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Abstract 

Background  Adolescent idiopathic scoliosis (AIS) is often accompanied by osteopenia and osteoporosis, which can 
cause serious complications. The aim of this study was to determine the specific bone mineral density (BMD) of each 
vertebral body in patients with AIS using biomechanical finite element modeling based on three-dimensional (3D) 
reconstruction.

Methods  This retrospective study involved 56 patients with AIS. Computed tomography (CT) and radiography were 
performed. Spinal vertebrae were segmented from the spinal CT images of patients with AIS to reconstruct 3D verte-
bral models. The vertebral models were meshed into tetrahedral finite elements to assess the BMD.

Results  The mean main curve Cobb angle was 88.6 ± 36.7°, and the mean kyphosis angle was 36.8 ± 31.5°. The mean 
BMD of the global spine was 0.83 ± 0.15 g/cm2. The highest BMD was measured on the concave side of the apex 
(0.98 ± 0.16 g/cm2). Apical vertebral BMD was negatively correlated with age and height (r = − 0.490, p = 0.009 
and r =  − 0.478, p = 0.043, respectively). There were no significant differences in BMD values between the concave 
and convex sides (p > 0.05).

Conclusions  The 3D finite element modeling of BMD in patients with AIS is a reliable and accurate BMD measure-
ment method. Using this method, the overall BMD of patients with AIS was shown to gradually decrease from the top 
to the bottom of the spine. Our findings provide valuable insights for surgical planning, choice of screw trajectories, 
and additional biomechanical analyzes using finite element models in the context of scoliosis.
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Background
Adolescent idiopathic scoliosis (AIS) is a complex, 
three-dimensional (3D) spinal deformity of unknown 
etiology [1]. Patients with scoliosis often have osteope-
nia and osteoporosis [2–4]. Currently, the conventional 
method for measuring bone mineral density (BMD) is 
dual-energy X-ray absorptiometry (DXA) [5]; however, 
this method can only be used to measure the density 
of the distal radius, lower lumbar vertebrae, and femur 
[6]. The density of the thoracic vertebrae cannot be 
measured using DXA owing to rib occlusion or unclear 
imaging findings [7]. Clear images of the thoracic ver-
tebrae are particularly difficult to obtain in patients 
with scoliosis. Some scholars have attempted to con-
vert the Hounsfield unit (HU) value of the computed 
tomography (CT) section image to the BMD value [8, 
9]; however, the results were too variable to be of clini-
cal significance.

Surgical treatment of scoliosis is highly dependent 
on pedicle screws [10]. Reduced bone mass can lead to 
a decrease in the holding and pull-out forces of pedicle 
screws, resulting in screw loosening and serious compli-
cations [11]. Therefore, it is vital to obtain accurate spinal 
BMD measurements in patients with scoliosis.

Biomechanical finite element modeling based on 3D 
reconstruction may be used to accurately measure the 
specific BMD of each vertebral body [12]. Thus, herein, 
we aimed to used biomechanical finite element modeling 
to measure the true BMD value of the concave and con-
vex sides of each vertebral body in patients with AIS. We 
selected a specific plane for cutting the reconstructed 
model, and divided the cut plane into two regions of 
interest (ROIs) on the concave and convex sides. The 
obtained ROI was analyzed to extract pixels and deter-
mine the BMD value. This method facilitates observation 
of the changing trend of BMD on the concave or convex 
side, as well as the correlation between the curvature 
magnitude and type.

Materials and methods
This retrospective study was approved by the Insti-
tutional Review Board of Beijing Chaoyang Hospital, 
and informed consent was obtained from all patients. 
The data of 56 patients diagnosed with AIS between 
December 2015 and December 2018 were retrospec-
tively reviewed. The inclusion criteria were as follows: (1) 
patients with Lenke type I or II scoliosis involving apical 
vertebrae from T8–T10; (2) those who had a complete 
preoperative 3D CT DICOM format file; (3) those with 
Risser grade IV or V scoliosis; (4) those with preopera-
tive whole-spine standing position X-ray films; and (5) 
those for whom the threshold selection was clear when 
reconstructing the 3D model. The exclusion criteria were 
as follows: patients with (1) bone metabolism-related dis-
eases, such as thyroid dysfunction, and (2) neurofibroma-
tosis combined with scoliosis or other scoliotic diseases 
involving BMD changes. The extracted demographic data 
included sex, age, and body mass index (BMI).

Radiographic parameters
Standing, full-length, spinal coronal and sagittal radio-
graphs were obtained by two senior spinal surgeons. 
The radiographic parameters included the Cobb angle, 
kyphosis angle, apical vertebral translation (AVT), coro-
nal balance, and Risser sign.

Mapping and measurements of bone density from CT data
A flowchart of the procedure for bone density mapping and 
measurements from CT data is shown in Fig. 1. First, 3D 
geometrical vertebral models were segmented from CT 
data. Then, 3D finite element vertebral models were cre-
ated undergoing pre-processing steps, including finite ele-
ment meshing, bone density mapping from CT Hounsfield 
unit (HU) values, and assignment of bone density to each 
finite element. Subsequently, 2D slicing of the 3D finite ele-
ment vertebral models along a plane across pedicles was 
performed, resulting in 2D surface meshes, where node 

Fig. 1  A flow chart to summarize the steps of bone density mapping and measurement. The software packages adopted in the procedure are 
also listed below each step
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densities were determined by interpolating 3D finite ele-
ment densities. Finally, the densities of ROIs at the concave 
and convex sides of the 2D slice were calculated. The details 
of the processing are further described as follows.

The patient’s CT image (DICOM file) was imported to 
the 3D Slicer software (open source, V.4.10.1; https://​www.​
slicer.​org/), and the T-spine 1.0 B30 f sequence was read 
to visualize the coronal, sagittal, and surrounding 3D CT 
images of the thoracolumbar vertebrae. We reconstructed 
the 3D model from segments T1 to L5 for complete recon-
struction. Subsequently, the entire reconstructed model 
spine was cut parallel to the endplate at the intervertebral 
disk plane in segments, and 17 thoracolumbar vertebrae 
were individually segmented for finite element modeling.

Spinal vertebrae were segmented from the spine CT 
images of patients with scoliosis to reconstruct 3D verte-
bral models using the 3D Slicer software. These models 
were then imported into MITK-GEM (https://​araex.​github.​
io/​mitk-​gem-​site/) and meshed into tetrahedral finite ele-
ments with a mean size of 1 mm (same as the spatial reso-
lution of our CT scanner). Each finite element was assigned 
an apparent bone density value derived from the CT 
images using ANSYS APDL scripts (V15.0 ANSYS, Inc., 
Canonsburg, PA, USA; based on a template APDL script 
provided by MITK-GEM) [12, 13], as shown in Fig. 2a. We 
adopted well-established relationships [12, 13] or mapped 
the bone density from the CT images using Eqs. 1–3:

(1)ρHA = 0.0026HU − 0.0829

(2)ρash = (ρHA + 0.09)/1.14

(3)ρapp = ρash/0.6

where HU is the Hounsfield unit (HU) value of spine CT, 
ρHA is the hydroxyapatite density, ρash is the ash density, 
and ρapp is the apparent density assigned to the finite ele-
ments of the vertebral models.

Once a 3D spine model with bone density distribution 
was obtained, it was imported into ParaView (https://​
www.​parav​iew.​org/) to slice each vertebra by aligning a 
slicing plane across both pedicles, while the bone den-
sity was interpolated onto the slice (Fig.  2b). Further-
more, a custom MATLAB program (MathWorks, Natick, 
MA, USA) was developed to calculate the mean den-
sity in an elliptical ROI on a bone density slice (Fig. 2b). 
The size and shape of the ROI could be adjusted to align 
two identical ROIs on the concave and convex sides 
simultaneously. This allowed us to investigate the bone 
densities both on the concave and convex sides of the 
vertebral cross-sections along the complicated scoliotic 
spine curve (Fig. 2c).

In particular, we defined four ROIs on the slice of each 
vertebra to measure the vertebral and pedicle bone den-
sity at both the concave and convex sides (Fig.  3a). For 
the vertebral ROIs, each of them is tangent to the middle 
line of the vertebral cross-section, as well as the internal 
cortical shells of the vertebral body and the spinal canal. 
Furthermore, as shown in Fig.  3b, the slicing of the 3D 
finite element vertebral model resulted in a 2D surface 
mesh consisting of dense nodes with interpolated densi-
ties. Consequently, the density of a ROI is represented by 
the average density of the nodes within the ROI.

Statistical methods
Data are reported as mean ± standard deviation unless 
otherwise specified. A paired t-test was used to com-
pare the differences in BMD between the DXA method 

Fig. 2  Procedure for bone density mapping and measurement. a Mapping bone density from CT. b Slicing a vertebra and aligning ROIs 
on the concave (labeled “1”) and convex (labeled “2”) sides to calculate mean densities. c Visualizing ROIs on vertebral slices in the entire spine 
to ensure that their concave and convex labels are consistent. CT: computed tomography; ROI: region of interest

https://www.slicer.org/
https://www.slicer.org/
https://araex.github.io/mitk-gem-site/
https://araex.github.io/mitk-gem-site/
https://www.paraview.org/
https://www.paraview.org/
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and 3D finite element method at different positions and 
between the concave and convex sides at different posi-
tions. An independent samples t-test was used to com-
pare the differences in BMD at different positions on the 
same side. Pearson’s correlation coefficient was used to 
assess the association between BMD changes and other 
factors, such as age, sex, Risser sign, and main curve 
Cobb angle. Differences were analyzed using two-tailed 
paired Student’s t-tests, and correlations were analyzed 
using Spearman’s rank test. The statistical analyzes were 
performed using SPSS version 25.0 (IBM Corp., Armonk, 
NY, USA). Statistical significance was set at p < 0.05.

Results
Fifty-six patients with Lenke type I or II scoliosis were 
recruited. Table  1 presents the demographic and radio-
graphic data of the patients.

3D reconstruction analysis results
The BMD measured using DXA was slightly higher than 
that measured using the 3D finite element method at L1–
L5 respectively, although the difference was not statisti-
cally significant (Table  2). The BMD of the whole spine 
was 0.83 ± 0.15  g/cm2 and that of the concave and con-
vex sides was 0.84 ± 0.16 and 0.83 ± 0.15  g/cm2, respec-
tively, with no significant differences between the sides 
(p = 0.589). The BMD of the apical vertebra was sig-
nificantly higher than that of the whole spine, reaching 
0.86 ± 0.13  g/cm2. Furthermore, spinal BMD was high-
est at the concave side of the apical vertebra, reaching 
0.98 ± 0.16 g/cm2. In the main curve range (U/L-EV), the 
BMD of the concave side was significantly greater than 
that of the convex side (p < 0.001).

The BMD of each spinal segment is shown in Fig. 4. 
The highest BMD was at T1, the lowest at L3, and the 
intermediate values occurred at T9 and T10. According 
to our data, BMD gradually decreased from top to bot-
tom, while the change trends on the concave and con-
vex sides were opposite to each other (Fig.  5). Apical 
vertebral BMD was negatively correlated with age and 
height (r =  − 0.490, p = 0.009 and r = − 0.478, p = 0.043, 
respectively). The main curve Cobb angle was mod-
erately correlated with the kyphosis angle (r = 0.436, 
p = 0.020 and r = 0.465, p = 0.013, respectively). No sig-
nificant correlations were observed between the other 
factors and changes in BMD (Table 3).

Fig. 3  a Definition of ROIs on a 2D slice (note: densities are presented in a rainbow plot) and b calculation of ROI densities by node densities 
of the 2D surface (slice) mesh (note that solid and hollow nodes indicate high and low densities, respectively)

Table 1  Demographic and radiographic data of the patients

BMI: body mass index; AVT: apical vertebral translation. Data are reported as 
mean (standard deviation) unless otherwise specified

Parameter Value

Total number of patients 56

Sex, male:female 12:44

Age, years 19.40 (5.94)

Height, cm 148.90 (16.24)

Weight, kg 44.20 (12.12)

BMI, kg/m2 19.70 (3.21)

Risser sign 4.77 (0.42)

Main Cobb angle 88.6° (36.7°)

Kyphosis angle 36.8° (31.5°)

AVT, mm 68.3 (6.5)

Coronal balance 18.2 (6.5)
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Discussion
In this study, a 3D finite element model of the whole 
spine and 3D CT reconstruction were used to determine 
the density of the vertebral body. Accurate BMD values 
of patients with AIS were obtained by reading the color 
values in the ROI. We found that the overall BMD of 
patients with scoliosis gradually decreases from top to 
bottom. The mean BMD of the concave side is slightly 

higher than that of the convex side. The BMD of the api-
cal vertebra is the largest, and the mean value increases 
concurrent with the increase of the bending angle. The 
trend of change in the BMD of the concave side was 
opposite to that of the convex side.

Patients with scoliosis often exhibit decreased bone 
mass and osteoporosis [2–4, 14]. The BMD is directly 
related to the severity of adolescent scoliosis [15] and 
represents the load-bearing capacity of bone [16]. There-
fore, BMD is a particularly important factor in the sur-
gical treatment of patients with scoliosis. Currently, the 
gold-standard method for measuring BMD is DXA [5]. 
Cook et al. [14] compared the BMD of 44 female children 
with AIS and 44 healthy female children. The mean BMD 
of the femoral neck and lumbar spine in patients with 
AIS were 0.93 and 1.01  g/cm2, respectively, which were 
significantly lower than that of healthy children. Snyder 
et  al. [17] conducted a prospective study, involving 52 
women with AIS, on the relationship between BMD and 
brace treatment. The results showed that the mean BMD 
was 0.848 g/cm2 for L1–L4 and 0.776 g/cm2 for the femo-
ral neck.

In our study, the mean BMD of L2–L4 was 0.742 g/cm2, 
which was slightly lower than that reported previously 

Table 2  Mean BMD (g/cm2) of the lumbar spine measured using DXA and 3D finite element modeling

BMD: bone mineral density

L1 L2 L3 L4 L5

DXA 0.7500 ± 0.0943 0.7580 ± 0.1009 0.7565 ± 0.1126 0.7549 ± 0.1026 0.8157 ± 0.1098

3D finite element 0.7370 ± 0.109 0.7434 ± 0.115 0.7312 ± 0.111 0.7519 ± 0.125 0.8189 ± 0.164

p-value 0.1376 0.5735 0.8725 0.3518 0.0081

Fig. 4  Mean bone mineral density (g/cm2) of each spinal segment

Fig. 5  Bone mineral densities on the concave and convex sides. Overall, they gradually decrease from the cranial to the caudal vertebrae 
of the spine, and the change trends of both sides are opposing. BMD: bone mineral density
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[14, 17–20]. There are several possible reasons for these 
diskrepancies. First, the measurement methods used 
in the studies are different. The DXA method calcu-
lates BMD based on positive radiography according to 
the imaging value, which is a two-dimensional numeri-
cal value [21, 22]. The present study applied a 3D model 
cutting-entity analysis. Second, when measuring BMD by 
two-dimensional radiography, the coronal images con-
tain multiple structures in the three-column structure 
of the spine, including the cortical bone of the anterior 
column, cancellous bone of the middle column, and pos-
terior complex of the posterior column. As the density of 
the cortical bone and posterior complex is significantly 
higher than that of the cancellous bone, DXA meas-
ures BMD without differentiating between cancellous 
and cortical bone; thus, BMD values obtained using this 
method are expectantly higher than those of pure cancel-
lous bone [23]. In addition, if the anterior cortical bone 
has significant calcification due to severe scoliosis, this 
will also significantly increase the BMD values obtained 
using DXA. Third, two-dimensional imaging is a hori-
zontal image acquisition technique parallel to the ground 
and lacks consideration for alignment factors, such as 
lumbar lordosis and vertebral body rotation [24].

Some researchers have measured BMD using CT image 
HUs [21, 23, 25], which is rapid, simple, and reproducible 
method wherein results are unaffected by severe scolio-
sis, surrounding osteophytes, and vascular calcifications 
[21]. There was a consensus that HU values > 160 indicate 
a significantly reduced risk of osteoporosis, whereas HU 
values < 110 were significantly correlated with osteoporo-
sis [25]. The measurement of BMD using CT images has 
improved in accuracy compared with the DXA method, 
but some drawbacks remain [25]. First, the selection of 
CT images is determined by the imaging technician, and 
the mid-axial section may not accurately represent bone 
quality [23]. Second, the measurement of the HU value 

was considered to be strongly correlated with the results 
measured using DXA, and the sensitivity and specificity 
of the HU were high [21, 26, 27]. However, HU values in 
some studies still differ from the results obtained using 
DXA [23, 28]. Therefore, the HU value can be used as a 
prompt standard to determine whether patients have 
bone mass reduction or osteoporosis [29], but it cannot 
be used as an accurate assessor of bone density or a ref-
erence value for accurate basic research or 3D finite ele-
ment modeling.

By comparing the results of the current study to those 
of previous studies and analyzing the reasons for differ-
ences, it became apparent that the reconstruction of a 3D 
finite element model of scoliosis to analyze the specific 
values of BMD is an accurate and reliable measurement 
method. First, 3D finite element modeling based on CT 
image data enables the measurements of bone density 
on the cross sections of vertebral bodies with specific 
orientations (across the pedicles). Second, in this study, 
we purposefully selected specific planes to overcome 
the limitation of unclear objectives in the DXA and CT 
image measurements. Third, in 3D finite element mode-
ling, the ROI in a specific plane can be selected such that 
BMD values can be measured and compared, especially 
for pedicle screw placement. In this study, BMD meas-
urements were performed in a specific plane that simu-
lated pedicle screw placement because BMD is positively 
correlated with the holding and pull-out forces of inter-
nal fixation. Determination of osteoporosis prior to spi-
nal fusion is critical because osteoporosis is a risk factor 
for pseudarthrosis owing to the higher risk of screw loos-
ening [30]; the higher the BMD, the stronger the internal 
fixation.

Therefore, the results of different scoliosis segments 
are helpful for the selection of internal fixation materi-
als and sizes in clinical treatment, future internal fixation 
devices [31, 32], and spinal surgery improvement [33, 

Table 3  Pearson’s correlation analysis of the correlation between BMD changes and other factors

Bold value indicates significance threshold was set at 5% (p < 0.05)

BMD: bone mineral density; BMI: body mass index; AVT: apical vertebral translation

Factors Bilateral sides Concave sides Convex sides Apical vertebra Main curve range (U/L-EV)

Mean age r = 0.123, p = 0.540 r = 0.118, p = 0.559 r = 0.129, p = 0.520 r =  − 0.490, p = 0.009 r = 0.317, p = 0.107

Mean height r = 0.097, p = 0.631 r = 0.044, p = 0.828 r = 0.147, p = 0.464 r =  − 0.478, p = 0.042 r = 0.000, p = 0.999

Mean weight r = 0.092, p = 0.648 r = 0.025, p = 0.903 r = 0.158, p = 0.430 r = 0.374, p = 0.055 r = 0.030, p = 0.882

BMI r = 0.020, p = 0.922 r = 0.027, p = 0.894 r = 0.069, p = 0.733 r = 0.167, p = 0.405 r = 0.055, p = 0.787

Risser sign r = 0.081, p = 0.688 r = 0.074, p = 0.714 r = 0.094, p = 0.641 r = 0.037, p = 0.856 r = 0.058, p = 0.775

Main Cobb angle r = 0.020, p = 0.921 r = 0.061, p = 0.758 r = 0.035, p = 0.860 r = 0.436, p = 0.020 r = 0.190, p = 0.333

Kyphosis angle r = 0.033, p = 0.866 r = 0.140, p = 0.477 r = 0.079, p = 0.690 r = 0.465, p = 0.013 r = 0.230, p = 0.239

AVT r = 0.092, p = 0.640 r = 0.040, p = 0.842 r = 0.142, p = 0.472 r = 0.236, p = 0.226 r = 0.017, p = 0.930

Coronal balance r = 0.093, p = 0.636 r = 0.061, p = 0.758 r = 0.126, p = 0.523 r = 0.263, p = 0.176 r = 0.017, p = 0.932
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34]. At present, most spinal surgeons still manually place 
pedicle screws, and the placement direction depends on 
the surgeon’s experience. According to our results, the 
BMD on the concave side was not uniform and greater 
than that on the convex side. Many vertebral bodies have 
a high-density zone in the cancellous bone of the concave 
side (Fig. 6), and the density of some high-density zones 
is close to that of the lateral wall of the pedicle and cor-
tical bone of the vertebral body. If the screw placement 
route passes through this “high-density belt,” the maxi-
mum holding and pull-out force values of the screw can 
be achieved. In the past, we have routinely selected the 
screw diameter in relation to the pedicle diameter; how-
ever, according to the results of this study (gradual reduc-
tion of BMD from top to bottom of the spine in patients 
with scoliosis), we can now select the screw diameter 
according to the BMD.

As the 3D changes observed in deformed spines are 
obvious and individual differences are large, the dearth 
of studies in the field of biomechanical research on sco-
liosis remains extensive. Measuring the BMD using 3D 
finite element technology has great significance for future 
research, as BMD is the basis of all bone studies.

This study has some limitations. First, the sample size 
was insufficient, and BMD assessments should involve a 
census of a large sample size to represent the situation 
of a group of people. Therefore, future studies should 
expand the sample size and conduct a detailed grouping 
of women before menarche, after menarche, and after 
adulthood. This study focused on identifying the relative 
difference of the bone densities of the vertebrae on the 

concave and convex sides. The relative difference of bone 
densities has high confidence, as it is directly related with 
the difference in the HU values of CT data (see the linear 
mapping in Eqs. 1–3). However, in future work, it is nec-
essary to further evaluate and improve the accuracy of 
the magnitude of bone density derived from CT HU val-
ues, by comparing the density of a phantom and calibrat-
ing bone density mapping parameters. Finally, all model 
reconstructions and finite element modeling were manu-
ally performed, so certain errors inevitably existed in the 
operations (e.g., CT segmentation and ROI placement), 
and future work is needed to further investigate the 
repeatability of the finite element reconstruction process.

Conclusions
In this study, we found, using 3D finite element mode-
ling, that the BMD of the whole spine was 0.83 ± 0.15 g/
cm2, with no significant difference between the con-
vex and concave sides. The overall BMD of patients 
with AIS gradually decreased from the top to the bot-
tom of the spine. Thus, 3D finite element modeling of 
BMD in patients with scoliosis is a reliable and accurate 
measurement method that provides a theoretical basis 
for the future improvement of spinal surgical internal 
fixation devices and biological analysis of scoliosis. The 
results of our study will be helpful for surgical plan-
ning, screw trajectory selection, and further finite ele-
ment biomechanical analysis of scoliosis.
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