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Purpose: The purpose of this study was to select standing posture parameters that have a significant difference according to
the severity of spinal deformity, and to develop a novel Cobb angle prediction model for adolescent girls with idiopathic
scoliosis. Methods: Five normal adolescents girls with no history of musculoskeletal disorders, 13 mild scoliosis patients
(Cobb angle: 10°-25°), and 14 severe scoliosis patients (Cobb angle: 25°-50°) participated in this study. Six infrared cameras
(VICON) were used to acquire data and 35 standing parameters of scoliosis patients were extracted from previous studies.
Using the ANOVA and post-hoc test, parameters that had significant differences were extracted. In addition, these standing
posture parameters were utilized to develop a Cobb-angle prediction model through multiple regression analysis. Results:
Twenty two of the parameters showed differences between at least two of the three groups and these parameters were used
to develop the multi-linear regression model. This model showed a good agreement (R* = 0.92) between the predicted and
the measured Cobb angle. Also, a blind study was performed using 5 random datasets that had not been used in the model
and the errors were approximately 3.2 + 1.8. Conclusions: In this study, we demonstrated the possibility of clinically
predicting the Cobb angle using a non-invasive technique. Also, monitoring changes in patients with a progressive disease,
such as scoliosis, will make possible to have determine the appropriate treatment and rehabilitation strategies without the
need for radiation exposure.
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Introduction

The prevalence of scoliosis is approximately 2-3% in
adolescents between 10-16 years worldwide and during
the growth of the skeletal system, especially, the angle
of curvature progresses annually (Duval et al, 1971).
Also, it has been reported that growth of the spine and
an increase in the curvature are positively correlated
(Ylikoski, 1993) and 14.7% of scoliosis patients showed
an annual increase in disease (Soucacos et al.,, 1998).
Therefore, the goal of scoliosis treatment is to prevent the
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progression of the disease through regular observations
(Fortin etal, 2010, 2011).

Medical determinations on the severity of scoliosis is
often based on the Cobb angle (Cobb, 1948), which is a
measure of the degree of curvature of the spine on the
coronal plane based on x-ray analysis. However, there are
many issues associated with radiation diagnostics and
this method cannot measure secondary deformations on
the pelvis and lower limb, since only information on the
deformation of the spine can be obtained from radiog-
raphy images. Therefore several non-invasive methods
of diagnosing scoliosis have been examined as alternatives
to radiation based diagnosis (Fortin et al. 2011; Sapkas et
al,, 2003; Jaremko et al, 2002).
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Representative non-invasive monitoring methods include
palpation techniques by experts, measurements using
a scoliometer and a 3D image reconstruction device.
Palpation is a simple method of determining the degree of
severity based on clinician or physical therapist’s sense of
touch of the curvature, but it has limitations in regards to
objectivity, consistency and detailed diagnosis (Fortin et
al,, 2011). A scoliometer is a simple and reliable piece of
equipment, but It provides only one parameter related
to the posture and has a low degree of precision (Masso
and Gorton, 2000; Sapkas et al,, 2003). In addition, this
approach can only be used to determine whether scoliosis
occurred or not. The 3D imaging device utilizes a 3D
scanner that can image the 3D shape of the body segment
surface including the spine (Poncet et al., 2000). Using the
scanner, Jaremko et al. (2002) identified trunk asymmetry
parameters and developed a Cobb angle prediction
model, but the Cobb angle prediction rate of this approach,
within 5° of error, was as low as 64%. Many methods
to non-invasively predict the Cobb angle have been
developed (Jaremko et al., 2002; Korovessis and Stamatakis,
1996; Sapkas et al., 2003); however, there have been a
number of limitations to these methods in regards to the
degree of accuracy for actual periodic observations.

Scoliosis accompanies three-dimensional deformity with
rotation of the spine in the transverse plane (Stokes et al.,
1988; 1989) and can cause many secondary deformations.
Zhu et al. (2011) showed deformation of the spine in
scoliosis-patients accompanies deformation in the rib
length; Stylianides et al. (2012) showed that pelvic orienta-
tion and geometry of adolescent idiopathic scoliosis
girls are deformed in standing posture. Also, Dalleau et
al. (2012) showed the differences in variables of pelvis
morphology and trunk posture in a static state accor-
dance to the severities of the scoliosis patients, moderate
and sever; Zabjek et al. (2008) evaluated the postural
characteristics of idiopathic scoliosis patients with differ-
ent types of spinal curvature. In terms of biomechanics,
these deformations can be led to postural unbalance and
have a negative effect on human activities (Fortin et al.,
2010).

As shown in the results of previous studies, the existing
studies have done related to the Cobb angle did not reflect
the deformation parameters even the scoliosis causes
overall posture deformations. For an accurate scoliosis
diagnosis, the Cobb angle should be predicted with the
three-dimensional deformations from a biomechanics
point of view. In this study, we developed a prediction

Table 1. Clinical data of the experimental group

Scoliosis1 Scoliosis2
Control (10°<Cobb (25°<Cobb
angle<25°) angle<50°)
Participants 5 13 14
(only female)
Age (years) 14.00.0 13.9+1.4 14.5+1.4
Height (cm) 160.8+5.1 154.7+7.6 160.1£3.8
Weight (kg) 51.618.4 44.1+9.8 47.7+7.9
Cobb angle 54118 21.336 34.145.4
(degree)

Values are presented as meantSD.

model using standing posture parameters from the
whole human body and the accuracy of predicting the
Cobb angle in patients was assessed.

Materials and Methods

Subjects & apparatus

All experiments were performed after approval by the
Institutional Review Board (IRB). The subjects included
27 adolescent girls with idiopathic scoliosis those have
no history of spinal surgery and 5 healthy adolescent
girls with no history of spine-related diseases. The 5
normal subjects had a Cobb angle of less than 10° (Reamy
and Slakey, 2001), and the patients were divided into
2 groups: Scoliosis1 (Cobb-angle: 10° - 25°) which was
the mild case group (Chow et al., 2006), and Scoliosis2
(Cobb-angle: 25° - 50°), which was the severe group.
Patients with a Cobb angle of more than 50° were
excluded from this study because this degree of scoliosis
requires surgery (Karol et al., 2001). For the analysis, 6
infrared cameras (VICON, Oxford Metrics, Oxford, UK)
were used, and each camera was synchronized using the
Vicon 460 system. The acquired 2D coordinates of the
markers from each synchronized camera were reconstructed
into 3D coordinates using the Workstation program, and
each coordinate acquired during a period of time was
calculated into a value for each posture using an averaging
process. Table 1 shows clinical information of the subjects
that participated in the study.

Experimental protocol

A total of 37 infrared optical markers were attached to
the subjects in order to extract static standing posture
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Figure 1.

parameters. The location of the attached markers was
based on the modified Helen-Hayes markerset (Davis et

Figure 2. Experimental environment.

al,, 1991), and additional markers were attached on the
1st and 3rd lumbar vertebra to measure the parameters
related to spinal deformity. Figure 1 shows the location of
the optical markers that were attached to the subjects.
The subjects were asked to spread their legs shoulder
width apart, lower both arms and stare in front of them-
selves for 5 seconds. For the upright posture, subjects
were asked to maintain a posture that felt comfortable.
The posture was captured three times repeatedly, and
the data collected was used in the analysis. Also, a global
coordinate system was defined; anterior/posterior dir-

Locations of the

attached optical sensors.

ection of the subject was the x-axis, medial/lateral
direction was the y-axis, and the up/down direction was
the z-axis. The overall experimental environments are
shown in the Figure 2.

Parameters from literature review

In this study, the posture parameters described in
previous studies (Fortin et al., 2012, 2010; Negrini et al.,
2003; Nault etal., 2002; Masso and Gorton, 2000; Byl and
Gray., 1993) were used for standing posture analysis of
patients with idiopathic scoliosis. A total of 35 standing
posture parameters were selected (Table 2).

Statistical analysis

Within the scoliosis patients’ standing posture parameters,
which were selected based on previous studies, ANOVA
and post-hoc tests were performed to determine which
parameters were related to the severity of disease. ANOVA
is a statistical method to determine whether there are
differences between groups. However, ANOVA does not
show in which groups the differences occur. Thus, Tukey
method was applied for a post-hoc test.

After selecting the posture parameters that displayed
differences in terms of the severity of scoliosis, multi
regression analysis was performed for Cobb-angle pre-
diction model build. The general equation used for the
multi regression analysis is shown below.
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Table 2. Parameters from literature review

No
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35

Parameters

Sho-Pel aligned(x)”
Sho-Pel aligned(y)?
Head-Pel aligned(x)”
Head-Pel aligned(y)®
Ratio of left-right®
Diff leg length®
Trunk list?

c7-T10Y

T7-L19

L1-L3%

L3-PSI?

C7-T10-L1°
Shoulder tilt!
Shoulder elevation®
Pelvis tilt”

Pelvis obliquity”

Pelvis rotation angle®
)

)

Trunk angle(x)°
Trunk angle(y)®
Trunk angle(z)®
Head angle(x)
Head angle(y)®
Head angle(z)®
Knee joint angle L(x)?
Knee joint angle L(y)®

c)

Knee joint angle L(z)
Knee joint angle R(x)°
Knee joint angle R(y)"
Knee joint angle R(z)°
Hip joint angle L(x)
Hip joint angle L(y)
Hip joint angle L(z)”
Hip joint angle R(x)”
Hip joint angle R(y)?

Hip joint angle R(z)?

)
)
)

Description Unit
Shoulder aligned with respect to the pelvis in transverse plane deg
Shoulder aligned with respect to the pelvis in frontal plane deg
Head aligned with respect to the pelvis in transverse plane deg
Head aligned with respect to the pelvis in frontal plane deg

The ratio of left and right shoulder to foot aligned -

Leg length difference mm
Vertical distance between C7 and PSI, center of LPSI and RPSI mm
Tilted angle from C7 to T7 by vertical line from C7 deg
Tilted angle from T10 to L1 by vertical line from C7 deg
Tilted angle from L1 to L3 by vertical line from C7 deg
Tilted angle from L1 to PSI by vertical line from C7 deg
Angle between C7, T10 and L1 deg
Shoulders aligned in transverse plane deg
Shoulder aligned in frontal plane deg
Pelvis aligned in transverse plane deg
Pelvis aligned in frontal plane deg
Pelvis aligned in sagittal plane deg
Trunk aligned in transverse plane deg
Trunk aligned in frontal plane deg
Trunk aligned in sagittal plane deg
Head aligned in transverse plane deg
Head aligned in frontal plane deg
Head aligned in sagittal plane deg
Left knee joint angle in transverse plane deg
Left knee joint angle in frontal plane deg
Left knee joint angle in sagittal plane deg
Right knee joint angle in transverse plane deg
Right knee joint angle in frontal plane deg
Right knee joint angle in sagittal plane deg
Left hip joint angle in transverse plane deg
Left hip joint angle in frontal plane deg
Left hip joint angle in sagittal plane deg
Right hip joint angle in transverse plane deg
Right hip joint angle in frontal plane deg
Right hip joint angle in sagittal plane deg

3 Masso et al. (2000), ® Nault et al. (2002), © Claus et al. (2009), ® Quervain et al. (2004), ® Fortin et al. (2011).

Y=a,ta X, +a,X,+--+a

(1) to n. Among the 32 subjects, 27 were used in the multi
regression analysis prediction model for Cobb angle

The Cobb angle was the independent variable Y, the  prediction. The forward selection method was used for
selected standing posture parameters of scoliosis patients ~ the variable selection. SAS Window V9.1 (SAS Institute

were the dependent variables X, X,, -, X, the linear Inc., Cary, NC, USA) was used as the statistical analysis

coefficients 4,, a,, -+

*» a, were used for predictions and  program

the number of applied posture parameters corresponds
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Table 3. ANOVA and post-hoc test results

No Parameter Normal

1 Sho-Pel aligned(x)a) 0.922+0.944"
2 Sho-Pel aligned(y)” 1.628+2.157"
4 Head-Pel aligned(y)” 5.5065.383"
5  Ratio of left-right” 0.069:+0.074"
6  Diff Leg Length® 0.004+0.001"
7 Trunk List? 2.480+1.801"
9  T7-L1” 1.197+0.478"
12 C7-T7-L1? 4.203+2.730"
13 Shoulder filt” 1.150+0.361"
15 Pelvis tilt" 3.817+2.469"
19 Trunk angle(y)” 1.093+0.471"
23  Head angle(z)? 1.8700.387"
24 Knee joint angle L(x)? 3.3012.949"
25  Knee joint angle L(y)? 0.766+0.430"
26  Knee joint angle L(z)” 6.065+3.481"
27  Knee joint angle R(x)? 2.256+1.121"
28  Knee joint angle R(y)” 1.636+1.141"
30  Hip joint angle L(x)? 6.375+3.748"
31 Hip joint angle L(y)® 6.1563.150"
34 Hip joint angle R(y)® 2.783+1.034'
35  Hip joint angle R(z)” 4.026+1.775'

Seo et al. Prediction of Cobb-angle for Monitoring System in Adolescent Girls with Idiopathic Scoliosis using ...

Scoliosis1 Scoliosis2 P-value
3.021+2.143"2 3.676+1.8772 0.032
1.14520.774" 2.153+1.553° 0.195
2.460+2.682° 3.611+2.554"2 0.195
0.343+0.3472 0.409+0.286° 0.102
0.007+0.005' 0.011£0.007"? 0.038

12.047+10.516° 7.568+7.418"2 0.098
1.955+2.263' 3.980+3.039° 0.052
13.239+15.909"2 20.605+17.159> 0.125
4.539+3.981° 3.885+2.943° 0.152
11.17129.7342 10.14146.532° 0.197
4.36114.316> 3.271+2.349° 0.168
6.6005.1382 6.195+4.2142 0.117
7.43946.036° 8.418+5.044° 0.190
4.698+2.289° 3.266+2.047° 0.003
14.697+9.626° 17.412+11.4332 0.108
7.025+4.5152 7.91445.8332 0.097
3.304+2.4482 2.188+1.408"? 0.170
10.75846.569° 6.745+4.263"2 0.114
16.01618.2442 14.234+8.985 0.082
6.058+2.965° 4.439+3.409"? 0.111
13.878+13.7012 13.533+8.206° 0.179

@ Significantly different parameter between normal and patients(Scoliosis1, Scoliosis2) group.
&) Significantly different parameter between mild(normal, Scoliosis1) and severe patients group.
9 Significantly different parameter between normal, Scoliosis1 and Scoliosis2 group.

3 Same number labeled represents the same subject group.

Results and Discussion

Parameters that were found to be related with the
severity of scoliosis disease were selected using the
ANOVA and post-hoc test. The significance level for
selection was set to less than 0.2, which was chosen based
on a previous study by Fisher etal. (1991). Table 3 shows
the variables that were significantly different in the
ANOVA and post-hoc test.

21 parameters were found to be relation with the
severity of scoliosis disease. The results from the post-hoc
test for these 21 parameters were as follows. Differences
between the normal patients and the scoliosis were
observed for 18 of the variables, no differences between
the normal and mild scoliosis patients but differences
between normal and severe patients were observed for
3 of the variables and differences between both nor-
mal and mild patients (Scoliosis1) and severe patients
(Scoliosis2) were observed for one of the variables.
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Figure 3. Multiple linear regression model for Cobb-angle prediction.

These 21 parameters were used to develop a Cobb
angle prediction model. Among the 32 data sets, 27 data
sets were used to develop the model. The forward
selection method was used to select the parameters for
generation of the regression models. Using this approach
a Cobb angle prediction model with high accountability
between the predicted and the measured values, R*=0.9 198,
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was generated. The linear equation for the measured (X)
and predicted (Y) can be represented by Y=0.9198X+
1.9759, and the regression line are shown in Figure 3. The
explanations for the posture parameters are shown in
Table 4.

The linear equation for the measured (X) and pre-
dicted (Y) can be represented by Y=0.9198X+1.9759, and
the model had a high accuracy of R?*=0.9198. The slope
of the regression equation 0.9198 from the prediction
model using least square estimation, which is close to 1,
means high correlation between the predicted value and
the measured value. However, still the prediction model
has alittle offset 1.9759 by the y-intercept, and it seems to
be related with the not sufficient number of the subjects.

To validate the Cobb angle prediction model, the data
from 5 arbitrary patients not utilized in model develop-

Table 4. Multiple linear regression analysis Result

Parameters F:;ige;::z(rz? estiSr;?ar::alrEdrror Pr<F
Intercept -2.944 3.608 0.430
Sho-Pel aligned(x) 2.194 0.804 0.018
Ratio of left-right -6.628 4.163 0.137
T7-L1 1.005 0.366 0.018
C7-T7-L1 0.300 0.087 0.005
Shoulder tilt -0.472 0.434 0.298
Trunk angle(y) 0.306 0.325 0.366
Head angle(z) 0.073 0.025 0.014
Knee joint angle L(x) 0.828 0.309 0.020
Knee joint angle L(z) 0.325 0.146 0.046
Knee joint angle R(x) 0.668 0.378 0.103
Knee joint angle R(y) -1.328 0.820 0.131
Hip joint angle L(x) -0.716 0.251 0.015
Hip joint angle L(z) 0.589 0.164 0.004
Hip joint angle R(z) 0.122 0.099 0.243

B Predicted cobb-angle

2 -
40 - @ Actual cobb-angle

Subject 3 4 5

Figure 4. Result of verification.

ment were used for a blind test. The measured and
predicted Cobb angles are shown in Figure 4. When this
model was used, the difference between the predicted
values and measured values were on average 3.177° with
a standard deviation of 1.752°. Clinically, about 7° of inter-
class error occurs during a Cobb angle measurement
(Dang et al., 2005), so the result from novel prediction
model can be said to have good accuracy.

Conclusion

The results of this study can be summarized as follows.

(1) 35 posture parameters of idiopathic scoliosis
patients were selected based on previous studies.

(2) The 35 parameters were analyzed by ANOVA to
extract parameters that were significantly different
between the normal and 2 groups of scoliosis
patients, which were divided based on scoliosis
severity. In this analysis, 21 variables were selected.

(3) Using these 21 selected parameters, a Cobb angle
prediction model was developed using multiple
regression analysis. In addition data from 5 patients
that were not utilized to develop the model were
used for prediction model verification.

In this study, a Cobb angle prediction model was
developed using posture parameters that were found
to be correlated with the severity of the disease. The
model had a high accuracy of R’=0.9198 and the model
was verified using data from patients with an error of
5°. However, a number of control group data was not
acquired; and the model developed in this study can only
estimate the Cobb angle of scoliosis disease but cannot
assess the direction or location of curvature in scoliosis
patients. Therefore, if sufficient data are acquired; and
information on the direction and location of curvature
can be provided, effective clinical and rehabilitation
strategies can be developed. Therefore, future research
on the direction and location of the curvature of the spine
will be needed.
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