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Abstract: Objective: The lateral mass joint plays an important role in maintaining the mechanical stability of the 
subaxial cervical spine. We first performed a three-dimensional finite element (FE) biomechanical study to evaluate 
the local mechanical stability of subaxial cervical fracture dislocations after anterior-only fixation for lateral mass in-
juries of varying severity. Methods: A three-dimensional FE model of the subaxial cervical spine with simple anterior 
fixation for C5-6 fracture dislocation was reconstructed. According to their different morphological characteristics of 
unilateral lateral mass injuries, the lateral mass injury was divided into six types. The range of motion (ROM) of each 
part and the stress of the cage, each intervertebral disc, titanium plate, and screw stress were recorded. Results: 
The ROM of C3-4, C4-5, C5-6, and C6-7 in type 4 was higher than that of the other five types. The maximum equiva-
lent stress on C4-5 intervertebral discs, titanium plates, and screws in type 4 under various sports loads was higher 
than that produced by the other load types. In the stress cloud diagram of the front titanium plate and screws, the 
degree of stress was the highest in type 4. Stress placed on each part of the model, from high to low, was as fol-
lows: plate, screw, C6, C5, and C7. Conclusion: Greater injury severity is associated with higher stress on the plate 
and screw with exercise loads. Type 4 lateral mass injuries, characterized by ipsilateral pedicle and lamina junction 
fractures, significantly affected biomechanical stability after simple anterior fixation.
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Introduction

Subaxial cervical injuries (SCI) refer to C3-7 
segment injuries, which account for approxi-
mately 65% of all cervical spine injuries [1]. 
Two-thirds of cervical fractures and three- 
quarters of cervical dislocations are located 
between C5 and C7 [2]. As mechanisms of inju-
ry vary greatly, there are diverse forms of SCI. 
AOSpine (2016) divides SCI into three types:  
A, B, and C [3]. There is no dispute regarding 
the treatment of type A and B SCI. Type C SCI 
include subaxial cervical fracture dislocations 
(SCFDs), which account for approximately 7%  
of cervical spine trauma, with about 87% of 
patients displaying varying degrees of neuro-
logical deficits [4, 5]. The incidence of traumat-
ic disc herniation (TDH) is high because SCFDs 
are often accompanied by unilateral or bilateral 

facet joint strangulation, and the optimal surgi-
cal approach for treating these injuries remains 
controversial [6, 7]. 

The combined anterior and posterior surgical 
approach is regarded as a stable and reliable 
treatment option, and simultaneous decom-
pression of the ventral and dorsal spinal cord is 
achievable, but the associated trauma is sig- 
nificant. The recovery rate is slow, and the cost 
of treatment is high [8]. Utilization of the poste-
rior approach alone reduces vertebral disloca-
tion and can promote the recovery of neurologi-
cal function. However, the posterior approach 
requires extensive dissection of the neck mus-
cles, resulting in greater blood loss and inci-
dence of postoperative infection and axial pain 
compared with the anterior approach [9-11]. 
Surgery via the anterior approach is associated 
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with less trauma, and ideal decompression of 
the ventral spinal cord is achievable in the 
treatment of TDH [12]. However, some patients 
experience postoperative internal fixation loos-
ening or even delayed cervical kyphosis [13-
15]. This leads to the need for a second revi-
sion surgery, greatly increasing the economic 
burden on patients. Therefore, it is necessary 
to quantitatively evaluate the degree of injury of 
subaxial cervical spine fractures and disloca-
tions and identify patients who are prone to 
internal fixation failure after simple anterior 
fixation.

The lateral mass joint plays an important role  
in maintaining the mechanical stability of the 
subaxial cervical spine. Therefore, the latest 
AOSpine subaxial cervical spine classification 
considers the lateral mass joint as an indepen-
dent dimension for the classification of SCI [3]. 
They are divided into four types in increasing 
order of severity: F1-F4. In addition to this clas-
sification, we also found that a lateral mass 
split fracture is a common form of lateral mass 
injury. To determine whether different lateral 
mass damage patterns affect local mechanical 
stability at the subaxial cervical spine after sim-
ple anterior fixation, we intended to evaluate 
local mechanical stability after simple anterior 
fixation through three-dimensional finite ele-
ment (FE) modeling and analysis.

Materials and methods

Research participants

The study was approved by the medical ethics 
committee of the Honghui Hospital, Xi’an Jiao- 
tong University (No. 202102007), in accor-
dance with the relevant guidelines and regula-

and saved in the digital imaging and communi-
cations in medicine (DICOM) format, and a total 
of 413 images were obtained. 

Development of FE C3-7 spine model 

CT scan data were imported into Mimics soft-
ware (20.0) (Materialize, Belgium), which was 
used to read image data, segment tissue, 
repair processing geometry, select the hu- 
man bone threshold, establish the C3-7 normal 
subaxial cervical spine geometry model, and 
save data in a binary STereoLithography (STL) 
format file. The STL file was imported into 
Mimics’ own digital forward engineering 3-matic 
12.0 software for repairing, smoothing, and 
designing intervertebral discs, ligaments, and 
so on (Figure 1).

A computer-aided design (CAD) software (CREO 
3.0) was used to design anterior cervical titani-
um plates, screws, and intervertebral fusion 
cages. The anterior cervical plate refers to the 
American Johnson skyline anterior cervical fixa-
tion system. The length of the titanium plate is 
25 mm, and its width is 16 mm, thickness is 
2.5 mm, outer diameter is 4.0 mm, and length 
of the titanium screws is 14 mm. The American 
Medtronic’s Cornerstone intervertebral fusion 
cage has a length of 25 mm, width of 16 mm, 
and height of 2.5 mm. Each model was import-
ed into Geomagic 13.0 (Geomagic Company, 
USA), and an accurate curve module was used 
for surface construction, repair, sanding, de- 
noising, cutting, smoothing, and other process-
ing of the model. The same software was used 
to initially synthesize the C3-7 normal subaxial 
cervical spine solid model. In the C5-6 seg-
ment, the intervertebral disc was removed, an 
intervertebral fusion cage was inserted, and 
the anterior cervical plate screw was fixed in 

Figure 1. C3-7 normal subaxial cervical spine solid model. A. The geometric 
model. B. The remesh model. C. The assembled model with intervertebral 
disc model.

tions. A healthy man aged  
32 years (height, 175 cm; 
weight, 70 kg) voluntarily par-
ticipated in the study, with 
informed consent. He had no 
history of cervical spine trau-
ma or surgery, occipital cer- 
vical spine degeneration, tu- 
mors, deformities, or infec-
tions. Using 256-slice spiral 
computed tomography (CT) 
(Siemens Light Speed; Ger- 
many), the volunteer was sca- 
nned (120 kV, 125 mA, scan 
thickness 0.75 mm, range 
C3-7). CT data were exported 
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front of C5-6 (Figure 2). Finally, all models were 
imported into a general FE software, ANSYS 

nous, and supraspinous ligaments. A total of 
eight bilateral contralateral mass joints of  
C3-7 were defined with face-to-face contact. 
Because the joint was encased in the joint cap-
sule, friction between the joint surfaces was 
very small due to the presence of the synovium 
and synovial fluid. Therefore, the face-to-face 
contacts between joints of the model were 
defined as having non-friction characteristics 
(Table 3).

Setting boundary conditions and loads

Using the three-dimensional FE ANSYS 20.0 
(ANSYS Company, USA) analysis software, six 

Figure 2. C3-7 normal subaxial cervical spine solid model. In the C5-6 seg-
ment, the intervertebral disc was removed, an intervertebral fusion cage was 
inserted, and the anterior cervical plate screw was fixed in front of C5-6. A. 
Anteroposterior view. B. Lateral view.

Workbench 20.0 (Ansys, USA), 
to assemble in the Design 
Modeler (DM) module, and 
the C3-7 normal subaxial cer-
vical spine three-dimensional 
FE model was established.

Dividing the network

The meshing command was 
used to mesh lines of each 
model, refine the endplate of 
the key analysis, and add grid 
data (Table 1).

Defining material properties

The materials used when cre-
ating this model included ti- 
tanium alloy (Ti6Al4V), corti-
cal bone, cancellous bone, 
intervertebral discs, and an 
interbody fusion cage. Cervi- 
cal vertebrae, posterior struc-
ture, intervertebral disc an- 
nulus fibrosus, and nucleus 
pulposus were simulated as 
tetrahedral units (Table 2).

Defining ligaments and con-
tact types

A nonlinear cable element 
was used to simulate charac-
teristics of a ligament, which 
was under tension only, and 
not compression. Simulated 
ligaments included the ante-
rior longitudinal, posterior lon-
gitudinal, articular capsule, 
ligamentum flavum, interspi-

Table 1. Element and node number of the finite element model
Elements Nodes

C3 cortical bone + cancellous bone 56989 100471
C3-C4 intervertebral disc 6593 12093
C4 cortical bone + cancellous bone 45436 80711
C4-C5 intervertebral disc 7288 13218
C5 cortical bone + cancellous bone 109300 189770
Cage 5248 9391
C6 cortical bone + cancellous bone 116749 204970
C6-C7 intervertebral disc 8585 15639
C7 cortical bone + cancellous bone 67961 123131
Titanium plate 42032 74606
Screw 61319 107888
Ligament 631 1109
Total 526869 932997

Table 2. Element types and material properties of 
the finite element model of the subaxial cervical 
spine

Material Density 
(kg/m3)

Young’s  
modulus (GPa)

Poisson’s 
ratio

Ti6Al4V 4500 110 0.31
Cortical bone - 12 0.3
Cancellous bone - 0.1 0.2
Intervertebral disc - 0.5 0.45
Cage - 3.6 0.44
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degrees of freedom of the C7 vertebral body 
bottom of all the scheme models were fully con-
strained and fixed. At the same time, the pure 
torque of 1.5 N × m of flexion, extension, left 
flexion, and left rotation (Figure 3) was applied 
to the C3 vertebral body to perform flexion, 
extension, lateral flexion, and rotation of the 
cervical spine.

Verification of FE model

Using settings described in classic in vitro bio-
mechanics experiments by Panjiabi [16] and Ng 
[17], six degrees of freedom of the lower edge 
of the C7 in the three-dimensional FE model of 
the cervical spine were constrained. Then, 50 N 
was applied to the occipital bone (simulating 
cranial weight), and a torque of 1.5 N × m was 
applied according to the conditions of flexion, 
extension, lateral bending, and rotation. Flexion 
and extension movements occurred along the 
coronal plane, the lateral bending movement 
occurred along the sagittal plane, and axial 
rotation produced movement in a direction tan-
gent to the cervical spine.

Experimental grouping

According to the different morphological char-
acteristics of unilateral lateral mass injuries, 
the lateral mass injury can be divided into six 
types (Figure 4). Type 1 is characterized by com- 
plete split fracture of the lateral mass. Type 2 is 
characterized by partial split fracture of the lat-
eral mass. Type 3 is characterized by severe 
avulsion fracture of the lateral mass. Type 4 is 
characterized by simultaneous disconnection 
of the pedicle, lateral mass, and ipsilateral lam-
ina. Type 5 is characterized by mild avulsion 
fracture of the lateral mass. As the control 
group, type 6 is characterized by an intact lat-
eral mass without bony injury. 

and Ng [17], the results of classical in vitro sub-
axial cervical biomechanical tests revealed 
that the complete subaxial cervical spine model 
established in this study was able to effectively 
simulate activities of cervical flexion and exten-
sion, lateral flexion, and rotation in all direc-
tions, and the range of motion (ROM) of a single 
segment in flexion and extension, lateral flex-
ion, and axial rotation (Figure 5) was consistent 
with the reference. Only a small part of the 
results is consistent with the reference, and 
there was an offset within 2° of the range. 
Therefore, the subaxial cervical spine model 
constructed in this study was validated. The 
ROM of each part and the stress of cage, each 
intervertebral disc, titanium plate, and screw 
stress were recorded.

Results

ROM

According to the overall size of the C3-4, C4-5, 
C5-6, and C6-7 spine models and the maxi-
mum deformation under the state of exercise 
load, activities of the spine in flexion, extension, 
left flexion, and left rotation were calculated 
(Figure 6). The ROM of C3-4, C4-5, C5-6, and 
C6-7 in type 4 was higher than that in the other 
five types. At the C3-4 segment, the ROM of 
anterior flexion (AF) was 40.71°, retroextension 
(RE) was 26.25°, left flexion (LF) was 25.97°, 
and left rotation (LR) was 16.49°. Regarding 
the C4-5 segment, the ROM of AF was 25.36°, 
RE was 19.23°, LF was 21.86°, and LR was 
16.89. For the C6-7 segment, the ROM for AF 
was 15.56°, RE was 13.84°, LF was 13.54°, 
and LR was 12.51°. The ROM of the C5-6 seg-
ment was the lowest in all four segments. The 
ROM for AF was 3.79°, RE was 1.01°, LF was 
5.34°, and LR was 4.66°. 

Table 3. Ligament material properties of the subaxial cervical spine 
finite element model

Style Elastic modulus 
(Mpa)

Poisson’s 
ratio

Cross sectional 
area (mm2)

Anterior longitudinal ligament 30 0.3 6.1
Posterior longitudinal ligament 20 0.3 5.4
Ligament of articular capsule 20 0.3 46.6
Ligamentum flavum 10 0.3 50.1
Interspinous ligament 1.5 0.3 13.1
Supraspinous ligament 28 0.3 28

Model validation

The three-dimensional FE 
model of the C3-7 subaxi- 
al cervical spine consisted 
of 526,869 elements and 
932,997 nodes. In terms of 
geometry and morphology, 
the appearance of the mo- 
del fit reality, and its fidelity 
and precision were ideal. 
Through a comparison with 
the results of Panjiabi [16] 
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Figure 3. C3-7 normal subaxial cervical spine solid model under the pure torque of 1.5 N × m of flexion (A), extension (B), left flexion (C), and left rotation (D). 
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Cage, intervertebral disc, titanium plate, and 
screw stress

The maximum equivalent stress of the C3-4 
intervertebral disc, C4-5 intervertebral disc, 
C5-6 intervertebral fusion cage, C6-7 interver-
tebral disc, titanium plate, and screws in the 
four states of AF, RE, LF, and LR of the six types 
were calculated (Figure 7). The maximal von 
mises stress at the C4-5 intervertebral discs 
and the cage of the C5-6 space was slightly 
higher than that at the C3-4 and C6-7 interver-

tebral discs in all six types. Since the stress 
after fusion is more concentrated in the upper 
segment, the stress of C4-5 is greater than that 
of C5-6. The maximal von mises stress on the 
titanium plates and screws in type 4 under vari-
ous sports loads is higher than that produced 
by the other five load types, especially at the 
position of AF. A stress cloud diagram of the 
front titanium plate and screws is shown in 
Figures 8-13. Stress to the plate and screw was 
mainly concentrated in and around the screw-
plate interface.

Figure 4. Six types of lateral mass injuries. Type 1 is characterized by complete split fracture of the lateral mass (A). 
Type 2 is characterized by partial split fracture of the lateral mass (B). Type 3 is characterized by severe avulsion 
fracture of the lateral mass (C). Type 4 is characterized by simultaneous disconnection of the pedicle, lateral mass, 
and ipsilateral lamina (D). Type 5 is characterized by mild avulsion fracture of the lateral mass (E). As the control 
group, type 6 is characterized by intact lateral mass without bony injury (F).

Figure 5. Model validation. The maximum deforma-
tion under the state of exercise load and activities of 
the spine in flexion and extension (A), lateral flexion 
(B), and axial rotation (C).
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Discussion

FE analysis characteristics and model validity

Biomechanical research plays an important 
role in the pathogenesis and evaluation of sur-
gical efficacy. In the past, mechanical analyses 
of cervical vertebrae mainly required cervical 
corpses of humans or primates or other mam-
mals. This method mainly involves the mea-
surement of anatomy using a simple motion 
model of components, which has great scope 
of application and the basic data is convenient-
ly accessible. It is especially suitable for study-
ing anatomical factors that function as princi-
ple influencing parameters, such as overall and 
local biomechanical performance and mobility 
of the cervical spine internal fixation device 
complex after implantation of the cervical inter-
nal fixation device. Panjabi et al. [16, 18] estab-
lished a standard for creating a three-dimen-
sional motion model of upper cervical seg-
ments of human corpses. They quantitatively 
measured changes in muscles, ligaments, and 
spinal nerves after cervical whiplash injury, 
which provided an important reference for sub-
sequent clinical diagnoses and treatments. 
However, the above-mentioned cadaveric tests 
have some limitations, such as difficulty in 

obtaining cadaveric specimens, low repeata- 
bility, and difficulty with regard to quantifying 
changes in internal stress of the vertebral body, 
intervertebral disc, lateral mass joint, joint cap-
sule, and posterior ligament.

Three-dimensional FE analysis may be per-
formed while different loads, material pro- 
perties, boundary conditions, stresses, strain 
types, degrees of stiffness, and types of dis-
placement are applied in the model; this is 
helpful for clarifying complex biomechanical 
characteristics of the spine and has improved 
repeatability, reduced cost, and saved time. A 
three-dimensional FE model of the subaxial 
cervical spine was established based on CT 
scanning data and a series of software pro-
grams, which included 526,869 elements and 
932,997 nodes. The ROM of the cervical spine 
was determined to be similar to that deter-
mined by Panjiabi [16] and Ng [17], but differ-
ences between the data of our model and 
theirs were observed in some segments. Due 
to differences between studies on the ROM  
of three-dimensional FE models, we consider 
effects of many confounding factors such as 
race, age, degree of cervical degeneration, and 
various material property parameter settings, 
as well as the influence of the modeling opera-

Figure 6. The maximum deformation under the state of exercise load, activities of the spine in flexion, extension, left 
flexion, and left rotation, including C3-4 (A), C4-5 (B), C5-6 (C), and C6-7 (D).
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tion itself on the accuracy of the model, which 
may lead to some heterogeneity between dif-
ferent models. In conclusion, the subaxial cervi-
cal spine model constructed in this study can 
simulate biomechanical tests of the cervical 
spine through validation.

ROM of each segment 

As C5-6 is fixed by plate and screws, the seg-
mental ROM is lower than that of other seg-
ments. The ROM of C3-4, C4-5, C5-6, and C6-7 
was higher than that of the other five types. 
Previous biomechanical studies also showed 
that the intervertebral disc mobility of adjacent 
segments increases more significantly after 
C5-6 segment fusion versus under physiologi-
cal conditions [19, 20]. This may be because 

SCFDs are often accompanied by lateral mass 
fractures and posterior ligament complex (PLC) 
injuries. Due to differing in injury mechanisms 
and the severity of high-energy violence, the 
fracture morphology of the lateral mass and 
degree of PLC injury differ. Therefore, we sus-
pect that the occurrence of different lateral fast 
injury morphologies may be important in inter-
nal fixation failure after repair via the anterior 
approach. Our study found that different injury 
patterns affect the rigidity of anterior fixation 
and increase the ROM of the remaining discs. 
Further analysis of different injury patterns 
showed that complete lateral mass detach-
ment (type 4) had the greatest influence on 
ROM, and the stability of lateral mass avulsion 
fracture was compared with that of split frac-
ture. The subgroup analysis showed that there 

Figure 7. The maximum equivalent stress of the C3-4 intervertebral disc (A), C4-5 intervertebral disc (B), C5-6 inter-
vertebral fusion cage (C), C6-7 intervertebral disc (D), titanium plate (E), and screws (F) in the four states of flexion, 
extension, left flexion, and left rotation of the six types of lateral mass injuries.
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Figure 8. The stress cloud diagram of the front titanium plate and screws of the type 1 of lateral mass injury.
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Figure 9. The stress cloud diagram of the front titanium plate and screws of the type 2 of lateral mass injury.
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Figure 10. The stress cloud diagram of the front titanium plate and screws of the type 3 of lateral mass injury.
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Figure 11. The stress cloud diagram of the front titanium plate and screws of the type 4 of lateral mass injury.
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Figure 12. The stress cloud diagram of the front titanium plate and screws of the type 5 of lateral mass injury.
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Figure 13. The stress cloud diagram of the front titanium plate and screws of the type 6 of lateral mass injury.
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was little difference in ROM between the stabil-
ity of complete and partial split fractures, and a 
large difference between the severe and mild 
avulsion fractures. Further analysis of different 
locomotion postures also found greater loco-
motion in AF and LF. This suggests that the lat-
eral mass injury mainly affects the stability of 
ipsilateral flexion motion.

Stress distribution

Unilateral facet joint fracture and dislocation of 
the subaxial cervical spine are usually caused 
by a distractive flexion injury. Wang et al. [21] 
first established a model of simple anterior fixa-
tion for different segments of distractive flexion 
injury using the three-dimensional FE analysis 
technique. Further mechanical analysis con-
firmed that distractive flexion injuries involved 
C6-7 and C7-T1, and the stress to the screw 
and plate after simple anterior fixation was 
higher than that to the cranial segments, sug-
gesting that a combined anterior and posterior 
approach should be performed. Possible rea-
sons for this phenomenon are as follows: ① the 
cervical thoracic segment, especially the C7-T1 
segment, is difficult to reveal during the opera-
tion, and the shoulders may affect imaging dur-
ing the operation. During the operation, some 
patients with unsatisfactory reduction may be 
missed, leading to internal fixation. ② the 
appearance of failure may occur because the 
cervical thoracic junction is located where the 
physiological lordosis of the cervical spine and 
the physiological kyphosis of the thoracic spine 
meet, and the existence of the T1 slope places 
stress on intervertebral implants. However, 
from the perspective of the incidence of SCFDs, 
a review by Aebi et al. [22] in 2010 pointed out 
that C5-6 and C6-7 accounted for approximate-
ly 55% of all injuries, and the incidence of C7-T1 
was the lowest, at only 4.3%. Therefore, the 
conclusions of this study cannot guide the clini-
cal decision-making of most patients. In addi-
tion, due to the differences in the intensity and 
direction of violence among different patients, 
there are also differences in the injury patterns 
of bone and ligament, which were not included 
in previous studies. In this study, we first con-
firmed that different damage morphologies of 
the lateral mass can affect titanium plate and 
screw stress. Plate and screw stress of type 4 
was higher than that of the remaining five types. 
The stress of plates and screws of the same 
type with different types of lateral mass dam-
age was further compared. The stress in type 1 

was higher than that in type 2, and that in type 
3 was higher than that in type 5. Further analy-
sis of the stress of plate and screw in different 
motion positions showed that the stress was 
greater in AF and LF. This also suggests that lat-
eral mass damage may lead to loss of ipsilat-
eral stability and increase the stress of anterior 
implant. Therefore, the more severe the dam-
age of the lateral mass, the greater the concen-
tration of the mechanical stress on the plate 
and screw. These findings also support our pre-
vious findings that the posterior ligament-bone 
injury classification and severity (PLICS) score 
quantifies the severity of ligament-bone injury 
to the posterior three pillars of the subaxial cer-
vical spine [6, 7]. There is a certain biomechani-
cal basis for assigning the severity of lateral 
mass damage based on different damage mor-
phology. When a PLICS score of ≥ 7 was accom-
panied by type 4 lateral mass injury, the risk  
of postoperative failure after an anterior-only 
reconstruction was high and supplemental pos-
terior strengthening can be considered. 

This study has some limitations. First the data 
was from a healthy adult volunteer, which limit-
ed the statistical analysis. More samples with 
follow-up may draw a more complete conclu-
sion. Second, although muscle is the initiating 
factor and is an important stress conduction 
structure for subaxial cervical motion, only 
bones, ligaments, and intervertebral discs were 
included in the model, because there are a 
large number of muscles in the lower cervical 
segment, with complex shapes of macro and 
micro muscle fibers. Additionally, it is difficult to 
achieve personalized reproduction using FE 
technology due to different degrees of cervical 
muscle injury that may occur. Third, the model 
is relatively simple, and the material assign-
ment of the model is relatively uniform. How- 
ever, bone, intervertebral disc, and ligament 
materials are composites, which are not uni-
formly distributed and are anisotropic. There- 
fore, some differences between the model pre-
dictions and reality exist. Clinically, the shapes 
of lateral mass injuries are complex, a further 
clarification of the influence of the use of a sin-
gle variable to assess the stability of internal 
fixation is needed.

Conclusion

A three-dimensional FE modeling analysis 
method was used to compare left lateral mass 
biomechanical stability after being subjected to 
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different degrees of split, avulsion, and burst 
damage states. The more severe the injury, the 
higher the stress on the plate and screw with 
an exercise load. The type 4 lateral mass injury, 
characterized with ipsilateral pedicle and lami-
na junction fractures, significantly affected the 
biomechanical stability after simple anterior 
fixation.
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