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joints on cervical stability and degeneration:
a three-dimensional finite element analysis

Wei Guo’, Yuan Jiang, Yang Zhu and Jingwen Huang

Abstract

Background: To evaluate the influence of the resection of different amounts of the uncovertebral joints on the sta-
bility of the cervical spine by comparing and analyzing the stress distribution and peak displacement characteristics
of the internal fixation structures and endplates.

Methods: After obtaining the CT data of a 34-year-old male healthy cervical spine, a three-dimensional finite ele-
ment model was established and verified. The three-dimensional finite element method was used to establish the
models of anterior cervical compression fusion and internal fixation surgical implants and anterior cervical compres-
sion fusion and internal fixation combined with the partial resection of different amounts of the unilateral or bilateral
uncovertebral joints. The models were tested under six working conditions: flexion, extension, left bending, right
bending, left rotation, and right rotation. The surgical models were compared regarding the stress distribution of the
titanium mesh, titanium plate and screw, and endplate, and the peak displacement of the vertebral body.

Results: There were no significant differences in the stress distribution and peak displacement of the vertebral body
of ACDF combined with different amounts of uncovertebral joint resection in the states of flexion and extension.
However, there were significant increases in the stress distribution and peak displacement of the vertebral body in the
states of left and right bending and rotation. In the states of left and right bending and rotation, the stress distribution
and peak displacement of the vertebral body were significantly greater in the models with bilateral partial resection of
the uncovertebral joints than in the models with unilateral partial resection of the uncovertebral joints. Bilateral resec-
tion of the uncovertebral joints by 30-40% and unilateral resection of the uncovertebral joints by 40-50% resulted in
the greatest increases in the maximum stress distribution of the titanium plate and screw and the peak displacement
of the vertebral body.

Conclusion: Finite element analysis of the biomechanical changes in the cervical spine showed that anterior cervi-
cal compression fusion and internal fixation combined with bilateral resection of less than 30% of the uncovertebral
joints or unilateral resection of less than 40% of the uncovertebral joints had little effect on the stability of the cervical
spine.
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Background

Cervical spine radiculopathy (CSR) is the most common
type of cervical spondylosis, with a reported prevalence
of 1.07 to 1.76 per 1000 in males and 0.63 to 5.8 per 1000
in females [1]. CSR accounts for about 50—60% of cervical
spondylosis cases and is more common in middle-aged
and older adults. Chronic degeneration of the cervical
spine is the basic cause of the occurrence and develop-
ment of CSR. The main symptoms of CSR are neck pain,
arm numbness, and limited neck movement, and some
patients with CSR develop depression and insomnia,
which seriously decrease quality of life [2]. For CSR that
does not respond to conservative treatment, anterior
cervical decompression and fusion (ACDF) is a routine
and effective method that is considered the “gold stand-
ard” [3, 4]. ACDF effectively relieves nerve root compres-
sion, reconstructs the stability of the diseased segment,
and restores the physiological curvature of the spine
[5-7]. However, there is still some controversy regarding
the optimal treatment of CSR with uncovertebral joint
(UJ) hyperplasia, osteophyte formation, and root canal
stenosis. ACDF reportedly achieves an ideal curative
effect through indirect decompression of intervertebral
distraction and fixation and fusion of the surgical seg-
ments. However, while ACDF combined with U] resec-
tion quickly relieves nerve root compression and pain,
the potential complications include large intraoperative
blood loss, vertebral artery damage, and subsidence of
the titanium mesh cage [8-12].

Although some studies have reported the use of ACDF
combined with UJ resection for the treatment of CSR,
there are few postoperative biomechanical studies [8,
9, 13-15]. No biomechanical studies have evaluated
the relationship between the stability and mechanics
of ACDF after the excision of different amounts of the
uncinate processes, and the effect of partial excision of
the uncinate processes on the stability of the spinal seg-
ment is still unclear. Therefore, we previously performed
biomechanical experiments on seven fresh cadaveric
adult cervical spine specimens (C3—-C7) to test the three-
dimensional (3D) range of motion after ACDF combined
with different amounts of uncinate process excision.
First, we performed ACDF combined with partial resec-
tion of the unilateral uncinate processes. Measurements
showed that when the volume of the uncinate processes
was reduced by 25.9% and the corresponding area of the
uncinate articular surfaces was reduced by 35.6%, the
cervical spine was reliably stable in all directions. Sec-
ond, we performed ACDF combined with bilateral partial
resection of the uncinate processes. When the volume
of the uncinate processes was reduced by 45.9% and the
corresponding area of the uncinate articular surfaces
was reduced by 79.2%, the stability of the cervical spine
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worsened, especially during flexion. Third, we performed
ACDF combined with bilateral total resection of the
uncinate processes and found that the cervical spine was
less stable in all directions. Overall, our previous study
indicated that the stability of the cervical spine was con-
sistent with those of clinical follow-up studies of ACDF
combined with partial excision of the uncinate processes
[8, 9, 11, 16]. However, our previous study had limita-
tions, such as a small number of specimens, deviations
in the processing of specimens, no evaluation of a 35.6—
79.2% reduction in the articular surface area of the unci-
nate processes, and no clarification of the location of the
stress concentrations of the upper and lower endplates
and internal fixation structures.

With the continuous progress of numerical and com-
puter technology, the finite element method has become
an effective tool for investigating the biomechanics of the
human spine [17]. Because finite element models have
the correct anatomical structure, material properties, and
boundary and load conditions to obtain reliable experi-
mental results, many scholars have used this method to
evaluate the biomechanical properties of the cervical
spine [18-20]. Therefore, to overcome the abovemen-
tioned shortcomings of previous experimental studies,
we established a simulation model of ACDF combined
with different amounts of partial resection of the UJs and
used the biomechanical 3D finite element method to ana-
lyze the von Mises stress distribution of the interverte-
bral cage, titanium plate and screw, and endplates, and
the peak vertebral body displacement and subsidence of
the interbody cage to judge the reliability and stability
of cervical internal fixation. The present study will pro-
vide useful information for spine surgeons regarding the
selection of the optimal operative procedures for CSR.

Methods
Establishment of the 3D model

(1) Processing of CT data of the cervical spine

After the provision of written informed consent, a
healthy 34-year-old man (height 174 cm, weight
75 kg) underwent computed tomography (CT)
scanning. Cervical deformity, tumor, infection,
fracture, rheumatic disease, and cervical trauma
were excluded by radiography, CT, and magnetic
resonance imaging (MRI). Three-dimensional CT
images of the cervical spine were extracted and
used to establish a 3D finite element model of the
normal healthy adult cervical spine. The partici-
pant was in supine position with the orthogonal
positioning line on the midline of the body and the
scanning table adjusted so that the scanning area
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was located in the scanning center. Sixty-four spiral
slices were obtained from the upper edge of the C3
vertebral body to the lower edge of the C7 vertebral
body. The data were saved in DICOM format and
inputted into 3D reconstruction software (Mimics
Medical 20.0, Materialise, Belgium). The following
six directions were defined: anterior, posterior, left,
right, top, and bottom. The threshold adjustment
tool was used to extract the cervical spine bony
contours in accordance with the CT gray values,
the image definition was optimally adjusted, the
appropriate threshold was determined, and a mask
was generated. The hot area of the cervical spine
was selected using the region growth tool, and the
“modeling” command was executed to generate the
cervical spine model. Selective editing and other
tools were used to remove redundant burrs and fill
the holes in the bones; this process was repeated
and verified many times to establish the 3D model
of the cervical spine, which was masked and saved
in STL format (Fig. 1).

(2) Reverse reconstruction of the 3D solid model

The STL file was imported into Geomagic software
(Geomagic 2017, USA), and inverse reconstruction
processing comprising denoising, polishing, and
smoothing was performed to form a 3D image that
was saved in IGES format (Fig. 2). Three-dimen-
sional computer-aided design modeling software
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(Unigraphics NX12.0, Siemens PLM software) was
used to establish structural models of the cortical
bone, cancellous bone, endplates, nucleus pulposus,
fibrous rings, and facet joints of the vertebral bod-
ies, and a 3D solid model of C3—C7 was formed and
saved in IGES format (Fig. 3).

(3) Meshing, assignment, and modeling completion.

ANSYS Workbench 18.0 software (ANSYS, USA)
was used to assign the assembled solid model,
assign material parameters, set the contact, and
assign each structure in accordance with the refer-
ence data (Table 1) [21]. Appropriate cell settings
and mesh were then created (cell size 0.5-1.5 mm).
The vertebral bodies, endplates, annulus fibrosus,
nucleus pulposus, and facet joints were divided
into 187 solid units, creating a 3D tetrahedron.
The six intervertebral ligaments were the anterior
longitudinal ligament, posterior longitudinal liga-
ment, ligamentum flavum, interspinous ligament,
supraspinous ligament, and capsular ligament. The
adopted ligament unit was the Link180 unit, which
was a 3D rod unit set to be only under tension,
not compression, and the contact between the end
point and the vertebral body was set as binding.
The contact of joint capsule connecting part was
set as frictionless surface contact, and the contact
between intervertebral disk and vertebral endplate,
intervertebral disk and vertebral cortical bone was

Fig. 1 CT data file processing
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Fig. 2 CT data file processing
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Table 1 Material properties of lumbar finite element model

Material science Elastic Poisson ratio Cross-
modulus/ sectional
MPa area (mm?)

Cortical bone 12,000 0.29 -

Cancellous bone 450 0.29 -

Fibrous ring 34 04 -

Nucleus pulposus 1 049 -

Endplate 500 04 -

Facet joint 329 04 -

ALL 10 03 6.0

PLL 10 03 50

LF 15 03 5.0

ISL 1.5 03 10.0

SSL 1.5 03 5.0

CL 10 03 46

Titanium alloy 116,000 03 -

set as binding. Finite element meshing, assignment,
and other processing procedures were performed to
complete the modeling.
(4) Grid sensitivity analysis (convergence analysis).
After meshing the vertebral bodies, endplates, annu-
lus fibrosus, nucleus pulposus and facet joints, the-
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convergence analysis was carried out. For the analy-
sis of results with different grid sizes of 0.5 mm,
1.5 mm, and 2.5 mm, the relative errors of most
results are less than 5%, and the relative errors
of all results are less than 10%, which is accept-
able. According to this model, the mesh unit size
is selected as 1.5 mm, and the model has 388,648
nodes and 247,307 units (Fig. 4).

Verification of the 3D finite element model

(1) Three-dimensional finite element model of C3—C7.

The model was moved in different directions while
simulating its own weight and additional torque.
After calculation, the activities and ranges of the
C3/4, C4/5, and C6/7 segments of this 3D finite ele-
ment model under six working conditions of flex-
ion, backward extension, left and right lateral flex-
ion, and left and right rotation were compared with
the findings of previous studies to test the effec-
tiveness of the model. The boundary conditions
and load conditions of the model were established
in accordance with the biomechanical character-
istics, physical motion characteristics, load con-
ditions, and previous research data of the cervical

Fig. 4 C3-C7 mesh generation model of vertebral body
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spine. The boundary condition was that the motion
degree of freedom of the lower surface of C7 was
zero, and no boundary conditions were set for C3—
C6 to enable this portion of the spine to bear the
load. The load condition was that the preload of the
model was 40 N on the upper surface of C3, and
the additional motion torque was 8 Nm, so that the
model could perform activities such as flexion and
extension, lateral flexion, and rotation (Fig. 5).
(2) C3-C7 3D finite element model test.

The CT data, modeling software, and finite element
analysis software were used to establish the 3D
finite element model of C3—-C7 in normal healthy
adults. The model reflected the mechanical charac-
teristics of the cervical spine, with different material
characteristics of different tissues and two types of
units (the Solid187 solid unit and Link180 unit) to
simulate the cortical bone, cancellous bone, poste-
rior bony structures, fibrous rings, nucleus pulpo-
sus, endplates, and ligaments of the vertebral bod-
ies, with a total of 388,648 nodes and 247,307 units.

Model validation was performed under a 40 N
preload and 1.5 Nm additional motion torque with
six degrees of freedom in flexion, extension, lateral
flexion, and rotation, and the range of motion of
each segment was compared with previous stud-
ies (Fig. 6). The results of the model validation are
shown in Table 2. The range of motion of the finite
element model was within the scope of the refer-
ence models, verifying that the C3-C7 vertebral

000 S0.00 (rmm)

2250 61.50
Fig. 5 C3-C7 vertebral body model load and constraint setting
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body finite element model established in the pre-
sent study was appropriate for further finite ele-
ment analysis.

Three-dimensional finite element analysis of ACDF
combined with different amounts of partial resection
of the UJs

(1) Establishment of finite element models of ACDF
surgical implants (intervertebral fusion cage, tita-
nium plate, screw)

The design drawings of the intervertebral fusion cage,
titanium plate, and screw were entered into the
3D drawing software NX12.0, and 3D geometric
models were created using the functions of stretch-
ing, cutting, and rounding (Fig. 7). The model was
imported into ANSYS Workbench 18.2 software to
obtain the meshing model of the ACDF implants
(intervertebral fusion cage, titanium plate, screw)
(Fig. 8). Two fusion material properties were set
(Table 1).

(2) Establishment of a finite element model of the cer-
vical spine with ACDF combined with different
amounts of partial resection of the U]Js

The established C3-C7 vertebral body model was
combined with the implant model to simulate the sur-
gical process of ACDF. A cervical geometric model
of ACDF combined with different amounts of partial
resection of the uncinate vertebral joints was obtained.
The overall model was then imported into ANSYS
Workbench 18.2. Material attribute distribution and
meshing were performed, and the establishment of the
whole finite element model was completed (Fig. 9).

Similarly to the method used to verify the effective-
ness of the model, the degree of freedom of the lower
surface of the C7 vertebral body was constrained, and
40 N of downward preload was applied on the upper
surface of C3 to simulate the upper body weight; 1.5
Nm of moment loading was added to simulate flex-
ion, backward extension, and left and right lateral
flexion, while 1.5 Nm of torque was added to simulate
left and right rotation. The von Mises stress distribu-
tion and peak displacement characteristics of the verte-
bral body on the intervertebral fusion cage, endplates,
titanium plate, titanium nail, and UJs after different
amounts of UJ resection under six working conditions
were analyzed, and the influence of different amounts
of UJ resection on the stability of the cervical spine was
evaluated.
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Table 2 Comparison results between C3-C7 three-dimensional  Results
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Fig. 7 ACDF surgical implant (intervertebral fusion cage, titanium plate, screw) model

Fig. 8 Grid model of ACDF intraoperative plants (intervertebral fusion cage, titanium plate, screw)

laterally flexed and rotated; the maximum stress of the
interbody cage increased by 12.09%, 41.30%, 38.45%,
52.37%, and 47.64% in flexion, left and right bending, and
left and right axial rotation, respectively. However, in the
models with different amounts of unilateral U] resection,
as the amount of UJ resection was increased, the maxi-
mum stress of the interbody cage increased greatly when
the cervical vertebrae were laterally flexed and rotated,
especially during left and right rotation; the maximum
stress of the cage increased by 5.39%, 19.47%, 19.69%,
46.75%, and 46.66% in flexion, left and right bending, and
left and right axial rotation, respectively. In both models,

the maximum stress of the interbody cage did not change
significantly in extension with increasing U] resection.

Endplate contact pressure

The endplate contact pressures of ACDF combined
with different amounts of U] partial resection are
shown in Figs. 13, 14, and 15. The comparison of the
two models of ACDF combined with different amounts
of unilateral and bilateral U] resection showed that the
maximum endplate contact pressure of the bilateral UJ
resection model had different increases in each motion
state than the simple model, except in the extension
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state. In ACDF combined with different amounts of

bilateral UJ resection, the maximum stress of the end-
plate contact in flexion, left and right bending, and left
and right rotation increased by 11.40%, 74.74%, 77.67%,
56.29%, and 67.83%, respectively; in ACDF combined

with different amounts of unilateral UJ resection, the
maximum stress of the endplate contact in flexion, left
and right bending, and left and right rotation increased
by 7.92%, 22.35%, 12.35%, 31.31%, and 43.66%, respectiv

ely.
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Contact pressure of the titanium plate and screw

The contact pressure of the titanium plate and screw
in ACDF combined with different amounts of partial
resection of the UJs is shown in Figs. 16, 17, and 18.
In both ACDF combined with bilateral UJ resection
and ACDF combined with unilateral UJ resection, the
contact pressures of the titanium plate and screw were
greatly increased in left and right bending and rotation,
especially in left and right rotation. In ACDF combined
with different amounts of bilateral UJ resection, the
contact pressure of the titanium plate and screw in left
and right bending and left and right rotation increased
by 38.12%, 38.61%, 51.44%, and 48.52%, respectively; in
ACDF combined with different amounts of unilateral

U] resection, the contact pressure of the titanium plate
and screw in left and right bending and left and right
rotation increased by 19.20%, 19.79%, 45.79%, and
47.54%, respectively. The contact pressure of the tita-
nium plates and screw in ACDF combined with uni-
lateral and bilateral U] resection increased slightly in
flexion, but did not change significantly in extension.

Maximum displacement of the cervical vertebrae

The maximum displacement of the cervical vertebrae in
the models of ACDF combined with different amounts
of partial resection of the UJs is shown in Figs. 19, 20,
and 21. In ACDF combined with different amounts of
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bilateral U] resection, the maximum displacement of the
cervical vertebrae in left and right bending and left and
right rotation increased by 39.37%, 38.69%, 48.54%, and
47.42%, respectively; in ACDF combined with different
amounts of unilateral UJ resection, the maximum dis-
placement of the cervical vertebrae increased by 18.30%,
20.05%, 42.99%, 31.31%, and 46.53%, respectively. The
increase in the maximum displacement of the cervical
vertebrae was smaller in ACDF with unilateral UJ resec-
tion than in ACDF with bilateral U] resection.

Discussion

The present study used an indirectly validated 3D finite
element model of a normal C3-C7 segment to simulate
several anterior cervical surgeries, including ACDF alone,

ACDF with unilateral and bilateral 30% U] resection,
ACDF with unilateral and bilateral 40% U] resection,
ACDF with unilateral and bilateral 50% U]J resection, and
ACDF with unilateral and bilateral 70% U] resection. The
comparison and analysis of the biomechanical changes
in the nine surgical models will aid in the selection of
an appropriate surgical plan in clinical practice. Previ-
ous biomechanical studies have assessed the interbody
fusion cage contact pressure, endplate contact pressure,
titanium plate and screw contact pressure, and displace-
ment of the cervical vertebrae [13, 22—-24]. However, the
biomechanical characteristics of the cervical spine after
various anterior cervical surgeries have not been clari-
fied. Therefore, we constructed a finite element model of
ACDF combined with different amounts of U] resection



Guo et al. Journal of Orthopaedic Surgery and Research (2022) 17:551

Page 12 of 19

3
3

e )10’

Contast pressure of titanium plate and scrow
-
3

o » a2 @ 7
Unilateral Us resection in different degrees

Fig. 13 Contact pressure distribution of End plate in different amounts of unilateral and bilateral uncovertebral joint resection

200 00
E
4
<
-
o %o
3
Led
-«
»
a
s 200 004
c
<]
]
~—
°
e
S €000
-
-~
bl
-~
a
-~
<
g
S o
©
0o
”m » 4 L5) )
Bilsteral UJs resecticn in dfferent degrees

and calculated the peak contact pressure of the interbody
fusion cage, endplate, and titanium plate and screw, and
the postoperative displacement of the cervical vertebrae.

The interbody fusion cage contact pressure was great-
est in the model of ACDF with bilateral 70% U]J resection.
The maximum interbody fusion cage contact pressure
was detected in the flexion state; however, as the amount
of UJ resection was increased, the pressure of the inter-
body fusion cage increased the most in the lateral flexion
state, followed by the rotation states. We speculated that
this might be because the UJs, which are load-bearing
structures, have a close relationship with the interver-
tebral disks [25]. We also observed that the interbody
fusion cage contact pressure was greater in the bilateral
U] resection models than the unilateral UJ resection
models, indicating that the UJs play a role in stabilizing
the cervical spine. The stability of the cervical spine wors-
ened after excessive U] resection, especially in the states
of lateral flexion and rotation, indicating that the UJs
also play an important role in limiting lateral flexion and
rotation [26]. These findings suggest that patients should
wear a neck brace as much as possible to limit the lateral
flexion and rotation of the neck after anterior cervical
spine surgery to prevent stress concentration, especially
when the U]Js are partially removed.

The endplate contact pressure was greatest in the
flexion state. There was only a small change in the
endplate contact pressure in the lateral flexion and
rotation states after ACDF with 40%, 50%, and 60%
unilateral resection of the UJs. However, in the mod-
els of ACDF with bilateral UJ resection, the endplate

contact pressure changed greatly. In the model with
bilateral 40% U] resection, the endplate contact pres-
sure increased the most in the lateral flexion state, fol-
lowed by the rotation states. The significant change in
endplate contact pressure after bilateral 40% U] resec-
tion indicates the occurrence of stress concentration.
These findings show that the stability of the cervical
spine was significantly worse after ACDF with bilateral
40% U] resection, while unilateral UJ resection had no
significant effect on the stability of the cervical spine.
This is consistent with the findings of a previous study
evaluating the effect of UJ resection on cervical stabil-
ity [20]. Analyzing the experimental results of stress
distribution at the interface between the cervical end-
plate and bone implant will better our understanding of
the potential mechanism of and factors associated with
cage subsidence, which will enable surgeons to reduce
the occurrence of cage subsidence in clinical practice
[27].

The maximum contact pressure of the titanium plate
and screw did not change significantly as the amount of
UJ resection was increased in the states of flexion and
backward extension, but increased significantly as the
amount of U] resection was increased in the states of
lateral flexion and rotation. During flexion and exten-
sion, there was only a small change in the contact pres-
sure of the titanium plate and screw, indicating that the
interbody fusion cage plays a greater role in mechani-
cal load sharing than the titanium plate and screw [28].
The contact pressure of the titanium plate and screw
increased uniformly as the amount of U] resection was
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different motion states. A-E represents 0%, 30%, 40%, 50% and 70% of uncinate vertebrae joints were removed respectively

increased, but the pressure was less in ACDF with uni-
lateral U] resection than ACDF with bilateral resec-
tion, indicating that unilateral U] resection achieves
good cervical spinal stability and that both unilateral
and bilateral UJ resection do not result in stress con-
centration. These findings are similar to those of a pre-
vious study [29]. Therefore, we recommend reducing
the amount of U] resection and avoiding bilateral UJ
resection as much as possible during anterior cervical
surgery.

The maximum displacement of the cervical vertebrae
refers to the displacement of two adjacent vertebral bod-
ies, which reflects the relative stability of ACDF com-
bined with different amounts of UJ resection [30]. Our
results showed that although the interbody fusion cage,
titanium plate, and screw are fixed during the operation,
there is still a large maximum displacement of the cervi-
cal vertebrae in the flexion state, which may be one of the

factors leading to subsidence of the interbody fusion cage
after anterior cervical surgery. In addition, the maximum
displacement of the cervical vertebrae did not change
significantly with the increase in the amount of UJ resec-
tion in the states of flexion and extension. In the states of
lateral flexion and rotation, the maximum displacement
of the cervical vertebral bodies increased significantly as
the amount of UJ resection increased, and this increase
was more obvious in bilateral U] resection than unilateral
resection, especially in lateral flexion. These results show
that the UJs mainly limit cervical lateral flexion, suggest-
ing that excessive resection of the UJs and inappropriate
postoperative neck brace application may lead to loosen-
ing of the internal fixation.

The spine is composed of complex and interconnected
structures, including vertebral bodies, disks, facet joints,
ligaments, and musculature, which together contribute to
the stability and transmission of forces in the spine [31,
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Fig. 17 Stress nephogram of titanium plate and screw of ACDF combined with bilateral uncovertebral joints in different amounts of partial
resection model in different motion states. A-E represents 0%, 30%, 40%, 50% and 70% of uncinate vertebrae joints were removed respectively

32]. These structures maintain the normal function of
the spine, and the degeneration or injury of one structure
affects the rest of the structures. In the present study, the
standard model was based on a healthy cervical spine
rather than a degenerated cervical spine, which may pre-
vent the finite element analysis results from accurately
representing postoperative outcomes of degenerated
spines [33]. Compared with the healthy spine, the degen-
erated spine has decreased segmental motion, interver-
tebral space heights, and paravertebral muscle strength,
and increased facet joint loading. Although the postop-
erative models were identical in structural composition,

there were still large differences between models in the
calculated parameters including range of motion, contact
pressure, and disk pressure. In addition, the morphology
of the pathological cervical spine may include variations
in cervical curvature, loss of intervertebral disk height,
and UJ hyperplasia, which leads to variations in the post-
operative biomechanical results. To ensure the uniform-
ity of the experiment, we used the CT data of a healthy
young man. However, in future experiments, we need to
establish a pathological degenerative spine model for bio-
mechanical testing.
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Fig. 18 Stress nephogram of titanium plate and screw of ACDF combined with unilateral uncovertebral joints in different amounts of partial
resection model in different motion states. A-E represents 0%, 30%, 40%, 50% and 70% of uncinate vertebrae joints were removed respectively

C D

Z
B
¢
g
g
g

Our study has several limitations. The standard model
was validated using an indirect method of comparison
with published data [34, 35]. Although finite element
analysis is an effective validation method, the accuracy
of the results is reduced because of unclear in vitro
experimental conditions, large standard deviations, and
a lack of specific material properties in previous stud-
ies. Furthermore, as the current finite element method
lacks a recognized construction method for the UJs, the
UJs were simplified in the process of building the model,
which may lead to the loss of some details and the devi-
ation of the experimental results. Although the load
application in the finite element test partially represents

the effect of muscle on the cervical spine, the detailed
and complex function of muscle on spinal movement
cannot be simulated. Finally, although the CT data of
a healthy man were used, there may be differences in
bone size and muscle volume in accordance with differ-
ent regions, ethnic groups, religions, and dietary habits,
which may impact the results of finite element analysis.
Overall, although our predictions may not represent
accurate clinical values, they can predict the trends of
changes in the cervical spine during different move-
ments after ACDF combined with different amounts of
U] resection.
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Conclusions

On the basis of the stress distribution and vertebral body
displacement in each state of the models in our study,
we suggest that clinicians should reduce the UJ damage
as much as possible while ensuring clinical efficacy when
performing anterior cervical surgery. For CSR caused by
hyperplasia of the uncinate joint, we suggest that the UJs
should be resected by less than 40%. During the reha-
bilitation process after anterior cervical spine surgery, we
recommend that patients wear a neck brace to limit flex-
ion, lateral bending, and rotational movement to avoid
subsidence of the cage and failure of internal fixation.

Abbreviations

CSR: Cervical spine radiculopathy; ACDF: Anterior cervical decompression
and fusion; UJ: Uncovertebral joint; 3D: Three-dimensional; CT: Computed
tomography; MRI: Magnetic resonance imaging; FLE: Flexion; EXT: Extension;
LLB: Left lateral bending; RLB: Right lateral bending; LAR: Left axial rotation;
RAR: Right axial rotation.

Acknowledgements
We thank Kelly Zammit, BVSc, from Liwen Bianji (Edanz) (www.liwenbianji.cn/),
for editing the English text of a draft of this manuscript.

Author contributions

WG contributed to the conception of the study, WG, YJ, and YZ performed the
experiment, WG and YJ contributed significantly to analysis and manuscript
preparation, and WJ-H helped perform the revision of this paper with con-
structive suggestions. WG, YJ, YZ, and WJ-H contributed equally to this work.
All authors read and approved the final manuscript.


http://www.liwenbianji.cn/

Guo et al. Journal of Orthopaedic Surgery and Research (2022) 17:551

Funding
The project is supported by Health Commission of Hunan Province (Project
number: 202104071032).

Declarations

Ethics approval and consent to participate

The study was approved by the Ethics Committee of the First People’s Hospital
of Changde City on 15 October 2019 (2020-125-01). Any modifications about
the study will be submitted to the Ethics Committee for review, and partici-
pants will be informed.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 July 2022 Accepted: 12 December 2022
Published online: 19 December 2022

References

1. Mansfield M, Smith T, Spahr N, et al. Cervical spine radiculopathy epide-
miology: a systematic review. Musculoskeletal Care. 2020;18(4):555-67.

2. Taso M, Sommernes JH, Kolstad F, et al. A randomised controlled trial
comparing the effectiveness of surgical and nonsurgical treatment for
cervical radiculopathy. BMC Musculoskelet Disord. 2020;21(1):171.

3. Nakagawa H, Saito K, Mitsugi T, et al. Microdiscectomy and foraminotomy
in cervical spondylotic myelopathy and radiculopathy: anterior versus
posterior, microendoscopic surgery versus mini-open microsurgery.
World Neurosurg. 2014;81(2):292-3.

4. MacDowall A, Heary RF, Holy M, et al. Posterior foraminotomy versus ante-
rior decompression and fusion in patients with cervical degenerative disc
disease with radiculopathy: up to 5 years of outcome from the national
Swedish Spine Register. J Neurosurg Spine. 2019;15:1-9.

5. Lubelski D, Ramhmdani S, Pennington Z, Theodore N, Bydon A. Utility of
posterior longitudinal ligament resection during anterior cervical decom-
pression for radiculopathy. World Neurosurg. 2020;137:e425-9.

6. Guinn JMV, Pennicooke B, Rivera J, et al. Anterior cervical discectomy with
fusion and plating for correction of degenerative cervical kyphosis: 2-dimen-
sional operative video. Oper Neurosurg (Hagerstown). 2021,20(3):E214.

7. Visocchi M, Marino S, Ducoli G, et al. Hybrid implants in anterior cervical
decompressive surgery for degenerative disease. J Craniovertebr Junct
Spine. 2021;12(1):54-60.

8. Safaee MM, Nichols NM, Yerneni K, et al. Safety and efficacy of direct
nerve root decompression via anterior cervical discectomy and
fusion with uncinectomy for cervical radiculopathy. J Spine Surg.
2020;6(1):205-9.

9. Lee BH, Park JH, Lee JY, et al. Efficiency of minimal oblique resection of
the uncinate process during an anterior cervical discectomy and fusion.
Medicine (Baltimore). 2021;100(31):e26790.

10. Clifton W, Valero-Moreno F, Vlasak A, et al. Microanatomical considera-
tions for safe uncinate removal during anterior cervical discectomy and
fusion: 10-year experience. Clin Anat. 2020;33(6):920-6.

11, Clifton W, Williams D, Pichelmann M. How | do it: total uncinatectomy during
anterior diskectomy and fusion for cervical radiculopathy caused by uncov-
ertebral joint hypertrophy. Acta Neurochir (Wien). 2019;161(10):2229-32.

12. Noh SH, Park JY, Kuh SU, Chin DK, Kim KS, Cho YE, Kim KH. Association of
complete uncinate process removal on 2-year assessment of radiologic
outcomes: subsidence and sagittal balance in patients receiving one-
level anterior cervical discectomy and fusion. BMC Musculoskelet Disord.
2020;21(1):439.

13. Nguyen J, Chu B, Kuo CC, et al. Changes in foraminal area with anterior
decompression versus keyhole foraminotomy in the cervical spine: a
biomechanical investigation. J Neurosurg Spine. 2017;27(6):620-6.

14. Maulucci CM, Sansur CA, Singh V, et al. Cortical bone facet spacers for
cervical spine decompression: effects on intervertebral kinetics and
foraminal area. J Neurosurg Spine. 2016;24(1):69-76.

Page 19 of 19

15. Sun B, Xu C, Zhang Y, et al. Intervertebral foramen width is an important
factor in deciding additional uncinate process resection in ACDF—a
retrospective study. Front Surg. 2021,8:626344.

16. Lee SH, Lee JS, Sung SK, et al. The effect of uncinate process resection on
subsidence following anterior cervical discectomy and fusion. J Korean
Neurosurg Soc. 2017;60(5):550-9.

17. Zafarparandeh |, Erbulut DU, Lazoglu |, et al. Development of a finite ele-
ment model of the human cervical spine. Turk Neurosurg. 2014;24(3):312-8.

18. Ren J, Li R, Zhu K, et al. Biomechanical comparison of percutaneous pos-
terior endoscopic cervical discectomy and anterior cervical decompres-
sion and fusion on the treatment of cervical spondylotic radiculopathy. J
Orthop Surg Res. 2019;14(1):71.

19. Ke W, Chen C, Wang B, et al. Biomechanical evaluation of different surgi-
cal approaches for the treatment of adjacent segment diseases after
primary anterior cervical discectomy and fusion: a finite element analysis.
Front Bioeng Biotechnol. 2021;9:718996.

20. Wang Z, Zhao H, Liu JM, et al. Resection or degeneration of uncoverte-
bral joints altered the segmental kinematics and load-sharing pattern of
subaxial cervical spine: a biomechanical investigation using a C2-T1 finite
element model. J Biomech. 2016;49(13):2854-62.

21. Lee SH, ImYJ, Kim KT, et al. Comparison of cervical spine biomechanics
after fixed- and mobile-core artificial disc replacement: a finite element
analysis. Spine (Phila Pa 1976). 2011;36(9):700-8.

22. Xie YM, Zheng YC, Qiu SJ, et al. The appropriate hybrid surgical strategy in
three-level cervical degenerative disc disease: a finite element analysis. J
Orthop Surg Res. 2019;14(1):444.

23. Kwon JW, Bang SH, Park TH, et al. Biomechanical comparison of cervical
discectomy/fusion model using allograft spacers between anterior and
posterior fixation methods (lateral mass and pedicle screw). Clin Biomech
(Bristol, Avon). 2020;73:226-33.

24. Cho PG, Ji GY, Park SH, et al. Biomechanical analysis of biodegradable
cervical plates developed for anterior cervical discectomy and fusion.
Asian Spine J. 2018;12(6):1092-9.

25. Yuchi CX, Sun G, Chen C, et al. Comparison of the biomechani-
cal changes after percutaneous full-endoscopic anterior cervical
discectomy versus posterior cervical foraminotomy at C5-C6: a finite
element-based study. World Neurosurg. 2019;128:e905-11.

26. Kotani 'Y, McNulty PS, Abumi K, et al. The role of anteromedial forami-
notomy and the uncovertebral joints in the stability of the cervical spine.
A biomechanical study. Spine (Phila Pa 1976). 1998;23(14):1559-65.

27. Lin CY, Kang H, Rouleau JP, Hollister SJ, Marca FL. Stress analysis of the
interface between cervical vertebrae end plates and the Bryan, Pres-
tige LP, and ProDisc-C cervical disc prostheses: an in vivo image-based
finite element study. Spine (Phila Pa 1976). 2009;34(15):1554-60.

28. Cheng BC, Burns P, Pirris S, et al. Load sharing and stabilization effects
of anterior cervical devices. J Spinal Disord Tech. 2009;22(8):571-7.

29. Snyder JT, Tzermiadianos MN, Ghanayem AJ, et al. Effect of uncoverte-
bral joint excision on the motion response of the cervical spine after
total disc replacement. Spine (Phila Pa 1976). 2007,32(26):2965-9.

30. ChenTY, Crawford NR, Sonntag VK, et al. Biomechanical effects of
progressive anterior cervical decompression. Spine (Phila Pa 1976).
2001;26(1):6-13; discussion 14.

31. O'Leary SA, Paschos NK, Link JM, et al. Facet joints of the spine:
structure—function relationships, problems and treatments, and the
potential for regeneration. Annu Rev Biomed Eng. 2018;20:145-70.

32. Vergroesen PP, Kingma |, Emanuel KS, et al. Mechanics and biology in interver-
tebral disc degeneration: a vicious circle. Osteoarthr Cartil. 2015;23(7):1057-70.

33. Cai XY, Sang D, Yuchi CX, et al. Using finite element analysis to deter-
mine effects of the motion loading method on facet joint forces after
cervical disc degeneration. Comput Biol Med. 2020;116:103519.

34. Dogru SC, Arslan YZ. Effect of model parameters on the biomechani-
cal behavior of the finite element cervical spine model. Appl Bionics
Biomech. 2021;2021:5593037.

35. El Bojairami I, EI-Monajjed K, Driscoll M. Development and validation of a
timely and representative finite element human spine model for biome-
chanical simulations. Sci Rep. 2020;10(1):21519.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Effect of ACDF combined with different degrees of partial resection of uncovertebral joints on cervical stability and degeneration: a three-dimensional finite element analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Establishment of the 3D model
	Verification of the 3D finite element model
	Three-dimensional finite element analysis of ACDF combined with different amounts of partial resection of the UJs

	Results
	Interbody fusion cage contact pressure
	Endplate contact pressure
	Contact pressure of the titanium plate and screw
	Maximum displacement of the cervical vertebrae

	Discussion
	Conclusions
	Acknowledgements
	References


