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Abstract

Background

In this study, we compared stress changes and quantity effect relationships from 3D finite element
models of normal and degenerative lumbar segments. We further defined the mechanisms causing
alterations in mechanical stability the control of normal and degenerative lumbar segments using
traditional Chinese medicine.

Objective

The characteristics of the stress change and the quantity effect relationships of the three-dimensional
finite element model of normal and degenerative lumbar segments were compared. The mechanism(s)
leading to changes in mechanical stability and the intervention and balance between normal and
degenerative lumbar segments of the traditional Chinese medicine was analyzed.

Methods

A 3D-FEM of degenerative lumbar segments L4~5 of the human spine was established to simulate the
physiological and pathological changes of the lumbar spine in response to flexion, extension, lateral
bending and torsion. The stress changes in the normal and degenerative lumbar vertebrae were assessed
through external force interventions and the response to TCM. Stress in the degenerative lumbar
vertebrae changed according the external load. Stress and strain were compared in the FEM model under
a range of motion states.

Results

Components of the human lumbar vertebrae including the cortical vertebrae, cancellous bone, endplates,
fibrous rings, and facet articular processes were investigated. The elastic modulus of the nerve roots and
the posterior marginal structures of the vertebral body increased with lumbar degeneration. The stress
distribution in the intervertebral discs were influenced by TCM, and the space in the spinal canal enlarged
so that nerve root stress decreased, vertebral body stress increased, and facet processes and pedicle
stress in the posterior regions exceeded those of the anterior flexion position. The internal stress of the
intervertebral disc increased in the flexion compared to the extension position, gradually increasing from
top to bottom.

Conclusion

TCM can improve and treat lumbar disc disease through its ability to regulate the mechanical
environment of degenerative lumbar vertebrae. Compared to the FEM models of the lumbar vertebrae,
lumbar degenerative changes could be assessed in response to alterations in the biomechanical
environment. These findings provide a scientific basis for the popularization and application of TCM to
prevent and treat spinal degenerative disease.
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1. Introduction

The effective prevention and treatment of degenerative spine disease and studies of the structural
mechanics of the human spine are challenging. The spine and lumbar vertebrae bear heavy loads and
mediate a wide range of physiological activities. Excessive or uneven loads in the lumbar vertebrae
accelerate degeneration of the lumbar vertebrae, particularly in the L4 segment [']

Lumbar degeneration is the major cause of lower back pain in adults globally. Up to ~ 5% of adults
possess degenerative lower back pain and according to the range of anatomical structures of the spine,
lumbar degeneration can be subdivided into intervertebral disc degeneration, endplate degeneration,
articular process degeneration, vertebral body degeneration, and ligament and muscle degeneration, in
which intervertebral disc, endplate, and facet joint degeneration strongly influence lumbar vertebrae
biomechanics 2. Models such as the 3D-FEM have emerged as important assessments of spine
biomechanics. Since Belytschko and colleagues B! first used FEM in 1974, FEM methods have been
widely used in studies of lumbar vertebrae biomechanics. Anterior longitudinal ligaments, posterior
longitudinal ligaments, and small articular capsule structures make the models both complex and
realistic, permitting it to accurately reflect the mechanical action of spine motion and to reflect changes in
load action mechanics in an array of injuries. Through the 3D-FEM, the thoracolumbar segment of the
spine and its physiological and pathological features can be analyzed, including normal thoracolumbar
segments, degenerative changes of the thoracolumbar vertebrae, and osteoporosis (OA). A systematic
study of the mechanisms of dynamic mechanical changes in traumatic vertebral compression fractures
was performed using this system ¥~14l. The degenerative processes of lumbar spine motion segments
are complex and lead to changes in overall mechanical models of the spine. To-date, the simulation of
lumbar degenerative FEMs have focused on material characteristics and changes in the intervertebral
discs. Predictions of the origin of disc degeneration and the identification of factors mediating disc
destruction are of critical importance to future therapeutic interventions [15]

2. Material And Methods
2.1 Subjects

Two normal male volunteers, aged 55 + 10.2 years, with an average height of 1770+ 8.5 cm and an
average weight of 70 + 11.5 kg were selected. Volunteers provided informed consent to the trial and were
approved by the Hospital Ethics Committee. The lumbar vertebrae were continuously scanned using a
Siemens 128 slice spiral CT (Germany). Scanning conditions were as follows: 120 kV; 0.43 mm pixels;
0.625 mm slice thickness; and 351 layers. Images were stored directly using DICOM 3.0 standards.

2.2 Finite element Model Establishment and mesh
Generation
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CT images were imported into Mimics10.3 and the appropriate azimuth and gray thresholds were
selected. Saved files were imported into Geomagic Studio 9.0 reverse engineering software to further
repair the model and include the lumbar endplate, fibrous annulus and nucleus pulposus. The nucleus
pulposus and the fibrous ring account for ~ 46% of the lumbar intervertebral disc. The thickness of the

endplate was ~ 0.5 mm and the thickness of the cortical bone was ~ 1 mm 8!,

HyperMesh 12.0 software was used to divide the mesh, and the volume model were generated by the
point cloud phase, polygon phase and shape stage. Material attribute definition, boundary conditions and
load definitions were used to pre-process the model. The model was built using post-processing software
ANASYS11.0.

2.3 Stress Distribution of the Lumbar anterior flexion

The 3D-FEM model of the lumbar spine was used to simulate the physiological state of flexion. At the
initiation of lumbar flexion, the stress mainly concentrates on the lower extremities of the upper lumbar
spine and lower joint processes. With increases in flexion, the stress in the upper and lower lumbar
vertebrae and the upper edge of the articular process increase whilst the end plate of the upper vertebral
body strengthen. These changes mimic those of the actual lumbar flexion, fully highlighting the reliability
of the model.

2.4 Material properties

According to related studies FEM verification [16-24] the mechanic parameters of each component of
normal and intact L4K5 vertebral FEMs are shown in Table 1. The material properties of each structure
were introduced into ANASYS 11.0.
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Table 1
Unit types and material properties of each region of the lumbar spine.

Group formation Unittype  Modulus of Poisson  Sectional Number
elasticity /MPa ratio area /mm? of cells
Cortical bone Solid185 12000 0.3 - 9038
Cancellous bone SolidI85 100 0.2 — 53080
Posterior structure Solid 185 3500 0.25 — 29312
Cartilage endplate Solid 185 25 0.25 - 2654
Nucleus pulposus SolidI85 1.0 0.4999 — 4362
Fiber ring matrix SolidI85 4.2 0.45 — 3600
Facet joint Solid 185 3500 0.25 - 64
Arthrodial cartilage SolidI85 25 0.4 - 599
Fiber ring fiber Link10 - — - -
Outmost fibrosis Link10 550 0.3 0.70 2400
Second floor Link10 490 0.3 0.63 1200
Third floor Link10 440 0.3 0.55 1200
Fourth floor Link10 420 0.3 0.49 1200
Fifth floor Link10 385 0.3 0.41 1200
Innermost structure Link10 360 0.3 0.30 1200
Lacertus medius Link10 7.8 0.3 24.00 10
Ligamenta longitudinale  Link10 10 0.3 14.40 8
posterius
Ligamentum flavum Link10 15 0.3 40.00 6
Ligamenta interspinalia Link10 10 0.3 26.00 4
Ligamenta supraspinale  Link10 8 0.3 23.00 4
Ligamenta ' Link10 10 0.3 3.60 6
intertransversaria
Articular capsule Link10 7.5 0.3 30.00 8
ligament

2.5 FEM of the normal lumbar spine
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Using the pretreatment function of ANASYS 11.0, the structure of the endplate, intervertebral disc, nucleus
pulposus, anterior longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, interspinous
ligament and supraspinal ligament were established based on the spinal model. The model was meshed
with appropriate element and material properties (Fig. 1). Following mesh division, the upper and lower
facets were treated with contact units to ensure normal function and the maintenance of spinal
structures. The establishment of the FEM and the degree of human spinal and lumbar motion segments
were measured as previously described. Physical mechanics and material properties were used as a
study reference.

2.6 Mechanical methods

The 3D space position of the FEM was as follows: the X-axis faced perpendicular to the sagittal plane
and the positive direction faced towards the left side; the Y-axis was perpendicular to the coronal plane
and the positive direction was backwards; the Z-axis representing the longitudinal axis of the body and
positive direction pointed to the head. The 3D-FEM of the lumbar motion segment was applied with a
pulling pressing load. The positive direction of the Z-axis represented the direction of the drawing force;
the negative direction of the Y-axis was directed according to pressure; and the positive direction of the Z-
axis represented a horizontal stress state. The positive direction of the Z-axis deflected 30° in the negative
direction of the Y-axis, representing a stress state of 30°. In the positive direction of the Z-axis, the Y-axis
deflected 10°, and the stress state was extended 10° when the hand-pulling method was applied. The
force increased from 400 N to 700 N, and the force of pressing increased from 0 N to 300 N. The linear
law was 50 N. The design, implementation and evaluation of all experiments were performed by all
authors. The main outcome measures were the stress distribution of the vertebral body and intervertebral
disc, and the stress changes and displacement of the fibrous ring and nucleus pulposus.

2.7 Statistical analysis

Data were analyzed with SPSS 22.0 software. The analysis of variance or t-tests were used to compare
data with normal distributions. Pairwise comparisons were used to measure LSD with x + s, data
enumerations of the x? checkout, and ridit analysis of the grade data. The significant level was a = 0.05.
P-values < were deemed statistically significant.

3. Results

3.1 FEM analysis of the degenerative lumbar vertebrae in
response to different movements

Stress distribution analysis of the lumbar intervertebral discs in the different motion states showed that
the disc formed the largest deformed structure during normal spinal movement. The human disc is
composed of the nucleus pulposus, the fibrous ring and the upper and lower cartilaginous endplates. The
physical and chemical properties of the nucleus pulposus and fibrous ring changed according to disc
degeneration, dehydration of the nucleus pulposus, relaxation and rupture of the fibrous ring. With
increases in the degree of intervertebral disc degeneration, the elastic modulus of nucleus pulposus and
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fibrous ring symmetrically declined and eventually worsened. After rupturing the fibrous ring, the nucleus
pulposus protruded and the compression of the nerve root promoted leg pain. Figure 2 shows the stress
trends of the normal lumbar vertebrae and degenerative lumbar structures including cortical bone,
cancellous bone, endplates, fibrous rings, nucleus pulposus, facet articular processes, nerve roots and
posterior structures under different pressure. In the normal lumbar vertebrae, degenerative changes in the
lumbar spine, a lumbar vertebrae anterior flexion of 30 °, an extension of 10 °of the lumbar vertebrae, and
the effects of different external forces on the displacement of the components of the lumbar vertebrae
were analyzed. The F values of ANOVA ranged from 3. 623 to 11. 381 g between 0.001 and 0.05. Clear
lumbar motor segments under different pressure interventions were observed. These were obvious
between the degree of degeneration and the displacement of each structure. The trend in change between
30° of the lumbar anterior flexion were most obvious. The stress concentration point of the degenerative
lumbar intervertebral disc exceeded those of the normal lumbar intervertebral disc stress distribution
area. The variation in degeneration increased. The FEM of normal and degenerative intervertebral discs
has been reported by Zhi and colleagues 2! found that the stress distribution of the degenerative
intervertebral disc was larger, and that the circumferential fiber ring had greater stress. The stress of the
nucleus pulposus also decreased. Shuai and colleagues 12! reported similar data. The stress of the lower
endplates of L3 and L4 of the intervertebral disc concentrated in central regions, whilst the stress of the
degenerated disc focused on the posterior circumference of the endplate. We found that the stress of L3
and L4 superior articular facet of the degenerative intervertebral disc was significantly higher than that of
the normal intervertebral disc. In addition, when the nucleus pulposus of intervertebral disc became
degenerative, the intervertebral space became narrower, as did the anterior flexion of the spine. The bone
cortex of the vertebral body degenerated, and the bone cortical hyperplasia near the intervertebral space
increased in strength. The bone mass in the middle regions of the vertebral body decreased. The cortical
depression of the anterior edge of the vertebral body was enlarged, and the load on the bone cortex of the
anterior edge increased as the load transfer from the column moved forward [27]. Lissette and colleagues
observed mild (disc height reduction: 15%) and moderate disc herniation (disc height reduction by 40%)
during bending, stretching and axial rotation. The load transfer of the lumbar disc degeneration model

also changed. This led to changes in the compression, stiffness, strain distribution and size of the region
[26]

3.2 Analysis of axial displacement and joint motion of the
L4-5 model under different motion states

A comparison of axial displacement clouds, forward flexion, extension, lateral bending and torsion of the
L4Q5 model in different motion states is shown in Fig. 3. 4. The variation of axial displacement in the

L4Q5 model under different motion states was consistent with that reported in the literature [l In addition,
the forward flexion, extension, lateral bending and torsion angles of the model were similar to those

previously obtained 2821 under 10 N m pure torque loading (Figure. 4). The finite element results of
lateral bending assays were slightly smaller than the experimental data, but the overall trend of the range
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of lumbar vertebrae motion was consistent. Flexion is the key movement of the human spine with the
largest range of motion. The torsion was limited due to the constraints of the facet joint ['.

In the Y axis, changes in the stress displacement curves of the lumbar intervertebral disc were most
obvious. In the Z axis, the displacement of the lumbar intervertebral disc was maximal (Fig. 2). The
distribution of stress in the vertebral and intervertebral discs initially appeared at the outer edge of the
intervertebral disc and expanded in the direction of the flexion (Fig. 2). The stress displacement curves of
the intervertebral disc from the outer edge to the central region were also assessed. The stress
concentration point of the degenerative lumbar intervertebral disc exceeded those of the normal lumbar
intervertebral disc. With increased degeneration, stress also increased. The stress-displacement curve of
the lumbar intervertebral disc positively correlated with manual actions, but stress changes from the
center of the intervertebral disc to the outer edge of the intervertebral disc increased. The stress-
displacement curves of the nerve roots showed no positive correlation. An upward trend was observed
during constant stress which decreased upon reaching the stress point. The center of the disc to the
edges gradually enlarged and underwent torsional deformation. However, the stress-displacement curves
of each component positively correlated under 10° extension loading (Fig. 2).

4. Discussion

TCM can effectively treat bone and tendon injuries. Here, to explore the mechanisms leading to lumbar
degenerative disease, particularly lumbar disc herniation, and thus to improve spinal therapies, we
performed 3D-FEM simulations 3%, and assesses the stress-displacement trends of different lumbar
vertebrae regions that had undergone degeneration. The stress status and clinical significance of the
lumbar vertebrae during horizontal extension (10°), forward flexion (30°), lateral bending and rotation
were also analyzed. Therapeutic mechanisms and safety ranges were also explored.

4.1 FEM for spinal massage studies

The basic principle of FEM is to divide the continuous elastic entity into numerous small elements. Due to
the shape of small regional elements, the properties of the material can be determined. The properties of
each small are studied individually and global properties of the elastic entity are obtained. The finer the
division, the more accurate the calculations. FEM can thus be used to separate complex and irregular
entities into different sizes and subtypes. FEM was first used to analyze structural mechanics in
engineering and was introduced to clinical studies in the 1970s. It is now widely used in assessments of
the lumbar vertebrae 31734, |n recent years, combining computer technology and FEM with TCM
techniques have advanced our knowledge of spinal massage manipulations 357381, By simulating spine
stretching, bending and torsion, deformation, stress and strain can be assessed in response to a plethora
of manipulations. Computer based mathematical models of Chinese massaging reproduce those of
experimental conditions and provide quantitative and non-invasive evaluations of the functional state of
lumbar vertebrae structures. This is advantageous over X-rays as the entire waist can be imaged at a

resolution comparable to CT scans of the lumbar appendage bone and soft tissue. This technique has
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broad applications for massage manipulations and avoids the potential side effects and cost of X-ray
and CT procedures 1361,

4.2 FEM of lumbar kinematics

4.2.1 Kinematic analysis of the lumbar vertebrae under
different physiological loads

With the development of the finite element technique, kinematic studies on various physiological states
of the lumbar vertebrae have been performed. Schmidt and colleagues 3% established the finite element
model of the L4 ~ 5 segment to analyze changes in intervertebral disc stress, shear stress and fiber strain
under complex loads. The results showed that the stress of the intervertebral disc was largest during
flexion and smallest during lateral flexion. The maximum shear strain can be increased by lateral flexion
or lateral buckling, and the maximum stress of the axial rotation fiber increased with extension. The
maximum shear and fiber stress were concentrated on the rear side, and the stress increased according to
the axial load, shear stress and fiber stress. Kozanek and colleagues 4% found that the neutral position of
the facet joint rotates at an average of 2 °or 6 °and that the anteroposterior displacement was 2 mm
during the flexion and extension of the lumbar vertebrae. The facet joint could not rotate and displace in
the dominant direction under extension and rotation. A coupled motion of rotation and displacement
(average < 5° and 3 mm thick). Ayturk and coworkers [4"] established the L4 ~ 5 spinal segment model
and assessed the orthogonal mechanical properties of the fibrous ring in the physiological state. The
results showed that loads of the fibrous ring were carried by collagen fibers under flexion, lateral bending
and axial rotation. This was particularly evident in the areas of disc herniation. Kuo and colleagues 42!
established of a finite element model of the lumbar vertebrae to analyze the biomechanical
characteristics and stress of the lumbar facet joint and intervertebral disc. The results showed that under
axial rotation, the stress of the facet joint was greatest at opposing sides. The stress of the lumbar
intervertebral disc was significantly higher than that of the extension and axial rotation during flexion, but
the stress of the facet joint did not change significantly. Mingfang and colleagues 43! constructed the L4
~ 5 model. The stress concentration in the physiological segment of the lumbar vertebrae differed
according to exercise conditions. The stress of the compact bone, pedicle, pedicle isthmus and posterior
facet joint of the lumbar vertebrae were highest during axial compression (normal upper body load). The
stress concentration of facet joint was higher in the lateral flexion vertebral body, intervertebral disc and
posterior facet joint, but tension stress in contralateral side, posterior facet joint and posterior
intervertebral disc were higher during rotation. The stress of the facet joint of the vertebral body and
intervertebral disc were high during flexion and rotation. Kaminska and colleagues 4 constructed a
lumbar vertebrae model of the lumbar spine load under different postures and upper limb loads. The
results showed that the compression stress of the intervertebral disc increased with increasing loads, and
that the increase of anterior flexion was more obvious that that of the vertical position.

4.2.2 Kinematics of the Lumbar vertebrae following
Massage manipulation
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TCM is an effective for the prevention and treatment of degenerative diseases of the human spine. In
recent years, with the wide application of finite element techniques, have assessed massage combined
with finite elements to establish models to study the biomechanical effects of massage on the lumbar
vertebrae. This has revealed the timeliness and safety of the manipulations. To provide a theoretical and
experimental basis for massage manipulation optimization, Haitao and colleagues 4°! analyzed the
internal stress and displacement of the degenerative lumbar intervertebral disc. The results showed that
the manipulations changed the displacement of the disc in the rotatory side, thereby relieving adhesion of
the nerve roots, improving the symptoms of nerve stimulation. The safety and reliability of massage
manipulations in TCM were then clarified. Wushan and colleagues 48] compared the safety of straight
lumbar rotational manipulations and lumbar fixed-point rotation techniques using the FEM model. The
stress of intervertebral disc mainly concentrated on the outer fiber ring when using these manipulations.
The stress distribution was focused in the facet joint and isthmus, the lateral recess of pedicle, the L4
spinous process and the upper articular process of the L4 upper edge and upper articular process on the
left side of the L4 vertebra. The results revealed the practicability and scientific nature of Chinese
massage manipulations. Hua et al. 7l massaged the lumbar pelvis and upper end of the femur under
rotational manipulation of the lumbar vertebrae in the sitting position. The FEM model showed that the
force of manipulations were related to changes in the anatomical structure of the corresponding areas of
the lumbar vertebrae, and the manipulations could be performed under stable conditions. Xuefeng and
colleagues 18 used finite element methods to simulate changes in the internal structure of the lumbar
vertebrae, and analyzed the mechanical effects of the manipulations in different positions. When the
pressure increased to 300 N, the intervertebral disc displacement amplitude peaked when the back
extension reached 10°. These optimal therapeutic effects provide the basis for the clinical application of
lumbar compression manipulations. Xiaogang and colleagues %! found that, at a lumbar vertebrae
flexion of 30°, displacements, strain and stress of the intervertebral disc tissue were obvious, suggesting
that the 30° anterior flexion was safe and effective for the treatment of lumbar vertebrae disease. The
position and selection of the lumbar vertebrae pull-extension requires further studies to determine the
optimal position. Haitao et al. [®% established the L4P5 finite element model to show changes of
displacement and internal stress of the intervertebral disc acting on the lumbar oblique wrench method.
The results showed that the stress of the intervertebral disc was smaller than that of the posterior
structure of the intervertebral disc under manipulative action. The torsion vector from the center of the
disc to the right side caused torsional deformation, and maximum displacement was located at the outer
edge of the right side of the disc. Studies have shown that oblique wrenches in the intervertebral disc are
safe, and that manipulations are more reasonable at the opposite side of the protrusion. At the same
time, the disc protruded backwards during oblique compression, which was unsuitable for patients with
lumbar spinal stenosis, which can guide clinical practice.

FEMFEM is widely used in the analysis of problems related to the biological characteristics of the human
spine. In TCM, massage manipulations of the lumbar spine and lumbar segment motion mechanics
require analysis. On one hand, the mechanical and kinematic characteristics of the lumbar vertebrae
under physiological conditions were assessed through the established, model. On the other hand, the
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stress trends of the lumbar vertebrae motion segments before and after manual interventions were
revealed. Lumbar bone FEMs should now be expanded for more in-depth analysis of the treatment
efficacy and treatment accuracy of TCM. Combined with the developmental models, rehabilitation
medicine, such as acupuncture, guide function training and other mechanical effects on lumbar bone
structure and disc function should be assessed. To-date, studies on soft tissue models of the lumbar
vertebrae are sparse. More complete models can accurately reflect the relationship between normal
mechanical actions in different stages of human spine movements and changes in the action mechanics
of various injuries, to better explain the mechanism(s) of massage manipulation in TCM. Such analysis

will provide a scientific basis to guide clinical practice [511,

For the timeliness and safety of bone-regulating massages, the clinical efficacy of TCM in treating
intervertebral disc herniation is clear, but for lumbar spinal stenosis and other patients with less buffer
margins, particularly in patients with severe osteoporosis, manual therapy is inappropriate. The effects of
oblique wrench on the lumbar vertebrae were studied through biomechanics and computer FEM. The
changes of displacement and internal stress of the lumbar intervertebral disc during manipulative action
were used to guide clinical treatment and reduce adverse reactions. Clinical studies on the prevention and
treatment of orthopedic disease using TCM can also be performed. This provides a new platform and
foundation for studies on the precision, targeting, visualization, and digitization of TCM.
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Figures

Figure 1

Finite element model of the lumbar L4-5 vertebral body and intervertebral disc. (a) Left view; (b) posterior
view; (c-d) anterior views.
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Figure 2

Displacement of normal and degenerative lumbar spine structures under different load interventions.
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Figure 3

Finite element model of the lumbar L4-5 vertebral body and intervertebral disc under different motion
states. (a) The Finite element model of the nerve root; (b) Antexion; (c) Axial torsion; (d) extension; (e) The
Finite element model of the intervertebral disc; (f) Methods used for the application of axial compression
force
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Figure 4

Comparison of the range of motion for L4-5 vertebral bodies under different motion states.
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