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Abstract 

Background: Previous studies on dynamic impingement of nerve root in cervical spondylotic radiculopathy (CSR) 
have focused on effect of cervical spine motion (CSM) on dimensional changes of intervertebral foramen. However, 
there are few studies to investigate effect of CSM on displacement of posterolateral intervertebral disc until now. The 
present study aimed to investigate effect of CSM on displacement of posterolateral annulus fibrosus (AF) in CSR with 
contained posterolateral disc herniation.

Methods: A C5–C6 CSR finite element model with unilateral contained posterolateral disc herniation was gener‑
ated based on validated C5–C6 normal finite element model. Forward and backward displacement distributions of 
posterolateral AFs in CSR model and normal model were compared. Changes in forward and backward displacement 
magnitudes of posterolateral AFs of the herniated side and the healthy side in CSR model, with respect to those of 
the ipsilateral posterolateral AFs in normal model, were compared. The comparisons were performed under flexion, 
extension, lateral bendings and axial rotations.

Results: There was no difference in deformation trend of posterolateral AF between CSR model and normal model. 
Bilateral posterolateral AFs mainly moved forward during flexion and backward during extension. Left posterolateral 
AF mainly moved backward and right posterolateral AF forward during left lateral bending and left axial rotation. Left 
posterolateral AF mainly moved forward and right posterolateral AF backward during right lateral bending and right 
axial rotation. However, with respect to forward and backward displacement magnitudes of the ipsilateral postero‑
lateral AFs in normal model, those of the herniated side increased relatively significantly compared with those of the 
healthy side in CSR model.

Conclusions: Flexion, lateral bending to the healthy side and axial rotation to the healthy side make posterolateral 
AF of the herniated side mainly move forward, whereas extension, lateral bending to the herniated side and axial rota‑
tion to the herniated side make it mainly move backward. These data may help select CSM or positions to diagnose 
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and treat CSR with contained posterolateral disc herniation. Increase in deformation amplitude of posterolateral AF of 
the herniated side may also be the reason for dynamic impingement of nerve root in CSR with contained posterolat‑
eral disc herniation.

Keywords: Cervical spondylotic radiculopathy, Cervical spine motion, Three‑dimensional finite element analysis, 
Displacement of posterolateral annulus fibrosus

Background
Cervical spondylotic radiculopathy (CSR) is the most 
common cervical degenerative disease with an incidence 
of 107.3 per 100,000 for men and 63.5 per 100,000 for 
women [1, 2]. Although the exact pathophysiology of 
CSR is not completely understood, mechanical compres-
sion of nerve root combined with inflammatory changes 
due to cervical foraminal stenosis is often thought of the 
key factor leading to pain and neurologic dysfunction [3, 
4]. Cervical foraminal stenosis is commonly caused by 
cervical posterolateral disc herniation and cervical spon-
dylosis [5].

It is believed that in addition to static factors, dynamic 
factors in the cervical spinal column affect the amount of 
nerve root compression. Clinicians commonly employ 
cervical spine motion (CSM) for diagnostic evaluation 
and subsequent treatment methods of CSR [6–8]. Proper 
CSM or positions most likely will facilitate pain relief. 
Previous studies on the effects of CSM on diagnosis 
and treatment of CSR have focused on effect of CSM on 
dimensional changes of intervertebral foramen [8–11]. 
Flexion of cervical spine lengthens intervertebral fora-
men, whereas extension shortens intervertebral foramen. 
Rotation to the ipsilateral side narrows intervertebral 
foramen, whereas rotation to the contralateral side wid-
ens intervertebral foramen.

Since posterolateral disc herniation is one of the 
important pathological factors of CSR and may exist 
alone in some CSR patients [3], displacement of pos-
terolateral intervertebral disc caused by CSM may also 
lead to dynamic impingement of the nerve root in CSR. 
However, there are few studies to investigate effect of 
CSM on displacement of posterolateral intervertebral 
disc until now. Relative to displacement of nucleus pul-
posus, finite element (FE) analysis can accurately reflect 
the displacement of annulus fibrosus (AF) [12]. In addi-
tion, the bulging posterolateral AF is the main structure 
of nerve root compression in contained posterolateral 
disc herniation. Understanding the influence of CSM on 
displacement of posterolateral AF may also provide a ref-
erence for clinicians to use CSM or positions in the diag-
nosis and treatment of CSR with contained posterolateral 
disc herniation from the perspective of displacement of 
AF. Therefore, the purpose of this study was to investi-
gate effect of CSM on displacement of posterolateral 

AF in CSR with contained posterolateral disc herniation 
through three-dimensional FE analysis.

Methods
Construction of C5–C6 normal FE model
A normal three-dimensional digital anatomical FE model 
of C5–C6 was created based on CT images of a C5–C6 
motion segment without injury or radiographic evidence 
of degeneration. The image data were from a healthy male 
volunteer (25  years old, 65  kg and 172  cm). The study 
plan was approved by the ethics committee of our hos-
pital. The participant was explained about the research 
purpose and signed the consent form. Slice thickness was 
0.625 mm. The slice images were preserved in a computer 
and then imported to Mimics 19.0 software (Materialise 
Inc., Belgium) for generation of the three-dimensional 
geometries of C5–C6 vertebra. Then, a smoothing pro-
cess was performed in Geomagic Studio 2013 software 
(Geomagic Inc., USA) to remove spikes and holes on the 
surface of the vertebral geometries. The geometries of 
other structures including AF, nucleus pulpous, facet car-
tilages and endplates, which were difficult to be separated 
from the CT images, were created using SolidWorks 2017 
sofeware (SolidWorks Corp. USA). Each vertebra con-
sisted of a cancellous core surrounded by a cortical shell 
layer with thickness of 0.4  mm [13]. Cartilaginous end-
plates were simulated with thickness of 0.2 mm at both 
ends of each vertebra [14]. The nucleus pulpous occupied 
about 25% of the total disc [15]. Facet joints were mod-
eled with a cartilage layer with thickness of 0.5 mm and 
a gap of about 0.25 mm [16]. In order to mimic collagen 
fibers of AF, five layers of collagen fibers were embed-
ded radially in the annular ground substances. For each 
layer, two bundles of fibers were modeled with orienta-
tion of about ± 25° with respect to the horizontal plane 
using truss elements [14]. Element types of cancellous 
bone, posterior bony element, cartilaginous endplates, 
AF and nucleus pulpous were defined as solid elements. 
Cortical bone and facet joint cartilage were defined as 
shell elements. Six different ligaments including anterior 
longitudinal ligament, posterior longitudinal ligament, 
interspinous ligament, supraspinal ligament, capsular 
ligament, and ligamentum flavum in tension only were 
modeled with truss elements. The assigned material 
properties were assumed to be homogeneous, linear, and 



Page 3 of 8Ye et al. Journal of Orthopaedic Surgery and Research          (2022) 17:548  

isotropic. Truss elements were tension-only. Tied con-
straints were used to ensure disc and ligament attach-
ments to the vertebra and prevent any relative movement 
during the simulations. Surface-to-surface contact algo-
rithm was used in defining facet joint interaction, and 
friction coefficient was assumed to be 0.1 [15]. Material 
properties were taken from the studies and are listed in 
Table 1 [14, 15, 17]. The total number of nodes and ele-
ments was 283,423 and 188,728, respectively (Fig.  1). 

Convergence within 1% was achieved in the normal 
model to make sure that the results based on the present 
mesh density approached a reasonable solution [13].

Construction of C5–C6 CSR FE model with unilateral 
contained posterolateral disc herniation
To investigate effect of CSM on displacement of poste-
rolateral AF in CSR with contained posterolateral disc 
herniation, unilateral contained posterolateral disc her-
niation was simulated based on the developed C5–C6 
normal FE model. Partial damage of left posterolateral 
AF with limited nuclear migration in the earliest phase 
of disc herniation was modeled by removing annular fib-
ers of left posterolateral AF and preserving the annulus 
ground substance without constructing geometrical mor-
phology of posterolateral disc herniation (Fig. 2).

Boundary and loading conditions of the normal and CSR 
FE models
The inferior endplate of C6 was fixed at six degrees of 
freedom. A axial pre-compression load of 73.6  N was 
applied to the superior endplate center of C5 for head 
physical gravity simulation, and moment of 1.8 Nm on 
sagittal, coronal and transverse anatomical planes to 
simulate the primary spinal motions of flexion, extension, 
lateral bendings and axial rotations [16, 18]. All computa-
tional processes were performed with Abaqus 2016 soft-
ware (Simulia Inc., USA).

Analysis
Forward and backward (Y direction) displacement distri-
butions of posterolateral AFs in CSR model and normal 
model were compared. The same nodes were selected as 

Table 1 Material properties of C5–C6 finite element models

ALL, anterior Longitudinal ligament; PLL, posterior longitudinal ligament; 
CL, capsular ligament; FL, flaval ligament; ISL, interspinous ligament; SSL, 
supraspinous ligament

Component name Young’s 
modulus 
(MPa)

Poisson’s ratio Cross-
sectional 
area  (mm2)

Cortical bone 12,000 0.29 –

Cancellous bone 450 0.29 –

Posterior element 3500 0.29 –

Cartilage 10.4 0.4 –

Endplate 500 0.4 –

Nucleus pulposus 1 0.49 –

Annulus ground sub‑
stance

3.4 0.4 –

Annulus fiber 110 0.3 1

ALL 10 0.3 6.0

PLL 10 0.3 5.0

CL 10 0.3 46.0

FL 1.5 0.3 5.0

ISL 1.5 0.3 10

SSL 1.5 0.3 5.0

Fig. 1 The C5–C6 normal FE model
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reference points for forward and backward displacement 
magnitudes of bilateral posterolateral AFs in CSR model 
and normal model. Changes in forward and backward 
displacement magnitudes of posterolateral AFs of the 
herniated side and the healthy side in CSR model, with 
respect to those of the ipsilateral posterolateral AFs in 
normal model, were compared. The comparisons were 
performed under flexion, extension, lateral bendings and 
axial rotations.

Results
Validation of the normal FE model
Under 73.6  N follower load and 1.8 Nm moment, the 
ROMs of C5–C6 were 7.0° in flexion, 4.5° in extension, 
3.6° in left lateral bending, 4.7° in right lateral bending, 
2.1° in left axial rotation and 2.8° in right axial rotation, 

which were similar to those published in studies (Fig. 3) 
[16, 18].

Forward and backward displacement distributions 
of posterolateral AFs
There was no difference in deformation trend of pos-
terolateral AF between CSR model and normal model 
under all loading conditions. Bilateral posterolateral 
AFs mainly moved forward during flexion and backward 
during extension. Left posterolateral AF mainly moved 
backward and right posterolateral AF forward during 
left lateral bending and left axial rotation. Left postero-
lateral AF mainly moved forward and right posterolateral 
AF backward during right lateral bending and right axial 
rotation (Fig. 4).

Fig. 2 Models of intact annular fiber (a) and left posterolateral annular fiber defect (b)

Fig. 3 Validation of C5–C6 normal FE model
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Forward and backward displacement magnitudes 
of posterolateral AFs
Forward and backward displacement magnitudes of left 
posterolateral AF were − 0.42 mm, 0.31 mm, 0.21 mm, 
− 0.12  mm, 0.29  mm and − 0.25  mm while those 
of right posterolateral AF were − 0.4  mm, 0.3  mm, 
− 0.15  mm, 0.22  mm, − 0.21  mm and 0.27  mm under 
flexion, extension, left lateral bending, right lateral 
bending, left axial rotation and right axial rotation, 

respectively, in normal model. Forward and backward 
displacement magnitudes of left posterolateral AF were 
− 0.53  mm, 0.34  mm, 0.27  mm, − 0.21  mm, 0.38  mm 
and − 0.35  mm while those of right posterolateral 
AF were − 0.42  mm, 0.31  mm, − 0.15  mm, 0.23  mm, 
− 0.21  mm and 0.3  mm under flexion, extension, left 
lateral bending, right lateral bending, left axial rotation 
and right axial rotation, respectively, in CSR model. 
With respect to forward and backward displacement 

Fig. 4 Nephograms of forward and backward displacement distributions of AFs in normal model and CSR model under flexion, extension, left 
lateral bending (a) and right lateral bending, left axial rotation, right axial rotation (b)
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magnitudes of the ipsilateral posterolateral AFs in nor-
mal model, those of the herniated side increased rela-
tively significantly (Fig.  5) compared with those of the 
healthy side in CSR model (Fig. 6).

Discussion
The influence of CSM or position on displacement of 
posterolateral AF has already been employed in some 
treatment methods of CSR with contained posterolat-
eral disc herniation such as manipulation [19], distrac-
tion [20] and surgical methods [21–23]. Huang et  al. 
[19] investigated the biomechanical effects of cervical 
spinal manipulation on cervical disc herniation using 
three-dimensional FE analysis and found that cervi-
cal spinal manipulation with rotation to the healthy side 

made posterolateral AF of the herniated side move for-
ward, which may help to change the relative position of 
posterolateral AF and nerve root to release adhesion and 
relieve compression [24]. Wong et  al. [20] studied the 
influence of different traction angles on intervertebral 
separation and found that posterior intervertebral space 
in flexion position before traction was greater than that 
in the neutral position, which indicates that flexion posi-
tion had a pulling effect on the posterolateral AF and 
may contribute to make bulging posterolateral AF move 
forward. Geol et al. [21, 22] treated CSR with interfacet 
distraction and fusion and postoperative follow-up MRI 
showed disappearance of disc herniation. It is probable 
that interfacet distraction caused longitudinal interver-
tebral separation and mild flexion of superior vertebrae, 

Fig. 5 Forward (negative) and backward (positive) displacements of posterolateral AF of the herniated side in CSR model and those of the 
ipsilateral side in normal model

Fig. 6 Forward (negative) and backward (positive) displacements of posterolateral AF of the healthy side in CSR model and those of the ipsilateral 
side in normal model
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which had a pulling effect on the posterolateral AF and 
make bulging posterolateral AF move forward [21–23]. 
Thus, understanding the influence of CSM on displace-
ment of posterolateral AF can help clinicians choose 
proper CSM or positions for some treatment methods of 
CSR with contained posterolateral disc herniation from 
the perspective of displacement of AF.

Although the research object of our study was CSR 
with contained posterolateral disc herniation, various 
degrees of protrusion of nucleus pulposus toward AF 
do exist. However, our study focused on variation ten-
dency rather than precise numerical values of displace-
ment of posterolateral AF caused by CSM in CSR with 
contained posterolateral disc herniation, which belongs 
to a qualitative study rather than a quantitative study. 
In addition, microstructural analysis of disc herniation 
found that microstructural changes of disc herniation 
in the earliest phase were partial damage of AF and lim-
ited nuclear migration [25]. Therefore, we believed that 
the key point of pathologic model construction for our 
study was simulating partial damage of posterolateral 
AF but not the geometrical morphology of posterolateral 
disc herniation. For these reasons, Partial damage of left 
posterolateral AF with limited nuclear migration in the 
earliest phase of disc herniation was modeled by remov-
ing annular fibers and preserving the annulus ground 
substance of left posterolateral AF without constructing 
geometrical morphology of posterolateral disc hernia-
tion. We acknowledge that the CSR model constructed 
in our study is a simplified model that cannot completely 
simulate all the pathological characteristics of CSR, but 
it can meet research requirements of our study. Forward 
and backward displacement of posterolateral AF has 
been proposed as a parameter of dynamic impingement 
of nerve root caused by bulging posterolateral AF in CSR 
with contained posterolateral disc herniation [19].

The validation test proved that the constructed C5–C6 
normal FE model could accurately simulate physiological 
activities of C5–C6 functional unit [16, 18]. The results of 
our study also showed that displacement magnitudes of 
posterolateral AFs were from 0.12 to 0.42 mm in the nor-
mal model, which are consistent with numerical values 
of previous studies [12, 19], indicating that the normal 
model constructed in our study can accurately analyze 
displacement magnitude of posterolateral AF. There-
fore, the normal model could be a valuable tool for later 
research.

The result of forward and backward displacement dis-
tributions of posterolateral AFs showed that there was 
no difference in deformation trend of posterolateral AF 
between CSR model and normal model under all load-
ing conditions. Bilateral posterolateral AFs mainly moved 
forward during flexion and backward during extension. 

Left posterolateral AF mainly moved backward and 
right AF forward during both left lateral bending and 
left axial rotation. Left AF mainly moved forward and 
right AF backward during both right lateral bending and 
right axial rotation. This result indicates that flexion, lat-
eral bending to the healthy side and axial rotation to the 
healthy side make posterolateral AF of the herniated side 
mainly move forward, whereas extension, lateral bending 
to the herniated side and axial rotation to the herniated 
side make it mainly move backward. Therefore, flexion, 
lateral bending to the healthy side and axial rotation to 
the healthy side may relieve compression of nerve root by 
posterolateral AF of the herniated side, whereas exten-
sion, lateral bending to the herniated side and axial rota-
tion to the herniated side may aggravate it in CSR with 
contained posterolateral disc herniation. The result of 
forward and backward displacement magnitudes of 
posterolateral AFs showed that with respect to forwnd 
backward displacement magnitudes of the ipsilateral pos-
terolateral AFs in normal model, those of the ard aherni-
ated side increased relatively significantly compared with 
those of the healthy side in CSR model. This result indi-
cates that deformation amplitude of posterolateral AF of 
the herniated side is larger than that of the healthy side. 
Therefore, increase in deformation amplitude of poste-
rolateral AF of the herniated side may also be the reason 
for dynamic impingement of nerve root in CSR with con-
tained posterolateral disc herniation.

Some limitations of this study need to be mentioned. 
Firstly, the assumptions of linear, isotropic, homogene-
ous material properties for FE models were a simplifi-
cation of the real situation. Secondly, effect of CSM on 
displacement of nucleus pulposus is not involved in this 
study because FE analysis can not accurately reflect the 
displacement of nucleus pulposus. Hence, conclusion of 
this study is only suitable for CSR with contained poste-
rolateral disc herniation. Thirdly, this study only focused 
on the effect of simple CSM such as flexion, extension, 
lateral flexion and axial rotation on displacement of AF 
in CSR. Future investigation concerning complex CSM 
on displacement of AF is needed if necessary. Fourthly, 
the muscular influence on displacement of AF is not con-
sidered in this study. It remains unknown how much the 
current findings would vary if this limitation is appropri-
ately addressed.

Conclusions
Flexion, lateral bending to the healthy side and axial rota-
tion to the healthy side make posterolateral AF of the 
herniated side mainly move forward, whereas extension, 
lateral bending to the herniated side and axial rotation 
to the herniated side make it mainly move backward. 
These data may have implications for selection of CSM 
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or positions to diagnose and treat CSR with contained 
posterolateral disc herniation. Increase in deforma-
tion amplitude of posterolateral AF of the herniated 
side may also be the reason for dynamic impingement 
of nerve root in CSR with contained posterolateral disc 
herniation.
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