MEDICAL
SCIENCE

CLINICAL RESEARCH

e-ISSN 1643-3750
© Med Sci Monit, 2021; 27: €932026
DOI: 10.12659/MSM.932026

L

MONITOR

RS Finite Element Analysis of Horizontal Screw-
Available online: 2021.08.31

Published: 2021.12.14 Screw Crosslink Used in C1-C2 Pedicle Screw-
Rod Fixation

Authors’ Contribution: AB 1,2,3 Beiping Ouyang* 1 The First School of Clinical Medicine, Southern Medical University, Guangzhou,

DStU‘éY\Fe“g”g BC 12 Xiaobao Zou™ GDuangdongy P?SChmTS G IH | of Southern Th C d of
ata Collection 2 Department of Spinal Surgery, General Hospital of Southern Theater Command o
pe 3 Chunshan Luo* ’ PR e ’

Statistical Analysis C People’s Liberation Army (PLA), Guangzhou, Guangdong, PR China
Data Interpretation D E3 Tlngsheng Lu 3 Department of Spine Surgery, Guizhou Orthopedics Hospital, Guiyang, Guizhou,

Manuscript Preparation E G 2 Hong Xia PR China
Literature Search F N
A 12 Xiangyang Ma

Funds Collection G

* Beiping Ouyang, Xiaobao Zou, and Chunshan Luo contributed equally and should be regarded as co-first authors
Corresponding Author: Xiangyang Ma, e-mail: maxy1001@126.com
Financial support: This work was supported by the Guangzhou Municipal Science and Technology Project (no. 201803010046); the National Natural
Science Foundation of China (no. 81672232); and the Science and Technology Planning Project of Guangdong Province (no.

2015B020233013)
Conflict of interest: None declared
Background: In the craniocervical junction, a C1-C2 pedicle screw-rod (PSR) fixation is applied to provide stability. The hori-

zontal rod-rod crosslink (hR-R CL) is often used to enhance segmental posterior instrumentation. However, the
biomechanics of the alternative horizontal screw-screw crosslink (hS-S CL) in the craniocervical junction are
unclear.

Material/Methods: A nonlinear atlantoaxial instability 3-dimensional C1-C2 finite element model was constructed using comput-
ed tomography images. On this basis, 2 fixation models were established with C1-C2 PSR fixation using (1) a
rod-rod crosslink (R-R CL), and (2) a screw-screw crosslink (S-S CL). Range of motion (ROM) of the atlantoaxi-
al joint, stress distribution of the implants, and maximum stress value of the vertebral bodies were calculated
and compared under 4 loading conditions, including flexion, extension, lateral bending, and axial rotation.

Results: Atlantoaxial joint ROM was reduced by 90.19% to 98.5% with the hR-R CL, and by 90.1% to 98.7% with the
hS-S CL, compared with the instability model. During axial rotation, the total stress peak of the PSR fixation
was smaller with hS-S CL than with hR-R CL. The peak stress values of the vertebral bodies were comparable
between the 2 fixation models.

Conclusions: The 2 tested crosslink models provided comparable stability. However, during axial rotation, the total stress
peak of hS-S CL fixation was smaller than that of hR-R CL fixation. Since the atlantoaxial joint primarily func-
tions as a rotational joint, our results suggested that the use of hS-S CL can provide a more stable environ-
ment for the implants.
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Background

Atlas (C1)-axis (C2) pedicle screw-rod (PSR) fixation has of-
ten been regarded as the criterion standard for treating at-
lantoaxial dislocation [1-3]. The atlantoaxial joint is responsi-
ble for over 50% of the axial rotation of the occipitocervical
junction [4]. The internal fixation material must be able to re-
strict joint movement in all rotational axes to provide a strong
fixed force. A transverse connector can enhance the rotation-
al stability of the internal fixation [5], and the horizontal rod-
rod crosslink (hR-R CL) is most commonly used in C1-C2 PSR
fixation. However, intraoperative installation of the hR-R CL is
difficult, resulting in prolonged operative time and even the
possibility of spinal cord injury. The hR-R CL also impedes bone
grafting. Therefore, an alternative transverse connector was
designed to be on the screwhead, forming a horizontal screw-
screw crosslink (hS-S CL), which is simple to place and firmly
secure [6]. However, the difference between its biomechani-
cal properties and those of the hR-R CL remains unclear. This
paper aims to analyze and discuss the biomechanical charac-
teristics of both types of cross-links by constructing a finite
element model of a C1-C2 PSR fixation using hR-R and hS-S
cross-links. By comparing the 3-dimensional finite element
analysis of 2 different transverse connection installation meth-
ods, this study provides a theoretical basis for determining a
suitable installation method in clinical practice.

Material and Methods

Participants

We recruited a healthy male volunteer (age 30, weight 70 kg,
height 172 cm) who had no history of cervical spine fractures,
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infections, or tumors or other lesions. This study was approved
by the institutional Ethics Committee of the research institution.

Study Design
This current investigation is a case study.

Construction and Validation of Finite Element Model of
Normal Atlantoaxial Vertebra

The vertebral geometry data for the bottom of the occipital bone
(©) to axis (C0-C2) were obtained from computed tomography
scans with 1-mm section thickness (Siemens, Germany). The
scanned images were saved in standard Dicom format. We in-
put the Dicom data into Mimics (Materialise, Leuven, Belgium)
and created a 3-dimensional spine model consisting of the oc-
cipital-atlanto-axial complex. Then, we used 3-matic software
(Materialise) to obtain a finite element mesh for the spine model
and simulated surgical procedures on it using Abaqus software
(Dassault System, Paris, France). The resulting spine model con-
tained the following major components: the lower part of CO, C1,
C2, intervertebral cartilage, and 8 spinal ligaments. The spinal
ligaments included the anterior longitudinal, posterior longitudi-
nal, interspinous, flavum, alar, supraspinous, capsular, and trans-
verse ligaments. The vertebral bodies were made of tetrahedral
elements. The spinal ligaments were modeled using spring ele-
ments. Linear elasticity was applied to bone, intervertebral disc,
and cartilaginous structures. The material parameters and the
type of elements for each part are summarized in Table 1 [7,8].

To validate our model, we compared the range of motion (ROM)
of the C0-C1 and C1-C2 segments of the intact finite element
model with the results of the cadaveric experiment conducted by
Panjabi et al [9] and the upper cervical finite element analyses

Table 1. Material property, designations, and element number of the finite element model.

Components Young’s modulus (MPa) Poisson’s ratio Element type
Cortical bone 15000 0.2 C3D4
""""" cancelousbone =~ s 02  cm4
""""" Cartilago articulais 10 o3 cp4
""""" AL springelement
P Spingelement
st spingelement
R Spingelement
""""" AL spingelement
""""" s, opingelement
""""" a . spingelement
""""" T spingelement
© mplants 100 o3  cma
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Table 2. Model validation.

Segments Load Panjabi (1991)
C1-C2 Flexion 12.7(3.2)
Caae Extension 10560
Ca Lateral bending 126 (70
@ Adalrotation 37400
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Lapsiwala (2006) Hao Zhang (2007) This study
7.04 15.0 10.6
"""""" 327 127 88
"""""" 15 s9 619
169 306 #10

Figure 1. Two atlantoaxial fixation models: (A) horizontal rod-rod crosslink (hR-R CL) fixation model; (B) alternative horizontal screw-

screw crosslink (hS-S CL) fixation model.

conducted by Lapsiwala et al [10] and Zhang et al [11]. The ROM
of the atlantoaxial segments was calculated based on nodal
displacement [9]. Our results showed good agreement with
each of the aforementioned studies, as presented in Table 2.

Unstable Finite Element Model of the Upper Cervical Spine

We simulated the unstable atlantoaxial model by removing the
ligaments from the intact C1-C2 model [12]. Internal fixators
(modeling data provided by Weigao Orthopedic Materials Co
Ltd, Shandong, China) were then implanted into the unstable
model with each of the 2 crosslink techniques, as shown in
Figure 1: once with C1-C2 hR-R CL, and once with C1-C2 hR-R CL.

Boundary and Loading Conditions

The interactions among the vertebral bodies, cartilage, screws,
and rods were defined as binding constraints. The lower sur-
face of the axis was completely fixed in all directions. A refer-
ence point was created on the upper surface of the occipital
bone and coupled with all the nodes on the top of the occipi-
tal bone. A 1.5-Nm moment [13] was applied on the reference
point about the appropriate anatomic axes to induce flexion,
extension, left and right-lateral bending, and left and right-ax-
ial rotation of the atlantoaxial joint.

Results

Three-Dimensional Angular ROM of the Constructs

Under a load of 1.5Nm, the ROM of each model in flexion, ex-
tension, lateral bending, and rotational directions was mea-
sured (Table 3). The ROM of the atlantoaxial instability model
increased by at least 90%, compared with that of the unal-
tered, cervical fixation models, in all measured directions. The
2 models using the C1-C2 PSR fixations (hR-R and hS-S mod-
els) showed less than 10% difference in ROM, regardless of
the fixation technique used. The 2 models showed a differ-
ence of 0.03° in flexion, 0.04° in extension, 0.02° in both left
and right-lateral bending, and 0.01° in both left and right-ax-
ial rotation. Compared with the atlantoaxial instability mod-
el, the hR-R model reduced the ROM by 90.1% to 98.5% in all
tested movement directions, whereas the hS-S models reduced
the ROM by 90.1% to 98.7%, with the highest reduction in the
left and right rotational directions.

Stress Distribution on the Implants
The von Mises stress contour plot (Figures 2-4) showed that

the stress distribution areas of each fixation technique were
comparable. The stress peak of the hS-S CL was highest during
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Table 3. C1-C2 range of motion of each group under different loading conditions.

Left Lateral

Flexion (°) Extension (°)

Left axial

Right lateral

Right axial

bending (°) bending (°) rotation (°) rotation (°)

Intact 10.6 8.85 3.72 2.47 12.14 11.96
Unstable model 30.21 22.85 12.77 11.61 21.61 22.52
hR-R CL 2.93 2.21 1.26 1.07 0.30 0.32
hS-S CL 2.96 2.25 1.24 1.05 0.28 0.29
A B
B: Static Structural B: Static Structural
Equivalent Stress 3 Equivalent Stress 3
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa
Time: 1 Time: 1

301.19 Max 247.61 Max

26773 2201

23425 192,59

200.8 165.08

16733 137.56

133.86 110.05

1004 82538

66.932 55.025

33.455 27.513

3.8141e-9 Min 2.5607e-8 Min

40.00 (mm) 40.00 (mm)
10.00 30.00

C D
C: Static Structural C: Static Structural
Equivalent Stress 3 Equivalent Stress 3
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa
Time: 1 Time: 1

83.653 M:

s o Max

55,769 i

16474 3882

37.179 31.056

27.884 23292

18.59 }575%

?’.%%%w Min 1.8316e-8 Min

z £
40.00 (mm) w-{ 40.00 (mm) XA—"‘I'
30.00 Y 30.00 '

Figure 2. Stress distribution nephograms of implants for the 2 fixation models in flexion-extension: (A) horizontal screw-screw
crosslink (hS-S CL) was tested in a flexion; (B) horizontal rod-rod crosslink (hR-R CL) was tested in flexion; (C) hS-S CL was
tested in extension; and (D) hR-R CL was tested in extension after applying a 1.5-Nm moment.

flexion (301.19 MPa), while the hR-R CL had the maximum
stress during left-axial rotation (379.8 MPa). Moreover, during
axial rotation, the total stress peak of the hS-S CL model was
smaller than that of the hR-R CL model (Figure 5).
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Comparison of Maximum Stress on Vertebral Bodies

The maximum stress on the vertebral bodies was concentrat-
ed on the connection points between the screw and the bone.
Both the hS-S CL model and the hR-R CL model had the high-
est peak stress during flexion and lowest peak stress during
extension (Figure 6).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Ouyang B. et al:
Finite element analysis of hS-S CL
© Med Sci Monit, 2021; 27: €932026

CLINICAL RESEARCH

A
D: Static Structural
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

0.00 20.00 40.00 (mm)

10.00 30.00

C
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Figure 3. Stress distribution nephograms of implants for the 2 fixation models in lateral bending: (A) horizontal screw-screw crosslink
(hS-S CL) was tested in left-lateral bending; (B) horizontal rod-rod crosslink (hR-R CL) was tested in left-lateral bending;
(€) hS-S CL was tested in right-lateral bending; and (D) hR-R CL was tested in right-lateral bending after applying a 1.5-Nm

moment.

Discussion

Posterior atlantoaxial fixation and fusion is a commonly used
surgical procedure for atlantoaxial dislocation, and stability of
the fixation determines the curative effect of the surgery [14].
The screw-rod system has been widely used in clinical prac-
tice. Stability of the internal fixation is critical for bony fu-
sion and, consequently, for a good clinical outcome [15,16].
Previous studies have shown that the application of a trans-
verse connection can increase the stability of an atlantoaxial
screw-rod internal fixation and have suggested that a trans-
verse connection can make the bilaterally separated screw-
rod structure into a singular unit, thus dispersing the stress
concentration and improving the stability of the internal fix-
ation [17,18]. Some scholars have reported that the use of a
transverse connection in the spinal internal fixation system is
still controversial [19,20]. Despite its biomechanical benefits,
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the transverse connection requires adding an implant to the
screw-rod system and increasing surgical exposure, surgical
time, and financial burden [19,20]. However, it has been gener-
ally agreed that a transverse connection can provide rotational
stability for the atlantoaxial joint [21,22]. Owing to the difficul-
ties associated with installation of hR-R CL, the risk of spinal
cord injury and operative time increase during the procedure,
leading to an increased risk of surgical infection. Additionally,
the use of hR-R CL limits the space available for bone grafting.

Mizutani et al [6] first proposed the clinical application of on-
the-screwhead crosslink connectors in the Goel/Harms proce-
dure. Their study pointed out that this technique can achieve
earlier bony fusion, and that, not only was this crosslink easy
to install even after completing bone grafting, bone grafting
was still conveniently performed after placing the crosslink.
This crosslink technique, referred to as hS-S CL in the present
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Figure 4. Stress distribution nephograms of implants for the 2 fixation models in axial rotation: (A) horizontal screw-screw crosslink
(hS-S CL) was tested in left-axial rotation; (B) horizontal rod-rod crosslink (hR-R CL) was tested in left-axial rotation; (C) hS-S
CL was tested in right-axial rotation; and (D) hR-R CL was tested in right-axial rotation after applying a 1.5-Nm moment.

study, overcomes the deficiencies of the traditional horizon-
tal connection in clinical use. However, the biomechanical sta-
bility of this crosslink technique has not been studied. With
this in mind, we utilized the finite element method to evalu-
ate the biomechanics of hS-S CL to provide evidence for the
value of this clinical application.

It can be seen from our results that PSR with hR-R CL fixation
effectively reduced the ROM of the atlantoaxial joint, which
was consistent with previous results [14-16]. We also found
that PSR with the hS-S CL provided comparable stability to
the hR-R CL in atlantoaxial fixation. The ROM of both of the
fixation models decreased the most in axial rotation. It can
also be seen from the von Mises stress contour plot that the
transverse connection showed significant stress in axial rota-
tion, indicating that the transverse connection provided anti-
rotation stability, which is particularly important for patients
with atlantoaxial rotation dislocation.

Stress distribution on the implants is closely related to the
long-term stability of fixation techniques. The von Mises stress
contour plot showed that the stress was mostly concentrat-
ed on the posterior part of the screw where it contacts the
bone. When compared with the hR-R CL fixation, the hS-S CL
showed high stress peaks on implants in flexion, extension,
right-lateral bending, and right-axial rotation. During axial ro-
tation, the total stress peak of the hS-S CL model was small-
er than that of the hR-R CL model. Because the primary func-
tion of the atlantoaxial joint is rotation, the use of hS-S CL
can provide a more stable force environment for the implants.
The peak stress on the vertebrae bodies generally appeared at
the contact sites between the bone and screws. The vertebra
body of hS-S CL model had high stress in extension, left-later-
al bending, and right-axial rotation, and the vertebra body of
hR-R CL model had high stress in flexion, right-lateral bend-
ing, and left-axial rotation. The overall stress of the vertebrae
bodies of the 2 fixation models was similar, which suggests
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Figure 5. Comparison of stress peaks of implants.

that both fixation methods provided similar control of verte-
bral movement. According to both previous studies and the
present study’s biomechanical results, the clinical application
of hS-S CL provides more advantages than hR-R CL.

The limitations of this experiment need to be considered while
interpreting the results. First, there is a gap between using the
finite element model of the upper cervical spine and using a
live human participant. This model does not account for mus-
cle and other soft tissues, which may have an impact on the
experimental results. Further studies should aim to assess the
compatibility between internal fixations and human biologi-
cal tissues as well as how those tissues impact mobility and
stress distribution, which cannot be achieved by the finite el-
ement method at present. Second, the finite element analysis
obtained in this experiment was instantaneous biomechani-
cal data, ignoring the fatigue characteristics of internal fixa-
tion. Fatigue tests and fracture tests of internal fixations war-
rant further study.
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Conclusions

From the mechanical viewpoint, hS-S CL fixation combined
with C1-C2 PSR provided the same stability as hR-R CL fixa-
tion; however, hS-S CL fixation provided a mechanical advan-
tage in axial rotation. The hS-S CL can be more conducive to
clinical applications and shows promising prospects for fu-
ture implementation.
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