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SUMMARY: Biomechanical factors are important factors in inducing intervertebral disc degeneration, in this paper, the nonlinear
viscoelastic mechanical properties of degenerated intervertebral discs were analyzed experimentally. Firstly, the loattindiagd u
curves of intervertebral discs before and after degeneration at different strain rates were compared to analyze thetbbanges of
apparent viscoelastic mechanical properties; The internal stress/strain distribution of the disc before and after degasehaion
tested by combining digital image technology and fiber grating technology. The results show that the intervertebrabdisate-str
dependent whether before or after degeneration; The modulus of elasticity and peak stress of the degenerated discrale significa
reduced, with the modulus of elasticity dropping to 50 % of the normal value and the peak stress decreasing by aboutreb&toDege
will not change the distribution of the overall internal displacement of the intervertebral disc, but has a greater itmpaaperficial
and middle AF; The stress in the center of the nucleus pulposus decreases, and the stress in the outer AF increasesadiboer. degen
Degeneration has a great impact on the nonlinear viscoelastic mechanical properties of intervertebral disc, which hasheésience
the mechanism, treatment and prevention of clinical degenerative diseases.

KEY WORDS: Degeneration; Nonlinear viscoelasticity; Strain-rate-dependent; Loading-unloading; Internal stress and
strain.

INTRODUCTION

Low back pain (LBP) is a very common clinical The intervertebral disc has significant viscoelastic and
disease, which is usually caused by intervertebral disate-dependent properties, which are strongly related to its
degeneration (Bonnairet al, 2021). This disease hasspecific structure (Emanuet al, 2018). The intervertebral
affected people's work and life for a long time. Howevedlisc is mainly composed of high moisture content gelatinous
the mechanism of the occurrence and development miicleus pulposus (NP) and annulus fibrosus (AFg(lail,
intervertebral disc degeneration is still unclear. As mention@®20). Many previous studies have shown that the
in previous studies, both mechanics and biology akdscoelastic mechanism includes three-dimensional fluid
considered to be important factors in inducing intervertebriibw through the nucleus pulposus, annulus fibrosus and
disc degeneration (Xiagt al, 2020), and they are interrelatedendplates, as well as inherent solid-phase viscoelasticity
and amplify each other, promoting tissue progression towaf@chroedeet al, 2008). Existing studies have analyzed the
pathologization and eventually leading to disc failure. Someading response of intervertebral discs under different loads,
studies believe that intervertebral disc degeneration is dwhile the unloading response was ignored. Since both
to excessive mechanical load, while others believe a disordesding and unloading are key behaviors of the circadian
of the behavior of the intervertebral disc cells. Studying theycle in vivo, a better understanding of the viscoelastic
relationship between the mechanical properties aloading recovery response is crucial. It has been shown
degenerated discs can help us further understand theat degeneration has the least impact on the outer AF of the
mechanism of intervertebral disc degeneration. intervertebral disc, and the interlaminar and intralaminar
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arrangement and continuity of the fiber bundles may affect In this paper, the nonlinear viscoelastic properties
the regional behavior and viscoelasticity of the lamellaf degenerative intervertebral disc will be evaluated by
(Phamet al, 2018). Other viscoelastic tissues, includingjuasi-static experiment, and the internal displacement /
cartilage, have been shown to change in mechanicdtess distribution of intervertebral disc will be measured
response to different applied strain rates (etaal, 2020), at the tissue level. The research work of this paper can help
but few are known about the response of the intervertebra further understand the mechanism of intervertebral disc
disc to different strain rates. In addition, a few studies hadegeneration.

tested the viscoelastic properties of normal lumbar

intervertebral discs, but the effect of degeneration has not

been analyzed. MATERIAL AND METHOD

Intervertebral disc degeneration is a complex multi-
factor process, which is caused by genetic, mechani@dmple preparation.Ten fresh oxtails (24-36 months old)
stress, cellular senescence, and nutritional changes causdadghtered within 2-4 hours were obtained from local
by blood vessel supply (Zhaat al, 2019). How the slaughterhouse. Six intervertebral disc segments were
mechanical properties of the intervertebral disc will changsolated, the cartilage endplates and upper and lower verte-
after degeneration has been a matter of concern. (Bashkbeal bodies were preserved, and excess muscle and soft tissue
et al, 2020). Based on the finite element model of humamere removed. The samples were wrapped with gauze
L4-L5 spinal segments, probability generated 1000 indivsoaked in normal saline to maintain the cellular activity of
dual segments, covering all degrees of degradation, whittte intervertebral disc. The experimental samples were
are subjected to combined compression and bucklinglivided into three groups to test the stress / strain curve and
extension loads. Experiments have shown that eaihternal displacement / stress distribution of intervertebral
mechanical changes related to intervertebral distisc at different strain rates before and after degeneration.
degeneration have the greatest impact on facet joint lo&dnally, one was used for histological studies to verify the
The pressure in the intervertebral disc is essential fdegeneration grade. The basic information statistics of the
maintaining the biomechanical behavior of thentervertebral disc samples are shown in Table I.
intervertebral disc. The pressure in the intervertebral disc
stretches the annulus fibrosus and supports the endplate,Table |. Statistical table of basic information of
which is the main determinant of the height of the intervertebral disc samples.

intervertebral disc and the axial compression stiffness. At Segments Height(mm) Area(mm’)
present, the effect of degeneration on the changes of No.l 7.68 594
macroscopic mechanical properties has been studied, but No-2 7.12 523
little is known about the stress and strain of the annulus ~ N°3 6.80 475
fibrosus tissue level, and the mechanism of intervertebral Eg;‘ ?23 g‘l‘i
disc stress distribution is still unclear. NO:6 5:49 295

The establishment of degenerative disc model is
helpful to understand the mechanism of disc diseadexperimental apparatus and testingThe experiment was
Protease injection into intervertebral disc is also a relativetypnducted at room temperature (26). The WDW-10
fast method to simulate intervertebral disc degeneratiamjcrocomputer-controlled electronic universal testing
trypsin can induce proteolytic digestion or removenachine was used for the quasi-static loading test (Fig. 1).
glycosaminoglycan chains to cause intervertebral diSdhe strain rates were adjusted to 0.0005/s, 0.005/s, and 0.05/
degeneration. The decomposition of proteoglycans can leador quasi-static vertical compression loading of the disc
to the loss of intervertebral disc height and changes $egments, and the samples were then unloaded at the same
biomechanical stability (Alinet al, 2008). Robertst al  strain rate. After the experiment, appropriate amount of 0.9
(2008) cultured bovine tail intervertebral disc in differen® NaCl solution and 0.25 % trypsin solution were injected
protease solutions for 3 weeks and found by microscopito different intervertebral disc segments, and placed in a
observation that various regions of intervertebral disg7 °C incubator for 4 hours. Repeat the previous experi-
treated with papain and trypsin had different degrees wfental operation when the degeneration model is completed.
damage, especially in the nucleus pulposus. Therefore, this
paper chooses the method of making animal degeneration  The internal displacement was measured by
model with trypsin solution, and then launches experimentaptimized DIC technology (Liet al., 2020), the
research. intervertebral disc was cut along the sagittal plane, and the
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The fiber Bragg grating (FBG) technology was used
as the experimental method of internal stress measurement,
the principle is that when the FBG is illuminated, it will
reflect a single narrow spectral wavelength centered on the
Bragg wavelength. FBG undergoes certain deformation
when subjected to pressure, resulting in a shift of Bragg
wavelength. By calculating the wavelength shift, the
magnitude of the internal stress can be obtained. The optical
fiber coated with a protective layer was passed through the
intervertebral disc at different locations with a syringe needle
respectively, so that the sensor partially rested inside the disc

2 and was compressively loaded with a digital push-pull gauge
Fig. 1. The experimental equipment. pressure tester (Fig. 2), while the FBG wavelength shift was

recorded with a spectral analyzer. Figure 2 shows the

iron oxide nanoparticles were evenly coated on the inCisiQfikerent locations of the discs where the fiber was inserted
surface as a marker point to record the deformation ?"outer AF# inner AF Z nucleus pulposus).

different areas of the intervertebral disc. A pair of marked

points al (x1, y1) and a2 (x2, y2) with similar x value wergayistical analysis.A one-way analysis of variance
selected, and the axial displacement distribution will b NOVA) with repeated measures was performed to detect
reflected by comparin_g they vglue between this pair of poi differences among the experimentally measured values
before and after loading. A pair of marked points a3 (x3, Y3y the strain as well as the displacement in the compression
and a4 (x4, y4) with similar y value were selected, and thgss. statistical significance was accepted for P<0.05. Data
radial displacement distribution will be reflected by,gints in the figures represent mean values, whereas error
comparing the x value between this pair of points befofg, s jndicate the standard errors above and below

and after loading. corresponding mean values.
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Fig. 2. The digital push pull force tester and the different locations of the discs where the fiber was inserted.
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RESULTS The modulus of elasticity of the linear
section and the variation of the peak stress were
calculated based on the stress-strain curve shown

Quasi-static experiments.The study of the loading-unloadingin Figure 3, and as shown in Table Il. The results
curves of the intervertebral disc under compressive loading cglrow that before and after the disc degeneration,
help us to further determine its structural properties. Figure 3 shals elastic modulus increases with the increase of
the loading-unloading curves of intervertebral disc segments beftite strain rate, which is significantly dependent on
and after degeneration at different strain rates. The results shbe strain rate. The modulus of elasticity of the
that the intervertebral discs exhibit nonlinear stress—strailegenerated disc is reduced to 50 % of the normal
characteristics at different loading rates (P < 0.05). The stiffnesgue and the peak stress is also reduced by about
changed slowly at lower strain rates and increased when the stirfo.
rate increased.
Distribution of axial displacement inside the
intervertebral disc. Figure 4 shows the internal
axial displacement distribution of intervertebral disc
before and after degeneration under compressive
load (P < 0.05). The results showed that the overall
displacement distribution of the intervertebral disc
did not change after the degeneration. Overall, the
displacement of superficial AF is the largest and
that of deep AF is the smallest. The overall internal
displacement of the disc increases after
degeneration, especially in the superficial and
middle AF.

Distribution of radial displacement inside the
intervertebral disc. Figure 5 shows the internal
radial displacement distribution of intervertebral
disc before and after degeneration under
compressive load (P < 0.05). The results showed
that the overall displacement distribution inside the
degenerated intervertebral disc is basically
consistent with that in the normal disc. Overall, the
displacement of the inner AF is the largest and the
Fig. 3. Loading—unloading curves of the intervertebral disc at different stralisplacement of the outer AF is the smallest. The

rates. (a) Intact intervertebral disc; (b) Saline-injected intervertebral digtisplacement of middle AF increased significantly
(c) Intact intervertebral disc; (d) Trypsin-injected intervertebral disc.  after intervertebral disdegeneration.

Table Il. Mechanical properties of saline-injected intervertebral discs and trypsin-injected intervertebral disc.

Segments Processing method Strain rate Elastic modulus (M Pa) Change ratio of peak stress
No.1 Intect 0.0005 7.947
0.005 19.310
0.05 27.062
No.1 Sdine 0.0005 8.805 -48 %
0.005 20.006 -27%
0.05 28.670 -26.9%
No.2 Intact 0.0005 9.654
0.005 28.487
0.05 40.758
No.2 Trypsin 0.0005 4.048 -62.1%
0.005 14.840 -51.7%
0.05 22.104 -54.9%
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The internal stress distribution of the intervertebral tral stress of nucleus pulposus decreased, the stress of outer
disc. Figure 6 shows the internal stress distribution of th&F increased, and the stress of inner AF basically did not
disc before and after degeneration (P<0.05). The resuttsange.

show that all parts of the intervertebral disc under vertical

compression are under pressure, but the distributionN®rphological changes of the intervertebral discFigu-
uneven. Overall, whether before or after degeneration, tree7 shows the staining of tissue sections of intervertebral
compressive stress in the center of nucleus pulposus is dligcs under different treatment methods. It can be seen that
largest and the compressive stress in the outer AF is the tissue morphology of intervertebral discs treated with
smallest. After intervertebral disc degeneration, the cetrypsin has changed significantly.
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Fig. 6. The internal stress distribution of the disc. (a) Intact intervertebral disc; (b) Saline-injected
intervertebral disc; (c) Intact intervertebral disc; (d) Trypsin-injected intervertebral disc.

Fig. 7. Staining of tissue sections of intervertebral discs under different injection methods. (a) Saline-injected iraediscte(tr)
Trypsin-injected intervertebral disc.
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DISCUSSION which is consistent with the phenomenon we observed. When
the disc is severely degenerated, the nucleus pulposus loses
its original mechanical properties. We also found that the

The purpose of this study is to experimentally studinternal axial displacement and radial displacement of the
the nonlinear viscoelastic mechanical properties disc increased after degeneration. Tsantretoal (2005)
degenerated intervertebral discs. The internal displaceméotind a similar law when evaluating the degeneration
was observed and analyzed by optimized digital imagelationship function between nucleus pulposus migration
correlation techniques. At the same time, with the help ahd intradiscal strain: Degeneration significantly increased
fiber grating technology, the changes in the internal stref® radial tensile and compressive strain of the disc during
of the intervertebral disc were measured, and the obsenadoading periods. Some scholars also believe that the reason
phenomena were analyzed and predicted. the degenerated intervertebral disc exhibits higher axial

compressive load and radial tensile strain, may be due to the

In this study, we experimentally tested the mechanictdct that decompressed NP apply more applied loads directly
properties of the intervertebral disc before and aftdo the AF (O'Connelet al, 2011).
degeneration at different strain rates, and found that there
was strain-rate-dependence, which is a manifestation of = We found that the compressive stress in the center of
viscoelasticity. Tavakoli & Costi (2018) made slices of shegpe nucleus pulposus was greater than that in the inner and
lumbar vertebrae, and measured the viscoelasticity andter AF both before and after disc degeneration, which may
failure characteristics of the interlaminar matrix (ILM) inbe strongly related to the structure and mechanical function
both tensile and shear directions for the first time. They fourad the nucleus pulposus. Newel al (2019) investigated
that during the dynamic loading process, the strain ratée high-velocity compression response of the disc before
dependent response of ILM had higher capacity absorptiand after nucleus pulposus decompression, and found that
capacity at low strain rates in the two loading directiongsucleus pulposus pressure did not affect the load transfer as
which confirmed the viscoelasticity of the intervertebral disavell as energy absorption under impact loading. After the
It was found that the stiffness changed slowly at low stragtegeneration of the intervertebral disc, the water in the
rates, and the stiffness and Young's modulus increasedcleus pulposus decreases and the internal pressure
gradually with increasing strain rates, which is largely dugecreases, which significantly affects the force of the annulus
to the pore elasticity of the intervertebral disc (DiSilvestréibrosus. Yang & O'Connell (2019) evaluated the
et al, 2001). When the intervertebral disc is degeneratedevelopment of residual stress after the entire intervertebral
the elastic modulus is significantly reduced (Campmiad, disc degeneration and found that moderate to severe
2011) used magnetic resonance imaging technology degeneration reduced the swelling capacity of the NP by 40
evaluate the relationship between the viscoelasticity of lurfe, the swelling of the AF and cartilage endplates by 25 %,
bar intervertebral discs and the degree of degeneration. Tlaey that these changes in tissue swelling led to a reduction
classified the elastic modulus and viscosity according to tive NP pressure, which is consistent with the results we
degree of degeneration and found that for mildly degenerateblserved. After disc degeneration, there is a significant
intervertebral discs, the elastic modulus varies from 9MRdnange in residual stress and fiber stretch in AF, with radial
to 19.7Mpa, which is in agreement with our experimentdbrces converting from compression to tension, which may
results. increase the risk of AF tearing or delamination. In this study,

we observed an increase in the stress of the outer fibrous

The overall displacement distribution inside theing of the degenerated intervertebral disc, which is in good
degenerated intervertebral disc is basically consistent wilgreement with the results of Pagk al. (2013). They
that in the normal disc. Overall, the axial displacement @fstablished a degenerative L4-L5 lumbar finite element
superficial AF is greater than that of deep AF. This imodel and studied the changes of intradiscal pressure. It was
consistent with the findings of Leet al (2020), who studied found that the intradiscal pressure of adjacent anterior
the effect of fatigue loading on the internal displacement ofuciate ligament increased by 31 % and 8 % respectively
the disc by applying the optimized digital image correlatiowith the progress of flexion and scoliosis degeneration.
technique and found that the axial displacement of the su-
perficial AF was the greatest before fatigue loading. Meakin
et al (2000) measured the displacement of the internACKNOWLEDGEMENTS
marker points of the nucleus pulposus discectomy with the
interactive image analysis software, and concluded that when
the nucleus pulposus discectomy is subjected to compressive  The project was partly supported by the National
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