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Objective: Precise knowledge regarding the mechanical stress applied to the intervertebral 
disc following each individual spine motion enables physicians and patients to understand 
how people with discogenic back pain should be guided in their exercises and which spine 
motions to specifically avoid. We created an intervertebral disc degeneration model and 
conducted a finite element (FE) analysis of loaded stresses following each spinal posture or 
motion.
Methods: A 3-dimensional FE model of intervertebral disc degeneration at L4–5 was con-
structed. The intervertebral disc degeneration model was created according to the modified 
Dallas discogram scale. The von Mises stress and range of motion (ROM) regarding the in-
tervertebral discs and the endplates were analyzed.
Results: We observed that mechanical stresses loaded onto the intervertebral discs were 
similar during flexion, extension, and lateral bending, which were greater than those oc-
curring during torsion. Based on the comparison among the grades divided by the modi-
fied Dallas discogram scale, the mechanical stress during extension was greater in grades 
3–5 than it was during the others. During extension, the mechanical stress loaded onto the 
intervertebral disc and endplate was greatest in the posterior portion. Mechanical stresses 
loaded onto the intervertebral disc were greater in grades 3–5 compared to those in grades 
0–2.
Conclusion: Our findings suggest that it might be beneficial for patients experiencing dis-
cogenic back pain to maintain a neutral posture in their lumbar spine when engaging in daily 
activities and exercises, especially those suffering from significant intravertebral disc degen-
eration.
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INTRODUCTION

Lower back pain is a widespread issue affecting numerous in-
dividuals, and it can cause a wide range of disabilities and often 
imposes a significant socioeconomic burden,1 with a reported 
lifetime prevalence of 60%–80%.2 Lower back pain is a complex 
condition that is influenced by various physiological and psy-
chological factors and changes in the brain.3,4 Intervertebral disc 
degeneration plays a significant role in patients with lower back 
pain.5 Discogenic back pain refers to lower back pain associated 

with intervertebral disc degeneration that occurs without disc 
herniation, anatomical deformity, or other clearly identifiable 
causes of pain and disability.2,6

Discogenic back pain is often refractory to oral medication 
or various procedures, and even surgical treatment does not ex-
hibit a high success rate.2,6,7 For patients with discogenic back 
pain, regular exercise and postural education are crucial.8,9 Nu-
merous previous studies have focused on proper posture in pa-
tients with discogenic back pain.10-13 However, it is not clearly 
understood which posture causes the most significant mechan-
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ical stresses on the intervertebral disc. Precise knowledge re-
garding the mechanical stress applied to the intervertebral disc 
following each individual spine motion enables physicians and 
patients to understand how individuals should be guided in 
their exercises and which spinal motions to specifically avoid. 
Previous in vivo studies have been conducted to evaluate stress 
loading on the intervertebral disc resulting from various spinal 
postures or motions.14,15 However, these studies were conducted 
on healthy subjects with no lower back pain, or did not measure 
intradiscal pressure under various postures.14,15 In a previous in 
vivo study measuring intradiscal pressure, a needle or pressure 
sensor was inserted into the intervertebral disc, and this can 
cause damage to the intervertebral disc and accelerate its de-
generation.16 Therefore, due to the ethical issues, in vivo studies 
are currently limited in their ability to evaluate stress loading 
on the intervertebral disc following various spinal postures or 
motions.

Recently, in an effort to overcome the limitations of in vivo 
studies, finite element (FE) modeling that is typically used in 
industrial fields has been utilized for spinal research.17-19 FE mod-
eling measures mechanical stresses on each spinal structure 
without inserting an invasive device into the structure.17-19 Sev-
eral studies have evaluated pressures on the intervertebral discs 
of the lumbar spine according to different postures or motions 
using FE modeling.11,12,18 However, these studies were not con-
ducted using an intervertebral disc degeneration model. Nor-
mal and degenerated intervertebral discs experience different 
intradiscal pressures and possess different anatomical charac-
teristics. To obtain clinically relevant research results that are 
applicable to patients with discogenic back pain, an FE analysis 
of the intradiscal stress occurring during each spinal posture or 
motion should be conducted using an intervertebral disc de-
generation model.

In the current study, we created an intervertebral disc degen-
eration model and conducted an FE analysis of loaded stresses 
following each individual spinal posture or motion.

MATERIALS AND METHODS

1. Model Development
After obtaining approval from the Institutional Review Board 

of the Severance Hospital (2013-0515-001), a computed tomog-
raphy (CT) scan of the lumbar spine was obtained from one pa-
tient (a 45-year-old man with lower back pain with no structural 
abnormality in the lumbar spine magnetic resonance imaging 
scan. It was a high-resolution CT scan encompassing a 1.0-mm 

section. Based on the CT images, a 3-dimensional (3D) model 
of the L4–5 lumbar spine was created using the Mimics (Mate-
rialise, Leuven, Belgium) software. The obtained 3D geometry 
was transformed into a hexahedral mesh using IA-FEMesh (The 
University of Iowa, Iowa City, IA, USA). The final FE model 
possessed 2 vertebrae (L4 and L5), one intervertebral disc, car-
tilage endplates, and spinal ligaments. The element type, num-
ber of nodes, and number of elements of each component are 
indicated in Table 1. The facet joint gap was modeled based on 
the original CT data. Surface-to-Surface contact and friction-
less sliding between facet joints were applied. The ligaments 
were modeled as linear elastic in compression-free conditions. 
The intervertebral disc was made hyperelastic using the Moony-
Rivlin model. The material properties of each component are 
listed in Table 2.20-26 The final FE model was exported to Abaqus 
(Dassault Systemes, Paris, France) for analysis (Fig. 1). To vali-
date the intact FE model, the same load and boundary condi-
tions were used as those described in Yamamoto et al.27

2. Intervertebral Disc Degeneration Model
The intervertebral disc degeneration model was established 

according to the modified Dallas discogram scale28: grade 0: 
normal disc; grade 1: radial tears confined to the inner third of 
the annulus fibrosis; grade 2: radial tears extending to the mid-
dle third of the annulus fibrosis; grade 3: a radial tear extending 
to the outer third of the annulus fibrosis; grade 4: a grade 3 tear 
with dissection into the outer third of the annulus that involves 
greater than 30° of the disc circumference; and grade 5: full-
thickness tear. As a boundary condition, the inferior surface of 
the lower vertebra was constrained in all directions. The inter-

Table 1. Element types, number of nodes, and number of ele-
ments of each component

Component Element type No. of 
nodes

No. of 
elements

Cortical bone Hexahedral C3D8RH 5,388 2,652

Cancellous bone Hexahedral C3D8RH 8,590 7,197

Posterior bone Hexahedral C3D8RH 5,707 3,830

Nucleus pulposus Hexahedral C3D8RH 1,440 1,044

Annulus fibrosus Hexahedral C3D8RH 1,300 832

Cartilage endplate Hexahedral C3D8RH 1,984 938

Facet surface Hexahedral C3D8RH 204 65

Ligaments Line T3D2H 62 31

Annulus fibers Line T3D2H 260 416

Total components 24,935 17,005
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Table 2. Material properties used in the finite element model

Component Young’s modulus (MPa) Poisson ratio Cross section area (mm2) Reference

Cortical bone 12,000 0.3 Shirazi-Adl et al.20 1984

Cancellous bone 100 0.2 Wang et al.21 2016

Posterior bone 3,500 0.25 Polikeit et al.22 2003

Nucleus pulposus Hyperelastic

C10: -0.219197

C01: 0.43494

D1: 0.000927066 0.499 Shirazi-Adl et al.20 1984 

Annulus fibrosus Hyperelastic

C10: -0.117485

C01: 0.273737

D1: 0.66206 0.45 Lavaste et al.23 1991

Annulus fibers 500 0.3 Little et al.24 2008 

Cartilage endplate 24 0.4 Goel et al.25 1995

Facet cartilage 24 0.4 Wang et al.21 2016 

Ligament Zhong et al.26 2006 

   ALL 20 63.7

   PLL 20 20

   CL 32.9 60

   ITL 58.7 3.6

   ISL 11.6 40

   SSL 15 30

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; CL, capsular ligament; ITL, intertransverse ligament; ISL, interspi-
nous ligament; SSL, supraspinous ligament.

Fig. 1. A finite element model of the L4–5 functional spinal unit implemented in Abaqus software. (A) A section cut in the mid-
sagittal plane. The cortical bone, cancellous bone, endplates, and intervertebral disc are implemented. (B) The annulus fibrosus 
is composed of fibers at an angle of 45° to the ground substance. (C) The intervertebral disc consists of the nucleus pulposus and 
4 layers of the annulus fibrosus.

A

B

C



Finite Element Analysis in Discogenic Back PainCho PG, et al.

https://doi.org/10.14245/ns.2347216.608 � www.e-neurospine.org   539

vertebral disc was composed of the nucleus pulposus and 4 lay-
ers of annulus fibrosus. The annulus fibrosus was reinforced with 
fibers in the ground material. Elements were removed in the 
middle of the posterior portion of the annulus according to grade. 
The superior surface of the upper vertebra was coupled to a ref-
erence point. Loading was applied at that point and included a 
7.5-Nm moment and 280-N compression. The compression 
force was the weight of the upper body on the spine. The com-
pressive loading was applied in the form of a follower load as 
suggested by Patwardhan et al.29 The follower load was construct-
ed by coupling the reference points at the center of gravity of 
each vertebral body and connecting the 2 points with a connec-
tor element. The von Mises stress and range of motion (ROM) 
regarding the intervertebral discs and endplates were analyzed.

RESULTS

The von Mises stress values during flexion, extension, and 
lateral bending were not significantly different, and all were great-
er than those that occurred during torsion (Fig. 2). Based on 
the comparison among the grades during flexion, lateral bend-
ing, and torsion, there was no significant difference in the peak 
von Mises stress values. However, during extension, peak von 
Mises stresses were greater in grades 3–5 than those in the oth-
ers. Grades 3 and 4 were 22.7% and 25.7% higher than grade 0, 
respectively; grade 5 was 17.8% larger than grade 0 (Fig. 2). 
ROM was measured during flexion, extension, lateral bending, 
and torsion by applying a moment of 6 Nm. The ROM values 
were within 10% of the results reported by Yamamoto et al.20 
ROM for each motion is indicated in Fig. 3. The ROM values 
during flexion and extension were greater than those during 
lateral bending and torsion. From the comparison among the 

grades, during lateral bending and torsion there was no signifi-
cant difference in peak von Mises stress. However, during flex-
ion, ROM in grade 5 was greater than that in others, and grade 
5 exhibited 5.2% greater ROM than did grade 0. During exten-
sion, ROM in grade 4 was greater than that in others, and grade 
4 exhibited 8.2% greater ROM than did grade 0 (Fig. 3). The 
von Mises stress was greatest in the posterior portions of the in-
tervertebral disc (Fig. 4) and endplates (Fig. 5) in all the grades. 
Peak stresses loaded onto the intervertebral discs were greater 
in grades 3–5 than those in grades 0–2.
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Fig. 2. The peak von Mises stress value acting on the end plate 
during extension. During extension, the peak von Mises stress 
values are greater in grades 3–5 than those in the others.
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Fig. 3. Range of motion in the L4–5 functional spinal unit ac-
cording to each spinal motion. During flexion, the value is 
greatest in grade 5; during extension, it is greatest in grade 4.

Fig. 4. Contours of von Mises stress acting on the interverte-
bral disc during extension. All peak stresses are loaded onto 
the posterior portion of the annulus fibrosus. Peak stresses in 
grades 3–5 are greater than those in grades 0–2.
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DISCUSSION

In our study, we observed that mechanical stresses loaded 
onto the intervertebral disc were similar during flexion, exten-
sion, and lateral bending, and all of these were greater than those 
observed during torsion. From the comparison among the grades, 
the mechanical stresses during extension were greater in grades 
3–5 than that in others. During extension, mechanical stress 
loaded onto the intervertebral disc and endplate was greatest in 
the posterior portion. Mechanical stresses loaded onto the in-
tervertebral disc were greater in grades 3–5 compared to those 
in grades 0–2. Additionally, ROMs during flexion and exten-
sion were greater than those observed during lateral bending 
and torsion. From the comparison among the grades, ROM 
during flexion was highest in grade 5; during extension, it was 
highest in grade 4.

We demonstrated that flexion, extension, and lateral bending 
directs the stress or pressure to the L4–5 intervertebral disc to a 
similar degree in patients with discogenic back pain. Therefore, 
medical staff should emphasize to patients with discogenic back 
pain the importance of maintaining a neutral posture in the 
lumbar spine during daily activities and exercise. Neutral pos-
ture in the lumbar spine refers to a natural and relaxed align-
ment with slight lumbar lordosis to produce the least amount 
of pressure on the spinal column, discs, and nerves.30 In clinical 
practice, the importance of maintaining a neutral position for 

patients with lower back pain has been emphasized. We scien-
tifically confirmed the importance of a neutral position of the 
lumbar spine using FE analysis. Also, stress loaded onto inter-
vertebral discs was particularly high during extension for pa-
tients with severe degeneration of intervertebral discs (grades 
3–5). This indicates that patients with severe degeneration of 
the intervertebral disc should particularly avoid extension of 
the lumbar spine.

The extent of ROM values at specific positions indicates the 
potential to generate stress or pressure in the intervertebral 
disc, and these values were observed to be significantly greater 
during flexion and extension. Furthermore, ROM was even 
greater in severe disc degeneration (grade 4 or 5). These find-
ings highlight the importance of the neutral position of the 
lumbar spine, particularly in patients with severe intervertebral 
disc degeneration.30

Additionally, during extension, mechanical stress loaded onto 
the intervertebral disc and endplate was greatest in the posteri-
or portion. The sinuvertebral nerve (a branch of the spinal nerve 
root), is considered to be a primary contributor to discogenic 
back pain in response to mechanical and chemical irritation.31 
The sinuvertebral nerves are distributed at the posterior por-
tion of the disc, along the outer layer of the annulus fibrosus.31 
Furthermore, when the annulus of the intervertebral disc is 
torn, the sinuvertebral nerves grow inward along the tear.32 
When extending the lumbar spine, there is a high possibility of 
mechanical irritation to sinuvertebral nerves in the posterior 
area of intervertebral disc. The extension position can also lead 
to an annulus tear in the posterior portion of the intervertebral 
disc and cause the sinuvertebral nerve to grow inward toward 
the nucleus pulposus. The extension posture of the lumbar spine 
can trigger or exacerbate discogenic back pain. This negative 
influence was particularly pronounced when disc degeneration 
was severe.

Several studies have evaluated the influence of posture and 
motion on the lumbar spine through FE analysis.11,12 Kuo et al.12 
investigated increments in intradiscal pressure during standing, 
flexion, extension, and rotation. Intradiscal pressure was increased 
in all of the postures, most markedly during flexion. They sug-
gested that lumbar flexion is the posture or motion that should 
be most avoided to prevent disc degeneration. Cho et al.11 eval-
uated how pressures on lumbar spine change during different 
postures such as standing, erect sitting on a chair, slumped sit-
ting on a chair, and sitting on the floor using FE analysis. The 
pressures on the nucleus pulposus, annulus fibrosus, and corti-
cal bone during standing and erect sitting postures were not 

Fig. 5. Contours of von Mises stress acting on the endplate 
during extension. All peak stresses are loaded at the posterior 
portion of the endplate.
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significantly different. However, during slumped sitting in a 
chair and sitting on the floor, there was significantly increased 
pressure on the nucleus pulposus, annulus fibrosus, and corti-
cal bone. In particular, sitting on the floor induced even greater 
pressure on the nucleus pulposus and annulus fibrosus than did 
slumped sitting in a chair. They concluded that maintaining a 
neutral posture is important to reduce intradiscal pressure and 
cortical bone stress associated with degenerative disc disease or 
spinal deformities. These previous studies emphasized the im-
portance of adopting or maintaining a neutral posture based on 
the results of their FE analyses.11,12 However, the FE analyses 
conducted in the previous studies did not utilize the interverte-
bral disc degeneration model. Our study is first to conduct FE 
analysis to investigate stresses loaded onto various spinal pos-
tures or motions using a model of intervertebral disc degenera-
tion. Furthermore, we analyzed and compared the stress loaded 
onto the lumbar spine based on the severity of intervertebral 
disc degeneration. However, our study has some limitations. 
First, we did not evaluate the distribution of stress loaded onto 
the intervertebral disc or endplate during postures or motions 
other than extension. Second, we conducted our research tar-
geting only the L4–5 lumbar region, where discogenic back 
pain occurs most commonly, rather than targeting the entire 
lumbar spine. Third, Young’s modulus or the Poisson ratio, both 
of which can vary for each grade, were not taken into account 
in this experiment. Our study solely acquired morphology from 
the patient’s CT images, failing to fully represent the physical 
properties of the degenerative disc. There are various methods 
available to ascertain the physical properties of degenerative 
discs,33-35 and it is recommended to integrate these into future 
research. Fourth, FE analysis simplifies complex spinal struc-
tures and cannot reflect all the factors that can occur in vivo. 
Accordingly, additional clinical research based on the results of 
our study should be conducted.

CONCLUSION

In conclusion, we demonstrated using FE analysis that me-
chanical stresses loaded onto intervertebral discs are signifi-
cantly increased in flexion, extension, and lateral bending in 
patients with discogenic back pain. In patients with severe disc 
degeneration, mechanical stress was observed to be greater 
(particularly during extension) compared to that observed in 
mild disc degeneration. Moreover, during extension mechani-
cal stress loaded onto the intervertebral disc and endplate was 
focused in the posterior portion and was greater in patients with 

severe disc degeneration than that in patients with mild disc 
degeneration. Our findings suggest that it might be beneficial 
for patients experiencing discogenic back pain to maintain a 
neutral posture in their lumbar spine when engaging in daily 
activities and exercises, especially those suffering from signifi-
cant intravertebral disc degeneration.
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