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SUMMARY: Lumbar disc herniation is considered to be the main pathological factor for the common clinical disease of low
back pain. Biomechanical factor is an important cause of lumbar disc herniation, so it is urgent to analyze the strebsigtvain b
of intervertebral disc under different loading condition. Slow repetitive loading is considered to be an important fac®aafisp
disc injuries, and the effect of fatigue load on internal displacement in the intervertebral disc was investigated byttapplying
optimized digital image correlation technique in this study. The first finding was that fatigue load had a significant ¢fffect o
displacement distribution in the intervertebral disc under compression. Superficial AF exhibited the largest axial displacement
before fatigue load, while it exhibited the smallest axial displacements after fatigue load. Inner AF exhibited slightlyestiadlle
displacements than outer AF before fatigue load, while it exhibited significantly greater radial displacements than outer AF
displacements after fatigue load. The second finding was that fatigue load had a certain effect on the internal disg&dmutiont di
in the flexed intervertebral disc under compression. Middle AF exhibited the smallest axial displacements before fatidnile load,
deep AF exhibited the smallest axial displacements after fatigue load. The radial displacement distribution did not cleaage befo
after fatigue load, as the radial displacement in outer AF was the smallest, while the radial displacement in inner Adigess. the
The third finding was that with the increase in fatigue time and amplitude, the Young's modulus of the intervertebradatied incr
significantly. This study can provide the basis for clinical intervertebral disc disease prevention and treatment?anarnisfonport
mechanical function evaluation of artificial intervertebral disc as well.
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INTRODUCTION

Lumbar Disc Herniation (LDH) is considered to beherniation, so it is urgent to analyze the stress/strain
the main pathological factor for the common clinicabehavior of intervertebral disc under different loading
disease of low back pain (Sapie¢ al., 2019). condition (Wadeet al, 2017).

Epidemiological investigations show that there is a higher

incidence in people who are overworked and under heavy = Epidemiological studies have found that slow
workload (van Heeswijlet al, 2018). Lumbar disc repetitive loading is considered to be the most important
herniation is generally considered to be a cumulative injufigctor of spine and disc injuries (Thoresstal, 2017).

that repetitive loading may cause the nucleus pulposusltombar intervertebral disc fatigue injury, characterized as
penetrate the anulus fibrosus, and eventually extrutlee initiation of micro-cracks, is a minor damage to the
posteriorly (Kdksakt al, 2020). It is unclear how likely intervertebral disc under a certain intensity of fatigue load.
the nucleus herniation is caused when the fissure in thle accumulation of long-term minor injuries will
fibrous ring is large enough. However, once the fissure éventually lead to a serious lumbar spine disease due to a
formed, there is a risk of lumbar disc herniationsmall inducement. There are many clinical cases of lum-
Biomechanical factor is an important cause of lumbar disar disc herniation that seem to be caused by sudden
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excessive load, but the actual cause is fatigue injury (Vergge time on the overall mechanical properties of the
et al, 2010). Some scholars have performed in vitrmtervertebral disc have also been analyzed.
experiments using animal models to study the effect of
fatigue damage on the mechanical properties of lumbar
discs. For example, Schollushal (2018) subjected ovine MATERIAL AND METHOD
lumbar intervertebral discs to 5000 cycles at 0.5 Hz with a
peak load corresponding to 30 % of that required to achieve
failure, then investigated microstructural of low frequenciMaterials: 20 lumbar spines from 8-month-old sheep were
cyclic loading and flexing of the lumbar disc. Bergerebtained immediately after sacrificing, and the L3-4 motion
Roscheret al (2017), used a newly developed 6-degreessegments were isolated. The excess soft tissue and muscle
of-freedom disc loading simulator to perform the cyclitissue were removed, with the vertebral bodies of
complex loading, and investigated how different loadingpproximately 4 mm retained. The elliptic area of the IVD
combinations influence the mechanism and extent wfas obtained by measuring the length and width of the
intervertebral disc failure. Most of the current studies hawisc and multiplied, from which the disc area S =D
observed macroscopic evidence of fatigue failurenn?, and the height h =0.12 mm. The 20 test samples
However, few studies have discussed morphologicalere divided into two groups, of which 10 samples were
changes in vertebral discs due to fatigue testing, which areed for the overall mechanical performance test and 10
essential to better understand the process of lumbar dssanples were used for the internal mechanical performan-
herniation caused by the fissure in the anulus fibrosus. ce test. The 10 samples for the internal mechanical perfor-
mance test were cut parallel to the sagittal plane, and the
The intervertebral disc is subjected to complerucleus pulposus were not damaged to maintain the internal
loading conditions (Harerit al, 2019). In fact, even sim- pressure. Before the experiment, all the samples were
ple axial compression creates complex load conditions emapped with gauze containing normal saline so as to
the intervertebral disc through the circumferential tensil@maintain the humidity of the intervertebral disc.
stress of the anulus fibrosus, radial bulging of the anulus
fibrosus, and the interaction between the nucleus pulpodtisperimental apparatus. The fatigue test of the
and the surrounding anulus fibrosus (O'Coneelbl, intervertebral disc was performed on a EUT-1020
2011). Existing research shows that cyclically loadeelectronic universal fatigue testing machine (Center of
compressive load will always damage the vertebral bodylechanical Experiment in Shanghai University, China).
while cyclically loaded compression load combined witi’he machine mainly consists of the computer control
axial rotation or bending may cause damage to the anukysstem, the mechanical loading device, the image
fibrosus (Benzakour & Benzakour, 2020). Some scholaagquisition system, and the image processing software. The
used the finite element method to study the biomechanidaad capacity of the mechanical loading device is 1KN,
characteristics of the intervertebral disc, considering tlad the stroke i€ 100 mm. The progressive scan CCD
effects of load form, degeneration, and clinical applicatiowamera is applied for the image acquisition system, with
For example, Casaro#it al (2017) established a finite the accuracy of 1376L035 and the maximum
element simulation model of ovine lumbar intervertebrahagnification of 300 times. The image processing soft-
discs and performed numerical analysis under combinedre can be used to process the captured sequential images
load conditions, then exploredhigh mechanical condition to obtain the displacement fields. Figure 1 shows the ex-
may cause intervertebral disc damage. Azarnaisél  perimental setup for the intervertebral disc.
(2018) established a finite element simulation model of pig
lumbar intervertebral discs, and used the pseudo-elastiethods. This experiment was to test the change of quasi-
damage model to describe the anisotropic mechanicatic compression performance of lumbar intervertebral disc
damage behavior of intervertebral discs. However, theefore and after fatigue load. The quasi-static compression
existing finite element study of the intervertebral disc isate were adjusted to 0.1 mm/s (strain rate of 0.025/s), and
difficult to be validated due to the lack of experimental dat#he stop displacement were adjusted to 1 mm (strain of 30
%). At room temperature, the L3-4 segment was fatigue
In this study, fatigue compressive loading waaded with an electronic universal fatigue testing machine
applied to the intervertebral disc to simulate a day’s hea{iUT-1020) at a frequency of 0.5Hz. The fatigue time was
labor, and the effect of fatigue load on internal displacemest to 1h, 2h, 3h, 4h, while the fatigue amplitude was set to
in the intervertebral disc was investigated by applying tHE&S0N, 300N, 450N and 600N. There were two types of fixing
optimized digital image correlation (DIC) techniquemethods: vertical fixing method and forward flexion fixing
Simultaneously the effects of fatigue amplitude and fatmethod. Before and after fatigue load, quasi-static
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points before and after loading. A pair of marked paints
(X, ¥,) anda, (x,, y,) with similar y value were selected,
and the radial displacement distribution will be reflected
by comparing the x value between this pair of points before
and after loading.

Statistical analysis.A one-way analysis of variance
(ANOVA) with repeated measures was performed to detect
the differences among the experimentally measured values
of the strain as well as the displacement in the compression
tests. Statistical significance was accepted for pb0.05. Data
points in the figures represent mean values, whereas error
bars indicate the standard errors above and below
corresponding mean values.

RESULTS

Fig. 1 Experimental apparatus. Eﬁects of fatigue_loading on mechanic_al properties
of the intervertebral disc under compression. Figure 3
showed the axial displacement in the intervertebral disc

compression was performed on the fixed experimentahder compression before and after fatigue loading, with

samples, in order to test the effect of fatigue load on tlaeloading rate of 0.1mm/s. It could be seen from the figure
guasi-static mechanical properties of the intervertebral digthat the displacement in different regions of the
intervertebral disc did not coincide, indicating that
The optimized DIC technique was used as the erechanical properties in different regions were different.

perimental method, and iron oxide nanoparticles weuperficial AF exhibited the largest axial displacements
uniformly applied on the cut surface as the mark points before fatigue load, while it exhibited the smallest axial
reflect the deformation in different regions of thalisplacements after fatigue load.
intervertebral disc. After the test, the displacement field
was obtained using image processing software. Figure 2 Figure 4 showed the radial displacement in the
showed local region with evenly distributed nanoparticleatervertebral disc under compression before and after fati-
in the incision surface of the lumbar intervertebral disgue loading, with a loading rate of 0.1mm/s. It was found
before and after quasi-static loading. A pair of markeithat, inner AF exhibited slightly smaller radial displacements
pointsa, (x,, y,) anda, (X,, y,) with similar x value were than outer AF before fatigue load, while it exhibited
selected, and the axial displacement distribution will bsignificantly greater radial displacements than outer AF
reflected by comparing the y value between this pair displacements after fatigue load.

Fig. 2 Images collected by digitalimage correlation syste. A. Before guasi-static compression. B. After
guasi-static compression.
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Fig. 3 Axial displacement in the intervertebral disc under compression. A. Before fatigue load. B. After fatigue load.

1800 T T T T T
—=— [nner ‘ : : 1800 4= Inner &
1600 4—0—=Middlel ool gd el e —o— Middle| : v ‘ a—
& Guter 1600 —a— Outer |- ocneeenianns s e buceced
1400 — ; { : : i : )
| 1400 e ===ssstis st csidaciad S g vecs iyl snnrimans I S ——
1200 | f : i ‘ C
0_ L e £~y C R E Do S SR .
= —~ | ; ! i i :
Z 1000 % e
% w0 2
8 8004 3 800 A
600 oo s e 600 -
400 eresesndesressetinsonssoonsflonb 400 4
200 —--mroetoeemone Lensct T s NSRS NN AT U TS S 200
() ; - L - l T ¥ T I 0 I‘ ‘I T ] T
A 0.0 0.1 0.2 0.3 0.4 0.5 B 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Radial displacement (mm) Radial displacement (mm)

Fig.4 Radial displacement in the intervertebral disc under compression. A. Before fatigue load. B. After fatigue load.

Figure 5 showed the effect of fatigue load on thgure 6 showed the axial displacement in the flexed
overall mechanical properties of the intervertebral disc undiettervertebral disc under compression before and after
compression. It was noted that all samples demonstratethtigue loading, with a loading rate of 0.1mm/s. It could
nonlinear stress-strain profile before and after fatiguee seen from the figure that the displacement in different
loading. However, once the sample was deformed beyorelgions of the intervertebral disc did not coincide,
its toe region, it demonstrated an elastic region. Accordirigdicating that mechanical properties in different regions
to the stress-strain profile, the Young's modulus in the elastiere different. Middle AF exhibited the smallest axial
region is calculated, as shown in Table | and II. The resultssplacements before fatigue load, while deep AF
showed that, with the increase in fatigue time and amplitudexhibited the smallest axial displacements after fatigue
the Young's modulus of the intervertebral disc increasédad.
significantly.

Figure 7 showed the distribution of the radial

Effects of fatigue loading on mechanical propertiedisplacement inside the dorsal fiber ring under forward
of the flexed intervertebral disc under compression. Filexion compression before and after fatigue loading, with
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a loading rate of 0.1 mm/s. The radial displacemeas the radial displacement in outer AF was the smallest,
distribution did not change before and after fatigue loadile the radial displacement in inner AF was the largest.
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Fig. 5 Effect of fatigue load on the overall mechanical properties of the intervertebral disc under compression. A. &itpet tiffe.
B. Effect of fatigue amplitude.
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Fig. 6 Axial displacement in the flexed intervertebral disc under compression. A. Before fatigue load. B. After fatigue load.

Table I. The effect of changes in fatigue time on the overallable Il. The effect of changes in fatigue amplitude on the overall
mechanical properties of the intervertebral disc under compressiomechanical properties of the intervertebral disc under compression.

Fatigue Fatigue Y oung's Fati gue Fatigue Y oung's

Sample amplitude time modulus Sanple time amplitude modulus
(N) (h) (MPa) (h) (N) (MPa)
0 8.66 0 11.58
1 11.16 150 12.33
L3-4 300 2 11.72 L34 1 300 13.33
3 11.70 450 13.99
4 11.90 600 14.25
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Fig. 7 Radial displacement in the flexed intervertebral disc under compression. A. Before fatigue load. B. After fatigue load.

Figure 8 showed the effect of fatigue load on théccording to the stress-strain profile, the Young's modulus
overall mechanical properties of the flexed intervertebrah the elastic region is calculated, as shown in Table Il and
disc under compression. It was noted that all sampl®g The results showed that, with the increase in fatigue time
demonstrated a nonlinear stress-strain profile before and atied amplitude, the Young's modulus of the intervertebral
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Effect of fatigue load on internal mechanical properties of the intervertebral disc.

—&— [nner

800 4—— Middle]...........cc..o e b

—4&— Quter

L ;

Load (N)

1y I s e ‘

=178 WU - ‘

0 T

i i
B 000 005 010 015 020

0.25 0.30

Radial displacement (mm)
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Table Ill. Effect of fatigue time on the overall mechanical propertiegable V. Effect of fatigue amplitude on the overall mechanical

of the flexed intervertebral disc under compression.

Stress (MPa)

0.0 - ; ,

B

properties of the flexed intervertebral disc under compression.

; T
0.00 0.05 0.10 0.15 0.20

Strain (%)

T
025 030

0.35

Fatigue Fatigue Young's Fatigue Fatigue Young's
Sample amplitude time modulus Sample time amplitude modulus
™) (b) (MPa) ) (N) (MPa)
0 9.48 0 8.45
1 12.90 150 11.59
L34 300 2 13.25 L34 1 300 12.18
3 13.71 450 13.88
4 13.93 600 14.64
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DISCUSSION deep AF exhibited the smallest axial displacements after
fatigue load. This result was in good agreement with the
result of Schollumet al,, who have found that the

The purpose of this study was to investigate the effeicttervertebral disc damage was limited to the inner layer
of fatigue load on the intervertebral disc by applying adeformation and small stratification at 5000 cycles. Besides,
optimized DIC technique. the radial displacement distribution did not change before

and after fatigue load, as the radial displacement in outer

The first finding was that fatigue load had aAF was the smallest, while the radial displacement in inner
significant effect on the axial displacement distribution iAF was the largest. An increase in the spinal pressure during
the intervertebral disc under compression. Superficial A&nterior flexion will lead to an increase in the pressure of
exhibited the largest axial displacements before fatigue loddmbar nucleus pulposus, which may cause the initiation
while it exhibited the smallest axial displacements after fand progression of tears in annulus fibrosus adjacent to the
tigue load. This result was in good agreement with the resaliicleus pulposus, thereby causing lumbar disc herniation
of Gooyers & Callaghan (2015), who found that the relativdao, 2016). In addition, the nucleus pulposus moves
contribution of disc height loss to total sample height logswards the posterior region during forward flexion, which
varies widely during the entire experimental conditionanay partially support the load in the region and reduce strain.
ranging from 19 % to 58 %. When the intervertebral disc ldowever, posterior AF includes lower circumferential tensile
subjected to a long-term high-level axial load, such as staneduli and thinner lamellae compared to anterior AF, which
ding for a long time, the tissue will squeeze the interstitiadénds to increase the inner layer displacement in posterior

water out of the intervertebral disc, so the disc height &F (Dao, 2017).

reduced and lumbar disc herniation may occur. This may

lead to changes in the axial displacement distribution in the The third finding was that fatigue load had a

intervertebral disc (Liet al, 2017). significant effect on the overall mechanical properties of the
intervertebral disc under compression as well as forward

In addition, fatigue load had a certain effect on th#exion. In addition, there are significant differences in the

radial displacement distribution in the intervertebral dismechanical properties of the intervertebral disc during
under compression. Inner AF exhibited slightly smaller rasompression and forward flexion. Figure 9 is the force
dial displacements than outer AF before fatigue load, whilnalysis of the lumbar spine when the human body bend
it exhibited significantly greater radial displacements thaover to lift weightsgis the forward flexion anglé is the
outer AF displacements after fatigue load. The intervertebigpine pressuré-, is the extensor force, and a is the arm of
disc is constructed of a central gel-like nucleus pulposis. W, is the gravity of the heavy object, and b is the arm of
surrounded by a peripheral firm annulus fibrosus, the®®1. W is the gravity of the upper body of a human, and c is
tissues play different roles in the biomechanical function dfie arm of\.
the intervertebral disc (Flouzat-Lachaniegteal, 2018).
Outer AF can resist tensile load and surround inner AF, whi
the nucleus pulposus can provide a hydrostatic barrier
limit the deformation (Vadalat al, 2018). Some scholars
have proposed the hypothesis for the fatigue mechanism
the intervertebral disc, based on the specific property of t
hydraulic effect of the nucleus pulposus. They believed thhe
it is caused by the penetration of the damaged nucle -
pulposus into the endplate and the fibrous rings, so the fibrc Weight
rings bulge outward during fatigue loading. They believ -—-
that the damage is caused by the nucleus pulposus penetre Fe
into the endplate and the annulus fibrosus, so the annu

fibrosus bulge outward during fatigue loading, which ma Posterior

cause changes in the radial displacement distribution in t Region

intervertebral disc (Freutet al, 2014; Schmidét al, 2014).

The Center of Gravity

Gravity

W

Muscle Forces

Wi
Anterior
Region

|
|
| SN
|

Fig. 9. Force analysis of the lumbar spine when the human body
The second finding was that fatigue load had a certatiiend over to lift weights.
effect on the internal displacement distribution in the flexed
intervertebral disc under compression. Middle AF exhibited Based on the moment balance, the extensor force can
the smallest axial displacements before fatigue load, whibe calculated:
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F = (Wb + Wc)/ a bucion del desplazamiento en el disco intervertebral bajo compre-

¢ . sion. El AF superficial exhibié los desplazamientos axiales mas
. grandes antes de la carga de fatiga, mientras que exhibié los des-
Based on the force balance, the spinal pressure g0, amientos axiales mas pequefios después de la carga de fatiga.

be calculated: El AF interno exhibié desplazamientos radiales ligeramente mas
pequefios que el AF externo antes de la carga de fatiga, mientras

que exhibié desplazamientos radiales significativamente mayores
FN = Fe + (W + VK )COS 0 que los desplazamientos AF externos después de la carga de fati-

ga. El segundo hallazgo fue que la carga de fatiga tenia un cierto

Based on formulas (1)-(2), the pressure in the lungfecto sobre la distribucion del desplazamiento interno en el disco

bar intervertebral disc when the human body bends to i 'rgerdvert?bral fl_exitonado_ tiajo compresion. El AFt meddiol exhibio g
weight can be calculated, as shown in Table V. The resug% esplazamientos axiaies mas pequenos antes de 1a carga de

. . . . ga, mientras que el AF profundo exhibi6 los desplazamientos
show that with only 10forward flexion, if a 300N weight axiales mas pequefios después de la carga de fatiga. La distribu-

is carried, the pressure FN in the lumbar intervertebral dis@n, ge| desplazamiento radial no cambié antes ni después de la
can increase to several times the weight. The above analygifya de fatiga, ya que el desplazamiento radial en la FA externa
results show that when the human body bends and lifts heawy el mas pequefio, mientras que el desplazamiento radial en la
objects, slight movement will cause great pressure on th& interna fue el mas grande. El tercer hallazgo fue que con el
intervertebral disc, which may cause rupture in thaumento del tiempo de fatiga y la amplitud, el modulo de Young
intervertebral disc after fatigue injury. del disco intervertebral aumento significativamente. Este estudio
puede proporcionar la base para la prevencion y el tratamiento cli-
nico de la enfermedad del disco intervertebral, y también es im-
Table V. Lumbar intervertebral disc force when the human bocbbrtante para la evaluacion de la funcién mecanica del disco

bends to lift heavy objects. intervertebral artificial.
. . Ext Spi _ . :
Sample  Forward flexlon v;/VelgNht oo B ~ PALABRAS CLAVE: Hernia de disco lumbar, Fatiga,
angie 1N) F,N) F(N) Flexion delantera, Desplazamiento interno, Técnica DIC

100 1800 2391 optimizada.
L3-L4 10° 300 3800 4588

500 5800 6785
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