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Kinetic characterization of adolescent scoliosis patients
with Lenke 1B+
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Purpose: The purpose of this study was to investigate dynamic responses of Lenke1B+ spines of adolescent scoliosis patients to differ-
ent frequencies. Methods: Modal analysis, harmonic response analysis and transient dynamics of a full spine model inverted by the finite
element method using Abaqus. Results: The first-order axial resonance frequency of 4.51 Hz produced a maximum axial displacement of
30.15 mm. Comparison of the five frequencies indicated that the 10 Hz frequency response curve was smoothest, while the amplitude-
frequency curve at 4 Hz showed the greatest fluctuations accompanied by resonance phenomena. At the resonance frequency, the maximum
axial displacement of the thoracic spine was at T1, being 31.17 mm, while that of the lumbar spine was at L1, with 0.56 mm. The maximum
stress of the intervertebral discs was located between T4 and T5, representing 3.496 MPa, the maximum stress in the small joints was located in
the concavity between T7 and T8, with 19.97 MPa and the maximum axial displacement was 54.31 mm, located in the convexity between T6
and T7. Conclusions: The first-order axial resonance frequency was the most harmful to the patient. The uneven stress distribution in the
spine was closely related to the degree of spinal deformity, with the thoracic spine being more sensitive to low frequencies than the lumbar
spine. The concave side of the spinal deformity was more prone to stress concentrations while the convex side was more prone to deformity,

indicating that disc degeneration and small-joint disease are more likely to occur at the most deformed part of the spine.
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1. Introduction

Adolescent idiopathic scoliosis (AIS) is a three-di-
mensional deformity of the spine. The etiology is un-
known, and the condition is characterized by imbalance
in the coronal, sagittal, and axial positions that occurs
in adolescents aged 10—16 years [18]. The prevalence
is widely recognized to be 1-4%, and severe scoliosis
can bring about physical pain, respiratory damage, lung
disease, psychological disorders (autism, depression
[29] and even schizophrenia [25]), cosmetic deformi-
ties, and reduced quality of life [17], which makes it
particularly important to explore the pathological
mechanisms underlying AIS.

Epidemiological studies have reported that the prob-
ability of pain or injury to the normal spine is increased
1.4-9.5-fold in a vibrating environment [24], and the
force aggravates the progression of the deformity

curve [30]. To protect scoliosis patients from aggra-
vation in a dynamic loading environment, the kinetic
properties of AIS need to be investigated.

Many researchers have investigated the structural
characteristics, deformation tendency, and stress distri-
bution of the human spine by the finite element method
to explore the mechanism involved in AIS induction
[16], [30]. In 2018, Guo and Fan [9] used the L1-S
finite element model to determine the effect of changes
in disc material properties on the lumbar spine under
vertical vibration, while in 2019, Jia et al. [12] ana-
lyzed and compared the sinusoidal vibration response
of LenkeA, LenkeB and LenkeC lumbar spines under
axial loading. Later, in 2021, Zhang et al. [38] performed
a static analysis of the lumbar spine of patients with
idiopathic scoliosis under six working conditions and,
in 2024, Alassaf et al. [1] established a 3D finite ele-
ment model for T1-L5 static and transient analyses of
the lumbar spine under different loads, analyzing the
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stress-strain of the vertebral bones and intervertebral
discs. These studies focused on the lumbar spine and
did not pay attention to the thoracic spine. However,
in the human spine, the thoracic and lumbar spines
interact with one another, making it difficult to ignore
the characteristics of the whole spine and also to apply
conclusions drawn from a study of a specific part of
the spine to the spine in general in the clinic. There-
fore, in this study, we created a model of the whole
spine based on a severe case, and performed a me-
chanical characterization of the whole spine followed
by more localized analysis.

In most current analyses, load is applied using a ver-
tical load at the point of mass or contact surface as this
method is a good substitute for physiological compres-
sive loading under in vivo conditions when one vertebra
is used, but application to the whole spine makes it diffi-
cult to maintain stability [4]. The model used in the pres-
ent study had 12 thoracic vertebrae, 5 lumbar vertebrae,
5 sacral and one caudal vertebra, and the established
finite element model is complex, and the commonly used
methods cannot support the complex dynamic analysis
of this study. In 2007, Renner et al. [28] established an
L1-S1 three-dimensional finite element model to test
the bending moments in three planes under a large
compression follower preload, and concluded that the
use of a thermally isotropic truss element to apply
compression forces can simulate the follower load path
encountered by a normal lumbar spine in vivo, and in
2017, Guo and Fan [8] and Shaowei et al. [14] applied
the compression follower preload to the lumbar spine
three-dimensional finite element model. Several previ-
ous studies have taken the optimal path to apply the
following loads in the lumbar spine segments, a rela-
tively rare approach in current research on the whole-
spine model, and the present study extends this tech-
nique of applying load to the whole spine.

In this study, the complexity of the spinal structure
was fully considered, and a whole-spine model of pa-
tients with AIS with primary thoracic and secondary
severe lumbar curvature was established and rigorously
validated both statically and dynamically. The following
loads were applied to the whole thoracolumbosacral
spine by establishing predefined fields and setting tem-
perature coefficients for the thermally isotropic truss
elements in Abaqus, after which the self-oscillation fre-
quencies, corresponding vibration shapes and parts of
the spine with the greatest deformation were predicted
by modal analysis, while the frequency intervals of sen-
sitivity in the whole spine were predicted by frequency
response analysis. The most sensitive intervals were
analyzed in depth, with investigation at 1.6 s transients
within 1.6 under sinusoidal cyclic loading at different

frequencies to further explore the effects of cyclic load-
ing at resonant frequencies on the stress—strain of the
vertebral body, intervertebral discs, and small joints.

This study helps to explore the underlying biome-
chanical mechanisms in AIS patients with Lenkel1B+,
and facilitates the elucidation of the pathology associ-
ated with the progression of spinal deformity, inter-
vertebral disc degeneration and arthritis, with a view
to providing a theoretical basis and recommendations
for the design of clinical treatment programs and the
care of patients in their daily lives.

2. Materials and methods

2.1. Finite element modelling
of the thoracolumbosacral spine

The subject of this paper was a 15-year-old female
volunteer with severe adolescent idiopathic scoliosis
classified as Lenke1B+. The largest Cobb angles meas-
ured by the classical method were 42.2° for the thoracic
rightward curvature and 21.37° for the lumbar leftward
curvature, with lumbar correction type B and thoracic
sagittal correction type +.

A single multi-row (64-row) spiral CT was used
for scanning the patient plus 3D reconstruction of the
spine, using a tomographic thickness of 1.0 mm a pixel
size of 0.6953 mm, and a total of 795 images in DCM
file format. The threshold value and manual segmenta-
tion were set in Mimics to isolate the target region and
reconstruct the spine in 3D by repeated erasing, filling
and smoothing to obtain a rough model of 640.77 mm.
Freeform was used for repeated carving and smoothing,
creating small joints between the vertebrae and inter-
vertebral discs to further improve the model, while in
Geomagic, the peg was deleted, the surface pieces were
constructed, and the surface smoothing was optimized.
The mesh delineation and material property settings in
HyperMesh were used to generate a 3D finite element
model with 446 440 nodes and 224 0713 cells, with
cell property settings in Abaqus. The 525.44 mm full-
spine model is shown in Fig. 1.

The model consisted of vertebral cortical bone, ver-
tebral cancellous bone, posterior structures, endplates,
nucleus pulposus, annulus fibrosus matrix, seven related
ligaments, and small joints. There were two types of
bone tissue, namely, cortical and cancellous bone, and
many ligaments, including the ligamentum flavum and
the longitudinal, posterior longitudinal, supraspinous,
interspinous, intertransverse interlaminar, and intraar-
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ticular capsule ligaments. In this study, 12 thoracic ver-
tebrae, 5 lumbar vertebrac and 9 spinal columns were
healed into the sacrum and coccyx, and the layer thick-
ness of vertebral cortical bone was 1 mm [13]. The
material properties of the components of the model are
shown in Table 1.

Fig. 1. The research model

Static validation

To ensure the validity of the thoracic vertebral
segments, the simulation method of Jia et al. [13] was
used together with the in vitro experimental method
described by Watkins et al. [32], fully restraining the
last thoracic vertebral body and applying 2 Nm of
pure moment of lateral bending, 2 Nm of pure mo-
ment of flexion, 5 Nm of axial rotation and 50 N of
preload to the upper surface of the first thoracic verte-
bral body in three separate time points, followed by
measurement of bending of the left and right sides,
anterior and posterior bending, and left and right rota-
tion of the thoracic vertebral body as well as the mo-
ment and axial rotation with 50 N preload. The calcu-
lations were performed at three time points, measuring
the thoracic spine mobility for left and right lateral
bending, anterior and posterior bending, and left and
right rotation, and compared the data with the experi-
mental data of Watkins et al. [32] and the simulation
results of Jia, as shown in the first section in Fig. 3.
To ensure the validity of the lumbosacral spine seg-
ments under following load, the study referred to the

Table 1. Material properties of the spinal components

Spinal Young’s Poisson’s Cross-sectional Element Density
components modulus ratio areaz1 type [10” t/mm’] References
[MPa] [mm~<])

Cortical bone 12000 0.3 S3 1.7 [26]
Cancellous bone 100 0.2 C3D4 1.1 [5]
Posterior structure 3500 0.25 C3D4 1.4 [5], 191, [20]
Endplate 500 0.25 S3 1.2 [20]
Nucleus pulpous 1 0.49 C3D8 1.02 [20]
Annulus substance 4.2 0.45 C3D8 1.05 [16],[19]
ALL 7.8 63.7 T3D2 1 [51, [9], [20]
PLL 10 20 T3D2 1 [51, [9], [20]
LF 15 40 T3D2 1 [51, [91, [20]
SSL 8 30 T3D2 1 [51, [9], [20]
ISL 10 40 T3D2 1 [5], [9], [20]
ITL 10 3.6 T3D2 1 [20]
CL 7.5 30 T3D2 1 [51, [91, [20]
Articular capsule 10 0.3 C3D4 1 [21]

2.2. Model validation

Under the same load amplitude, dynamic loading
can result in more serious potential damage than static
loading, so validation of the dynamic characteristics
is very necessary [10]. The study used a segmented
verification approach for static modal and transient
dynamic verification.

in vitro experimental method of Renner et al. [28] and
the simulation method of Guo et al. [8], and validated
five groups of segments, L1-L2, L.2-1.3, L3-L4, L4-L5
and L5-S1, by segmentation. First, 1200 N of pure fol-
lowing load was applied and the amount of compression
was measured, after which 800 N was applied to the five
groups of segments, followed by 500 N. Then 800 N
following load with 8/~6 Nm forward/backward bending
moment was applied to the five sets of segments to
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measure their mobility, and these 10 sets of data were
compared with the experimental data and the reference
data, as shown in the second and third sections of Fig. 3.

Mass point

Fully
constrained

Fig. 2. Application of follower load to the developed
thoracolumbosacral vertebral model
and the boundary conditions of the model
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nusoidal displacement load with a frequency of 1 Hz
and an amplitude of 0.6 mm was applied to the cen-
ter of the intervertebral disc [6]; the anterior—poste-
rior (A—P) force in terms of time is shown in the
Figure.

2.3. Loads and boundary conditions

In this study, using the established finite element
model of the human thoracolumbosacral spine, the
effect of the upper body mass on the dynamic charac-
teristics of the model was considered, and a preloaded
mass point of 10.5 kg was added 10 mm in front of the
center of the upper surface of the most apical vertebrae
[9]. Since vertical loading at compressive loads higher
than 100 N may lead to collapse of the intact lumbar
segments, resulting in difficulty in maintaining stability
in the T1-S model, a following load F was used in this
study, and to simulate the physiological compression of
muscle contraction in the human body, as well as that
of gravity on the model used in the present study in the
human vertical posture, a following load of 105 N [22]
was applied to the finite element model using the opti-
mal path [3]. In this study, the thermal isotropic truss
element was set up using Hypermesh software, after
which a temperature-predefined field was set up for this
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Fig. 3. Comparison between the current predictions and previously published experimental and numerical data

Modal validation

The first-order axial modal verification used the simu-
lation data of one, two, and multiple segments disassem-
bled by the study model to compare and validate against
published experimental data and finite element simulation
data, which were then incorporated into a Table.

Transient dynamic verification

With reference to the experiments of Stokes and Gard-
ner-Morse [31], a compressive preload of 642 + 132 N was
applied to the vertebral body to generate an approximate
stress of 0.4 MPa in the intervertebral disc, and a si-

element by Abaqus software, so that the compression
force was applied on top of each vertebrae by de-
creasing the temperature of the element unit corre-
sponding to each vertebrae, which resulted in contrac-
tion tension. The material properties set in Hypermesh
and the parameters set in Abaqus software are shown
in Table 2. To simulate the actual situation of human
body, six degrees of freedom of the lower surface of
the sacrum need to be constrained in the analysis, as
shown in Fig. 2.

To understand the structural intrinsic vibration char-
acteristics of the model used in this study, the modal
analysis of the finite element model of the thora-
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columbosacral spine was conducted using the Lanc-
zos method and extracting the frequency range of
0-30 Hz [13].

Based on the harmonic response analysis of modal
analysis, to simulate a realistic dynamic loading envi-
ronment, damping was considered, and here an equiva-
lent damping ratio of 0.08 obtained from experimental
tests was used [11], with a sinusoidal load excitation
of £40 N added to the upper surface of T1 to simulate
the dynamic loading environment of a patient with sco-
liosis in the axial direction, and the frequency range of
excitation was set to 0—30 Hz [13].

Based on the transient analysis of the modal super-
position method, a sinusoidal axial load of 40 N was
applied to the upper surface of the T1 vertebrae using
an equivalent damping ratio of 0.08 [13]. Since the
common vibration frequencies of vehicles are 3.0-6.0
Hz [35] and the vibration of the vertical direction of the
human upper body has strong energy transferability
around 4-10 Hz [34], the transients at 3, 4, 5, 6 and 10
Hz were analyzed and compared to explore the tran-
sient characteristics of the 1.6 s at different frequencies.

Table 2. Material properties of the temperature truss elements
used to apply the follower load

Average coefficient
of thermal
expansion o

Young’s modulus Poisson’s ratio

3.5¢7% [MPa] 0.3 1.0¢° [1/°C]
Initial temperature G| final temperature 8| Cross-sectional area S
0 [°C] —-15[°C] 1 [mm’]

The followed load (F;) in each thermo-isotropic
truss element is given by F; = Eso. (6, — 0).

3.Results

3.1. Results of model validation

3.1.1. Statics verification results

In Figure 3, it can be seen that the data calculated
by the model of this study under the corresponding
spinal segments and boundary loads were within the
error range of the in vitro experiments and similar to
those of the references, which indicates that the static
validation of the model of this study was reasonable
and effective, and the results of static analyses carried
out with this model were reliable.

3.1.2. Kinetic verification results

3.1.2.1. Modal verification results

The first-order axial modal validation is shown in
Table 3, showing that the first-order axial modal fre-
quency of the model was between that of the experi-
mental data and the reference data, indicating the reli-
ability of the subsequent modal analysis results.

Table 3. First-order axial resonance frequencies
of different segments

Number Compressed Frequency
of segments preload [Hz]) Data source
[ND)
One

L2-1L3 0 23.6 [15]
L2-1L3 0 22.09 [4]

L2-L3 0 21.834 The present study

Two

L3-L5 0 18.0 [16]
L3-L5 0 15.72 [4]

L3-L5 0 16.535 The present study
L4-S1 400 17.5 [7]

L4-S1 400 16.84 [4]

L4-S1 400 16.669 The present study

Multiple

L1-L5 0 12.2 [16]
L1-L5 0 10.52 [4]

L1-L5 0 11.425 The present study
L1-S1 400 7.77 [6]

L1-S1 400 9.641 The present study

3.1.2.2. Transient dynamic verification results

In Figure 4, it can be seen that the change rule of
the model’s response curve was consistent with the
results of the in vitro experiments, and the time of peak
appearance was also consistent, indicating that the re-
sults of the subsequent steady-state and transient analy-
ses were credible.

In summary, both static and dynamic validation of
the model in this study were passed and the results of
the dynamic simulation carried out based on the model
can be considered informative.

3.2. Modal analysis results

The modal analysis of the T1-S finite element model
was carried out and the first 6 orders of the intrinsic
frequency were extracted, as shown in Table 4, with
the displacement change state of its corresponding vi-
bration mode shown in Fig. 5.
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Fig. 4. Comparison of the results of the time-domain response of the present model
with the experimental data of Stokes and Gardner-Morse

Table 4. Resonant frequencies and description of vibration

Orders Frequency Description of vibration
[Hz]
| 0.39298 Overgll left anq right direction side
bending vibration pattern
2 0.76770 |Overall front-to-back bending pattern
3 45145 Overall twstmg aropnd the vertical axis
and bending to the right
Overall twisting around the vertical axis
4 14075 and bending to the left
Integral twisting around the vertical axis
5 18.017 .
and bending to the front
6 30,046 Integral t}mstlng around the vertical axis
and bending to the front

In Figure 5, the initial state of the spine is trans-
parent, and the state of the spine after the vibration
response is an opaque solid. Axial displacement at the
spinal deformity is the most hazardous to the patient,
and the largest part of the third-order mode thoracic
spine bending can be visualized in red from the vibra-
tion pattern diagram, leading to the conclusion that
frequencies near 4.5145 Hz are the most hazardous.

3.3. Harmonic response analysis results

To further analyze the dynamic response charac-
teristics of the present model under axial cyclic load-

U, Magnitude U, Magnitude U, Magnitude
+9.687¢+00 G +9.779¢+00 +1.982¢+01
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+7.266e+00 +7.335¢+00 +1.486¢+01
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Fig. 5. First six orders of vibration. The contour for the original location of the model is also shown
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Fig. 6. Amplitude-frequency response of representative vertebrae in coronal, sagittal, and transverse planes

ing, T2 of the parietal vertebrae at the maximum Cobb’s
angle of the spine and the segments with significant
displacement of the third-order modes (T5-T10) were
analyzed. According to the anatomical characteristics
of the spine, representative nodes were selected at the
lateral sides of the pedicles of the vertebral bodies to
characterize the variation of vibration amplitude with
frequency of the vertebral bodies in the three directions
(coronal, sagittal, and transverse planes) as shown in
Fig. 6.

From the figure, it can be seen that the representa-
tive nodes on each vertebra have obvious vibration
peaks near 0.5 and 5 Hz, the frequency of the vibra-
tion peaks is consistent with the intrinsic frequency
obtained from the modal analysis of each order, and
the low-frequency ranges of 0—1 Hz and 4-6 Hz are
the sensitive frequency ranges of this model.

3.4. Transient dynamics analysis

Because the factor of muscle contraction is consid-
ered here, in the results, the axial resonance frequency
was significantly reduced from 4.5145 Hz—4.0761 Hz,
thus the data of the axial displacements of each verte-
bral body at the resonance frequency were analyzed
based on the difference between the geometrical mod-
els of the thoracic vertebral body and the lumbar verte-
bral body, so that the thoracic vertebral body and the
lumbar vertebral body were analyzed independently.
The results of the analysis of the mechanical properties
of the vertebrae are shown in Fig. 7, where the curves
show the characteristics of periodic fluctuation with
time.

In the thoracic spine, the axial displacement in-
creased sequentially from T12 to T1. The maximum
axial displacement was 31.17 mm. In the lumbar spine,
the curve L2 showed the greatest fluctuation, with
a maximum axial displacement of 0.56 mm. It is thus
clear that the amplitude of the frequency response was
greater in the thoracic spine than in the lumbar spine.

In Figure 7, it can be seen that under cyclic load-
ing, the transient characteristics of the 12 spinal seg-
ments T1-T12 are similar, with little fluctuation in the
lumbar spine response; thus, the T6 vertebrae and the
T4-TS5 intervertebral discs were used as examples for
comparative analyses of the response characteristics
of the different loads with the vertebral body (the center
of the apex surface as the reference point for the analy-
sis of the data [6]) centered on the axial displacement,
and the bulging of the intervertebral discs. The intra-
vertebral disc pressure, von Mises stress in the matrix,
and nucleus pulposus pressure were plotted as time
curves, as shown in Fig. 8.

The curve shows the characteristics of cyclic fluc-
tuation of the cycle, showing the dynamic load cyclic
characteristics and frequency dependence, with the
fluctuation of the largest curve frequency being 4 Hz.
It is possible that this frequency is closest to the reso-
nance frequency so the emergence of the response is
the most drastic.

Compared to other frequencies, the fluctuation of
the curve at the high frequency of 10 Hz frequency was
the most flat, and the fluctuation of the dynamic re-
sponse curve at the low frequency interval: 3—6 Hz was
more significant. Low frequencies are more harmful to
scoliosis patients.

To provide a more intuitive quantification of the
peak changes at different frequencies, the maximum,
minimum, and peak-bottom changes (maximum-mini-
mum) of, T6 vertebral body axial displacement, T4-T5
disc bulge axial displacement, von-Mises stress in the
matrix, and nucleus pulposus pressure at different fre-
quencies were plotted (Table 5).

The magnitudes of the time-dynamic response at
these five frequencies were ranked as 4 >3 > 5> 6 >
10 Hz. The closer the resonance frequency, the larger
the peak. Compared to frequency of 6 Hz, the axial dis-
placement of the vertebral body was 3.976 mm smaller,
the axial displacement of the disc bulge was 4.86 mm
smaller, the von Mises stress of the disc matrix was
60.52% lower, and the nucleus pulposus compressive
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Fig. 8. Time-domain response at different frequencies

stress of the disc was 63.39% lower at 10 Hz com-

pared with 6 Hz.

Table 5. Axial displacement and stress at different frequencies

Axial Disc Stress | Nucleus

Frequency displacement| bulge |in annulus| pressure
[mm)] [mm)] [MPa] [MPa]
maximum 5.162 6.145 0.695 0.149

3 Hz |minimum -5.796 —6.752 | 0.000 -0.114
variation 10.958 12.897 | 0.695 0.263
maximum 12.275 14.514 1.489 0.456

4Hz |minimum | -12.089 |-14.304| 0.000 —0.464
variation 24.364 28.818 1.489 0.920
maximum 5.362 6.437 0.669 0.207

5Hz |minimum -5.262 -6.214 0.000 -0.192
variation 10.623 12.652 0.669 0.399
maximum 3.079 3.702 0.385 0.117

6 Hz |minimum —2.878 —3.426 | 0.000 —0.107
variation 5.957 7.127 0.385 0.224
maximum 0.771 0.852 0.152 0.050

10 Hz |minimum -1.210 —1.414 | 0.000 —0.032
variation 1.981 2.267 0.152 0.082

4. Discussion

Patients with severe AIS may even commit suicide
in addition to suffering abnormalities in somatic func-

tion and severe psychological problems, especially in
girls [2], and it is thus especially significant to inves-
tigate female patients with severe AIS. Because strain
energy affects bone tissue regeneration and recon-
struction [33], it is important to perform kinetic char-
acterization of the spine preoperatively.

Although the thoracic spine has been studied by
previous researchers, the depth of their analysis is in-
sufficient. In 2010, Li et al. [23] established a three-di-
mensional finite element model of uni-thoracic curva-
ture idiopathic scoliosis for the static analysis of axial
loading, showing that uni-thoracic curvature scoliosis
may lead to an uneven distribution of the structural
stresses on the discs, articulating articular joints, and
endplates of the entire spinal column. In 2020, Raja et al.
[27] conducted a static mechanical analysis on the tho-
racolumbar segment of patients with scoliosis, per-
forming a static analysis of its stress-strain and defor-
mation, and found high stress concentrations on the
vertebrae and intervertebral discs in the region affected
by scoliosis, while in 2022, Li et al. [19] analyzed the
displacement and stress of the AIS under the action of
gravity, and found that there were localized stress con-
centrations on the concave side of the primary thoracic
curve and the convex side of the pronated curve.
These studies only performed static analyses without
kinetic studies, and the technique of following loads to
a finite element model of the thoracolumbosacral spine
in severe AIS has not yet been applied to study the ki-
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netics of severe Lenkel patients. Thus, the present
study focused on the kinetics of severe Lenkel pa-
tients using the technique of following loads to ana-
lyze the kinetics.

The analysis showed that for Lenkel B+ patients,
the frequency response fluctuation of the thoracic bend-
ing vertebrae was more drastic than that of the lumbar
bending vertebrae, which was consistent with the re-
sults of the recent study conducted by Yufang et al. [39]
in 2024. Through the results of steady-state and transient
analysis based on modal analysis, it was found that pa-
tients were more sensitive to low-frequency vibration,
which would produce the maximum stress-strain at
resonance frequency, with the stresses showing a ten-
dency toward local concentration which, combined with
the consideration of realistic out-of-action loading envi-
ronments, indicated that the low frequencies in the
range of 3—4.5 Hz would be a serious danger to the
health of the patients, consistent with the findings of Jia
et al. [13], Zhang et al. [38] and Raja et al. [27]. In addi-
tion, this study compared the effects of cyclic loading at
different frequencies on the thoracolumbosacral spine
and found that frequencies near the resonance fre-
quency were far more hazardous to patients than high
frequencies, approximately 4.4-12.7 times more haz-
ardous to patients.

Vertical resonance frequency increases the load
transfer within the intervertebral disc, which may lead to
disc herniation and degeneration [37]. Current biome-
chanical studies on the intervertebral discs have fo-
cused mainly on the lumbar spine [40]. In the present
study, the intervertebral disc stress map of the thoracic
and lumbar vertebrae under the resonance frequency is
shown in Fig. 9. Under the resonance frequency, the
maximum stress was focused locally on the left side of
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the intervertebral disc between vertebrae T4 and TS5,
with the maximum value of stress being 3.496 MPa,
clearly indicating that this disc is the most susceptible
to damage or degeneration. The safest and smallest
stress 1s was seen at L5-S, with a stress of 0.007 MPa.
It is thus obvious that the sacrum has the role of stabi-
lizing the spinal column, and the intervertebral disc
stress tends to be concentrated in the spinal deformity,
and the closer the intervertebral disc is to the main
curvature, the greater the stress concentration and the
greater the stress.

Recent studies have indicated that excessive me-
chanical loading can cause osteoarthritis of the small
joints [36]. Few finite element simulations have ad-
dressed the issue of the cartilage in the small joints,
with the capsular ligaments either being ignored or
replaced with springs in the model, resulting in limited
information on the small joints [26]. In this study, the
stress map of the small joints of the thoracolumbar ver-
tebrae under resonance frequency is shown in Fig. 10.
Under the resonance frequency, the maximum stress of
the small joints was at the left small joint between the
T7 and T8 vertebrae, with a maximum stress value of
19.97 MPa. The site of minimum stress was at the left
small joint of L4-L5, with a value of 0.0531 MPa,
while the maximum strain occured in the right small
joints between the T6 and T7 vertebrae, with a maxi-
mum strain of 0.0531 MPa. The maximum strain was
apparent at the right facet joint between the T6 and T7
vertebrae, with a deformation of 54.31 mm and mini-
mum displacement of 0, i.e., it had no effect. It is thus
apparent that the region of maximum stress does not
necessarily correspond with the position of maximum
strain, with the maximum stress located in the concave
part of the main curvature and the maximum strain
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Fig. 9. Intervertebral disc stress clouds in the thoracolumbar spine at resonant frequencies
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Fig. 10. Small joint stress clouds in the thoracolumbar spine at resonant frequencies

situated in the convex part of the main curvature. It is
speculated that the concave part of the spine with the
largest deformed segment in AIS is more prone to
stress concentration, while the convex part of the spine
is more prone to deformation.

The maximum value of the stress concentration in
the intervertebral disc was smaller than the maximum
value of the stress concentration in the small joints, indi-
cating that while more researchers are focusing their
attention on degenerative disc diseases, they should also
pay attention to the prevention of small joint disorders,
particulary to conditions such as subchondral sclerosis
and hypertrophy of the small joints.

In this study, only the AIS finite element model of
a female LenkelB+ patient female was used for dynamic
simulation calculations, while the FEM model was sim-
plified for the human body, which is somewhat different
from the actual situation.

The establishment of the small joints, joint cap-
sule ligaments, and the use of compression follower
preload simulation of muscle contraction and human
gravity on the entire thoracolumbosacral spine physio-
logical compression of the load enhanced the accuracy
of the model. Furthermore, model validation included
not only static validation, but also kinetic validation,
suggesting the credibility of the simulation. The inclu-
sion of the vertebral body of the spinal column, the
intervertebral discs, and small joints provides a more
comprehensive and in-depth analysis of the dynam-
ics, and offers a theoretical basis for the design of

clinical treatment programs for female Lenkel B+ AIS
patients and assessment of their daily life risks.

5. Conclusions

Localized stress concentrations occur throughout
the spine, with the spine showing greater fluctuations
in the stress—strain curve the closer the spine is to the
dynamic loading environment at the resonance fre-
quency, indicating that patients should avoid exposure
to similar resonance frequency environments.

Axial displacements and stress peaks in cyclic
loading environments in the low-frequency range of
3—6 Hz were significant and these frequencies could
thus potentially harm the health of patients, and pa-
tients are advised to stay away from environments in
this frequency range.

The thoracic spine of patients with primary tho-
racic and secondary lumbar curvature is more sensi-
tive to frequency response than the lumbar spine, and
patients are thus reminded to protect the thoracic spine
from collisions in their daily lives.

The concave areas of the largest deformed seg-
ments of the spine are more prone to load accumu-
lation while the convex areas are more prone to
large deformations; these areas tend to be the most
susceptible to disc degeneration and small joint
disease, and it is recommended for attention to be
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paid to the examination of this area during clinical
treatment.
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