxland T. Three-dimen-
sional movements of the whole lumbar spine and lumbosacral
joint. Spine 1989;14(11):1256e60 [eng].

[23] Siebert KG. Design of adaptive finite element software. 2005.
[24] Shirazi-adl SA, Shrivastava SC, Ahmed AM. Stress analysis of

the lumbar disc-body unit in compression a three-dimensional
nonlinear finite element study. Spine 1984;9(2):120e34.

[25] Shirazi-Adl A, Ahmed A, Shrivastava S. A finite element study
of a lumbar motion segment subjected to pure sagittal plane
moments. J Biomech 1986;19(4):331e50.

[26] Shirazi-Adl A. Finite-element evaluation of contact loads on
facets of an L2eL3 lumbar segment in complex loads. Spine
1991;16(5):533e41.

[27] Wang W, Zhang H, Sadeghipour K, Baran G. Effect of
posterolateral disc replacement on kinematics and stress
distribution in the lumbar spine: a finite element study. Med
Eng Phys 2013;35(3):357e64 [eng].

[28] Charriere E, Sirey F, Zysset PK. A finite element model of the
L5-S1 functional spinal unit: development and comparison
with biomechanical tests in vitro. Comput Methods Biomech
Biomed Eng 2003;6(4):249e61 [eng].

[29] Heuer F, Schmidt H, Claes L, Wilke HJ. Stepwise reduction of
functional spinal structures increase vertebral translation and
intradiscal pressure. J Biomech 2007;40(4):795e803 [eng].

[30] Schmidt H, Heuer F, Drumm J, Klezl Z, Claes L, Wilke HJ.
Application of a calibration method provides more realistic
results for a finite element model of a lumbar spinal segment.
Clin Biomech 2007;22(4):377e84 [eng].

[31] Panjabi MM, Oxland TR, Yamamoto I, Crisco JJ. Mechanical
behavior of the human lumbar and lumbosacral spine as shown
by three-dimensional load-displacement curves. J Bone Jt
Surg Am 1994;76(3):413e24 [eng].

[32] Wu A-M, Harris JA, Hao JC, Jenkins SM, Chi Y-L, Bucklen BS.
Biomechanical properties of posterior transpedicularetransdiscal
oblique lumbar screw fixation with novel trapezoidal lateral
interbody spacer: an in vitro human cadaveric model. Eur Spine J
2017:1e10. Epub ahead of print.

[33] St Clair S, Tan JS, Lieberman I. Oblique lumbar interbody
fixation: a biomechanical study in human spines. J Spinal
Disord Tech 2012;25(4):183e9 [eng].

http://refhub.elsevier.com/S2214-031X(18)30033-0/sref4
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref4
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref4
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref5
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref5
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref5
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref6
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref6
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref6
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref6
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref6
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref7
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref7
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref7
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref7
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref8
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref8
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref8
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref9
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref9
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref9
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref9
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref9
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref10
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref10
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref10
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref10
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref10
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref11
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref11
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref11
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref11
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref12
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref12
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref12
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref12
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref13
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref13
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref13
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref13
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref14
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref14
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref14
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref14
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref15
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref16
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref16
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref16
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref16
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref16
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref17
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref17
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref17
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref17
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref17
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref18
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref18
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref18
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref18
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref19
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref19
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref19
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref19
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref20
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref20
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref20
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref20
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref20
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref21
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref22
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref22
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref22
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref22
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref23
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref24
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref24
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref24
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref24
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref25
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref25
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref25
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref25
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref26
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref26
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref26
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref26
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref26
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref27
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref27
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref27
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref27
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref27
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref28
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref28
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref28
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref28
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref28
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref29
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref29
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref29
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref29
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref30
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref30
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref30
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref30
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref30
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref31
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref31
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref31
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref31
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref31
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref32
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref33
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref33
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref33
http://refhub.elsevier.com/S2214-031X(18)30033-0/sref33

	Biomechanical properties of novel transpedicular transdiscal screw fixation with interbody arthrodesis technique in lumbar  ...
	Introduction
	Materials and methods
	Model validation
	Model of TPTD screw system
	Model of BPSS
	Boundary and loading condition

	Results
	Screws' stress analysis of two reconstructed models
	Comparison of ROM for two reconstructed models

	Discussion
	Conclusions
	Funding
	Conflicts of interest
	Appendix A. Supplementary data
	References


