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Abstract 

Background: Previous literature has investigated the biomechanical response of healthy and 

degenerative discs, but the biomechanical response of suboptimal healthy intervertebral discs 

received less attention. The purpose was to compare the biomechanical responses and risk of 

herniation of young healthy, suboptimal healthy, and degenerative intervertebral discs. 

Methods: A cervical spine model was established and validated using the finite element method. 

Suboptimal healthy, mildly, moderately, and severely degenerative disc models were developed. 

Disc height deformation, range of motion, intradiscal pressure, and von Mises stress in annulus 

fibrosus were analyzed by applying a moment of 4 Nm in flexion, extension, lateral bending and 

axial rotation with 100N compressive loads. 

Results: Disc height deformation in young healthy, suboptimal healthy, mildly, moderately and 

severely degenerative discs was 40%, 37%, 21%, 12% and 8%, respectively. The decreasing order 

of the range of motion was young healthy spine > suboptimal healthy spine > mildly degenerative 

spine > moderately degenerative spine > severely degenerative spine. The mean stress of annulus 

ground substance in the suboptimal healthy disc was higher than in the young healthy disc. The 

mean stress of inter-lamellar matrix and annulus ground substance in moderately and severely 

degenerative discs was higher than in other discs. 

Conclusions: Age-related structural changes and degenerative changes increased the stiffness and 

reduced the elastic deformation of intervertebral discs. Decreased range of motion due to the effects 

of ageing or degeneration on the intervertebral disc, may cause compensation of adjacent segments 

and lead to progressive degeneration of multiple segments. The effect of ageing on the intervertebral 

disc increased the risk of annulus fibrosus damage from the biomechanical point of view. 

Moderately and severely degenerative discs may have a higher risk of herniation due to the higher 

risk of damage and layers separation of annulus fibrosus caused by increased stress in the annulus 

ground substance and inter-lamellar matrix. 

 

Keywords: Cervical intervertebral discs, Ageing, Degeneration, Finite element simulation, 

Biomechanics. 

 

 



1. Introduction 

Cervical spondylosis is a kind of degenerative disease caused by degenerative changes in cervical 

intervertebral discs and vertebrae, leading to neck pain, stiffness, radiation numbness of limbs and 

other symptoms. 1,2 Neck pain, the most frequent sign of cervical spondylosis, is known as one of 

the top ten reasons for long-term disability and ranked fourth out of 315 diseases and injuries in 

2015 according to the disability-adjusted life years (DALYs). 3–5 The DALYs across the population 

can be thought of as a measurement of the gap between current health status and an ideal health 

situation where the entire population lives to an advanced age, free of disease and disability. Kogta 

et al. 6 reported a prevalence of cervical spondylosis of 5.23% based on a survey of 2161 hospitalized 

patients. Lv et al. 7 reported a prevalence of cervical spondylosis of 13.76% in 3859 Chinese adults. 

The symptoms above-mentioned caused by cervical spondylosis significantly affect the quality of 

life. It is reported that 1.6 per 100,000 people undergo surgery to relieve symptoms caused by 

cervical spondylosis. 8 However, expensive treatment costs of approximately $24,594, long recovery 

periods, and postoperative complications add to the psychological and economic burden for patients 

and their families. 9 Cervical spondylosis has presented an increasingly critical social-economic 

problem. 

Many anatomical structures of intervertebral discs undergo degenerative changes with ageing. 

Thompson et al. 10 have shown degenerative changes in 80% to 90% of intervertebral discs in adults 

over 50 years old, and the degeneration often worsens with ageing. Such degeneration effects on 

intervertebral discs have been attributed to nutrient supply pathways, decreased nucleus pulposus 

(NP) cell density, and proteoglycan and water contents changes. Antoniou et al. 11 measured the 

changes of matrix components in intervertebral discs at different ages. They demonstrated that the 

amount of water and proteoglycan contents dropped significantly with ageing, particularly in the 

NP. Human NP cells had lower growth rates and shorter lifespans in donors older than 60 compared 

to individuals aged 30 to 40 years, according to Lee et al. 12 In general, the influence of ageing on 

physiological compositions of the intervertebral disc may result in a detrimental effect on 

microstructure and mechanical properties. Before reaching the diagnostic criteria for degenerative 

diseases, the age-related structural changes can be seen as a suboptimal healthy status. The 

correlations between structural changes and functional changes may be beneficial to understanding 

cervical spondylosis. 



Finite element (FE) analysis is a valuable technique for predicting the mechanical response of 

human tissue in the biomechanical field. It can provide insight into the mechanism of intervertebral 

disc injury. The biomechanical responses of cervical intervertebral discs have been studied by 

numerous publications 13–20 using the FE method. Researchers 13–15 validated the availability of their 

cervical spine FE models by comparing the FE calculation results with previous specimen 

experiments. Goel et al. 16 predicted the distribution of spinal load under various loading conditions 

by establishing an FE model of the cervical spine. Kumaresan et al. 17 varied the disc height and 

material properties to simulate degenerative disc at the C5-6 segment. The results showed increased 

stress and strain in the cortical bone at the degenerated segment in comparison to the healthy model. 

According to Wolff’s law, 21 the growth, resorption and reconstruction of bone are related to the 

load-bearing state of bone. Bony tissue is constantly updated, and the microstructure of bone adapts 

gradually to the changing mechanical stimulation in remodelling process. The remodelling process 

is mediated by osteocytes that respond and sense to local mechanical signals. 22,23 In addition, a 

study by Shore et al. 24 indicated that long-term high strain is associated with osteophyte formation. 

The changing trend in the mechanical response of the vertebral cortex shown by Kumaresan et al. 

17 may lead to osteophyte formation. Similarly, Hussain et al. 18 simulated progressive degenerative 

changes in the C5-6 disc by altering geometry and material properties. They showed that joint 

motion decreased in the degenerative C5-6 segment. Compensatory motions were observed at 

adjacent segments. Cai et al. 19 developed various degenerative discs by varying reductions in disc 

height, endplate sclerosis and osteophytes formation at the C5-C6 segment. The range of motion 

(ROM) at degenerative segments decreased following increased degeneration under 1 Nm. The facet 

contact forces and the ROM were positively related. Sang et al. 20 reported that the instantaneous 

center of rotation shifted anteriorly at the degenerative segment compared with the normal segment 

by FE analysis.  

The loss of disc height is the most obvious feature of intervertebral disc degeneration, and it is 

also a diagnostic indicator of degeneration from the view of imaging. According to an imaging 

grading, 25 a reduction in height greater than 25% was assessed as mild degeneration. The above-

mentioned literature focused on the mechanical differences between healthy and degenerative 

intervertebral discs that met diagnostic criteria. However, less attention was paid to the 

biomechanical behaviors of elderly intervertebral discs which did not meet the degenerative. 



Researchers showed a very weak correlation between disc material properties. 26–28 However, ageing 

has significant effects on intervertebral discs on a histological and anatomical level. Yukawa et al. 

29 showed that disc height in older adults was about ten to twelve percent lower than in younger 

people. The degree of disc height reduction in some elderly does not meet the radiographic criteria 

for degeneration. Marchand et al. 30 reported fewer layers of annulus fibrosus (AF) and thicker AF 

lamella in elderly intervertebral discs than in young ones. Langlais et al. 31 confirmed a positive 

correlation between lamellar thickness and age. These structural changes caused by ageing may be 

potential factors causing disc herniation. However, to our knowledge, few studies focused on the 

biomechanical effects of age-related structural changes on intervertebral discs. The structural 

changes in elderly intervertebral discs are different from those of degenerative discs and somehow 

reflect a suboptimal healthy status. The discrepancies in the biomechanical response of the 

suboptimal healthy disc and degenerative discs remain unknown. On one hand, it is hard to 

distinguish the extent of damage to the disc caused by ageing or degeneration that meets diagnostic 

criteria. On the other hand, there is no well-founded comprehension of the herniation mechanism in 

different intervertebral discs from the biomechanical perspective. Therefore, comparing the 

biomechanical responses of young healthy, suboptimal healthy and different degrees of degenerative 

intervertebral discs can provide a theoretical basis to understand the biomechanical mechanism of 

intervertebral disc herniation.   

This study's purposes were to analyze the discrepancies in biomechanical responses and the 

risk of herniation of the intervertebral disc in different statuses, including young healthy, suboptimal 

healthy, mildly degenerative, moderately degenerative and severely degenerative statuses by FE 

analysis, aimed to provide some data for understanding the pathogenesis of intervertebral disc. 

 

2. Methods 

2.1. Development of young healthy cervical spine model 

 This research involving human subjects has been ethically reviewed and complies with the relevant 

statements of the Declaration of Helsinki. The study protocol was performed under the approval of 

the Ethics Committee of Tongji Hospital, Affiliated with Tongji University (No. 2020-KYSB-095). 

Written consent was obtained from the participant. 

A 25-year-old male volunteer was scanned by computed tomography (CT), and the images of the 



C6-7 segment were obtained. The three-dimensional model of the C6-7 segment was imported into 

the software HyperMesh 2020 (Altair, USA) for meshing. The geometric model of the intervertebral 

disc was constructed in HyperMesh 2020 (Altair, USA) according to the geometry of the sixth and 

seventh vertebrae and anatomical structures. 32–39 Then, the material properties of all structures were 

assigned, and model validation was performed in Abaqus 6.14 (Dassault Systèmes, Vélizy-

Villacoublay, France).  

The healthy cervical spine model (Figure 1) included the intervertebral disc, endplates, and the 

sixth and seventh vertebrae, including cortical bone, posterior elements, and cancellous bone. The 

thicknesses of cortical bone and endplates were set to 0.5 mm. 32,33 The cervical intervertebral disc 

was modelled as a composite tissue containing central NP and 22 layers of concentric AF. 34 Central 

NP was described as an incompressible elastic material and it covered approximately 40 percent of 

the intervertebral disc region. 35 Surrounding AF consisted of annulus ground substance (AGS), 

inter-lamellar matrix (ILM), and annulus fibers. The ILM was a cohesive microstructure between 

adjacent AF lamellae, and the thickness was set to 30 μm. 36,37 Annulus fibers were modelled with 

rebar elements and embedded in the annulus layers. The fiber orientation was about ± 45° from the 

horizontal plane of the disc. 38,39 The facet joints were simulated using the surface-to-surface 

contacts in the normal direction. Five major ligaments comprised of posterior longitudinal ligament, 

capsular ligament, interspinous ligament, anterior longitudinal ligament, and ligamentum flavum 

were simplified to nonlinear tension-only connector elements. The material parameters 33,36,37,40,41 

and element types of C6-7 functional spinal unit model are shown in Table 1.  

 

(Figure1) 

 

Table 1. Material properties of FE model of C6-7 functional spinal unit. 

 Element types Material properties References 

Cortical bone C3D6 E=10000 MPa, v=0.3 33 

Cancellous bone C3D4 E=450 MPa, v=0.25 33 

Posterior elements C3D4 E=3500 MPa, v=0.25 33 

Note: E and v stand for Young’s Modulus and Poisson's ratio, respectively. 



Table 1 (Continue). Material properties of FE model of C6-7 functional spinal unit. 

 Element types Material properties References 

Endplate C3D8 E=23.8 MPa, v=0.3 37 

Nucleus pulposus C3D8H E=1 MPa, v=0.499 40 

Annulus ground substance C3D8 E=4.2 MPa, v=0.25 36 

Inter-lamellar matrix C3D8H 

Neo-Hookean 

C10=0.0671 MPa 

D1=0.2998 MPa-1 

41 

Annulus fibers Rebar E=450 MPa, v=0.45 33 

Note: E and v stand for Young’s Modulus and Poisson's ratio, respectively. 

 

2.2. Development of the suboptimal healthy intervertebral disc model 

The suboptimal healthy disc model was developed by modifying some parameters including disc 

height, the number of the AF layers and AF lamella thickness based on the healthy disc model in 

HyperMesh 14.0 (Altair, USA) after completing the model validation. The geometric parameters of 

the suboptimal healthy intervertebral disc were obtained from previous literature. 29–31 The 

suboptimal healthy disc had 12% lower disc height, 29 five fewer annulus fibrosus layers, 30 and one 

times thicker single annulus fibrosus lamella. 30,31 The height of the suboptimal healthy disc was set 

to 6.1 mm, while the height of the young healthy disc was set to 6.9 mm. 29 Seventeen layers of AF 

were modelled in the suboptimal healthy disc, while 22 layers of AF were modelled in the young 

healthy disc. 30 At the same time, the thickness of AF lamella in the suboptimal healthy disc was 

about 0.18 mm, while that in the young healthy disc was about 0.09 mm. The thickness of the 

annulus ends up being greater in the suboptimal disc than in the healthy disc. In addition, The 

material properties of the suboptimal healthy disc were consistent with those of young healthy disc 

according to previous studies. 26–28 

 

2.3. Development of degenerative intervertebral disc models 

Similarly, degenerative disc models were developed by modifying the height of the healthy disc 

model in HyperMesh 14.0 (Altair, USA). The height of the healthy disc was considered the original 



height. The height of mildly, moderately, and severely degenerative discs was reduced to 75%, 50%, 

and 25% of the original height, respectively. 25 Material properties were assigned according to 

previous literature. 42,43 The elastic modulus of NP in the mild degenerative disc was set to 8 MPa 

to simulate dehydration. For the moderately degenerative disc, the material property of NP was the 

same as the mildly degenerative disc, and the elastic modulus of annulus ground substance was set 

to twice as large as the one in the young healthy situation. The material properties of the severely 

degenerative disc model were in accordance with moderately degenerative intervertebral disc. The 

comparison of material properties and geometric parameters for young healthy disc, suboptimal 

healthy disc and degenerative discs (mildly, moderately, severely) can be seen in Table 2. 

 

Table 2. Comparison of material and geometric parameters of young healthy, suboptimal healthy, mildly 

degenerative, moderately degenerative, severely degenerative disc models. 

Disc models 
E for annulus 

ground substance 

E for nucleus 

pulposus 

Number of 

the AF layers 

AF lamella 

thickness 

Disc 

height 

Young healthy 4 MPa 1 MPa 22 0.09mm 100% 

Suboptimal healthy 4 MPa 1 MPa 17 0.18mm 88% 

Mildly degenerative 4 MPa 8 MPa 22 0.09mm 75% 

Moderately 

degenerative 
8 MPa 8 MPa 22 0.09mm 50% 

Severely degenerative 8 MPa 8 MPa 22 0.09mm 25% 

Note: E stands for Young’s Modulus, AF stands for annulus fibrosus 

 

2.4. Boundary and loading conditions  

2.4.1 Boundary condition 

The lower surface of the seventh vertebra was constricted in all degrees of freedom.  

2.4.2 Model validation 

Panjabi et al. 44 performed in vitro experiments on the fresh cadaveric whole cervical spine from 16 

to 59 years old. A pure moment of 1Nm in flexion, extension, lateral bending and axial rotation was 

applied to the specimens, and the data of ROM at the C6/7 segment was reported. Wheeldon et al. 

13 integrated the moment-angle corridors for the C6/7 segment at 0.33 Nm, 0.5 Nm, 1.0 Nm,1.5 Nm, 

and 2 Nm moments in flexion, extension, lateral bending, and axial rotation from in vitro specimen 

data from Pintar et al. 45 and Yoganandan et al.. 46,47 Then, we selected the data of the C6/7 segment 

under 1Nm torque from the corridors integrated by Wheeldon et al.. 13 Validation of ROM of the 



cervical spine FE model in this study was performed by computing ROM with 1 Nm pure moment 

in flexion, extension, lateral bending and axial rotation. The FE calculation results were compared 

with obtained specimen experimental data above-mentioned. 13,44–47 

An in vitro technique was used by Cripton et al. 48 to measure intradiscal pressure (IDP) of four 

human cervical intervertebral discs under compressive loads of 100N to 800N, and we calculated 

the mean value and standard deviation of data in the four samples. Then, compressive loads of 100 

N ~ 800 N were applied to the FE model, and the calculation results were compared with the data 

obtained from Cripton et al. 48 

2.4.3 Loading conditions   

 For all statuses, including young healthy, suboptimal healthy, mildly degenerative, moderately 

degenerative and severely degenerative spines, the upper surface of the sixth vertebral body was 

subjected to 4 Nm moments in flexion, extension, lateral bending and axial rotation with 100 N 

compressive follower loads. The 100 N follower load represented the physiological load along the 

spinal axis. The spinal axis was defined as a path that approximated the tangent to the cervical spine 

curve. 49,50 In this study, the setting of the follower load was guided by Rohlmann et al.49 We selected 

the nodes in the center of the sixth and seventh vertebra, respectively, and connected the two nodes 

with an axial connector element in Abaqus 6.14 (Dassault Systèmes, Vélizy-Villacoublay, France). 

Then, a compressive load of 100N was applied to the connector element. The maximum moment of 

4 Nm was chosen because it is safe and non-destructive to the cervical spine. 51 All the simulations 

were executed in Abaqus 6.14 (Dassault Systèmes, Vélizy-Villacoublay, France). 

 

3. Results 

3.1. Validation 

The validation of ROM is shown in Figure 2a. The ROM in the C6-7 FE model were within 

previously reported experimental limits. 44,52 The IDPs in the FE model in ranged of 100N ~ 800N 

compressive follower load were within the standard deviation of previous experimental data and 

showed a similar trend to the result of Cripton et al. 48 The validation of IDP is shown in Figure 2b. 

 

(Figure2) 

 



3.2. Disc height deformation  

The Disc height deformation in young healthy, suboptimal healthy, mildly degenerative, moderately 

degenerative and severely degenerative discs was 40%, 37%, 21%, 12%, and 8%, respectively. The 

Disc height deformation in the suboptimal healthy disc was lower than in the young healthy disc but 

higher than in the degenerative discs. The deformation in intervertebral disc height was less 

pronounced with increasing degenerative grade.  

 

3.3. Range of motion 

Figure 3 shows the comparisons of the ROM in all FE modes under 4 Nm moments in all directions 

with a compressive follower load of 100 N. The ROM of the suboptimal healthy spine in flexion is 

slightly higher than that in the healthy spine. In addition to this, the decreasing order of the ROM in 

all C6-7 spines was young healthy spine > suboptimal healthy spine > mildly degenerative spine > 

moderately degenerative spine > severely degenerative spine. The ROM of the degenerative spine 

decreased as the degree of disc degeneration increased under moment in all directions. 

 

(Figure3) 

 

3.4. Intradiscal pressure 

The IDP was presented by equivalent pressure stress, 53–55 which was define as: 

𝑝 = −
1

3
𝑡𝑟𝑎𝑐𝑒(𝝈) 

σ represents the stress tensor. 

Figure 4a shows the comparison of mean IDP in all discs. The mean IDP in suboptimal healthy 

disc decreased under all loading conditions compared with the young healthy disc. The mean IDP 

in degenerative discs was higher than in the suboptimal healthy and young healthy discs.  

       The stress distribution of NP is shown in Figure 4b. The NP in young healthy disc showed 

relatively even stress distributed in all motion directions. However, compared to the healthy disc, 

the stress distribution in degenerative NP in all motion loading conditions was less even. It is the 

same case for the suboptimal healthy status in the moment of lateral bending and axial rotation. 

 



(Figure4) 

 

3.5. von Mises stress in annulus fibrosus 

The stress distributions in AF under all loading conditions are depicted in Figure 5. Under loading 

conditions other than extension, suboptimal healthy intervertebral disc experienced a slight increase 

in the maximum local von Mises stress in AF. In contrast, it experienced a reverse trend under 

extension in comparison with the young healthy disc. The maximum local von Mises stress in AF 

of moderately and severely discs was greater than other statuses in all motion directions. There were 

obverse stress concentrations in the periphery of AF of moderately and severely discs. 

 

(Figure5) 

 

The annulus ground substance and inter-lamellar matrix were important microstructures in AF, and 

the mean von Mises stresses in them were analyzed separately. The mean von Mises stresses in the 

annulus ground substance and inter-lamellar matrix are shown in Figure 6. The mean von Mises stress in 

annulus ground substance in the suboptimal healthy disc was slightly greater (Figure 6a), but the mean 

von Mises stress in the inter-lamellar matrix was lower (Figure 6b) than in the young healthy and mildly 

degenerative discs. The mean von Mises stresses in annulus ground substance, and inter-lamellar matrix 

in moderately and severely degenerative discs were greater than those in other statuses. Moreover, the 

mean von Mises stress in the inter-lamellar matrix in degenerative discs increased as the degenerative 

grade increased under loading conditions other than axial rotation. 

 

(Figure6) 

 

4. Discussion                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Previous studies focused on the mechanical response of healthy and degenerative intervertebral 

discs, but there were fewer biomechanical studies regarding suboptimal healthy intervertebral discs. 

This study developed suboptimal healthy and three degrees of degenerative intervertebral disc FE 

models after validating the finite element models of healthy intervertebral discs and adjacent 

cervical vertebrae. And the differences in mechanical responses of the intervertebral disc and 



cervical vertebrae under different conditions were then analyzed.  

Considering the model validation, the ROM of the present FE model did not fall within the 

error bars of the data of Panjabi et al. 44 for lateral bending and the data of Wheeldon et al. 52 for 

flexion. Different testers conduct experiments with samples from different individuals, and the 

results obtained will vary. The test samples in the studies reported by Wheeldon et al. 52 and Panjabi 

et al. 44 were all from healthy individuals, so their data can be considered the range of motion of the 

normal cervical spine. The ROM in the FE model is a single absolute value, which was within the 

normal range of motion reported by Wheeldon et al. 52 and Panjabi et al.. 44 Therefore, the validation 

of the ROM was considered acceptable. 

The percentages of intervertebral disc height deformation in young healthy, suboptimal healthy, 

mildly, moderately and severely degenerative intervertebral discs were 40%, 37%, 21%, 12% and 

8%, respectively. The decrease in disc height deformation reflected that the stiffness of the 

intervertebral disc increased with changes that occur with ageing or degeneration. The intervertebral 

disc is an elastic and buffered organization that can absorb and transmit the load through 

deformation when subjected to spinal load, thereby reducing the vibration of the spine. The 

increased stiffness and decreased elastic deformation of the intervertebral disc will decrease the 

effect of shock absorption, which may lead to spinal instability. 56  

In our results, the ROM of the suboptimal healthy spine in flexion was slightly higher than that 

in the healthy spine. The height deformation of the suboptimal healthy intervertebral disc was only 

3% different from the height deformation of the healthy intervertebral disc. The posterior ligaments 

were in a relaxed state due to the slight reduction in the disc height. At the same time, due to the 

absence of the facet joint constraints, the flexion activity of the suboptimal healthy spine was slightly 

increased. Apart from this, the decreasing order of the ROM in all C6-7 spines was young healthy 

spine > suboptimal healthy spine > mildly degenerative spine > moderately degenerative spine > 

severely degenerative spine. The decrease in mobility may further cause compensation in adjacent 

segments and lead to progressive degeneration of multiple segments. 57 

The stress differences in the healthy nucleus pulposus were within a small range. However, 

with increased elastic modulus in degenerative nucleus pulposus, the absolute value of stress 

increased, and the range of stress differences within nucleus pulposus became larger. Thus, it 

showed less even stress distribution in degenerative discs models compared with the healthy disc in 



Figure 4. The nucleus pulposus mainly bears the axial stress transmitted from the vertebrae, and the 

axial stress is then distributed to the annulus fibrosus. 58 Uneven stress distribution with a higher 

stress absolute value in the nucleus may result in damage to the adjacent annulus fibrosus. In 

addition, the IDP in the suboptimal healthy disc was lower than in young healthy disc. A reduction 

in axial stress in the central nucleus will alter the transmission path. It will cause the compressive 

stress in the central region to be transferred to the periphery of the disc, which means that the AF 

may bear extra loading and be more susceptible to damage. Our results showed that both features 

of ageing and degeneration may increase the risk of annulus fibrosus injury. 

It showed higher mean stress in suboptimal healthy disc than in young healthy disc regarding 

the stresses in AGS. Such differences were much more significant in moderately and severely 

degenerative statues. In addition, local stress concentrations occurred in fibrosus annulus in 

moderately and severely degenerative discs. These results indicated that the annulus fibrosus in 

suboptimal healthy, moderately degenerative and severely degenerative discs may have a higher risk 

of disruption than the young healthy statues, possibly resulting in AF failure. 

ILM was a microstructure lying between adjacent annulus fibrosus lamellae, and it provided 

the cohesion for adjacent annulus layers to maintain the continuity of the annulus fibrosus. 59 The 

mechanical properties linking adjacent annulus fibrous layers will fail if the ILM suffers damage 

due to excessive stress, which will lead to layer separation. 60 In our results, the mean von Mise 

stresses of ILM in moderately, and severely degenerative discs were higher than in other discs, so 

the risk of layer separation was higher in moderately and severely degenerative discs. In addition, 

layer separation of the annulus fibrosus will cause the nucleus pulposus to protrude outward. 61 

A few limitations must be noted in this study. Firstly, the elastic modulus may be related to the 

degree of degeneration. Due to the lack of relevant data, the material properties of the NP in the 

degenerative models were identical in this study. Secondly, the inter-lamella matrix’s material 

property in the degenerative disc was assumed to be the same as that in the young healthy disc due 

to the lack of relevant experimental data. Thirdly, there are regional differences in the fiber angles 

of annulus fibrosus. The fiber angles in this study were set to be isotropic. A more realistic situation 

has not been simulated. Moreover, ligaments, vertebrae and facet joints may undergo structural or 

material changes with the increase of age. However, considering our study focused primarily on the 

biomechanical response of the intervertebral disc, the suboptimal healthy status caused by ageing 



was simulated by altering the ply-like structure in annulus fibrous and disc height based on young 

healthy status.  

 

5. Conclusions 

The aims of this study were to analyze the discrepancies in biomechanical responses and the risk of 

herniation of the intervertebral disc in different statuses, including young healthy, suboptimal 

healthy, mildly degenerative, moderately degenerative and severely degenerative statuses by FE 

analysis, aimed to provide some data for understanding the pathogenesis of intervertebral disc. There 

were some findings in this study.  

Age-related structural changes and degenerative changes increased the stiffness and reduced 

the elastic deformation of intervertebral discs. Decreased range of motion due to the effects of 

ageing or degeneration on the intervertebral discs may cause compensation of adjacent segments 

and lead to progressive degeneration of multiple segments. The effect of ageing on the intervertebral 

disc would increase the risk of annulus fibrosus damage from the biomechanical point of view. 

Moderately and severely degenerative discs may have a higher risk of herniation than other statuses 

of discs due to stress concentration on the AF and layer separation of AF caused by higher stress in 

the inter-lamellar matrix. 
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Figure 1. Three-dimensional finite element model of C6-7 functional spinal unit. 

 

 

 

 

Figure 2. (a) ROMs of the present calculated results and previous reported results under 1 Nm 

moment in flexion, extension, lateral bending, and axial rotation; (b) Comparison of IDPs 

between present calculated results and previous experimental data under 100 N ~ 800 N 

compressive loads. 

  



 

Figure 3. Comparisons of ROMs among young healthy, suboptimal healthy, three (mildly, 

moderately, severely) degenerative C6-7 spines under 4 Nm moments in flexion, extension, 

lateral bending and axial rotation with 100 N compressive follower loads. 

 



 

Figure 4. Comparison of (a) intradiscal pressure, (b) distribution nephogram of equivalent 

pressure stress of young healthy, suboptimal healthy, three (mildly, moderately, severely) 

degenerative discs under 4 Nm moment in flexion, extension, lateral bending and axial rotation 

with a compressive follower load of 100 N. Negative values represent the elongated region, and 

positive values represent the compressed region. 

  



 

Figure 5. Von Mises stress distribution in annulus fibrosus in young healthy, suboptimal healthy, 

three (mildly, moderately, severely) degenerative discs under moments of 4 Nm flexion, 

extension, lateral bending and axial rotation with a compressive follower load of 100 N. 

 

 

Figure 6. Comparison of von Mises stresses in (a) annulus substance ground and (b) inter-

lamellar matrix of young healthy, suboptimal healthy, three (mildly, moderately, severely) 

degenerative discs under 4 Nm moment in flexion, extension, lateral bending and axial rotation 

with a compressive follower load of 100 N. 


