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Biomechanical Evaluation of Transforaminal
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Objective: To investigate the biomechanics of transforaminal lumbar interbody fusion (TLIF) with interspinous process
device (IPD) or pedicle screw fixation under both static and vibration conditions by the finite element (FE) method.

Method: A validated FE model of the L1-5 lumbar spine was used in this study. This FE model derived from computed
tomography images of a healthy female adult volunteer of appropriate age. Then the model was modified to simulate
L3-4 TLIF. Four conditions were compared: (i) intact; (ii) TLIF combined with bilateral pedicle screw fixation (BPSF);
(iii) TLIF combined with U-shaped IPD Coflex-F (CF); and (iv) TLIF combined with unilateral pedicle screw fixation (UPSF).
The intact and surgical FE models were analyzed under static and vibration loading conditions respectively. For static
loading conditions, four motion modes (flexion, extension, lateral bending, and axial rotation) were simulated. For
vibration loading conditions, the dynamic responses of lumbar spine under sinusoidal vertical load were simulated.

Result: Under static loading conditions, compared with intact case, BPSF decreased range of motion (ROM) by 92%,
95%, 89% and 92% in flexion, extension, lateral bending and axial rotation, respectively. While CF decreased ROM by
87%, 90%, 69% and 80%, and UPSF decreased ROM by 84%, 89%, 66% and 82%, respectively. Compared with CF,
UPSF increased the endplate stress by 5%–8% in flexion, 7%–10% in extension, 2%–4% in lateral bending, and
decreased the endplate stress by 16%–19% in axial rotation. Compared with CF, UPSF increased the cage stress by
9% in flexion, 10% in extension, and decreased the cage stress by 3% in lateral bending, and 13% in axial rotation.
BPSF decreased the stress responses of endplates and cage compared with CF and UPSF. Compared BPSF, CF
decreased the facet joint force (FJF) by 6%–13%, and UPSF decreased the FJF by 4%–12%. During vibration loading
conditions, compared with BPSF, CF reduced maximum values of the FJF by 16%–32%, and vibration amplitudes by
22%–35%, while UPSF reduced maximum values by 20%–40%, and vibration amplitudes by 31%–45%.

Conclusion: Compared with other surgical models, BPSF increased the stability of lumbar spine, and also showed
advantages in cage stress and endplate stress. CF showed advantages in IDP and FJF especially during vertical vibra-
tion, which may lead to lower risk of adjacent segment degeneration. CF may be an effective alternative to pedicle
screw fixation in TLIF procedures.
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Introduction

Transforaminal lumbar interbody fusion (TLIF) has been
a common surgical procedure for the treatment of low

back pain.1 TLIF may cause less neurologic injury and allow
a large footprint interbody cage through a small incision.2

To achieve effective fusion, pedicle screw fixation is com-
monly used in conjunction with the TLIF procedure. Several
studies have demonstrated the effectiveness of pedicle screw
fixation in preventing subsidence and pseudoarthrosis.3,4

However, previous studies have reported that the traditional
pedicle screw system increased motion and stress at adjacent
segments,5,6 which may lead to adjacent segment degenera-
tion (ASD) in the long term. According to previous clinical
studies, the incidence of radiographic ASD ranged from 5.2%
to 100%.7 In addition, traditional pedicle screw fixation may
be associated with complications such as screw misplace-
ment, pedicle breakage, screw loosening, and loss of correc-
tion.8 Biomechanical studies have also suggested that rigid
pedicle screw system may lead to stress concentration in
implants, especially in middle regions of the rods and neck
regions of the screws.9

Recently, in order to reduce the undesirable complica-
tions of traditional lumbar fusion, the interspinous process
device (IPD) has been developed as an alternative in treating
lumbar degenerative diseases. An IPD is a flexible system
which may preserve movement and improve load transmis-
sion of the lumbar spine.10 By distraction of the distance
between adjacent spinous processes, the diameter of the
intervertebral foramen and spinal canal area is enlarged, and
the dura and lumbar nerve roots are decompressed.11 Com-
pared with pedicle screw fixation, IPD may achieve compara-
ble clinical and radiologic outcomes, with shorter operative
time, less intraoperative blood loss, and shorter hospital
stay.12 Due to its minimal invasive characteristics, IPD has
attracted more attention from surgeons and researchers in
recent years. Some IPDs can be used stand-alone to
maintain segmental motion,13,14 such as X-Stop (Medtronic,
Minneapolis, MN, USA), Coflex (Paradigm Spine, Wurmlingen,
Germany), DIAM (Medtronic Sofamor Danek, Paris, France),
and Wallis (Abbott Spine, Austin, TX, USA) systems, while the
others can be used for supplementary fixation in lumbar inter-
body fusion,15 such as Coflex-F (Paradigm Spine, Wurmlingen,
Germany) and SPIRE (Medtronic, Memphis, TN, USA)
systems.

Coflex-F is a U-shaped IPD which can be used as an
adjunct to fusion. It is a modified structure of the original
Coflex device (addition of two rivets) and can be more rig-
idly attached to spinous processes. Several studies have been
conducted to investigate the biomechanical behavior of
Coflex-F device. An in vitro study of Kettler et al.16 showed
that the Coflex-F device strongly stabilized the surgical seg-
ment especially in flexion, and decreased range of motion
(ROM) in extension, lateral bending and axial rotation com-
pared with other IPDs. Lo et al.17 compared the biomechan-
ics of Coflex-F combined with TLIF and anterior lumbar
interbody fusion (ALIF) respectively. They found that

Coflex-F combined with TLIF had lower stability than when
combined with ALIF. Guo et al.18 also optimized the struc-
ture of Coflex-F device to decrease stress concentration in
the implant. By topology optimization methods, they
reduced the volume of Coflex-F device by 8%, and the opti-
mized structure can provide stability at the surgical segment
in all motion modes. Park et al.19 studied the influence of
the Coflex-F device on spinous process fracture by the finite
element (FE) method. They reported that the addition of
pre-tension on the Coflex-F device increased the stability at
the surgical level in flexion and extension, but also increased
spinous process fracture risk.

Although these studies have provided valuable insights
into the biomechanics of the Coflex-F device, the influence
of the Coflex-F device on cage subsidence and facet joint
force (FJF) has not been investigated. Moreover, most previ-
ous studies were conducted under static loads, and the
dynamic performance of the Coflex-F device under whole
body vibration (WBV) remained unclear. In daily life,
patients may be inevitably exposed to WBV caused by vehi-
cles, which is more dangerous compared with static loads. In
previous biomechanical research, Guo et al.20 studied the
stress responses of lumbar spine under vibration loads and
static loads respectively. They reported that compared with
static loads, vibration loads with equivalent magnitude
(40 N) increased the axial displacement and intradiskal pres-
sure (IDP) of lumbar spine by 314.5% and 242.4%. There-
fore, it is necessary to study the dynamic performance of
lumbar spine after surgery.

Using a validated FE model may be helpful in under-
standing the role of Coflex-F device in lumbar spine. There-
fore, the aims of this FE study are: (i) to investigate the
biomechanics of TLIF with Coflex-F and pedicle screw fixa-
tion; and (ii) to investigate the biomechanical effects of the
Coflex-F device under both static and vibration conditions.
One intact model (L1-5 lumbar spine) and three TLIF
models with various fixation options were developed. Static
and vibration loading conditions were performed respec-
tively. The results of ROM, endplate stress, cage stress, FJF
and IDP were calculated and analyzed.

Materials and Methods

Finite Element Models of the Lumbar Spine
A previously developed and validated FE model21 of the
intact human L1-5 lumbar spine was used in this study
(Fig. 1A). The geometry of the lumbar spine was obtained
from 0.7-mm-thick computed tomography (CT) scans of a
healthy adult female without previous spinal degeneration or
mental disease (age 37 years, height 158 cm, weight 52 kg).
A total of 492 CT images were transformed into a 3D geo-
metric model in medical format. Then the geometric model
was meshed in Hypermesh (Altair Technologies, Inc.,
Freemont, CA, USA). This FE model included cortical bone,
cancellous bone, posterior bone, intervertebral disk and
seven kinds of ligaments. The thickness of cortical bone was
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1 mm, and the thickness of cartilaginous endplate was
0.5 mm. All the ligaments were meshed by tension-only truss
elements. The contact between the facet joints was simulated
by frictionless surface-to-surface contact.22-24 The intact
model included 120,978 nodes and 555,063 elements. Finally,
the L1-5 lumbar spine model was imported into Abaqus
(Simulia, Inc., Providence, RI, USA) to perform FE analysis.
The computer for the simulation is Think Station (Lenovo
Group Ltd, Beijing, China.) with 64 GB memory and
24 processors.

Two loading conditions were implemented. The first
loading condition was for validation of the intact FE model.
With the inferior surface of L5 fixed in all directions, four
pure moments (8 Nm flexion, 6 Nm extension, 6 Nm lateral
bending, and 4 Nm torsion) were applied at the center of the
superior surface of L1. Furthermore, by applying increasing
preload values to the lumbar model (100, 200, 300, and
400 N), the IDP and the axial displacement of L4-5 were
compared with the previous experimental results. The second
loading condition was applied to both intact and surgical
models to evaluate biomechanical behaviors. A moment of
7.5 Nm was applied at the center of the superior surface of
L1 to simulate flexion, extension, lateral bending, and torsion
motion. In addition, a 280 N follower load, which represents
the partial body weight, 12 was applied along the curvature
of the lumbar spine bilaterally using a set of connector ele-
ments. For surgical models, the displacement control was
applied to obtain the same L1-5 ROM of the intact model.
Finally, the ROM, IDP, and FJF were calculated.

To simulate the TLIF procedure, total nucleus
pulposus, partial annulus and unilateral facet joint were

removed at the L3-4 segment. The TLIF cage was inserted at
the L3-4 disk space with various fixation options (Figs 1B,C,
D). The following conditions were compared: (i) intact;
(ii) TLIF combined with bilateral pedicle screw fixation
(BPSF); (iii) TLIF combined with Coflex-F (CF); and
(iv) TLIF combined with unilateral pedicle screw fixation
(UPSF). The pedicle screws (45 mm in length and 6 mm in
diameter) were interconnected by longitudinal rods (6 mm in
diameter). In order to simulate the long-term effects after
instrumentation, the bone-screw and bone-cage interfaces
were set as tie constraints.25,26 For the Coflex-F device (8 mm
in height), the teeth were simplified by assigning a high fric-
tion coefficient of 0.8, and the friction coefficient was set to
0.1 for the rest of the contact areas.19 The material properties
were summarized in Table 1.

Model Validation
The intact L1-5 FE model was validated against the previous
experimental results. With four pure moments applied at the
L1 segment, the predicted ROMs were compared with the
results of a previously published cadaveric study by Renner
et al.27 In addition, by applying increasing preload values to
the lumbar spine, the IDP and axial displacement of L4-5
were compared with the experimental results by Berkson
et al.28 and Brinckmann et al.29

Boundary Conditions
The inferior surface of the L5 segment was constrained in all
directions. A follower load of 280 N was applied along the
curvature of the lumbar spine bilaterally to represent
the physiologic compressive loading induced by muscles.

A B C D

Fig. 1 FE models of the lumbar spine. (A) Intact model; (B) TLIF with BPSF; (C) TLIF with CF; (D) TLIF with UPSF. The intact L1-5 lumbar model was

established by scanning the lumbar of a 37-year-old female volunteer through 0.7-mm-thick CT. The geometric model was meshed in Hypermesh

software
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The static and vibration loading conditions were performed
respectively. For static loading conditions, a moment of
7.5 Nm was applied to the L1 segment of the intact model to
simulate four motion modes (flexion, extension, lateral

bending and axial rotation). The hybrid loading method was
applied to the surgical models to produce the same amount
of motion of the intact model in four motion modes. For
vibration conditions, a sinusoidal vertical load of �40 N,

TABLE 1 Material properties used in the FE models

Component Young’s modulus (MPa) Poisson ratio Cross-sectional area (mm2) Density (kg/mm3)

Cortical bone 12,000 0.3 1.7e-6
Cancellous bone 100 0.2 1.1e-6
Posterior bone 3500 0.25 1.4e-6
Endplate 24 0.25 1.2e-6
Nucleus pulposus 1 0.49 1.02e-6
Annulus fibrosus 4.2 0.45 1.05e-6
Anterior longitudinal 20 0.3 63.7 1.0e-6
Posterior longitudinal 20 0.3 20 1.0e-6
Ligament flava 19.5 0.3 40 1.0e-6
Interspinal 11.6 0.3 40 1.0e-6
Supraspinal 15 0.3 30 1.0e-6
Intertransverse 58.7 0.3 3.6 1.0e-6
Capsular 32.9 0.3 60 1.0e-6
Pedicle screws (Ti) 110,000 0.3 4.5e-6
Coflex-F (Ti) 110,000 0.3 4.5e-6
Cage 3500 0.3 1.32e-6

A

B C

Fig. 2 Comparison between the current FE model and previous in vitro study. (A) ROM of each segment; (B) L4-5 IDP; (C) L4-5 axial displacement.

According to the figure, the predicted results of the current FE model were comparable to the results of in vitro studies
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which simulated the WBV conditions of human body, was
imposed on the superior surface of the L1 segment at a fre-
quency of 5 Hz, and the loading duration was 2 s.30

Main Outcomes
The following parameters were investigated in this study.

Range of Motion
Range of motion was defined as the rotation angle of each
segment of the lumbar spine. In this study, the inferior sur-
face of the L5 segment was fixed in all directions, and the
rotation angle of each segment was measured. For example,
the range of motion of L3-4 segment was equal to the rota-
tion angle of L3 minus the rotation angle of L4. Range of
motion was one of the most important indicators to assess
the lumbar motion function.

Endplate Stress
Endplate stress was defined as the maximum value of the
stresses in the elements used to model the cartilage endplate.
This parameter represented the loads transmitted to the
adjacent segments, and was one of the most important indi-
cators to assess the risk of cage subsidence.

Cage Stress
Cage stress was defined as the maximum value of the stresses
in the elements used to model the cage. This parameter

Fig. 3 ROM at the fusion segment in four motion modes. According to

the figure, BPSF provided the highest stability at the surgical segment.

Compared with UPSF, the ROM of CF was lower in flexion, extension

and lateral bending, but higher in axial rotation

A B

C D

Fig. 4 Endplate stress. (A) Maximum stress of the L3 inferior endplate under static loads; (B) Maximum stress of the L4 superior endplate under

static loads; (C) Dynamic responses of the L3 inferior endplate stress; (D) Dynamic responses of the L4 superior endplate stress. According to the

figure, compared among the surgical models, BPSF produced the lowest endplate stresses during both static and vibration loading conditions
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represented the effective loads on the cage, and was investi-
gated to assess the risk of implant breakage and cage
subsidence.

Facet Joint Force
Facet joint force was defined as the average value of the con-
tact force in the elements used to model the facet joints. This
parameter represented the bearing capacity of the facet joint,
and was one of the indicators to assess facet joint pain.

Intradiscal Pressure
Intradiscal pressure was defined as the maximum value of
the pressures in the elements used to model the inter-
vertebral disk. This parameter represented the pressure
transmitted by the intervertebral disk, and was one of the
most indicators to assess the risk of lumbar degeneration.

Results

Model Validation
Under four pure moments, the ROM of each segment was
validated. The predicted ROM was within one standard devi-
ation of the results derived from the biomechanical cadaver
measurements (Fig. 2A). Under increasing preload values,
the predicted results of the L4-5 IDP and axial displacement
were also comparable to the results of previous in vitro stud-
ies (Figs 2B,C). Therefore, the FE model was proved to be
valid and reliable.

Range of Motion
Under static loading conditions, the predicted ROM at surgi-
cal segment was displayed in Fig. 3. After the TLIF proce-
dure, the ROM decreased substantially in all motion modes.
Compared with intact case, ROM of BPSF decreased by 92%,
95%, 89% and 92% in flexion, extension, lateral bending and
axial rotation, respectively. In addition, ROM of CF
decreased by 87%, 90%, 69% and 80%, and ROM of UPSF
decreased by 84%, 89%, 66% and 82%. Compared among
surgical models, ROM of BPSF was the minimum in all
motion modes. Compared with UPSF, CF showed lower
ROM in flexion, extension and lateral bending.

Endplate Stress
Figures 4A,B compared the maximum endplate stresses
under static loads. After TLIF surgery, the predicted endplate
stresses increased significantly in all motion modes. Com-
pared with other surgical models, BPSF demonstrated the
lowest endplate stress. Compared with CF, UPSF increased
the endplate stress by 5%–8% in flexion, 7%–10% in exten-
sion, and 2%–4% in lateral bending, respectively. While
in axial rotation, UPSF decreased the endplate stress by
16%–19% compared with CF.

Under vertical vibration, the dynamic responses of
endplate stresses were displayed in Figs 4C,D. The results of
the maximum and minimum values and vibration ampli-
tudes are summarized in Table 2. Compared with other sur-
gical models, BPSF demonstrated the lowest dynamic
responses of the endplate stresses, followed by CF. Compared
with BPSF, CF increased maximum values of the endplate
stresses by 22%–38%, and vibration amplitudes by 46%–59%,
while UPSF increased maximum values by 26%–49%, and
vibration amplitudes by 70%–77%.

Cage Stress
Under static loading conditions, the cage stress was displayed
in Fig. 5A. Cage stress of BPSF was lower than those of CF

TABLE 2 Quantitative comparisons of biomechanical perfor-
mance during static loading conditions

Range of motion UPSF ≥ CF > BPSF
Endplate stress UPSF ≈ CF > BPSF
Cage stress UPSF ≈ CF > BPSF
Facet joint force BPSF > CF ≈ UPSF
Intradiscal pressure BPSF > UPSF ≈ CF

A B

Fig. 5 Cage stress. (A) Maximum cage stress under static loads; (B) Dynamic responses of the cage stress. According to the figure, compared

among the surgical models, BPSF showed the lowest cage stresses during both static and vibration loading conditions

2344
ORTHOPAEDIC SURGERY

VOLUME 14 • NUMBER 9 • SEPTEMBER, 2022
BIOMECHANICAL EVALUATION OF TLIF WITH COFLEX-F AND PEDICLE SCREW

FIXATION



and UPSF in all motion modes. Compared with CF, UPSF
increased the cage stress by 9% in flexion, 10% in extension,
and decreased the cage stress by 3% in lateral bending, and
13% in axial rotation, respectively.

Under vertical vibration, the dynamic responses of
cage stress are shown in Fig. 5B. UPSF showed significantly
higher dynamic responses of cage stress than those of BPSF
and CF. Compared with UPSF, BPSF reduced maximum
values of the cage stress by 35%, and vibration amplitudes by
68%, while CF reduced maximum values by 20%, and vibra-
tion amplitudes by 53%, respectively.

Facet Joint Force
Figures 6A,B displayed the FJF at adjacent segments under
static loads. FJF of BPSF was slightly higher than those of CF
and UPSF in all motion modes except for flexion. Compared
with BPSF, CF decreased the FJF by 6%–7% in extension,
6%–13% in lateral bending, and 7%–11% in axial rotation,
while UPSF decreased the FJF by 9%–11% in extension,
8%–12% in lateral bending, and 4%–6% in axial rotation,
respectively.

Under WBV, the dynamic responses of FJF were
shown in Figs 6C,D. It was observed that CF and UPSF
showed similar FJF during vertical vibration, while BPSF
demonstrated the highest dynamic responses. Compared
with BPSF, CF reduced maximum values of the FJF by 16%–
32%, and vibration amplitudes by 22%–35%, while UPSF
reduced maximum values by 20%–40%, and vibration ampli-
tudes by 31%–45%.

Intradiskal Pressure
Under static loads, the IDPs at adjacent levels were displayed
in Figs 7A,B. After TLIF, the IDPs at adjacent levels
increased in all motion modes. The IDP of BPSF was slightly
higher than those of CF and UPSF. Compared among all
surgical models, CF showed the lowest IDP in axial rotation.

Under vertical vibration, the dynamic responses of
IDPs at adjacent levels were shown in Figs 7C,D. UPSF dem-
onstrated the highest dynamic responses of IDP, followed by
BPSF. Compared with UPSF, BPSF decreased maximum
values of the IDP by 8%–11%, and vibration amplitudes by
9%–16%, while CF decreased maximum values by 31%–33%,
and vibration amplitudes by 36%–46%, respectively.30

A B

C D

Fig. 6 FJF at adjacent levels. (A) L2-3 FJF under static loads; (B) L4-5 FJF under static loads; (C) Dynamic responses of L2-3 FJF under vertical

vibration; (D) Dynamic responses of L4-5 FJF under vertical vibration. According to the figure, compared with BPSF, CF and UPSF showed advantages

in FJF at adjacent segments during both static and vibration loading conditions
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Discussion

Influence of Static Loading Conditions on Biomechanics
The aim of IPD is to enhance the stability after alleviating
the nerve compression at the surgical segment.31 Previous
clinical literatures reported that stand-alone IPDs achieved
satisfactory results in the short-to-long term.32 In the current
study, static analysis was performed on the FE models under
flexion, extension, lateral bending and axial rotation.
Although the unilateral pedicle screw fixation for TLIF has
been proved with satisfactory clinical outcomes,33 several
biomechanical studies demonstrated that it is significantly
less stable than BPSF.34 In current research, as shown in
Fig. 3, a similar trend was found. In addition, compared with
UPSF, the ROM of CF was lower in flexion, extension and
lateral bending, but higher in axial rotation. One possible
reason may be that the Coflex-F device distracted the facet
joints, which are essential in controlling axial rotation.11 The
risk of cage subsidence may be associated with the stresses in
cage and endplates.35 Compared with UPSF, as shown in
Figs 4A,B and 5A, BPSF produced significantly lower
endplate stress and cage stress in four motion modes, imply-
ing a lower risk of subsidence in BPSF model. Fang et al.36

also reported that BPSF could reduce the maximum stresses

on the endplate, especially in flexion and extension, which
was consistent with the findings of the current study.

In addition, CF decreased the stresses in cage and
endplates in flexion and extension compared with UPSF. At
adjacent segments, CF and UPSF showed smaller values of
IDP and FJF than BPSF in four motion modes (Figs 6A,B
and 7A,B), which may be beneficial to prevent adjacent seg-
ment degeneration in the long term. This finding was consis-
tent with the results of Guo et al.5 who reported that stiffer
posterior fixation increased the load at adjacent segments.
Table 2 quantitatively compared the biomechanical perfor-
mance of CF, BPSF and UPSF during static loading condi-
tions. In general, under static loading conditions, the
influence of CF was between that of BPSF and UPSF.

Effects of Vibration Loading Conditions on
Biomechanics
Previous studies have reported that vertical vibration signifi-
cantly increased stresses in lumbar disks,20 which is more
dangerous compared with static loading conditions.9,20 How-
ever, few studies have investigated the dynamic performance
of TILF with Coflex-F and pedicle screw fixation during
WBV. Therefore, in the current study, an axial sinusoidal
load of �40N at a frequency of 5 Hz was applied for vertical

A B

C D

Fig. 7 IDP at adjacent segments. (A) L2-3 IDP under static loads; (B) L4-5 IDP under static loads; (C) Dynamic responses of the L2-3 IDP;

(D) Dynamic responses of the L4-5 IDP. According to the figure, compared among the surgical models, CF showed the lowest IDP especially during

vibration loading conditions
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vibration condition. This load mode was also adopted in pre-
vious studies to simulate the condition when a person was
sitting in vehicles,3,9 and the value of 5Hz was close to the
experimental results of the first resonant frequency of human
lumbar spine.37 As displayed in Figs 4C,D and 5B, during
vertical vibration, BPSF showed the lowest stress responses
in endplates and cage. This result implied that BPSF may
have a lower risk of cage subsidence during vertical vibra-
tion, which agreed with a previous FE study:3 BPSF
decreased the vibration amplitudes of endplate stresses by
46.4%–48.0%. In addition, the current study also found that
CF decreased the stress responses in endplates and cage com-
pared with UPSF. At adjacent segments, CF and UPSF signif-
icantly decreased the dynamic responses of FJF compared
with BPSF (Figs 6C,D). Furthermore, CF also showed the
lowest dynamic responses in IDP compared among all
the surgical models (Figs 7C,D). This may be explained by
the flexibility of the Coflex-F device, and its U-shaped struc-
ture absorbed some vibration energy during WBV. This find-
ing implies that CF may be beneficial to alleviate adjacent
segment disease and facet joint pain, especially during verti-
cal vibration. Table 3 quantitatively compared the biome-
chanical performance of CF, BPSF and UPSF during
vibration loading conditions. Table 4 summarized the results
of the dynamic responses.

Main Findings Analysis of this Study
Previous studies have evaluated the biomechanical effects of
IPD under static loads. Some biomechanical studies16,18

reported that IPD mainly controlled ROM in flexion and
extension, but with less influence on lateral bending and
rotation. This finding was consistent with the results of the
current study (Fig. 3). One previous FE study17 also reported
that IPD resulted in higher endplate stresses and lower
ROMs than pedicle screw fixation at surgical segment, and a
similar trend was found in current research (Fig. 4). In addi-
tion, we found that IPD decreased the stresses at adjacent
segments compared with bilateral pedicle screws, which was
consistent with the findings of Guo et al.5 who reported that
BPSF increased the IDP by 99%–116%, and FJF by 18%–60%
at adjacent segments. In addition to static loads, we also sim-
ulated vibration loading conditions.

Our results showed that BPSF increased the stability of
the lumbar spine, and it also decreased the stress responses
of endplates and cage under both static and vibration condi-
tions, which may be associated with a lower risk of cage sub-
sidence. However, BPSF produced higher stress responses at
adjacent segments, implying a higher risk of adjacent seg-
ment degeneration. In a previous FE study conducted by
Wang et al.,38 the results showed that BPSF significantly
increased the ROM at adjacent segments by 5%–51%, which
was much higher than that in IPD fixation. Compared with
BPSF, UPSF decreased the stresses at adjacent segments, but
some studies have reported that UPSF was not stable enough
to prevent cage migration.33 One possible reason may be
that UPSF resulted in asymmetry.33 In general, under static
loading condition, the influence of CF was between that of
UPSF and BPSF. During vertical vibration, CF significantly
decreased the stress responses of IDP and FJF at adjacent
segments. Therefore, from a biomechanical point of view,
CF may offer an alternative to traditional pedicle screw fix-
ation in TLIF procedures. Certainly, it should be pointed
out that there were associated complications of using IPDs
for lumbar diseases, such as spinous process fracture and
device dislocation.39,40 The higher reoperation rate was
also an important factor. The usage of IPD should be eval-
uated discreetly.

TABLE 3 Quantitative comparisons of biomechanical perfor-
mance during vibration loading conditions

Endplate stress UPSF > CF > BPSF
Cage stress UPSF > CF > BPSF
Facet joint force BPSF > UPSF ≈ CF
Intradiscal pressure UPSF > BPSF > CF

TABLE 4 The maximum and minimum values and vibration amplitudes of the dynamic responses

BPSF
CF

UPSF

Dynamic responses Max Min VA Max Min VA Max Min VA

Endplate stress (MPa)
L3 inferior 11.66 5.52 6.14 16.09 6.35 9.74 17.36 6.54 10.82
L4 superior 12.39 8.81 3.58 15.15 9.90 5.25 15.73 9.63 6.10

Cage stress (MPa)
TLIF cage 9.10 6.02 3.08 11.34 6.86 4.48 14.09 4.49 9.60

FJF (N)
L2-3 49.89 1.26 48.63 41.59 3.78 37.81 40.36 7.09 33.27
L4-5 106.24 0 106.24 72.44 3.12 69.32 64.06 5.63 58.43

IDP (MPa)
L2-3 1.12 0.27 0.85 0.84 0.24 0.60 1.25 0.31 0.94
L4-5 0.76 0.34 0.42 0.57 0.30 0.27 0.83 0.33 0.50

Abbreviations: Max, maximum value; Min, minimum value; VA, vibration amplitude, VA = Max – Min.
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Limitations
The limitations in the present FE study should be pointed
out. First, only one unique FE model was employed, the sim-
ulated results might not be representative of average person.
In the current model, the material properties were simplified
to be linear elastic although the components of lumbar spine
have nonlinear material property in reality. However, the
tendency of the predicted results would not be significantly
changed. In addition, although a follower load was applied, it
could not thoroughly represent the passive effects of the
muscles, which played an important role in lumbar spine sta-
bilization. Furthermore, the current FE model did not simu-
late degenerative characteristics such as collapsed disk
height, spondylolisthesis, or degenerative facet joints.

Conclusion
The current study investigated the biomechanical perfor-
mance of TLIF with Coflex-F or pedicle screw fixation under
both static and vibration loading conditions. Compared with
other surgical models, BPSF increased the stability of lumbar
spine, and also showed advantages in cage stress and
endplate stress. Under static loading conditions, the influence

of CF was between that of UPSF and BPSF. During vertical
vibration, CF showed advantages in IDP and FJF, which may
lead to lower risk of adjacent segment degeneration. From a
biomechanical point of view, CF may be an effective alterna-
tive to pedicle screw fixation in TLIF procedures. In clinical
practice, the usage of IPD should be evaluated discreetly.
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