Medicine in Novel Technology and Devices 22 (2024) 100298

Contents lists available at ScienceDirect

Medicine in Novel Technology and Devices

journal homepage: www.journals.elsevier.com/medicine-in-novel-technology-and-devices/

Biomechanical analysis of bone mesoscopic structure and mechanical ]

Check for

properties of vertebral endplates of degenerated intervertebral discs
in rabbits

Bingying Zhao®, Yuan Guo ™", Xushu Zhang?, Yibo Zhao™"", Bin Zhao ", Ming Zhang®"""

2 College of Biomedical Engineering, Taiyuan University of Technology, Taiyuan, 030024, China
" The Second Hospital of Shanxi Medical University, Taiyuan City, 030001, China
¢ Department of Biomedical Engineering, Faculty of Engineering, The Hong Kong Polytechnic University, Hong Kong, 999077, China

ARTICLE INFO ABSTRACT

Keywords: In previous studies of disc degeneration, the structural and mechanical properties of the endplate were often
Vertebral endplate neglected. In this paper, the station legislation was used to construct an animal model of minor trauma disc
Biomechanics

degeneration, and the mechanism of disc degeneration was further investigated by observing the changes of
mesoscopic structure and developing the mechanical properties of endplate bone.

Twenty-eight 6-month-old Japanese white rabbits were divided into two groups: control group and experi-
mental group. An animal model of intervertebral disc degeneration was established by upright experiment in the
experimental group. The bone mesoscopic structures in different areas of each endplate were observed by his-
tological and imaging methods, and the mechanical properties of the endplates were measured by indentation
method. The two groups of data were compared by one-way ANOVA.

After the experimental animals stood for 17 weeks, The experimental group showed the characteristics of early
disc degeneration. The microstructure of the degenerative group showed that the end plate mineralization degree
was higher, the bone mass was larger, and the number and thickness of bone trabeculae were larger. The results of
indentation test showed that the mechanical properties of the degeneration group were enhanced, and the lower
endplate was obviously enhanced.

We successfully established a model of human disc degeneration with non invasive trauma and more consistent
with the process of human disc degeneration through the standing experiment. In the experimental group, the
internal structure of the endplate was dense and pore distance was reduced. The change of bone mesoscopic
structure further affects the endplate, resulting in the enhancement of the mechanical properties of the endplate
after intervertebral disc degeneration. The reduction of the pore distance and the narrowing of the internal
channel structure of the endplate also hinder the nutrition supply of the intervertebral disc, which may be the key
reason affecting the degeneration of the intervertebral disc. A biomechanical method for investigating the
mechanism of intervertebral disc degeneration can be provided in this paper.

Intervertebral disc degeneration model
Mechanical properties
Mesoscopic structure

1. Introduction dehydration of the intervertebral disc [3]. In the early stage of degen-
eration [4], the stability of the intervertebral disc segment may be lost.

The spinal intervertebral disc was a hydrated tissue whose physio- Intervertebral disc degeneration can lead to spinal instability and inter-
logical structure includes the nucleus pulposus, annulus fibrosus and vertebral disc herniation, which seriously affects the quality of life [2]
endplates. The normal state of the intervertebral disc provides mechan- and increases the economic burden. Some scholars believe that abnormal
ical support for the stability of the spine [1,2]. If the intervertebral disc compressive stress was one of the important factors leading to interver-
degenerates, the hydration capacity was reduced, resulting in tebral disc degeneration [5]. The intervertebral disc is mainly subjected
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to compressive stress. Excessive stress will have a negative impact on the
nutritional supply and metabolism of the intervertebral disc, destroy the
nutritional supply of the intervertebral disc, reduce the internal matrix
content of the intervertebral disc, and accelerate the occurrence of
intervertebral disc degeneration [6,7]. Studies have shown that inter-
vertebral disc dystrophy is the ultimate cause of intervertebral disc
degeneration [6,8,9]. The vertebral body endplate is the channel for
supplying the intervertebral disc and plays an important role in the
nutrient transport of the intervertebral disc. Seventy-five percent of the
normal intervertebral disc nutritional supply instability comes from the
endplate pathway [8]. Researchers believe that the supply of interver-
tebral disc nutrition comes from the vascular channels inside the end-
plate [10].

The integrity of the vertebral body endplate is beneficial to maintain
normal intervertebral disc physiology. The vertebral body endplate and
the adjacent intervertebral disc share the axial stress of the spine, which
is extremely important to maintain the stability of the spine. If the
intervertebral disc is subjected to high stress load for a long time, the
nucleus pulposus may protrude into the endplate, the endplate will
protrude axially, rupture, and the physiological state of the endplate will
degenerate [11]. During this process, the structure of the annulus
fibrosus of the intervertebral disc is disordered, and the intervertebral
disc shows a degeneration state. The degree of degeneration increases
with the increase of high-load stress, and the degeneration of the end-
plate also exacerbates the degeneration of the intervertebral disc [12].
Therefore, to study the changes of mesoscopic structure and mechanical
properties of endplate during intervertebral disc degeneration is helpful
to understand the mechanism of endplate degeneration.

At present, there are three main types of animal models for inter-
vertebral disc degeneration: The first is that the injection of bone cement
blocks the supply of nutrients to the disc, leading to degeneration [5].
The second type is the injury model.Koichi [6] established a model of
disc degeneration by inducing the destruction of disc tissue by
acupuncture. Surgery destroys ligaments and other tissues [7] and causes
disc degeneration. The third type is abnormal stress-induced interverte-
bral disc degeneration. Hee [8]applied load loading force to the lumbar
spine of New Zealand rabbits and established disc degeneration model.
The establishment of these intervertebral disc degeneration models is
often accompanied by greater trauma, which may affect the animal's own
health state and thus affect the experimental results. in this paper, ac-
cording to the method of Bai Xuedong [9], the experimental subjects
were not subjected to any trauma, and the spinal column of experimental
animals was subjected to stress for a fixed period of time every day to
establish an animal model of non-invasive disc degeneration.

The height of the intervertebral space is an effective indicator to
reflect the degree of intervertebral disc degeneration. Previous studies
have shown that the degeneration of the intervertebral disc is accom-
panied by a decrease in the height of the intervertebral space [6]. His-
tological staining method is an important means to verify the
degenerative changes of the intervertebral disc, and the results can
directly reflect the number and state of cells in the intervertebral disc.
Schneiderman's [13] method used T2WI image grayscale to quantita-
tively analyze the hydration state changes of the nucleus pulposus of the
intervertebral disc, which can be used for the assessment of early
degeneration of the intervertebral disc. At the same time, it overcomes
the subjectivity of traditional grading. In this experiment, the degener-
ative state of the intervertebral disc will be comprehensively evaluated
from three perspectives, including intervertebral space height (DHI),
relative gray level of nucleus pulposus and histological staining.

Grant [14] et al., conducted indentation experiments with a 3 mm
spherical indenter. Different regions of the end plate were found to have
different mechanical properties. The destruction load in the lateral region
of the upper lumbar endplate was 2.5 times greater than that in the
central region. The stiffness of the edge region is greater than that of the
middle region.The bearing capacity of the sacral endplate is better than
that of the lumbar endplate. Cheng [15] et al., found that the mechanical
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strength of the bone endplate was reduced by grinding a certain thickness
of bone endplate in indentation load test. In the vertebral
body-intervertebral disc-vertebral body segment compression test by
Zhao et al. [16], axial compression can lead to rupture of the endplate
and damage to the trabecular bone structure. Hee [8] and others used an
extracorporeal device to apply axial pressure on the L4-L5 of living white
rabbits. After 28 days, they found that the channel structure of the
endplate was reduced, accompanied by slight fractures. After the inter-
vertebral disc degeneration, there have been no reports on whether there
is a relationship between the mechanical environment change and the
internal structure change, and whether the changes in mechanical
properties in different regions of endplate are the same. Therefore, the
study of the relationship between the mechanical properties of the
normal and degenerative intervertebral disc endplate and the bone
mesoscopic structure is conducive to the study of the mechanism of
intervertebral disc degeneration.

The purpose of this paper is to construct an animal model of inter-
vertebral disc degeneration with small trauma, which is closer to the
process of human intervertebral disc degeneration. A variety of assess-
ment methods were used to objectively determine whether the inter-
vertebral disc was degenerative. The bone mesoscopic structure
parameters of the corresponding regions inside the vertebral body end-
plate were observed. The elastic modulus, stiffness and hardness of
endplate in the experimental group and the control group were obtained
by indentation test. The correlation between the bone mesoscopic
structure and mechanical properties of the intervertebral disc end-plate
in the experimental group and the control group was analyzed. We
assumed that the experiment could successfully establish the interver-
tebral disc degeneration model, and obtained the mechanical properties
and bone microstructure changes of endplate before and after interver-
tebral disc degeneration.The research methods and results are contrib-
utive to understanding the mechanism of intervertebral disc
degeneration.

2. Materials and methods
2.1. Establishment of intervertebral disc degeneration model

The bone structure of 6-month-old rabbits no longer grows and de-
velops, which excludes the influence of growth factors on bone structure
changes. Therefore, Twenty-eight 6-month-old Japanese white male
rabbits, weighing 3 kg + 0.25 kg, were randomly divided into two
batches, the control and the experimental group. An animal model of
intervertebral disc degeneration was established by upright standing
experiment (Fig. 1) in the experimental group. If the rabbit's weight was
too small, it can be fixed with a PVC plastic tube, and there is a mesh
cover on the top of the device to prevent it from jumping out. A five-day
adaptation period was set before the formal experiment, and the exper-
imental group gradually adapted to the upright state. After five-day, the
rabbits of experimental group stood in the upright device for 6 h a day,
9:00-12:00, 14:00-17:00, respectively. Except for the standing time, the
rabbits of experimental group were kept in the cage for the rest of the
time and could move freely as the same as the control group. After 17
weeks, animals were reared in a standardized manner, and handled in
accordance with the principles of animal ethics in Taiyuan University of
Technology.

2.2. Evaluation of intervertebral disc state

The intervertebral disc state was evaluated with three assessment
methods, including histological morphology, intervertebral space height
and relative gray level of nucleus pulposus. Histological morphology was
assessed by HE staining. The height of intervertebral space and the
relative gray level of nucleus pulposus were measured in software Mimics
(Materialise corporation, Belgium, 19.0).
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Fig. 1. Animal upright schematic graph.
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2.2.1. Histological morphology

The purpose of histomorphological observation was to determine the
physiological state and changes of the nucleus pulposus, annulus fibro-
sus, and endplates of the intervertebral disc, and to verify the interver-
tebral disc state. A total of 3 animals were selected, and the first rabbit
was taken from the control group, which was standardized feeding for 17
weeks and weighed 4.2 kg. The second and third rabbits s were all taken
from the experimental group, standing for 8 and 17 weeks, respectively,
with a body weight of 3.2 kg and 4.2 kg. The rabbits were sacrificed with
artery air-embolism. The lumbar vertebrae of the rabbits were cut off and
divided into various segments. One segment includes 1/2 upper vertebral
body, intervertebral disc, and 1/2 lower vertebral body. 2. 6 segments
L2/3, L3/4, L4/5, L5/6, and L6/7 of each rabbit were obtained, and the
intervertebral disc tissue cannot be damaged during the anatomical
process. The segments were placed in tissue fixative solution for 48 h.
After fixation, they were placed in the prepared formic acid decalcifica-
tion solution for a week, then the specimens were dehydrated in an
automatic dehydrator, rinsed for 15 min. At last, they were dissected in
the midsagittal position, 4 pm sections were embedded in paraffin, and
stained with hematoxylin-eosin (HE). The histological changes of end-
plates and intervertebral discs were observed by light microscope.

2.2.2. Imaging assessment

A total of 4 animals were selected for imaging evaluation. The first
animal was taken from the control group and was reared for 17 weeks
and weighed 4.4 kg. The 2nd-4th animals were all taken from the
experimental group, standing for 8 weeks and weighing 3.1 kg; standing
for 12 weeks, weighing 3.5 kg; standing for 17 weeks, weighing 4.1 kg.

Before using MRI for imaging evaluation, the leg muscles of the
experimental subjects were exposed one by one, and SU-MIAN-XIN was
injected for intramuscular anesthesia at a dose of 0.2 ml/kg. After the
subjects were in a stable state, chloral hydrate was anesthetized through
the ear vein injection at a dose of 1-1.5 ml/kg. After 3 min, check that the
subject's heartbeat was stable and there is no limb response, it can be
confirmed that the animal has entered an anesthetized state, and the
imaging evaluation can be started. The nuclear magnetic scanning
equipment used in this study is Philips 1.5T scanning system, and the
spine phased array coil was used to scan and image the sagittal lumbar
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spine of the three experimental animals in the lateral decubitus position
and head-first approach.

Intervertebral space height was measured using the interactive
medical imaging software Mimics 19.0, as shown in Fig. 2. The rabbit
spine image was imported into mimics and the image contrast was
adjusted to highlight the bony part of the vertebral body. We measured
and calculated DHI ( Intervertebral space height index ) using softwar-
e.The intervertebral space height was calculated by referring to the "three
median line method" of Kim [17] and others, and the intervertebral space
height index DHI was calculated by referring to the calculation method of
Koichi [6] and others. On the imaging images, the heights of the anterior
edge A, middle B and posterior edge C of the intervertebral space, the
heights of the anterior edge D, middle E and posterior edge F of the
vertebral body above the intervertebral disc, and the heights of the
anterior edge G, middle H and posterior edge I of the vertebral body
below the intervertebral disc were measured respectively.The interver-
tebral height index was definedasDHI=2 x (A+ B+ C)/(D+E+F+G
+ H + 1), and the DHI of the control group and the experimental group
were measured respectively.

In Mimics 19.0 software, the grayscales of three 0.5 mm? areas in the
center of the nucleus pulposus of the lumbar intervertebral disc MRI
image were extracted respectively (Fig. 3), and the average grayscale m;
of the nucleus pulposus area was calculated. 14 regions with cerebro-
spinal fluid area of 0.3 mm? were selected equidistant from top to bot-
tom, the average gray value was calculated as the cerebrospinal fluid gray
value my. The relative gray value (mj;/mg) was obtained. The signal
changes of the intervertebral disc nucleus pulposus of experimental an-
imals at different standing time were analyzed, so as to reflect the degree
of intervertebral disc degeneration.

Fig. 2. DHI calculation method , The anterior margin of the intervertebral
space is A, the middle height is B, and the posterior margin is C; the anterior
margin of the vertebra above the intervertebral disc is D, the middle height is E,
and the posterior margin is F; the anterior margin of the vertebra below the
intervertebral disc is G, the middle height is H, and the posterior margin is I.
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(b)

Fig. 3. Relative grayscale measurement (a) nucleus pulposus (b) cerebrospinal fluid.

2.3. Micro-CT scan

An animal standing for 17weeks in the experimental group and an
animal of the same age in the control group were taken respectively. The
rabbits weighed 4.2 kg and 4.0 kg, respectively. Before the experiment,
the animals were sacrificed with artery air embolism. The tissue speci-
mens acquisition method was the same as that in 2.2.1. The prepared
specimens were fixed in 4% paraformaldehyde solution for 24-48 h, f
washed three times with PBS (buffer solution), and were stored in 75%
alcohol solution at 4 °C. Before starting the scan, the preserved tissue
samples were first fixed, and the segments were placed in the rabbit
standing three-dimensional position, and the Micro-CT (SkyScan1176,
Bruker, Germany) scanning imaging system was used for scanning with a
resolution of 18um. After scanning the vertebral body endplate images,
import them into CTan software in BMP format for analysis. Six mea-
surement regions from the upper and lower vertebral body endplates
were selected, and each region was a 2 mm diameter circle with the
center point as the center, and the region thickness was 1 mm. The center
of each measurement region was the center point for subsequent

0% 100% .
L — - > Right
A 50% > < 50% >

Fig. 4. Selection of 6 measure regions. Marks were made at 25%, 50% and 75%
of the transverse diameter, and marks were made at 25% and 75% of the
anterior and posterior diameters. There were six overlapping points, namely A1,
A2, A3, P1, P2 and P3 (Figs. 3-5). The six points were used as the indentation
area of the endplate. The vertebral endplate was divided into three equal parts
according to the transverse diameter and two equal parts according to the
sagittal diameter, and the vertebral endplate was divided into six specimens.

indentation experiments. The center point of the measurement region
was selected, as shown in Fig. 4. According to the definition of Martin
[18] and others, the midsagittal plane and the coronal plane of the
vertebral body endplate were determined. The sagittal diameter (AP) and
transverse diameter (LR) of the upper and lower endplates of each
vertebral body were measured sequentially using electronic digital cali-
pers. The LR were marked with lines at 25%, 50% and 75%, and at the
25% and 75% of the AP. There were 6 overlapping points of the lines,
namely Al, A2, A3, P1, P2 and P3, which were the center point of each
measurement region.

2.4. Indentation experiment

After the animals in the experimental group stood for 17 weeks, 9
animals in the experimental group with a body weight of 3.9 kg + 0.3 kg
and 8 animals in the control group with a body weight of 3.8 kg + 0.3 kg
of the same age were selected for experiments respectively. Before the
experiment, the animals were sacrificed by air embolization, and the
vertebral bone tissue was exposed by dissection. Disconnect from the
intervertebral disc, take out the lumbar vertebrae L1-L7, remove the soft
tissue to expose the endplate, the whole process does not damage the
endplate. A metal bone saw was used to break the 2-3 mm below the
endplate of each vertebral body. Due to the inconsistent thickness of the
endplate in different regions, in order to maintain structural integrity and
avoid damage to the vertebral body endplate, the bone and vertebral
endplate with a thickness of about 2 mm were taken out, including the
endplate and some trabecular structures under the endplate. In order to
analyze the mechanical properties of the endplate in different regions,
the endplate was divided into multiple specimens in different regions.
The region division was the same as the measurement region division in
2.3 in this paper. Each region was used as a test specimen, that was, a
vertebral body endplate was divided into 6 test pieces. The test pieces
were storaged in sample bags and placed in a low temperature environ-
ment of —20 °C.

According to the formulas of indentation test defined by Oliver Pharr
[19], for an ideal Berkovich indenter, the equivalent cone half angle is
70.32°. When the indenter is in contact with the material, a is the radius
of the contact surface, and the projected contact area at the maximum
indentation depth is:

A, =nd* = n(h, tan a)® =24.56h,” )

The contact depth is defined as h. , and the calculation formula of h,
is:
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hc - hmax - ET (2)

Among them, the hpay is the maximum indentation depth, ¢ is a
constant, which is related to the shape of the indenter, and the ¢ of the
Berkovich indenter is 0.75, Py is the maximum load in the indentation
experiment, and s is the slope at the top of the curve in the unloading
phase.

The modulus Er can be obtained according to the formula ( 3 ),
which is also called the reduced modulus :

Vi
2 VA

Among them, f = 1.034, is a constant, and related to the shape of the
indenter, for a Berkovich indenter. Based on the formula of the reduced
elastic modulus, the elastic modulus of the tested material can be
obtained:

E, 3

1 1= 1-u

E, E E;

(€3]

in this formula, v is the Poisson's ratio of the tested material, E is the
elastic modulus of the tested material, v; is the Poisson's ratio of the
indenter material, and E; is the elastic modulus of the indenter material.
E; = 200 GPa, v; = 0.3, Poisson's ratio of most materials is between 0.15
and 0.35, for bone tissue, Poisson's ratio v is set to 0.25.

In the indentation experiment, the hardness of the material can be
obtained:

%)

Biological tissues are viscoelastic materials [20], and the mechanical
properties of materials are related to time. When the bone tissue inden-
tation experiment was performed, an unsmooth curve like a "nose" would
appear at the top of the unloading stage, as shown in Fig. 5a, and the
unsmooth curve would affect the calculation results. In order to eliminate
this effect, Briscoe [21] held the maximum load for 10s during the
indentation experiment to ensure that such a situation does not occur, as
shown in Fig. 5b. In the biological tissue indentation experiment, the
influence of viscoelasticity can be effectively eliminated by maintaining
the maximum load of 3s [22]-120s [23]. The commonly used retention

Load(N)

(a)

Displacement(mm)

(b

Load(N)

Displacement(mm)
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time of biological bone tissue materials was 10s, therefore, 10s retention
time was selected in this paper.

Before the indentation experiment, the sample bone tissue was
thawed for 12 h to ensure that the sample bone tissue was fully thawed.
The sample bone tissue was placed on the loading platform of general
material testing machine Instron5544 (Instron Corporation, USA), and
the indentation experiment was carried out with a triangular indenter
with a diameter of 1 mm. In this experiment, the displacement controlled
loading method was used to load the indentation experiment, and the
loading speed was set. The speed set by the indenter was 0.2 mm/min.
Set the maximum displacement to 0.2 mm. The holding time at the
maximum force is 10s, and the maximum load is set to 500 N. After the
parameters were set, tests were carried out to ensure the normal opera-
tion of the experimental equipment, and experiments were carried out on
the bone tissue of the endplate sample in the order of A1, A2, A3, P1, P2
and P3. The load diagram is shown in Fig. 5 (b).

2.5. Data processing

SPSS23 (IBM Corporation, USA) software was used to process the
statistical data, expressed as mean =+ standard deviation, multiple com-
parisons between groups were performed by one-way ANOVA, and
variance homogeneity test was performed by Levene method. The ho-
mogeneity of variance was tested by LSD test, and the least significant
difference was tested by Tamhani T2(M) method. The data did not
conform to a normal distribution, and the nonparametric rank sum test
was used to analyze significance, and the results were expressed as 25%,
50%, and 75% digits. Take P < 0.05 as the cutoff value for statistical
significance.

Correlation analysis was performed on the relative gray level of nu-
cleus pulposus, intervertebral space height index, and bone microstruc-
ture parameters and mechanical parameters. The data were normal, and
Pearson correlation analysis was performed; skewed data was subjected
to Spearman correlation analysis, and the results were analyzed.
Expressed in terms of r value and p value, p < 0.05 was considered to
have overall correlation between the two data, 0<|r|<0.2 was consid-
ered to have very weak correlation or no correlation, 0.2<|r|<0.4 was
considered to be weakly correlated, 0.4<|r|<0.6 considered moderate
correlation, 0.6<|r|<0.8 considered strong correlation, and 0.8<|r|<1
considered extremely strong correlation.

Displacement

No Nose

Displacement

Fig. 5. Two loading methods of indentation experiment, (a) triangular loading (b) trapezoidal loading [21].
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3. Results
3.1. Histological morphology results

Histological morphology of 8 and 17weeks standing in the experi-
mental group and standardized feeding for 17 weeks in the control group,
was shown in Fig. 6. The number of nucleus pulposus cells of the inter-
vertebral disc was large and densely distributed, the annulus fibrosus
were closely arranged and the number of cells was large in the control
group. While in the experimental group, the number of nucleus pulposus
cells were decreased for 8 weeks standing, the number of nucleus pul-
posus cells was less and the distribution gradually became sparser for 17
weeks standing. The nucleus pulposus of the intervertebral disc was
swollen and protruded into the posterior annulus fibrosus. The nucleus
pulposus cells were unevenly distributed, the matrix was uneven, and a
few vacuolated cells appeared. In the experimental group, the annulus
fibrosus structure was wavy, lost the concentric circular regular
arrangement, the lamella was loose or even broken, and the degree of
fibrosis was aggravated with he increase of standing time. Therefore, it
could be indicated that the intervertebral disc entered a degeneration
state after standing for 17 weeks in the experimental group.

3.2. Imaging assessment results

The average height of the intervertebral space (DHI) of the lumbar
spine at O (the control group), 8, 12 and 17 weeks of standing was
calculated respectively. As shown in Fig. 7a, DHI was 0.3192, 0.2629,
0.2319 and 0.2173, respectively. Compared with the control group, DHI
was decreased by 17.63%, 27.34%, and 31.92% at 8, 12, and 17 weeks

Control group

8Weeks
Experimental

group

17Weeks
Experimental

group

Endpate
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standing, respectively. As shown in Fig. 7b, the relative gray levels of the
nucleus pulposus (m;/my) at 0 (the control group), 8, 12 and 17 weeks of
standing was 1.0061, 0.8844, 0.832, and 0.6651, respectively. Compared
with the control group, it decreased by 12.10%, 17.30% and 33.89%
respectively. According to the modified Pfirrmann [24] degeneration
scale, a 30% reduction of the DHI can be considered as a degeneration of
the intervertebral disc. Therefore, it could be concluded that the inter-
vertebral disc was degenerated after standing for 17 weeks in the
experimental group.

3.3. Micro-CT scan results

The comparison of the same (anterior, and posterior) regions between
the control group and the experimental group was analyzed. The bone
parameters of the upper endplate in the experimental group, the Tb.N
value of the anterior region was significantly higher than that of the
control group (p < 0.05), and the value of Tb.Sp was significantly lower
than that in the control group (p < 0.05). The bone parameters of the
lower endplate in the experimental group, the values of BV/TV and Tb.N
in the posterior region of the experimental group were significantly
higher than those of the control group (p < 0.05), and the value of Tb.Sp
in the anterior region of the experimental group was significantly greater
than that of the control group, and the posterior region was smaller than
that of the control group (p < 0.05). The results showed that after
intervertebral disc degeneration, the structure of trabecular bone in the
anterior region of the upper endplate and the posterior region of the
lower endplate changed significantly, the number of trabeculae
increased, and the bone volume fraction increased.

The comparison of the same (left, middle and right) regions between

Annulus

Fig. 6. Histological morphology of the control group, 8weeks and 17weeks of the experimental group. Note: Endplate refers to the structure of the vertebral endplate,
Nucleus refers to the nucleus pulposus, Annulus refers to the annulus fibrosus of the intervertebral disc, x 100 refers to the observation under 100 times, and x 200

refers to the observation under 200 times.



B. Zhao et al.

0.3

0.2+

DHI

0.1+

Medicine in Novel Technology and Devices 22 (2024) 100298

1.5

1.0

(=]

E

-

z

0.5

0.0~
2 9 9 9
A A
& S N <&
SN

(b)

Fig. 7. Imaging index at different standing times (a) DHI (b) m1/mO , The data were in mean + standard deviation format.

the control group and the experimental group was analyzed. The bone
parameters of the upper endplate, the values of BMD, BV/TV, Tb.Th and
Tb.N in the middle region were greater than those in the left and right
regions, and the value of Tb.Sp was smaller than the left and right re-
gions. The bone parameters of the lower endplate in the experimental
group, the values of BMD, BV/TV, Tb.Th and Tb.Sp in the middle region
were greater than those of in the left and right regions, and Tb.N in the
middle region was less, while the values of BMD, BV/TV, Tb.Th. Tb.N
in the middle region in the control group were smaller than those of in
the left and right regions , and Tb.N in the middle region was. The results
showed that after intervertebral disc degeneration, the bone structure in
the medial region of the inferior endplate became denser, the spacing
became smaller, the thickness was larger, and the bone volume fraction
and bone mineral density were significantly greater than those on the left
and right sides.

By analyzing the bone mesoscopic structure parameters of the lumbar
endplates of 17 weeks standing in the experimental group and the control
group of the same age (Fig. 8), it can be found that after the intervertebral
disc degeneration, the BMD parameters of the vertebral body endplate
was increased, indicating that the bone mineral density of the vertebral
body endplate was increased, and the mineralization of bone tissue was
increased. In the experimental group, BV/TV, TB.Th, and Tb.N, and of the
vertebral body endplate was 44.6%, 141.9 pm, and 0.00321/pm,
respectively, which was higher than 41.6%, 137.2um, and 0.00311/pm
respectively in the control group. Tb.Sp of the experimental group was
244.9um, which was smaller than 262.6um of the control group. The

Micro-CT images of the L2/3 segments of the control group and the
experimental group (Fig. 9). It could be seen that the internal trabecular
structure of the endplate was denser in the experimental group.

3.4. Indentation test results

3.4.1. Upper and lower endplate data of each segment

The mechanical properties of the upper and lower lumbar endplates
of 17weeks standing in the experimental group and the control group of
the same age were analyzed (Fig. 10). The E of the upper endplate of the
L12, L34, L45, L56, and L67 segments of the experimental group was
significantly greater than that of the control group (p < 0.05). H of the
upper endplate of the L12, 145, and L56 experimental groups was
significantly greater than that of the control group, and the hardness of
the upper endplate of the L34 and L56 experimental groups was greater
than that of the control group (p < 0.05), but not significant. S of the
upper endplate of the L12, L34, L45, and L56 experimental groups was
significantly greater than that of the control group (p < 0.05).

By comparing the lower endplate of the control group with the
experimental group, it could be found from Fig. 11 that the E, H, and S of
the lower endplate of each segment in the experimental group were
significantly greater than those in the control group (p < 0.05).

3.4.2. Mechanical properties of different regions of the endplate
The E, H, S of the control group and the experimental group endplates
were calculated, and the data were statistically analyzed.
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Fig. 8. Bone mesoscopic structure parameters of control group and experimental group (a) Bone mineral density BMD (b) Bone volume fraction BV/TV (c) Trabecular
thickness Tb.Th (d) Trabecular separation Tb.Sp (e) Small bone Beam thickness Tb.N. The data were in mean =+ standard deviation format.
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Fig. 9. Micro-CT images of the L2/3 segment in the control and experimental groups, 0.5 mm below the surface of the vertebral endplate.
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Fig. 11. The mechanical properties of each segment of Lower endplate in the control and experimentalgroup , (a) Elastic modulus (b) hardness (c) stiffness, * refers to
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3.4.2.1. Anterior and posterior regions of the upper and lower endpla-
tes. The mechanical properties in the anterior and posterior regions of
the upper and lower endplates were compared. The values of the upper
endplate were greater than those of the corresponding region of the
lower endplate, but there was no statistical difference. For E and S, the
values in the anterior region were greater than those in the posterior
region, but there is no statistical difference, and for H, there is no obvious
rule. The mechanical properties in the same regions of the control group
and the experimental group were compared (Fig. 12). The data values of
the experimental group was significantly greater than that of the control
group (p < 0.001).

3.4.2.2. Left, middle and right regions of the upper and lower endplates. The
mechanical properties in the left, middle and right sides of the upper and
lower endplates were compared between the control group and the
experimental group. The values of the upper endplate were greater than
that of the corresponding regions of the lower endplate, but there was no
statistical difference. As shown in Fig. 13, in the upper endplate of the
control group, the values of E and S in the middle region were signifi-
cantly greater than those on the left and right (p < 0.05), and for H, the
values in the middle were significantly greater than those on the left (p <
0.05). In the lower endplate, the values in the middle region were larger,
but there was no statistical difference. In the lower endplate of the
experimental group, the values in the middle region were significantly

Em Control grou
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greater than those on the left and right regions (p < 0.05), and in the
upper endplate, the values in the middle region were larger, but there
was no statistical difference. The mechanical properties in the same re-
gions of the control group and the experimental group were compared.

3.4.2.3. Six different regions of the upper and lower endplates. The
modulus, hardness and stiffness of 6 regions of the each endplate in the
control group and the experimental group were compared. The change
rate R was introduced, i.e. the relative rate of change R =(experimental
group data - control group data)/control group data. R > 0 indicated that
the experimental group was larger than the control group, while R <
0 indicated that the experimental group was smaller than the control
group.

R of the E, H, and S was all greater than zero. The average values of R
of the E, H, and S was 39%, 41%, and 26% in the upper endplate,
respectively, and the average values of R was 45%, 82%, 38% in the
lower endplate, respectively. R of the six regions of the upper and lower
endplates was calculated, as shown in Fig. 14. For the upper endplate, R
of E, H, S was the largest in the Al region, while R was the smallest in the
A2 region. For the lower endplate, R of E, H, S was larger in the A2 and
P2, while R was the smallest in the P1. It could be seen that, the change of
mechanical properties parameters of the lower endplate was larger than
that of the upper endplate after intervertebral disc degeneration. Among
the three parameters, the change rate of hardness was the largest and the
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Fig. 12. Mechanical properties of the anterior and posterior regions of the endplate in the control and experimental groups. Upper endplate: (a) E, (b) H, (c) S, lower

endplate: (d) E, (e) H, (f) S.The data were in mean =+ standard deviation format.
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g. 14. Rate of change of elastic modulus, hardness and stiffness in six regions (a) upper endplate (b) lower endplate.

change rate of stiffness was the smallest in the six regions.

Statistical data were expressed as mean =+ standard deviation, mul-
tiple comparisons between groups were performed by one-way analysis
of variance, the variance homogeneity test was performed by Levene

method, and the variance homogeneity test was performed by Welch and
Brown-forsyth test, and the least significant difference method LSD test.
If the variance is not uniform, the Tamhani T2 (M) method is used to test.
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4. Discussion

In this study, an animal model of intervertebral disc degeneration
with non invasive trauma was first constructed by upright experiment,
and the intervertebral disc degeneration status was obtained by histo-
logical staining and imaging evaluation. The nucleus pulposus cells in the
model group were not uniformly distributed and the matrix was
uneven.The mechanical properties of endplate before and after inter-
vertebral disc degeneration were obtained by indentation experiment,
and the bone microstructure parameters of endplate before and after
intervertebral disc degeneration were obtained by Micro-CT. The
microstructure of endplate bone is dense and the pore distance is
reduced. Through standing experiment, we successfully established a
model of disc degeneration, and studied the mechanical properties of
vertebral endplate and the changes of internal bone microstructure
before and after disc degeneration. The changes of endplate in the pro-
cess of intervertebral disc degeneration were further investigated, which
provided a biomechanical method for studying the mechanism of inter-
vertebral disc degeneration.

4.1. Establishment and evaluation of animal models of intervertebral disc
degeneration

Among the many factors that affect intervertebral disc degeneration,
abnormal compressive stress is considered to be an important factor [25].
The main function of the intervertebral disc is to bear compressive stress.
Excessive stress will have a negative impact on the nutrient supply and
metabolism of the intervertebral disc, resulting in the reduction of the
content of matrix in the intervertebral disc and accelerating the occur-
rence of intervertebral disc degeneration [26]. At present, scholars
generally believe that abnormal compressive stress destroys the nutrient
supply of the intervertebral disc and accelerates the degeneration of the
intervertebral disc [27]. Lotz [12] and others studied the effect of high
load on the intervertebral disc tissue and found that under high load, the
structure of the middle and inner annulus fibrosus of the intervertebral
disc was disordered, and the occurrence of this disorder was aggravated
with the increase of the load. Jing Jiefu [28] and others found that
abnormal stress can affect the microstructure changes of the vertebral
body, which can lead to instability of the cervical spine and accelerate the
degeneration of the intervertebral disc. Revel [11] and others applied
periodic stress stimulation to mice, and found that the thickness of the
endplate became uneven, the nucleus pulposus protruded into the
cartilage endplate, the endplate ruptured, and the degeneration of the
endplate further aggravated the degeneration of the intervertebral disc.
The reduction of nutrients was considered to be the ultimate cause of
intervertebral disc degeneration [29]. Research [30,31]showed that the
obstruction of intervertebral disc nutrition can cause intervertebral disc
degeneration. In previous studies, the establishment of most interverte-
bral disc degeneration models is mostly based on the design of the spine
under high load stress. A fixation device was installed in the adjacent
vertebral body of the intervertebral disc, and an axial load was applied on
the intervertebral disc to establish a degeneration model [11]. In the
previous methods of intervertebral disc modeling, whether classical
acupuncture or implantation of the loading device, will bring greater
trauma to the experimental animals, and the injury may affect the health
status of animal, which is inconsistent with the degeneration process of
human intervertebral disc in the natural upright state, In this paper, a
degeneration model of intervertebral disc was established based on the
principle of intervertebral disc degeneration caused by compression,
referring to the upright loading method used by Bai Xuedong [9] and
others. By standing at different times every day, their own gravity
exerted axial pressure on the intervertebral disc, which caused inter-
vertebral disc degeneration. The establishment of degeneration model in
the upright state was basically consistent with the process of human's
intervertebral disc degeneration.

In magnetic resonance imaging, the gray value is proportional to the
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water content. After degeneration, the water content of the nucleus
pulposus of the intervertebral disc is significantly reduced, and the gray
value will also decrease accordingly. Pfirrmann grading is used widely in
clinical to evaluate the degeneration grade based on the doctor's obser-
vation of the gray scale of the intervertebral disc. The improved Pfirr-
mann [24] grading and evaluation system, although the evaluation of
intervertebral disc degeneration is more detailed, it is still a
non-quantitative method to evaluate by the doctor's human eye. This
traditional evaluation method inevitably has its own subjectivity [32].
Schneiderman's [13] and others evaluated the water content of the
intervertebral disc by analyzing the grayscale of the magnetic resonance
image, and made an objective evaluation of the degeneration of the
intervertebral disc. This method can improve the accuracy of early disc
degeneration assessment, and it is adopted in this paper. The state of the
intervertebral disc in the experimental group and the control group were
evaluated by histological and imaging methods. The results of histolog-
ical morphology showed that the number of nucleus pulposus cells in the
control group was normal, the cartilage endplate was not damaged, and
the annulus fibrosus was arranged in an orderly manner (Fig. 6). In the
experimental group, the nucleus pulposus cells of the intervertebral disc
were reduced, the nucleus pulposus protruded into the endplate, the
annulus fibrosus was disordered, the thickness of the endplate was
reduced, and the structure of the endplate was slightly damaged; The
imaging results showed that the height of the intervertebral space in the
experimental group was smaller than that in the control group, and the
longer the standing time, the smaller DHI (Fig. 7a) and m;/mg (Fig. 7b).
After standing for 17 weeks, DHI decreased by 31.92%, and mj/mg
decreased by 33.89% compared with the control group. In the classic stab
wound model, after two weeks of modeling, the DHI decreased by 20%,
and the intervertebral disc entered a state of degeneration [6]. m;/mg of
the nucleus pulposus at 17 weeks standing was 0.6651, which was close
to my/mg of five patients with intervertebral disc degeneration and
herniation listed by Dike [33] and others in the intervertebral disc
transplantation. From the above results, standing to apply axial load to
the intervertebral disc can cause early degeneration of the intervertebral
disc. The results indicated that with the increase of standing time, DHI
and m;/mg gradually decreased, and the degree of degeneration gradu-
ally aggravated.

4.2. Bone mesoscopic structure of the endplate

The vertebral body endplate is a bony structure similar to bone tissue
except for the surface cartilage endplate. The physiological demarcation
between the vertebral endplate and the trabecular structure of the
vertebral body is not well defined, which makes the detection of the
vertebral endplate structure difficult [34,35]. It is difficult to standardize
in the measurement of endplate mesoscopic structure [36]. Wang [37]
and others used Micro-CT to scan 150 lumbar vertebrae (L1-L5) and
measured the thickness of bony endplates and found that the average
thickness of endplates was about 1 mm. Most scholars choose to measure
the bone parameters of the 1-2 mm layer thickness below the surface of
the vertebral endplate as the structural parameters of the endplate.
Therefore, the ROI thickness selected was 1 mm in this paper. In the X-ray
image, the endplate structure is convex around and concave in the central
area [38]. There are more and more studies on the morphology of the
vertebral endplate, and the results of other scholars believe that the
endplate structure is a thin porous plate-like bone layer [39-43].
Tomonori [10] and others used Micro-CT scanning to observe the porous
network structure inside the vertebral body endplate.

The findings suggest that the bone mesoscopic structure of the
vertebral endplates maybe closely related to intervertebral disc degen-
eration [37,44-48]. Intervertebral disc degeneration may be related to
structural sclerosis of vertebral endplate [49]. This suggests that the
changes of bone mesoscopic structure in the vertebral endplates can be
associated with the degeneration of intervertebral disc. Zhang Hengyan
[50] and others established a scoliosis model by inserting bone screws in
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mice, and observed that the microstructure in the endplate changed to
varying degrees. The loading of the bony endplate will affect the internal
vascular channel structure. Under the action of asymmetric force, the
channel structure of the convex endplate is more developed, and the
channel of the concave endplate is sparser. Changes in the number of
channel structures may affect the transport efficiency of intervertebral
disc nutrients. From the comparison of CT image, it can also be seen that
the bone mesoscopic structure of the endplate in the control group was
denser (Fig. 9) in this paper.

4.3. Mechanical properties of the endplate

The thickness of the bony endplate has an important influence on its
own mechanical properties. Grant [14] found that the load-bearing ca-
pacity of the sacral endplate was better than that of the lumbar endplate
through spherical indentation experiments, and the load-bearing capac-
ity of the lower lumbar endplate was 40% higher than that of the upper
endplate. Cheng [15] and others found through the indentation load test
that the ultimate stress of the intact bony endplate was 106 N. Decreased
mechanical strength of bony endplates with a certain thickness removed,
and the ultimate stress of the bony endplate after grinding 1 mm was
reduced to 59 N, with an average loss of 44%, the ultimate stress of the
bony endplate with a 2 mm resection was reduced to 51 N, with an
average loss of 52%. Therefore, the thickness of the bony endplate is
crucial to maintain its mechanical properties. By studying the mechanical
properties of vertebral endplates of the control group and the experi-
mental group, it is beneficial to penetrate the role of endplates in inter-
vertebral disc degeneration. At present, nanoindentation experiment is
basically used to measure the mechanical properties of vertebral end-
plates, from the microscopic point of view. In the analysis, the influence
of the defect of bone tissue, the uneven thickness of the endplate and the
trabecular bone structure under the vertebral endplate is ignored. In the
experiments of other scholars, using traditional mechanical testing
methods, i.e. compression test, the mechanical properties of the whole
endplate can be obtained, and the mechanical properties of different
regions of the endplate cannot be accurately obtained. The research re-
sults of other scholars showed that the stiffness of the endplate was
different in different regions, and the stiffness of the endplate was higher
in the posterior position [51]. The results of spherical indentation ex-
periments show that the mechanical properties of the vertebral endplate
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stronger the mechanical properties [15]. It showed that the mechanical
properties of the vertebral body endplates were spatially different.

4.4. Effect of degeneration on endplate

In order to explore the relationship between the mesoscopic structure
of bone and the mechanical properties of the endplate before and after
intervertebral disc degeneration, the correlation between the mechanical
properties of each vertebral body and m1/m0, DHI and mesoscopic
structure parameters of bone was analyzed.

The results showed that E, H, S were moderately negatively correlated
with m1/mo0, respectively (r = —0.5192, P < 0.001, r = —0.4269, P <
0.001, r = —0.5059, P < 0.001) respectively. There was a moderate
negative correlation between the E, H, S and DHI (r = —0.498, P < 0.001,
r = —0.4192, P < 0.001, r = —0.4864, P < 0.001) respectively. The
analysis between bone microstructural parameters and mechanical pa-
rameters showed that there was a weak negative correlation between E,
H and the bone trabecular separation. While there was a weak positive
correlation between E, H and the Bone mineral density BMD, bone vol-
ume fraction BV/TV, bone trabecular number Tb.N, which is consistent
with the results found by Mulder [52] and other. The changes in E may be
related to the mineralization content of bone tissue [53].

The correlation between E and BV/TV of different segments was
analyzed(Fig. 15), there was a strong positive correlation in L5/6
segment (r = 0.6072, P < 0.01). There were moderate positive correla-
tions in L1/2 and L4/5 segments (r = 0.4367, P < 0.05; r = 0.5295, P <
0.01). There was no correlation in L2/3 and L3/4 segments. The corre-
lation between E and BMD of different segments was analyzed(Fig. 16),
there was a strong positive correlation in L5/6 segment (r = 0.6447, P <
0.001). There was a moderate correlation in L4/5 segment (r = 0.5577, P
< 0.01). There was no correlation in L1/2 segment, L2/3 segment and
L3/4 segment. This indicates that the degeneration is more severe in the
lower segment of the spine.

5. Conclusion

An intervertebral disc degeneration model with non invasive trauma
and more in line with the process of human intervertebral disc degen-
eration was successfully established in this paper. The intervertebral disc
degeneration was objective evaluated using a variety of evaluation
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Fig. 15. The correlation between E and BV/TV of different segments.
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corresponding regions inside the vertebral body endplate were observed.
The mechanical parameters of endplate in the experimental group and
the control group were obtained by indentation test, and the correlation
between the bone mesoscopic structure and mechanical properties of
endplate in the experimental group and the control group was analyzed.
The imaging evaluation results showed that the height of the interver-
tebral space in the experimental group was significantly decreased, and
the nucleus pulposus was dehydrated. The results of bone mesoscopic
structure showed that the internal structure of the endplate was dense
and the gap distance was reduced during intervertebral disc degenera-

the

[1]

tion, which resulted in the narrowing of the internal channel structure of [21
the endplate and had a negative impact on the nutrient supply of the
intervertebral disc. The change of bone mesoscopic structure further af- 31
fects the mechanical properties of the endplate, resulting in the
enhancement of the mechanical properties of the vertebral endplate after
intervertebral disc degeneration. The narrowing of the internal channel 4]
structure, hindering nutrition, which may be the key cause of interver-
tebral disc degeneration. It provides a biomechanical basis for studying
the mechanism of intervertebral disc degeneration. In the future work, (5]
increasing the dynamic observation of nutrient transport in the process of
intervertebral disc degeneration, combined with structural and me- [6]
chanical observations will provide a better basis for exploring the
mechanism of intervertebral disc degeneration.
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