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Objective: Adolescent idiopathic scoliosis (AIS) is a three-dimensional structural deformity of the spine caused by the disrup-
tion of the biomechanical balance of the spine. However, the current biomechanical modeling and analysis methods of scolio-
sis cannot really describe the real state of the spine. This study aims to propose a high-precision biomechanical modeling and
analysis method that can reflect the spinal state under gravity and provide a theoretical basis for therapeutics.

Methods: Combining CT and X-ray images of AIS patients, this study constructed an adjusted three-dimensional
model and FE model of the spine corresponding to the patient’s gravity position, including vertebral bodies, inter-
vertebral discs, ribs, costal cartilage, ligaments, and facet cartilage. Then, the displacement and stress of the spine
under gravity were analyzed.

Results: A model of the T1-Sacrum with 1.7 million meshes was constructed. After adding the gravity condition, the maxi-
mum displacement point was at T1 of thoracic vertebra (20.4 mm). The analysis indicates that the stress on the lower
surface of the vertebral body in thoracolumbar scoliosis tended to be locally concentrated, especially on the concave side
of the primary curvature’s vertebral body (the maximum stress on the lower surface of T9 is 32.33 MPa) and the convex
side of the compensatory curvature’s vertebral body (the maximum stress on the lower surface of L5 is 41.97 MPa).

Conclusion: This study provides a high-precision modeling and analysis method for scoliosis with full consideration of
gravity. The reliability of the method was verified based on patient data. This model can be used to analyze the biome-
chanical characteristics of patients in the treatment plan design stage.
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Introduction

Adolescent idiopathic scoliosis (AIS), manifested as lateral
curvature and three-dimensional axial rotation of the spine,

is the most common type of spine deformity in adolescents.1

AIS patients typically present with the deformity of the torso

and the body shape, resulting in the small and weak build of the
patient who is accompanied by pains in the back and waist, and
even symptoms of cardiac and pulmonary dysfunctions in severe
patients.2–4 Using the Cobb angle >10� as the standard, the inci-
dence of AIS is between 2.5% and 6.93% in China.5,6 Among the
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over 0.28 billion persons younger than 15 years of age in China,
there are millions of AIS patients that require intervention.

Both genetics and hormones may play roles in the
pathogenesis of AIS.7,8 More importantly, biomechanical the-
ories, like the Hueter–Volkmann theory, have been widely
recognized and discussed in the development of AIS.9

Mechanical factors are the most important factor in the pro-
gression of scoliosis in adolescents during rapid growth and
development.10 However, data collected from cadaver spines
do not reflect true biomechanical characteristics in vivo due
to cell death, water loss, and tissue decay. In contrast, the
finite element (FE) method is cheaper and more efficient to
simulate the biomechanical analysis of scoliosis,11 and can
get specific values of the interactions between the internal
organizations.12–14 The research results can be used for the
prevention and diagnosis of adolescent idiopathic spine, as
well as to assist in surgery, design, and evaluation of curative
effect.15–18 However, existing biomechanical analysis studies
are modeled and calculated based on only a single image
data, such as CT, X-ray, or contour scans.19 These modeling
methods cannot simultaneously ensure precision and verte-
bral position accuracy. The position of the vertebral bodies,
especially the lumbar spine, on CT images taken in the
recumbent position are significantly different from X-ray
taken in the upright position under gravity. X-ray and con-
tour scanning can represent the real spinal state under grav-
ity, but the precision of modeling is low. How to construct
FE model that takes into account both model accuracy and
gravity influence is an unsolved problem in previous studies.

In this study, a 3D finite element model of scoliosis
was established by using both CT scan and X-ray data from
a scoliosis patient. Then biomechanical analysis was carried
out under load bearing condition. The aim of this study is to
(i) develop a high-precision scoliosis model that fully reflects

the spinal tissue state under gravity, and (ii) verify the simu-
lation degree of the model and use for biomechanical analy-
sis based on the data of real patients. The former model can
reflect the force characteristics and position relationship of
spinal soft and hard tissues under the influence of gravity in
patients’ daily life, which makes up for the lack of consider-
ation in the influence of gravity on spinal tissues in the tradi-
tional high-precision modeling based on CT data. As an
application attempt of the model, the latter can verify the
simulation degree of the model to the real human condition,
and clarify the biomechanical characteristics of the patient’s
spine, which is helpful to analyze the key vertebral bodies
and mechanical characteristics of the patient’s scoliosis and
provide a reference for the design of the correction force and
the application site in the treatment process.

Materials and Methods

Data Acquisition
The data was obtained from an 18-year-old girl who weighed
40 kg. The patient had typical right thoracic and left lumbar
scoliotic curvatures, with a thoracic Cobb angle of 13�, and
lumbar Cobb angle of 17� (Figure 1A). Cobb angle is the
angle between two lines, drawn perpendicular to the upper
endplate of the uppermost vertebra involved and the lower
endplate of the lowest vertebra involved (Figure 1B). The
patient had no history of surgery on related parts, no con-
genital scoliosis, or neurogenic scoliosis, and did not undergo
osteotomy. According to the AIS diagnostic criteria (the
Cobb angle of the coronal plane is greater than 10�), the
patient was diagnosed as AIS. Conventional CT scans, using
a GE Discovery CT750 HD scanner, were done on the tho-
racic and lumbar segment from T1 to S1 in 0.625-mm slices,
yielding two-dimensional CT images of the spinal column.

A B

FIG. 1 X-ray image of the patient. The

figure shows the patient’s Cobb angle

number (A) and how to measure the

Cobb angle (B)
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All CT images were saved in DICOM format. This study was
completed with the knowledge of the subject and was
supported by the Institutional Ethics Committee of Peking
Union Medical College Hospital (JS-3106).

Building of the Three-Dimensional Solid Model
First, CT images of the patient were imported into Mimics 20.0
(Materialize, Leuven, Belgium), and bone tissue was extracted.
After that, the target vertebrae, ribs, and other skeletal muscle
structures were segmented, and the interior of the lumbar verte-
brae was filled to form a mask of vertebrae. Then, the vertebrae
and the rib mask were reconstructed with 3D calculation. Erase
and draw features of edit masks were used to map the disc layer
by layer. Then, Boolean operations were used to subtract adja-
cent cone masks from the disc mask and reconstruct the disc
mask with 3D calculation. Finally, the CAD surface models of
vertebrae, ribs, and disc were obtained. The uneven surfaces
were processed using Geomagic Studio 2013(Geomagic, Inc.,
Research Triangle Park, NC, USA). Each surface component
was then imported into Solidworks 2019 (SolidWorks Corpora-
tion, MA, USA) individually to form solid parts. The costal car-
tilage was established in Soliodworks 2019 according to the
anatomical characteristics of the thoracolumbar spine.

The method of vertebral position adjustment based on X-
ray is as follows. Take the adjustment process of T11-T12 verte-
bral body position as an example. First, the four corners of the
vertebral body were wired to form the four outer edges of
T11-L5 vertebral body on the anteroposterior spinal X-ray film.
Then connect the midpoints of two pairs of edges and define the
intersection point as the center point of the vertebral body. The
relative positions of each two adjacent vertebrae were calculated
based on the coordinates of the center point of the vertebrae
(Figure 2). Finally, in SolidWorks, the T12 vertebral body is
moved according to the relative position of T11 and T12, and the
rotation angle on the coronal plane is adjusted in order to ensure
the position of the T11-T12 articular does not interfere. Repeat
the steps from T12 to L4. The position of T12-L4 was mainly
adjusted in the coronal plane to ensure that there was no interfer-
ence between L4 and L5 at the position of the posterior facet, and
the relative position between L5 and S remained unchanged.

The facet cartilage was modeled after the spinal model
was adjusted. A reference surface was made at the facet carti-
lage, and the external contour of the structure was drawn by
spline curve. The surface-surface contact elements were used to
simulate facet joints Then, the generating plane and thickening
command were used, and the overlap part with the adjacent
two cones was deleted by combination command (Figure 3).

The Establishment of Finite Element Model
Bone tissue was regarded as a uniform, isotropic, and coher-
ent linear elastic material. Intervertebral disc annulus
fibrosus were set as isotropic, uniform, and continuous elas-
tomer, referring to previous research data.20 Intervertebral
discs were not divided into annulus fibrosus and nucleus
pulposus. Intervertebral disc materials used annulus fibrosus
material values, and material properties are shown in Table 1

below. In Abaqus 2018 (Dassault, Providence, RI, USA), the
ligament parameters were used to set the rod unit, and the
stiffness value of the rod unit under each parameter was
measured as the stiffness value required by the spring ele-
ments to simulate the ligament. A total of seven spring ele-
ments were constructed between each two vertebral bodies to
simulate the whole model with 119 spring elements.

The intervertebral disc and vertebrae contact surfaces, cos-
tal cartilage and sternum, and vertebral body contact surfaces
were restrained by binding. The articular surface of the posterior
facet was set as the facet contact small slip facet cartilage. One
side was set as the binding constraint, and the other side was set
as the facet contact small slip. The constraint between the verte-
bra and the upper reference point (2.5 mm above the centroid of
the endplate) was defined as the coupling constraint. To verify
the sensitivity of mesh size, the mesh sizes of cortical bone and
annulus fibrosus were changed to 1.5 mm, 2 mm, and 2.5 mm,
respectively. A bending moment of 10 N�m was applied to the
L5-S vertebral body to perform forward flexion test.

Boundary and Loading Conditions
Based on the patient’s body weight of 40 kg, the loading on
each vertebral body in the finite element model was calcu-
lated, and the effects of gravity factors were simulated. The
formula is calculated as follows:

Ptoti ¼ 15þ2:1�Massið Þ
Δ Ptotið Þ¼Ptoti�Ptoti�l,

Δ Forceið Þ¼Δ Ptotið Þ�g, g¼ 9:81ms�2

Massi ¼Weight of vertebral segment i kgð Þ
Ptoti ¼Total weight above the vertebral segment i

Constrain all degrees of freedom on the lower surface
of the sacrum. The other models did not have constraints.

FIG. 2 Determination of the center of the vertebral body. The lines in

the figure are the line between the edges and midpoints of the vertebral

body. The central point of the vertebral body is determined by the

midpoint connection

608
ORTHOPAEDIC SURGERY

VOLUME 15 • NUMBER 2 • FEBRUARY, 2023
SCOLIOSIS FINITE ELEMENT ANALYSIS UNDER GRAVITY



Parameter Measurement
Displacement is defined as the distance between the spatial
positions of any point on the model before and after the
loading condition. Angular migration represents the angle
change of L4-5 transcentroid axis before and after loading
conditions. Stress is the pressure value at each point on the
lower surface of the vertebral body after loading conditions.
The above data are output by Solidworks 2019 after loading
the conditions.

Results

FE Model
The total number of T1-Sacrum meshes is 1.7 million. The
number of meshes for each model is mainly determined by
model shape and size and warning cells. Mesh properties are
shown in Table 2 below. The FE model includes finely

reconstructed various vertebral bodies, intervertebral discs,
costal cartilage, and facet cartilage.

Mesh Independence Verification
The results of the mesh independence verification are shown
in Figure 5A,B. When the mesh size was 1.5 mm, 2 mm, and
2.5 mm, the displacement error between the two adjacent
mesh sizes was less than 5% in the simulated L1-S vertebral

A B

FIG. 3 3D model of scoliosis before

and after adjustment according to X-

ray (A) and its comparison with X-ray

(B). The position of the vertebral body

after adjustment is more in line with

the actual situation of the patient in

the gravity position

TABLE 1 Material parameters of thoracolumbar FE model

Materials Young’s Modulus (MPa) Poisson ratio Stiffness (N/mm)

Cortical bone 12,000 0.3
Cancellous bone 100 0.2
Annulus fibrosis 4.2 0.45
Costal cartilage 300 0.2
Facet cartilage 1000 0.3
Anterior longitudinal ligament 33.3
Posterior longitudinal ligament 20.4
Supraspinous ligament 23.7
Interspinous ligament 11.5
Ligamentum flavum 27.2
Intertransverse ligament 23.2

Table 2 Mesh properties

Materials Cell type Mesh size Mesh quantity

Cortical bone C3D10 1.6–1.8 28,000–40,000
Cancellous bone C3D4 2–2.3 25,000–36,000
Intervertebral disc C3D10 1.2 14,000–35,000
Costal cartilage C3D4 2.2 1000–30,000
Facet cartilage C3D10 0.4 2000–5000

609
ORTHOPAEDIC SURGERY

VOLUME 15 • NUMBER 2 • FEBRUARY, 2023
SCOLIOSIS FINITE ELEMENT ANALYSIS UNDER GRAVITY



body flexion state. Under the above conditions, the stress
value error on the lower surface of L5 between two adjacent
mesh sizes is less than 5%. Therefore, the mesh size we have
chosen is within a reasonable range.

Displacement and ROM of the Entire Lumbar Spine
The analysis of the displacement in six directions after the
loading of 10 N�M force moment to lumbar vertebra L1-S is
shown in Figure 4. The maximum position deviation in all
six directions occurred in L1 vertebra, which is consistent
with clinical practice. After the loading of 10 N�M force
moment to lumbar vertebra L1-S, the angular migration
obtained through the constructed 3D finite element model in
flexion, extension, left-deviation, right-deviation, left-rota-
tion, and right-rotation were 4.75�, 4.00�, 4.60�, 4.32�, 2.82�,
and 3.00�, respectively. We show Yamamoto’s research
data21 and our results in Figure 5C.

Displacement and Stress Distribution of each Vertebra
Equivalent displacement field and the simplified spine curve
of thoracolumbar scoliosis model under simulated gravity
(ribs, costal cartilage, and sternum are hidden) are shown in

Figure 6. It can be seen that after loading gravity on the sco-
liosis model, the vertebral body in double bends in the coro-
nal plane moved to the curved side, aggravating the degree
of scoliosis, and the thoracic vertebral body moved backward
in the sagittal plane. The maximum displacement point was
at T1 of thoracic vertebra (20.4 mm).

Figure 7 shows the equivalent stress field of the lower
surface of each vertebral body under simulated gravity in the
thoracolumbar scoliosis model. The maximum stress is
located on the concave side (right side) of L5 (41.97 MPa),
fitting our perception. Surprisingly, the stress in the thoracic
segment was greater on the convex side (right side of T9,
32.33 MPa). Part of the maximum stress occurs in the mesh
below the surface edge of the vertebrae. Stress concentration
occurs where the medial curvature of cortical bone is large
(the rounded corner formed on the upper and lower surfaces
and lateral surfaces of the vertebrae), as shown in Figure 8.

Discussion

This study presents a novel high-precision biomechanical
model and analysis method for scoliosis that combines

CT and X-ray images to more accurately reflect the

FIG. 4 Displacement field for model validation. This figure shows the displacement of lumbar vertebrae in the model under six motion states (flexion,

extension, left-deviation, right-deviation, left-rotation, and right-rotation). Unit: mm
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A

B

C

FIG. 5 Finite element model verification. (A) the L1-S vertebral displacement under forward flexion was simulated when the mesh size was 1.5 mm,

2 mm, and 2.5 mm, respectively. (B) When the mesh size was 1.5 mm, 2 mm, and 2.5 mm, the stress distribution on the lower surface of S

vertebral body was simulated under forward flexion condition. (C) The angular migration of the lumbar vertebrae in the established model under six

motion states (flexion, extension, left bending, right bending, left rotation, and right rotation) were compared with the literature data
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biomechanical characteristics of scoliosis under gravity. The
feasibility of the method was verified by the analysis of a real
clinical sample data. This approach is expected to be used to
guide the therapeutics of scoliosis in the future.

High-Precision Modeling under Gravity
Three-dimensional reconstruction and finite element analysis
of the vertebral bodies and their surrounding tissues of scoli-
osis patients are important methods to study the biomechan-
ical changes in the development of scoliosis.22 However, the
current high-precision scoliosis models are mainly based on
a single image data, such as CT, X-ray, or contour scans.23

CT images were acquired in the supine position and do not
reflect the biomechanical changes in the spine under gravity
during standing or sitting in daily life. X-ray is taken in a
standing position, which can represent the biomechanical
properties of the spine under gravity. However, the resolu-
tion of X-ray images is low, and the modeling accuracy based

on X-ray images is not as high as that based on CT images.
Especially in patients with small Cobb angles, this difference
can bias the results of biomechanical analysis more severely.
Asymmetrical activation and asymmetrical weakness of mus-
cles around the spine contribute to the cause of AIS,24 espe-
cially affecting the coronal position of the vertebral body.
Unlike the sagittal curve, which can form a curve close to
the physiological state after applying gravity conditions on
the FE model, the coronal curve is influenced by mul-
tidirectional muscle forces in standing position. Some studies
have modeled muscles to simulate their impact on the
spine,25 but this method was not used in this study because
of the lack of data in the current literature and the difficulty
in defining the value of muscle force after scoliosis. However,
only applying gravity to FE model based on CT data recon-
struction is difficult to simulate the real situation. Besides,
the model reconstructed only based on X-ray image is lim-
ited by less image information and low accuracy. In addition,

FIG. 6 Equivalent displacement field of thoracolumbar scoliosis model under simulated gravity. This figure shows the displacement of the vertebral

body in different directions (general, coronal, sagittal) of the model after the application of gravity. The curve on the right of the displacement field

plot shows the simplified vertebral position curve before and after gravity conditions were applied. The warmer the color, the greater the

displacement. Unit: mm
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contour scanning cannot show deep tissue such as vertebral
body, disc ligament, and so on, so the established model is
not suitable for the study of the progression of scoliosis. For
the above reasons, we constructed a method to adjust the
displacement of the scoliosis model (especially the lumbar
spine) according to the X-ray images after CT image recon-
struction, to simulate the real posture of the spine of scoliosis
patients in the daily gravity state. From a biomechanical
point of view, this method not only helps to simulate the

most realistic spinal forces, but also applies to the movement
of the spine and the deflection of position after receiving
external forces, such as corrective forces from braces.

Finite Element Analysis Considering the Mechanical
Action of Hard and Soft Tissues
Previous finite element analysis of scoliosis usually only con-
sidered the bony structure of the spine, that is, the biome-
chanics of the vertebral body.26,27 However, in recent years,
more and more attention has been paid to the interaction
between the vertebral column and the surrounding struc-
tures, such as intervertebral discs, articular cartilage, liga-
ments, muscles, and even internal organs.22,28 Scoliosis
causes pathological changes in the bone, discs, and liga-
ments, resulting in a narrowing of the intervertebral space
on the concave side and a widening of the intervertebral
space on the convex side. In addition, facet joints and spi-
nous processes can also have a vital impact on the force of
the spine. Therefore, the influence of ribs, facet joints, discs,
and ligaments, especially their mechanical antagonism and
position limitation, need to be considered when biomechani-
cal analysis is performed. Hence, we used spring elements to
simulate ligaments and constructed the facet cartilage, the
sternum, ribs, costal cartilage, and pelvis based on CT
images. Though FE method can only provide a biomechani-
cal analysis for varieties of biological tissue as a homoge-
neous material, it is one of the best ways to study
biomechanics in vivo. By refining models as much as

FIG. 7 Field of equivalent stress on the lower surface of each vertebral body. This diagram shows the stress distribution on the lower surface of the

vertebral body, with warmer colors indicating greater stress. Unit: MPa

FIG. 8 Section view of T9’s equivalent stress field. This figure shows

the stress distribution of the T9 vertebral body, with warmer colors

indicating greater stress. Unit: MPa
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possible, it is expected to be able to maximize the biological
tissues in the body to actual status and parameters. Thus, the
most realistic FE analysis results can be obtained to guide
the study of etiology and treatment.

The Range of Motion Difference between the Model and
the Real Spine
The lumbar spine has a relatively large degree of activity
in vivo. In this study, the lumbar ROM of the ais model was
smaller than that of the actual lumbar spine. This may be
caused by lumbar scoliosis and abnormal deformation of the
lumbar spine in AIS patients. compared with the in vitro
study by Yamamoto et al.,21 the stiffness of FE method in
flexion, extension, and lateral bending was greater than that
of normal cadaver lumbar vertebrae. This phenomenon can
be explained by the understanding that scoliosis causes mor-
phological and structural changes in the lumbar spine.29

Thus, the movement of the lumbar spine is limited. Or it
may be due to the different geometry used by the material
properties. The presence of fluid in the nucleus pulposus and
annulus fibrosus, both in vivo and in vitro, causes the disc to
be highly flexible. However, no studies have investigated the
applicability of nonlinear versus linear material properties in
scoliosis. While in FE analysis, solid elements are used to
simulate discs, so it is difficult to simulate nonlinear charac-
teristics, resulting in higher stiffness of the FE method inter-
vertebral disc than that of cadaver intervertebral disc. As
muscle tissue was not included in the model of this study,
the limitation of muscle tissue on vertebral body activity was
not considered.30 This may result in a higher degree of rota-
tional motion in the lumbar spine than in vitro experiment.

Biomechanics of Scoliosis under Gravity
AIS patients have asymmetrical forces. When AIS patients
stood, the maximum plantar pressure on the concave side of
the lower extremity was higher than that on the convex
side.31 In this study, when gravity was applied, the spine
shifted to the curved side, aggravating the degree of scoliosis.
According to the equivalent stress field of coronal plane and
sagittal plane of the spine after loading, the concave side
stress of the medial vertebral body at the bend is greater than
the convex side stress in the lumbar segment. After scoliosis
occurs, the stress must be asymmetrically distributed.
According to Wolf’s Law, the distribution of stress affects
bone growth to adapt to a complex external environment.
The growth of each part of the spine is related to the stress it
is subjected to. The Hueter–Volkmann principle32 illustrates
that when the spine is in a stress concentration position, the
growth of bone is inhibited, resulting in skeletal hypoplasia.
And bone growth restores when the stress is disappeared.
Scoliosis can occur with changes in loaded bone.33 While the
asymmetry of pedicle geometry or growth rate was an inde-
pendent cause of scoliosis.34 The patient in this study had
double curvature, with a greater degree of lumbar curvature
than thoracic curvature. We observed an unexpected concen-
tration of stress on the convex side of the thoracic curvature

on the stress field. This may be interpreted as the lumbar
curvature is the primary curvature, and the thoracic curva-
ture is the body’s compensation curvature to maintain the
force line. As the right side of the primary lumbar curvature
is concave, the growth of the right side of the vertebral body
in the compensatory thoracic curvature is accelerated to
form a convex side. The stress concentration on the convex
side of thoracic curvature may be caused by asymmetrical
growth of the lower surface of the vertebral body. In addi-
tion, asymmetric growth of the spine will result in scoliosis
and axial rotation in the deformity of scoliosis.35 Patients in
this study had low Cobb Angle numbers and no significant
trunk rotation was observed. However, the etiology and pro-
gression of AIS are multifaceted and cannot be explained
only by the imbalance of stress on the spine. Whether asym-
metric loads on the vertebrae and discs are the cause of AIS
remains controversial.36,37

Strengths and Limitations
There are some limitations in this study: the validity of the
FE model is determined by comparing the data with the
experimental model. Usually, a suitable experimental model
is retrieved from the literature. If the FE calculation results
are in good agreement with the experimental results, this
indicates that the model is effective. However, experimental
models do not necessarily reflect what’s going on inside the
body. Although the FE model can explain the experimental
results well, its independent prediction ability is limited. In
addition, the FE model has many simplifications and
assumptions, and the simulation of biological tissue does not
completely conform to the real situation. Some studies have
modeled the annulus fibrosus and nucleus pulposus of inter-
vertebral discs separately,38 but this study has not divided
them. In this study, CT data used in the FE model were
obtained from a case of AIS. Due to the limited number of
samples, the influence of bending type on measurement
results cannot be excluded. The biomechanical role of soft
tissue and muscle was not fully considered in this study due
to the immaturity of current muscle modeling methods.
However, this study will help us understand the stress and
displacement characteristics of adolescent idiopathic scoliosis
patients and further understand the progression changes and
offer potential value in the treatment of AIS.

Conclusions
A finite element model of a patient with bicurved scoliosis
was established, based on CT images and adjusted for lum-
bar spatial position using X-rays. The analysis indicates that
the stress on the lower surface of the vertebral body in
thoracolumbar scoliosis tended to be locally concentrated,
especially on the concave side of the primary curvature’s ver-
tebral body and the convex side of the compensatory curva-
ture’s vertebral body. It provides a new concept and
biomechanical method for the study of progression and
treatment of scoliosis.
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