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ABSTRACT

Objective: This study aimed to investigate the mechanical stability of a modified pedicle screw fixator and compare it with unilateral
lumbopelvic fixation for treating sacroiliac joint disruption using finite element simulation technology.

Methods: The digital model of a normal spine-pelvis-femur containing the main pelvic and lumbar ligaments was established based on
computed tomography images. A sacroiliac joint disruption model was built and validated, which was stabilized with the models of a
modified pedicle screw fixator or unilateral lumbopelvic fixation. A 400 N follower loading was applied to the lumbar vertebrae for the 2
fixation models to analyze displacement and stress distribution. In addition, the construct stiffness was calculated.

Results: The peak amounts of sacral vertical displacement, horizontal displacement, posterior displacement, and overall displacement

were 0.70 mm, 0.17 mm, 0.73 mm, and 0.88 mm, respectively, in the modified pedicle screw fixator model, which were less than those in

the unilateral lumbopelvic fixation model (1.17 mm, 0.31 mm, 2.21 mm, and 2.29 mm, respectively). Compared with unilateral lumbopel-

vic fixation, the percentage decreases of the modified pedicle screw fixators were 40.2%, 45.2%, 67.0%, and 61.6%, respectively. The peak

stress of the internal fixation and pelvis in the modified pedicle screw fixator model was 351.23 MPa and 39.91 MPa, which has 15.5%

and 70.4% lower than in the unilateral lumbopelvic fixation model. The construct stiffness of the modified pedicle screw fixator (571 N/
m) was 67% better than that of unilateral lumbopelvic fixation (342 N/mm).

Conclusion: The finite element simulation results showed that the modified pedicle screw fixator model demonstrated smaller sacral
displacement, fewer stresses on the internal fixation and bone, and higher construct stiffness compared with the unilateral lumbopelvic
fixation model. Thus, the modified pedicle screw fixator may provide biomechanical advantages over unilateral lumbopelvic fixation in

the treatment of sacroiliac joint disruption.

Introduction

The sacroiliac joint transmits the upper body force to
the lower limbs, and its integrity is a pivotal part of
the pelvis.! The sacroiliac joint disruption is a severe
injury involved in high-energy trauma and is com-
monly related to significant mortality.>* This type of
injury is usually vertically and rotationally unstable,
and non-operative treatment could not obtain a sat-
isfactory outcome. In recent years, surgical manage-
ment for stabilizing the disrupted sacroiliac complex
is considered the preferred method.* However, the
results of operative treatment are far from satisfac-
tory,” and the best management for fixing sacroiliac
joint disruption remains controversial.

Currently, there are various surgical techniques for
treating sacroiliac joint disruption, including sacro-
iliac screw, anterior sacroiliac plate, posterior locked
plate, transiliac internal fixator (TIFI), etc.®'* The sac-
roiliac screw technique has become a commonly used
method for stabilizing the pelvis due to less invasive
trauma. However, this treatment requires an exten-
sively experienced surgeon and has a higher incidence

of sacroiliac screw misplacement and neurovascular
injury than other fixation methods.!"'* Moreover, the
percutaneous sacroiliac screw cannot offer sufficient
mechanical stability for sacroiliac joint disruption.’
The TIFI is an innovative instrument using pedicle
screws on both sides combined with a transverse rod
to restore the structural stability of the posterior ring.
In a clinical series of unstable posterior pelvic injuries,
Hua et al® demonstrated that satisfactory outcomes
could be achieved when using the internal fixation of
TIFI. However, TIFI was biomechanically weaker than
the sacroiliac screw in the sacroiliac joint disruption
model.** Lumbopelvic fixation was initially described
by Kéch and Trentz," and it was proven to be effective
in fixing vertically unstable posterior pelvic injuries.'®
However, lumbopelvic fixation cannot achieve ade-
quate mechanical stability rotationally because it only
resists vertical forces of the posterior ring.

Clinically, surgeons should pay attention to the
mechanical stability of fixation instruments for the
treatment of sacroiliac joint disruption. Therefore,
our research team designed an innovative technique
for treating vertically rotationally unstable posterior
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pelvic injuries based on the concept of TIFIL. The key innovation of
the modified pedicle screw fixator lies in the vertical structure of
TIFI and lumbar pedicle screws, simulating an integrated framework
structure to substantially improve the resistance to vertical and shear
forces of the disrupted sacroiliac complex after osteosynthesis of
the posterior ring, for which a Chinese patent was granted in 2022
(Z1.202121751481.1).

This study aimed to investigate the mechanical stability of a modi-
fied pedicle screw fixator and compare it with unilateral lumbopelvic
fixation for treating sacroiliac joint disruption using finite element
simulation technology. The displacement, von Mises stress, and con-
struct stiffness were analyzed and compared. We tested the hypoth-
esis that the modified pedicle screw fixator would provide superior
mechanical stability and might provide a basis for the selection of a
suitable technique in surgical management.

Material and methods

Three-dimensional modeling

In the current study, one healthy male (age 31 years; weight 70 kg;
height: 176 cm) was selected and signed the informed consent prior to
the study. The volunteer underwent a series of X-rays to exclude lum-
bar spine, pelvis, and femur injury or deformity. Ethical approval was
granted before the initiation of the study from the Ethics Committee
of Shanghai Pudong New Area People’s Hospital (Approval No: 2022-
K70; Date: July 28, 2022).

The lumbar vertebra, pelvic ring, and proximal parts of the femurs
were scanned using a 128-slice computed tomography for geometry
reconstruction with a slice thickness of 1 mm. Then, the software
Mimics 21.0 (Materialize, Belgium) was used to build a normal

HIGHLIGHTS

«  The sacroiliac joint disruption usually results in vertical and rotational insta-
bility of the posterior ring. This biomechanical study aimed to compare a
modified pedicle screw fixator and a unilateral lumbopelvic fixation for treat-
ing sacroiliac joint disruption.

*  Results showed smaller peak amounts of sacral vertical displacement, hori-
zontal displacement, posterior displacement, and overall displacement, fewer
peak stresses on the internal fixation and pelvis, and higher axial stiffness for
modified pedicle screw fixator, compared with unilateral lumbopelvic fixation.

The results demonstrate that the modified pedicle screw fixator could provide
superior mechanical stability for sacroiliac joint disruption.

Table 1. Material properties of the ligaments used in the simulations

Material K (N/mm)
Anterior sacroiliac ligament 700
Interosseous sacroiliac ligament 2800
Posterior sacroiliac ligament 1400
Sacrotuberous ligament 1500
Sacrospinous ligament 1400
Iliolumbar ligament 1000
Superior pubic ligament 500
Arcuate pubic ligament 500
Inguinal ligament 250
Anterior longitudinal ligament 23.75
Posterior longitudinal ligament 26.15
Intertransverse ligament 9.8
Supraspinous ligament 9.8

spine-pelvis-femur model based on the clinical computed tomog-
raphy images. The Geomagic Studio 2017 software (3D System,
USA) was applied for smoothing and the creation of non-uniform
rational B-splines (NURBS). Next, the SolidWorks 2017 software
(Dassault Systemes SolidWorks Gorp., USA) was used to modify the
3-dimensional solid model. To mimic the effects of soft tissues, the
main pelvic and lumbar ligaments were reconstructed, as shown
in Table 1.

The left anterior sacroiliac ligament, interosseous sacroiliac liga-
ment, posterior sacroiliac ligament, and articular cartilage of the
normal spine-pelvis-femur model were removed to mimic left sac-
roiliac joint disruption. The 3-dimensional internal fixation models
(modified pedicle screw fixator and unilateral lumbopelvic fixation)
were established in the software SolidWorks. The modified pedicle
screw fixator was developed by connecting TIFI and L4-L5 pedicle
screws. TIFI was formed by using iliac screws (7.0 mm X 55 mm) on
both sides connected to a 6-mm diameter transverse rod. The lumbar
pedicle screws L4-L5 (6.5 mm x 45 mm) were connected by a 6-mm
diameter longitudinal rod, and then connected to TIFI with a 4-mm
diameter rod, as presented in Figure 1A. The unilateral lumbopelvic
fixation was developed by connecting 2 lumbar pedicle screws and
one iliac screw, as presented in Figure 1B. The position, direction,
and depth of the pedicle screws and iliac screws of the internal fixa-
tion were the same. The 2 implants were assembled with the sacro-

iliac joint disruption model according to an experienced surgeon, as
shown in Figure 2.

Figure 1. (A, B) Three-dimensional geometric models of the modified pedicle screw fixator (A), and unilateral lumbopelvic fixation (B).
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Figure 2. (A, B) Finite element model of the left sacroiliac joint disruption fixed by the modified pedicle screw fixator (A), and unilateral lumbopelvic fixation (B).

The models of sacroiliac joint disruption and internal fixation were
assembled and input into ANSYS Workbench 17 (ANSYS, Inc., USA)
for finite element analysis. The models were discretized into 10-node
tetrahedron elements. Convergence tests were conducted to deter-
mine the optimal element size, and the mesh size of the bone and the
internal fixation was set to 4 mm. After meshing, the modified ped-
icle screw fixator model had 205 482 elements and 379 064 nodes,
and there were 199 646 elements and 368 874 nodes in the unilateral
lumbopelvic fixation model.

Material properties setting

The material properties of the spine-pelvis—femur and internal fixa-
tion were regarded as homogeneous, linear, elastic, and isotropic.
The main pelvic and lumbar ligaments were approximated as ten-
sion-only spring elements, and the properties of the main ligaments
are expressed in stiffness (N/mm), as shown in Table 1. Each part of
the internal fixation used in this study was made of titanium alloy.
The material property parameters used in the finite element models
are summarized in Table 2.7

Boundary conditions and load setting

In the current study, boundary conditions were made in finite ele-
ment software ANSYS Workbench. The ends of the proximal femur
on both sides were entirely fixed in all degrees of freedom to mimic
double stance standing. The facet joints and spinous processes were
considered perfectly bonded. The sacroiliac joint and symphysis

Table 2. Material properties of the tissues and implants in this study

Material Young’s modulus (Mpa) Poisson’s ratio
Lumbar cortical bone 12 000 0.3
Lumbar cancellous bone 100 0.2
Pelvis cortical bone 12 000 0.3
Pelvis cancellous bone 100 0.2
Femur cortical bone 15 000 0.3
Femur cancellous bone 100 0.2
Annulus fibrosus 1 0.499
Nucleus pulposus 1 0.499
Posterior elements 3500 0.25
Pubic symphysis 5 0.45
Sacroiliac cartilage 54 0.4
Articular cartilage 100 0.3
Titanium alloy 110 000 0.3

pubis were assumed to have frictionless contacts. The hip joints were
modeled as fully bonded joints. The internal fixation was fully tied
to the bone; pedicle screws and iliac screws were fully locked to the
rod. A 400 N follower loading was applied to the lumbar vertebrae to
mimic the weight of the upper body."

Evaluation criteria

In the finite element simulation, the peak sacral displacement and
construct stiffness were chosen as indices of the mechanical stabil-
ity of the injured pelvis fixed by internal fixation. The peak amounts
of sacral vertical displacement (Z-axis), horizontal displacement
(X-axis), posterior displacement (Y-axis), and overall displacement
were measured and compared between the 2 models. Construct stiff-
ness was defined by the ratio of the peak sacral vertical displacement
to a 400 N follower load. The von Mises stress of the internal fixation
and pelvis was also evaluated.

Results

Model validation

A 500 N vertical loading was applied to the first lumbar vertebra
to validate our established finite element model. The peak stress of
the current study was 22.0 MPa for the normal spine-pelvis-femur
model, and the stress value of the bone was consistent with the pub-
lished results (13.5~25.7 MPa)." The axial stiffness of our finite ele-
ment simulation was 180.03 N/mm for the sacroiliac joint disruption
model, and the computer computation agreed with the experimental
data (193.2 + 33.06 N/mm) reported by Comstock et al.*°

Table 3. Parameters results

Modified pedicle Unilateral lumbopelvic
Parameters screw fixator fixation
Peak sacral vertical 0.70 1.17
displacement (mm)
Peak sacral horizontal 0.17 0.31
displacement (mm)
Peak sacral posterior 0.73 2.21
displacement (mm)
Peak sacral overall 0.88 2.29
displacement (mm)
Peak stress of the internal 351.23 415.82
fixation (Mpa)
Peak stress of the pelvis (Mpa) 39.91 134.98
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Figure 3. (A, B) Overall displacement distribution (mm) of the sacrum in the modified pedicle screw fixator (A), and unilateral lumbopelvic fixation (B).

Displacement of the sacrum

The displacement distributions of the sacrum are illustrated in
Table 3. The peak entire displacement was located at the top of the
sacrum for the 2 models, as presented in Figure 3. The peak amounts
of sacral vertical displacement, horizontal displacement, posterior
displacement, and overall displacement were 0.70 mm, 0.17 mm,
0.73 mm, and 0.88 mm, respectively, in the modified pedicle screw
fixator model, which were obviously less than those in the unilateral
lumbopelvic fixation model (1.17 mm, 0.31 mm, 2.21 mm, and 2.29
mm, respectively). Compared with unilateral lumbopelvic fixation,
the percentage decreases of the modified pedicle screw fixator were
40.2%, 45.2%, 67.0%, and 61.6%, respectively.

Von Mises stress

Table 3 and Figure 4 show the stress distribution of the internal fixa-
tion. The von Mises stress of the internal fixation was concentrated on
the connecting rod between TIFI and L4-L5 pedicle screws in the mod-
ified pedicle screw fixator model, and the stress was concentrated on
the longitudinal rod at the upper edge of the iliac screw in the unilat-
eral lumbopelvic fixation model. The peak stress value of the internal
fixation in the modified pedicle screw fixator was 351.23 MPa, about
15.5% lower than that of unilateral lumbopelvic fixation (415.82 MPa).

Table 3 and Figure 5 depict the stress distribution of the pelvis. The
von Mises stress of the pelvis consistently occurred around the con-
tact area between the iliac screw and cortical bone for the 2 models,
and the peak stress value of the pelvis in the modified pedicle screw
fixator was 39.91 MPa, about 70.4% lower than that of unilateral lum-
bopelvic fixation (134.98 MPa).

Construct stiffness

The axial stiffness of the modified pedicle screw fixator was 571 N/
mm under 400 N follower loading, and the value was 342 N/mm in

10000 (mm)

unilateral lumbopelvic fixation. For the disruption-implant assembly,
the axial stiffness of the modified pedicle screw fixator model was
67% better than that of the unilateral lumbopelvic fixation model.

Discussion

The best treatment for fixing sacroiliac joint disruption remains con-
troversial, although a wide number of surgical management options
have been introduced previously.*’® At present, each method has its
own advantages and disadvantages, and no fixation technique has
been demonstrated to be the perfect choice. In recent years, the tech-
nique of lumbopelvic fixation has played a vital role in the treatment
of sacroiliac joint disruption, utilizing a single or double pedicle screw
construct to connect the spine and the pelvis. However, lumbopelvic
fixation resists vertical forces of the posterior ring only, while shear
forces cannot be addressed.* Currently, the pedicle screw construct
has evolved into various internal fixation treatments.”** Triangular
fixation is one of these techniques, which combines a pedicle screw-
rod fixator and a sacroiliac screw fixation. The pedicle screw-rod fix-
ator addresses vertical forces, while the sacroiliac screw resists shear
forces, thereby providing multiplanar stability for vertically unstable
posterior pelvic injuries.?* However, there is still room for improve-
ment in internal fixation design. The innovation of the concept of
the modified pedicle screw fixator lies in the vertical and integrated
framework structure of TIFI and lumbar pedicle screws, improving
the resistance to vertical and shear forces of the disrupted sacroiliac
complex. Our results found that the modified pedicle screw fixator
had superior mechanical stability in the treatment of sacroiliac joint
disruption, which might provide a basis for the selection of a suitable
technique in surgical management.

Computer simulation is the most commonly used method to inves-
tigate the mechanical stability of internal fixation in orthopedic

10000 (mm)

Figure 4. (A, B) Von Mises stress distribution (MPa) of the internal fixation in the modified pedicle screw fixator (A), and unilateral lumbopelvic fixation (B).
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Figure 5. (A, B) Von Mises stress distribution (MPa) of the pelvis in the modified pedicle screw fixator (A), and unilateral lumbopelvic fixation (B).

biomechanical research. In our study, we made a sacroiliac joint dis-
ruption model stabilized with the modified pedicle screw fixator or
unilateral lumbopelvic fixation to evaluate the biomechanical differ-
ences. In terms of the peak amounts of sacral vertical displacement,
horizontal displacement, posterior displacement, and overall dis-
placement, the percentage decreases for the modified pedicle screw
fixator were 40.2%, 45.2%, 67.0%, and 61.6%, respectively. The results
demonstrated that the modified pedicle screw fixator model could
obtain better fixation stability compared to the unilateral lumbopel-
vic fixation model. Song et al** biomechanically compared unilateral
and bilateral lumbopelvic fixation in comminuted sacral fractures
based on the finite element method and found that the unilateral
lumbopelvic fixation model is insufficient to resist 3-dimensional
rotational shear forces. Thus, the authors concluded that unilateral
lumbopelvic fixation cannot provide sufficient stability for unilat-
eral sacral fractures. Our study further confirmed that the stability
was enhanced in the fixation model with bilateral pelvic fixation
in the treatment of unilateral sacroiliac joint disruption. We believe
that the modified pedicle screw fixator and unilateral lumbopelvic
fixation both belong to the single pedicle screw construct extending
from the spine to the pelvis. In the current study, an iliac screw was
added to the modified pedicle screw fixator model. Moreover, the
connecting rod between the iliac screws on both sides constitutes a
whole, which can improve the resistance to vertical and shear forces.
Thus, the peak amounts of sacral vertical displacement, horizontal
displacement, posterior displacement, and overall displacement in
the modified pedicle screw fixator model were obviously less than
those of unilateral lumbopelvic fixation. Our results were compatible
with the biomechanical study of Gierig et al® who proved that an
additional transverse connector in the bilateral lumbopelvic fixation
model apparently increased the resistance to rotational shear forces
in sacral fractures. Biomechanically, the unilateral lumbopelvic fixa-
tion is insufficient to provide vertical and lateral stability, respec-
tively, for sacroiliac joint disruption.

Von Mises stress has been proved to be associated with the danger of
internal fixation failure.”* The von Mises stress of the internal fixa-
tion in the modified pedicle screw fixator model was concentrated
on the connecting rod between TIFI and L4-L5 pedicle screws, and
the stress was concentrated on the longitudinal rod at the upper edge
of the iliac screw in the unilateral lumbopelvic fixation model. The
peak stress in unilateral lumbopelvic fixation was 415.82 MPa, and
the value in the modified pedicle screw fixator decreased by 15.5%.
Our finding was comparable to the previous study,” which dem-
onstrated that an additional transverse connector could decrease
approximately 10% peak stress around the fracture site. Owing to
the excellent configuration distribution, internal fixation stress in
the modified pedicle screw fixator model was reduced compared
to the unilateral lumbopelvic fixation model. From the view of

biomechanics, the modified pedicle screw fixator had a compara-
tively low danger of internal fixation failure. Nevertheless, the ulti-
mate strength of the internal fixation material was 1024 MPa,”” and
the peak stress of our established fixation models did not surpass the
above-mentioned value. Although the connecting rod of the unilat-
eral lumbopelvic fixation model withstood higher shear forces, the
ultimate strength of the fixation material was much higher than the
peak stress of the connecting rod. Thus, the biomechanical character
might decrease the danger of internal fixation failure.

The lower peak stress of the pelvis reveals that the model has a
lower danger of pelvic breakage. In the present study, the von Mises
stress of the pelvis for both fixation models consistently occurred
around the contact area between the iliac screw and cortical bone.
The peak von Mises stress value can be regarded as the main pre-
dictor of fixation failure. The peak stress value of the pelvis in the
modified pedicle screw fixator model was about 70.4% lower than
that of the unilateral lumbopelvic fixation model. Therefore, the cor-
tical bone of unilateral lumbopelvic fixation had a higher danger of
pelvic breakage. Moreover, the yield strength of cortical bone in the
literature was 150 MPa,?® but the peak stress of pelvic bone in modi-
fied pedicle screw fixator and unilateral lumbopelvic fixation was
39.91 MPa and 134.98 MPa, respectively. Under the same loading,
the peak stress was much higher for unilateral lumbopelvic fixation.
Our results showed that the cortical bone of unilateral lumbopelvic
fixation demonstrated a relatively high danger of iliac screw loos-
ening. However, the peak stress of pelvic bone did not exceed the
yield strength for the 2 models. Through this study, it was found
that the modified pedicle screw fixator, characterized by the ver-
tical and integrated frame structure, could demonstrate less stress
distribution, which might be important to improve the prognosis of
sacroiliac joint disruption.

However, there are several limitations in the present study. Firstly,
there are various forces and moments on the spine-pelvis-femur,
while only axial load was applied to the model in this simulation.
Secondly, the muscle tissues were ignored in this experiment to
reduce the complexity of the analysis. Furthermore, only sacroiliac
joint dislocation was simulated in this study, without considering
posterior ring fractures and superior pubic ramus fractures. Finally,
the internal fixation and bone were simplified into homogeneous, lin-
ear, elastic, and isotropic materials. However, the computer simula-
tion was generally in agreement with previous in vitro studies.

In conclusion, the finite element simulation results showed that the
modified pedicle screw fixator model demonstrated smaller sacral
displacement, fewer stresses on the internal fixation and bone, and
higher construct stiffness compared with the unilateral lumbopelvic
fixation model. Thus, the modified pedicle screw fixator may provide
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mechanical advantages over unilateral lumbopelvic fixation in the
treatment of sacroiliac joint disruption.
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