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Abstract: A hybrid fixation method, using a combination of vertebroplasty and cement-augmented
screws, has been demonstrated as a useful technique for securing osteoporotic burst fractures. The
purpose of this study was to assess changes in the range of motion (ROM) and stress in the spine
after treating a lumbar burst fracture with this hybrid method. Five finite element models were
developed: (a) intact lumbar spine (INT), (b) INT with vertebroplasty at L3 (AwC), (c) two-segment
fixation of AwC (AwC-TSF), (d) AwC-TSF model with cement-augmented screws (AwC-TSF-S), and
(e) INT with an L3 burst fracture treated with two-segment fixation (TSF). After loading, the models
were evaluated in terms of the ROM of each motion segment, stiffness of fusion segments, and
stresses on the endplates and screws. The results showed that the TSF model has a larger ROM at
the instrumented segments than both the AwC-TSF and AwC-TSF-S models. The stiffness at L2–L4
under extension and lateral bending in AwC-TSF, AwC-TSF-S and TSF was approximately nine times
greater than the INT model. In conclusion, the hybrid fixation method (AwC-TSF-S) results in a stiffer
construct and lower ROM at instrumented segments, which may also reduce the risk of fracture of
adjacent vertebrae.

Keywords: finite element analysis; vertebroplasty; cement-augmented screws; lumbar burst fractures;
two-segment fixation

1. Introduction

Pedicle instrumentation is considered a safe and effective technique for treating osteoporotic
burst fractures because of the stability offered to the spine in the initial postoperative period [1–3].
Instrumented fixation is often used to limit the movement of one or two segments in an effort to
preserve spinal motion following a thoracolumbar burst fracture.

A number of studies comparing long segment fixation (stabilization of two levels above and
below the fracture level) and short segment pedicle instrumentation reported a higher number of
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hardware-related failures with short segment fixation, such as screw bending, screw pull-out at upper
segments, and screw fracture at long term follow-up [4–6].

Methods for treating thoracolumbar burst fractures aim to decompress the spinal canal and
stabilize the spine to prevent progressive kyphotic spinal deformity. A hybrid fixation method using
vertebroplasty and cement-augmented screws has been demonstrated as a practical technique for
treating such burst fractures [7,8]. Kim et al. [9] reported that patients treated with cement-augmented
short segment fixation, with or without posterolateral bone fusion, better maintained the vertebral
height, and were less susceptible to screw loosening than patients treated with non-cement-augmented
short segment fixation with posterolateral bone fusion.

Increasing the bending strength and pull-out strength of cement-augmented screws has been
proposed as a method for improving long-term fixation [10], but the biomechanical effect of secondary
fractures and adjacent vertebral bodies filled with bone cement on the adjacent segments is not clear.
Secondary fractures at adjacent vertebral bodies after percutaneous vertebroplasty remains a serious
complication, and may place the segment at greater risk of developing osteoporosis [11,12]. Cho et
al. [13] reported that high stiffness-augmented bone cement increases the stress on the inferior endplate
and cortical bone at the adjacent vertebral body. However, no studies to date have examined how a
hybrid fixation method using vertebroplasty and cement-augmented screws may affect the adjacent
vertebral bodies following treatment of an osteoporotic burst fracture.

Post-traumatic kyphotic deformity or non-union/secondary vertebral fractures can be detrimental
to a patient’s lifestyle and often cause persistent back pain and spinal instability [14]. Biomechanical
studies have shown that long-segment fixation is superior to four-screw constructs for unstable
thoracolumbar burst fractures, because it increases the stiffness of the implant and reduces the
collapse rate of the fractured body [15]. However, short-segment fixation can preserve the mobility
of motion segments, and hence, is becoming a popular alternative for unstable burst fractures. But,
the downside of using short-segment fixation alone, is that it has been reported with a high incidence
of implant failure and secondary kyphotic deformity [4–6]. Theoretically, cement augmentation
can provide anterior support for vertebral burst fractures, allowing for short-segment posterior
fixation with cement-augmented pedicle screws which can enhance the anchoring strength and
bending stiffness of the segment. This hybrid fixation method combines vertebroplasty with
short-segment cement-augmented fixation. However, few studies to date have evaluated the effect
of augmentation on the adjacent vertebral endplate [13]. The aim of this study was to evaluate the
effect of cement augmentation on adjacent vertebrae after osteoporotic vertebroplasty supplemented
with cement-augmented screws for the treatment of thoracolumbar burst fractures. In addition,
biomechanical data from pedicle screws with and without bone cement augmentation in a short-segment
fixation model was evaluated.

2. Materials and Methods

A finite element model of 5-level intact lumbar spine was created using the software ANSYS 15.0
(ANSYS Inc., Canonsburg, PA, USA). The geometry of the intact vertebrae was obtained from the
CT images of a healthy male. In order to simplify the model, a specialized command in ANSYS was
used to rotate, translate and scale the L3 vertebral body to produce the L1, L2, L4 and L5 vertebral
bodies. These bodies were then aligned as a lordotic intact lumbar spine (INT), as shown in Figure 1a.
Details of model validation, material properties (Table 1) and convergency testing are included in
previous studies [16–20]. Figure 1a illustrates the complete lumbar model including vertebrae (L1–L5),
intervertebral discs (IVDs) and seven ligaments. The IVDs are composed of an annulus fibrosus and
nucleus pulposus, with the ground substance embedded with 12 double-crosslinked fiber layers. The
annulus fibrosus was considered as an incompressible and hyper-elastic material modeled using a
2-parameter (C1, C2) Mooney–Rivlin formulation [18], while the nucleus pulposus was considered as
an incompressible fluid.
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Figure 1. Finite element model of the (a) intact (INT) lumbar spine implanted with (b) spinal posterior 
fixation system, cement augmentation at the L3 vertebra and (c) the cement-augmented pedicle 
screws at L2 and L4 in AwC-TSF-S. *The ligaments are: ALL, anterior longitudinal ligament; PLL, 
posterior longitudinal ligament; TL, transverse ligament; LF, ligamentum flavum; ISL, interspinous 
ligament; SSL, supraspinous ligament; CL, capsular ligament. 

Table 1. The material properties of intact spine and instrumented models. 

Material Young’s modulus (MPa) Poisson’s ratio 
Cortical bone [18] 12,000 0.2 
Cancellous bone [18] 300/100 0.2 
Annulus fibrous [18] Mooney–Rivlin 

c1 = 0.18, c2 = 0.045 
NA 

Nucleus pulposus [18] Mooney–Rivlin 
c1 = 0.12, c2 = 0.03 

NA 

Ligaments [18] Hyper-elastic NA 
Bone Cement [19] 2300 0.33 
Pedicle screw (Titanium alloy) [20] 113,000 0.3 

NA = not applicable. 

Five finite element models were developed in this study: a) intact lumbar spine (INT) without 
implants (Figure 1a); b) INT model with augmentation with cement at L3 to simulate a burst fracture 
(30% cancellous bone were replaced by bone cement) with anatomical reduction (AwC); c) AwC 
model with two-segment fixation at L2–L4 (AwC-TSF, Figure 1b); d) AwC-TSF model with cement-

Figure 1. Finite element model of the (a) intact (INT) lumbar spine implanted with (b) spinal posterior
fixation system, cement augmentation at the L3 vertebra and (c) the cement-augmented pedicle screws
at L2 and L4 in AwC-TSF-S. *The ligaments are: ALL, anterior longitudinal ligament; PLL, posterior
longitudinal ligament; TL, transverse ligament; LF, ligamentum flavum; ISL, interspinous ligament;
SSL, supraspinous ligament; CL, capsular ligament.

Table 1. The material properties of intact spine and instrumented models.

Material Young’s Modulus (MPa) Poisson’s Ratio

Cortical bone [18] 12,000 0.2
Cancellous bone [18] 300/100 0.2
Annulus fibrous [18] Mooney–Rivlin

c1 = 0.18, c2 = 0.045
NA

Nucleus pulposus [18] Mooney–Rivlin
c1 = 0.12, c2 = 0.03

NA

Ligaments [18] Hyper-elastic NA
Bone Cement [19] 2300 0.33
Pedicle screw (Titanium alloy) [20] 113,000 0.3

NA = not applicable.

Five finite element models were developed in this study: (a) intact lumbar spine (INT) without
implants (Figure 1a); (b) INT model with augmentation with cement at L3 to simulate a burst fracture
(30% cancellous bone were replaced by bone cement) with anatomical reduction (AwC); (c) AwC model
with two-segment fixation at L2–L4 (AwC-TSF, Figure 1b); (d) AwC-TSF model with cement-augmented
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(cylindrical cement volume 1.0 cm3) pedicle screws (AwC-TSF-S, Figure 1c); (e) INT model with an L3
burst fracture with anatomical reduction and two-segment fixation at L2/L4 only (TSF, Figure 1b). The
implant used in this study was a CB PROT II Posterior Spinal System (Chin Bone Corp., Taiwan; US
FDA 510(k): K142655), which is composed of titanium alloy screws of diameter 5.5 mm connected by
titanium alloy rods (Figure 1b). All implants were modeled using 8-node solid elements.

The interfaces between facet articular surfaces were treated as standard contact pairs at all levels.
A hybrid multidirectional test method developed by Panjabi [21] was used to assess the effect of
implantation on the levels adjacent to the fusion segment. The upper surface of the first lumbar
vertebra was first loaded with a 150 N axial load, and then subjected to a pure unconstrained moment.
All degrees of freedom on the bottom nodes of the fifth vertebra of all models were constrained. The
moment was increased in increments of 0.36 Nm until the ROM of the model (L1–L5) achieved 17◦ in
flexion, 10◦ in extension, 12◦ in left lateral bending and 10◦ in left torsion.

This study investigated lumbar motion and stress, including the ROM of each motion segment,
the stiffness of fusion segments, stresses on endplates and pedicle screws, and peak disc stresses under
flexion, extension, torsion and left lateral bending.

3. Results

Tables 2 and 3 and Figure 2 show that, in comparison to the INT model, the ROM decreased at the
L2–L3 and L3–L4 segments in all instrumented (AwC-TSF, AwC-TSF-S and TSF) models in flexion,
while the ROM of the AwC model was similar to the INT model at each motion segment. The ROM
of the instrumented models was similar in flexion, extension, lateral bending and torsion, and the
maximum ROM (over 200% increase over INT) occurred at L4–L5 in extension.

Table 2. Range of motion (ROM) of all motion segments in five finite element (FE) models.

L1–L2 L2–L3 L3–L4 L4–L5 TOTAL
ROM Torque Stiffness

Degree Nm Nm/degree

Flexion

INT 3.93 3.94 3.89 5.33 17.09 6.90 0.40

AwC 3.97 3.86 3.81 5.38 17.03 6.93 0.41

AwC-TSF 6.17 1.62 1.26 7.98 17.04 12.50 0.73

AwC-TSF-S 6.30 1.53 1.18 8.06 17.07 13.20 0.77

TSF 6.14 1.68 1.33 7.86 17.01 11.74 0.69

Extension

INT 2.80 2.39 2.25 2.21 9.65 6.90 0.71

AwC 2.80 2.39 2.25 2.21 9.65 6.90 0.71

AwC-TSF 3.77 0.78 0.57 4.53 9.65 10.85 1.12

AwC-TSF-S 3.87 0.74 0.54 4.55 9.70 11.70 1.21

TSF 3.77 0.81 0.60 4.44 9.61 10.56 1.10

Lateral
Bending

INT 3.30 3.17 2.98 2.88 12.33 5.10 0.41

AwC 3.27 3.20 3.01 2.85 12.33 5.11 0.41

AwC-TSF 5.08 0.96 0.70 5.33 12.08 7.87 0.65

AwC-TSF-S 5.16 0.92 0.67 5.36 12.11 8.40 0.69

TSF 5.06 0.99 0.74 5.28 12.06 7.44 0.62

Torsion

INT 1.95 2.21 2.59 3.63 10.38 9.30 0.90

AwC 1.94 2.22 2.60 3.61 10.38 9.32 0.90

AwC-TSF 2.27 1.65 2.19 4.26 10.37 12.17 1.17

AwC-TSF-S 2.29 1.59 2.11 4.35 10.34 13.20 1.28

TSF 2.21 1.70 2.29 4.16 10.36 11.71 1.13
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Table 3. Maximum von Mises stress in disc and endplate in five FE models.

Maximum Disc von-Mises Stress
(MPa) Maximum von Mises Stress of Endplate (kPa)

L1-L2 L2-L3 L3-L4 L4-L5 L1 bottom L2 top L2 bottom L3 top L3 bottom L4 top L4 bottom L5 top

values were normalized with respect to
INT. values were normalized with respect to INT.

Flexion

INT 892 769 649 766 5850 4760 5080 4020 4900 4190 5850 5580
AwC 102% 99% 100% 105% 100% 101% 103% 103% 104% 103% 102% 100%

AwC-TSF 157% 84% 84% 172% 183% 190% 86% 74% 77% 130% 189% 232%
AwC-TSF-S 158% 90% 87% 174% 186% 193% 83% 72% 74% 126% 192% 237%

TSF 157% 84% 84% 171% 182% 189% 85% 73% 76% 129% 189% 232%

Extension

INT 473 375 383 321 3650 4170 3520 3640 2310 3180 1940 2310
AwC 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

AwC-TSF 122% 57% 43% 160% 139% 136% 78% 72% 81% 102% 169% 227%
AwC-TSF-S 124% 59% 44% 164% 139% 136% 79% 73% 81% 103% 169% 227%

TSF 122% 57% 42% 159% 139% 136% 78% 72% 81% 102% 169% 227%

Lateral
Bending

INT 665 651 607 536 4510 3720 4330 3670 3980 3070 3990 3820
AwC 100% 101% 101% 100% 100% 101% 102% 103% 103% 102% 101% 100%

AwC-TSF 152% 48% 41% 167% 152% 160% 48% 38% 40% 200% 155% 134%
AwC-TSF-S 156% 46% 39% 171% 152% 160% 48% 38% 40% 201% 155% 134%

TSF 150% 47% 40% 164% 152% 160% 48% 38% 40% 200% 154% 134%

Torsion

INT 336 306 337 558 3420 2970 3300 2580 3300 2750 4330 4110
AwC 100% 100% 98% 100% 100% 100% 100% 100% 100% 100% 100% 100%

AwC-TSF 112% 100% 99% 119% 144% 147% 74% 74% 73% 197% 125% 119%
AwC-TSF-S 114% 100% 101% 121% 144% 147% 75% 74% 73% 197% 125% 119%

TSF 112% 100% 99% 119% 144% 147% 74% 74% 73% 197% 125% 119%
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Figure 3 shows that the stiffness of the instrumented models (AwC-TSF, AwC-TSF-S and TSF) 
was similar under all motions, and increased considerably at the L2–L4 segments, with the stiffness 
of the instrumented models being approximately nine times greater than the INT model when under 
extension and lateral bending. The stiffness of the cement augmentation model was similar to the 
INT model in all motions. 

Figure 2. (a) Range of motion of each motion segment in all implanted models, all values were
normalized with respect to intact. (b) Method to determining the ROM (θ1 represent the ROM angle
of L2-L3, θ2 represent the ROM angle of L3-L4); the cyan contour in solid line represent the lumbar
segments after motion.

Figure 3 shows that the stiffness of the instrumented models (AwC-TSF, AwC-TSF-S and TSF)
was similar under all motions, and increased considerably at the L2–L4 segments, with the stiffness of
the instrumented models being approximately nine times greater than the INT model when under
extension and lateral bending. The stiffness of the cement augmentation model was similar to the INT
model in all motions.
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Figure 3. Normalized stiffness of each model at L2–L4 segment in all implanted models.

The disc stress at the instrumented segments (L2–L3 and L3–L4) decreased in comparison to
the INT model in flexion (maximum decrease of 16% in AwC-TSF and TSF), extension (maximum
decrease of 58% in TSF) and left lateral bending (maximum decrease of 61% in AwC-TSF-S). However,
in contrast, the disc stress increased at the adjacent levels (L1–L2 and L4–L5), as shown in Figure 4.
The disc stress in the AwC model was similar to the INT model at each level.



Appl. Sci. 2020, 10, 2133 8 of 14Appl. Sci. 2019, 12, x FOR PEER REVIEW 8 of 14 

 

Figure 4. (a) Normalized maximum von Mises stress on the disc at each level in all implanted 
models. (b) von Mises stress distribution of the disc annulus under flexion for the INT and AwC-
TSF-S models. 

Figure 5 shows a clear reduction in stress on the endplate at the instrumented segments (AwC-
TSF, AwC-TSF-S and TSF), in comparison to the INT model in all motion conditions. The maximum 
reduction in endplate stress (over 50% reduction) occurred at the instrumented segments (AwC-TSF, 
AwC-TSF-S and TSF) in lateral bending. The adjacent levels in AwC-TSF, AwC-TSF-S and TSF 
demonstrated a considerable increase in stress, with the maximum increase (over 200% increase over 
the INT model) occurring at the adjacent level (L5) of the instrumented models in flexion and 
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Figure 4. (a) Normalized maximum von Mises stress on the disc at each level in all implanted models.
(b) von Mises stress distribution of the disc annulus under flexion for the INT and AwC-TSF-S models.

Figure 5 shows a clear reduction in stress on the endplate at the instrumented segments (AwC-TSF,
AwC-TSF-S and TSF), in comparison to the INT model in all motion conditions. The maximum
reduction in endplate stress (over 50% reduction) occurred at the instrumented segments (AwC-TSF,
AwC-TSF-S and TSF) in lateral bending. The adjacent levels in AwC-TSF, AwC-TSF-S and TSF
demonstrated a considerable increase in stress, with the maximum increase (over 200% increase over
the INT model) occurring at the adjacent level (L5) of the instrumented models in flexion and extension.
The endplate stress in the AwC model was similar to the INT model at each level.
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Figure 5. Normalized maximum von Mises stress on the endplate at each level in (a) flexion, (b) extension, (c) 
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In the instrumented models, the maximum von Mises stress on the pedicle screws occurred at 
L2 in the TSF model in torsion (443 MPa), while the minimum stress occurred at L2 in the AwC-TSF-
S model in extension (123 MPa), as shown in Figure 6. 

Figure 5. Normalized maximum von Mises stress on the endplate at each level in (a) flexion, (b)
extension, (c) lateral bending, and (d) torsion in all implanted models.

In the instrumented models, the maximum von Mises stress on the pedicle screws occurred at L2
in the TSF model in torsion (443 MPa), while the minimum stress occurred at L2 in the AwC-TSF-S
model in extension (123 MPa), as shown in Figure 6.
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Figure 6. Maximum von Mises stress on pedicle screws at L2 and L4.

4. Discussion

Vertebroplasty is often used to provide mechanical support to the anterior fractured column, thus
reducing the rate of collapse. Wu et al. [15] reported on a fractured vertebral collapse treated with
short segment fixation without vertebroplasty. In this current study, of all the instrumented models
simulated, only the TSF model was not supplemented with vertebroplasty, which lead to a noticeable
reduction in the flexion stiffness of the fixed segments. The models that combined vertebroplasty
with posterior fixation demonstrated a considerable increase in the flexion stiffness of the fracture site,
which could be reasonably expected to reduce the rate of vertebral collapse. Collapse of the greater
anterior column would increase the loading and stress on pedicle screws or rods [22,23], and thus, the
greatest von Mises stress was observed on the screws in the TSF model (i.e., without vertebroplasty)
in flexion (Figure 6). In contrast, the maximum von Mises stress on the pedicle screws decreased
considerably when the loading was shared by the fractured anterior column supplemented with bone
cement (AwC-TSF and AwC-TSF-S models).

The range of motion of the instrumented segments in the AwC-TSF-S model was lower than
in both the TSF and AwC-TSF models. The ROM is related to the displacement between the bone
and screw in the bone tunnel, with the result that an increase in ROM means greater displacement
or deformation at the bone–screw interface. The greater strain may lead to a “windshield wiper
effect" with subsequent enlargement of the bone tunnel and eventual loosening of the graft [24,25].
Bostelmann et al. [24] reported that the use of cement-augmented screws significantly increased the
number of load cycles achievable by the implanted segments in comparison to a non-augmented
control group. In this current study, the AwC-TSF-S group had the lowest range of motion of the
instrumented segments. The rigid anterior support and cement-augmented screws acted to reduce the
migration of the bone–screw interface, which may slow the progression of screw loosening and screw
cut out.

The stress on the adjacent discs in the AwC model was similar to the intact INT model. This
is likely because the mobility of the motion segments is not affected by the cement injected into the
vertebra during vertebroplasty. Of the instrumented models, the AwC-TSF-S model had the greatest
increase in stress on the adjacent disc, which was primarily due to the increased stiffness of the motion
segment due to the presence of the spinal implant [26–29].
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These findings demonstrate that the increased stiffness of the motion segments resulted in
greater stress on the adjacent disc (L1/L2 and L4/L5). As mentioned previously, the use of cement
augmentation does not noticeably limit spinal motion, and as such, the use of cement-augmented
pedicle screws would not induce greater loading on the discs in comparison to non-augmented screws.
Therefore, the mobility of the adjacent segments was similar between AwC-TSF and AwC-TSF-S.
Vertebroplasty also did not have much influence on the loading of adjacent segment discs after fixation
with rigid instrumentation.

The maximum von Mises stress on the endplate of the AwC model was similar to the INT model,
which is consistent with a study by Zhao et al. [30], and the von Mises stress on the adjacent vertebra
was only slightly greater. In contrast, Cho et al. [13] indicated that augmentation with bone cement
increases stress on the adjacent endplate. The results of this current study differ from those reported by
Cho, possibly because of differences in spinal levels, lordotic angle and loading conditions. One critical
difference is that Cho only created a 2-level spinal model, which is not large enough to incorporate a
lordotic angle. Moreover, because the lordotic angle and augmented vertebral body height of the AwC
model were the same as the intact model in this current study, this may also explain the relatively minor
difference in stress on the adjacent endplate. The variation in stress on each endplate showed a similar
trend for the TSF, AwC-TSF and AwC-TSF-S models under all motions. The presence of posterior
pedicle screws (AwC-TSF, AwC-TSF-S and TSF) acted to decrease the maximum von Mises stress on
the inferior endplate of L2 and the inferior/superior endplate of L3, while the stress increased on the
inferior endplate of L1, superior endplate of L2, inferior endplate of L4 and superior endplate of L5.
The use of cement-augmented screws (AwC-TSF-S) did not increase the stress on adjacent vertebrae.
A biomechanical study by Aquarius et al. [31] showed that using clinically-relevant amounts of
cement-augmentation did not lead to stress peaks under the endplate. It is therefore unlikely that bone
cement alone would cause detrimental stresses on the adjacent vertebrae that could lead to vertebral
fracture [32]. The results of this current study support the hypothesis that the use of cement-augmented
screws (AwC-TSF-S) does not put the adjacent vertebrae at increased risk of fracture.

There are a number of limitations to this study that should be identified. Previous studies reported
that the pull-out strength of screws is increased when augmented with cement [10,33], but the pull-out
strength was not evaluated directly in this current study. Given the complexity of the physiological
spine and variations in fracture types, the models simulated in this study were greatly simplified. Only
a specific single-level burst fracture (L3) was simulated, and kyphotic spinal deformity or anterior
column collapse were not considered in the unloaded condition; each group had the same angle of
lumbar lordosis in the initial unloaded condition. The structure of the vertebral body was assumed
to be isotropic and homogenous. The model also did not consider the mechanical effects of muscle
contraction, so true physiological loading was not adopted in this analysis.

The complexity of the human spine and variations in material properties and boundary conditions
makes it a suitable candidate for finite element modeling. Moreover, the finite element method often
provides advantages where there are such individual variations, allowing cause–effect relationships to
be isolated and fully explored.

5. Conclusions

The use of a hybrid fixation method combining vertebroplasty and cement-augmented screws
for securing thoracolumbar burst fractures resulted in a stiffer construct and lower von Mises stress
on the pedicle screws. The use of cement-augmented screw fixation (AwC-TSF-S) also decreased the
ROM of the instrumented segments, possibly slowing the progression of screw loosening. This study
showed that the use of cement-augmented screws does not put the adjacent vertebrae at increased risk
of fracture. In summary, the hybrid fixation method presented in this study can better stabilize the
spine and reduce the risk of implant failure.
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