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Abstract

Purpose To demonstrate the reality of a transverse plane
pattern independent of the scoliotic curve location and to
show the importance of the transverse plane pattern in the
assessment of the progression risk in a population of mild
scoliosis.

Methods Spines of 111 patients with adolescent idio-
pathic mild scoliosis were reconstructed using biplanar
stereoradiography. The apical axial rotation, the interver-
tebral axial rotation at junctions and the torsion index were
computed. Mean values of each parameter were compared
between thoracic, thoracolumbar and lumbar curves. Then
a cluster analysis was performed using these parameters on
78 patients with effective outcomes at skeletal maturity.
The effective outcomes and the results reached with the
statistical analysis were compared and analyzed (ROC and
logistic regression).

Results No statistical difference was observed when
considering each parameter between the different types of
curves. Two clusters independent of the curve type were
identified. The mean values of transverse plane parameters
were significantly higher in Cluster 1 than in Cluster 2.
91 % of patients classified in Cluster 1 had progressive
curve and 73 % of patients classified in Cluster 2 remained
stable at skeletal maturity. All parameters were good pre-
dictors but the best was the torsion index.

A. Courvoisier (X)) - X. Drevelle - J. Dubousset - W. Skalli
Laboratoire de biomécanique, Arts et Métiers ParisTech,
151 boulevard de I’hopital, 75013 Paris, France

e-mail: aurelien.courvoisier@ gmail.com

A. Courvoisier
Grenoble University Hospital, Université Joseph Fourier,
BP 217, 38043 Grenoble Cedex 9, France

Conclusions This study demonstrated that a transverse
plane pattern combining apical axial rotation, the interver-
tebral axial rotation at junctions and the torsion index is
independent of the scoliotic curve location and significant in
the determination of the progression risk of mild scoliosis.
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Introduction

The challenge in the management of mild scoliosis is to
evaluate the progression risk. The Cobb angle is still the
major parameter of severity, combined with the clinical
aspects of skeletal and sexual maturation, that allow a
prognosis [1, 2]. Identification of different scoliotic curve
shape patterns could be a step for a better understanding of
pathomechanisms, genesis and evolution of adolescent
idiopathic scoliosis (AIS).

AIS described as a 3D deformity of the spine and
transverse plane analysis are two concepts initiated by
Perdriolle [3]. The Perdiolle’s “torsiometer” is still the
most accurate method of measurement of axial vertebral
rotation on 2D A-P radiographs [4]. Then, MRI and CT
have improved accuracy of vertebral rotations measure-
ments but their clinical relevance is limited by the supine
position of the patient and radiation exposition for CT [5].
In the past decade, the development of stereoradiography
and semi-automated 3D reconstructions of the spine, has
provided measurements of transverse plane parameters in
standing position which have generated novel 3D classifi-
cations of AIS [4, 6-8]. However, these novel classifica-
tions have not yet modified the management of patient with
mild AIS.
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Transverse plane parameters like axial vertebral rotation,
intervertebral rotations at upper and lower junctions [3], and
torsion index [9] are associated with the description of
severe AIS. The hypothesis developed in our institution is
that a scoliotic 3D pattern, independent of the location of the
curve, based on the combination of these parameters, could
be a sign of high risk of progression. The determination of
such 3D pattern at an early stage of development of AIS
could improve the management of mild scoliosis.

The aim of this study is, first, to demonstrate the reality
of a transverse plane pattern independent of the scoliotic
curve location, and second, to show the importance of the
transverse plane pattern in the assessment of the progres-
sion risk in a population of mild scoliosis.

Methods
Patients

Spines of 111 patients with adolescent idiopathic scoliosis
were reconstructed using the EOS System (EOS-Imaging).

EOS* (EOS-Imaging) is a low-dose imaging system pro-
viding simultaneous AP and lateral views in a stand-up
position [10-12]. Semiautomatic 3D reconstruction, using
SterEOS software [12, 13] (EOS-Imaging), is based on
identifiable anatomic points. It provides a 3D image of the
spine deformity giving measurements of vertebral and inter-
vertebral axial rotations in a stand-up position. The spine 3D
geometry is limited between T1 and S1 since cervical spine is
not routinely captured. Validation of the accuracy and
reproducibility of the 3D reconstruction method has been
reported in previous studies [ 13—15] particularly the reliability
of 3D reconstruction of the spine of mild scoliotic patients
[16]: the 95 % prediction limits for the intra- and inter-
observer errors in measurement were computed. 95 % pre-
diction limits indicate the difference between two successive
replicate measurements that would exceed approximately
5 % of the time due to an error of measurement. Inter-
observer 95 % prediction for Cobb angle was 2.8° and 2° for
IAR and AVR. Intra-observer 95 % predication for Cobb
angle was 2°, 1.8° for AVR and 0.8° for IAR.

Only patients with mild scoliosis were selected. There
were 78 girls and 33 boys. The mean age at the radiological
examination was 11 (range 8-14). Ninety-one were clas-
sified Risser O or 1 at the radiological examination, 7 were
Risser 2, 8 were Risser 3, and 5 were Risser 4. Inclusion
criteria were a Cobb angle larger than 4° and lower than
25° by automatic measurement. The mean Cobb angle was
14 (5) degrees.

There were 57 thoracic (Apex between T1 and T11), 25
thoracolumbar (Apex between T12 and L.1), and 29 lumbar
(Apex between L2 and LS) curves.
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3D shape parameters were automatically calculated
using SterEOS software [12, 13] (EOS-Imaging). Four 3D
parameters were defined (Fig. 1):

1. Apical axial rotation (AVR).

2. Intervertebral axial rotation at the upper neutral zone
(upper IAR) as described by Perdriolle et al. [3].

3. Intervertebral axial rotation at the lower neutral zone
(lower IAR) as described by Perdriolle et al. [3].

4. Torsion index: this index, proposed by Steib et al. [9],
indicates to what extent vertebrae are continuously
rotated with regard to the other from lower neutral
vertebra to the apex, and then from the apex to the
upper neutral vertebra. The torsion index is the mean
of the two sums of intervertebral axial rotations from
lower junction to the apex, and then from the apex to
the upper junction.

Statistical analysis

The statistical analysis was performed in the SPSS version
12.0,1 for Windows (SPSS inc., Chicago, IL, USA) and a
Cluster analysis was performed in Weka version 3.6.2
(Hamilton, NZ) using the K-means Cluster analysis routine
[17].

A statistical analysis was performed on the entire pop-
ulation. Mean values of the Cobb angle and each transverse
plane parameter were compared using a non-parametric
test for k independent samples (Kruskal-Wallis; o = 0.05)
thoracic, thoracolumbar and lumbar curves.

Then a k-means Cluster analysis was performed. Only
patients with documentation of progression or stability of
the curve at skeletal maturity were involved in the Cluster
analysis. Seventy-eight out of 111 patients were followed
clinically and radiographically until skeletal maturity to
document the progression of the scoliosis. There were 56
girls and 22 boys. The mean Cobb angle was 14 (5)
degrees. There were 40 thoracic (Apex between T1 and
T11), 18 thoracolumbar (Apex between T12 and L1), and
20 lumbar (Apex between L2 and LS5) curves.

k-means is a unsupervised learning algorithms that solve
clustering problem [17]. The procedure follows a simple
way to classify n observations into k Clusters, fixed a pri-
ori, in which each observation belongs to the Cluster with
the nearest mean. In this work, parameters used in the
Cluster analysis were: the AVR, the upper IAR, the lower
TAR and the torsion index. The number of Clusters (k) fixed
a priori was two.

Then we searched for statistically significant differ-
ences between groups. Mean values of each transverse
plane parameter were compared using a non-parametric
test for two independent samples (Mann—Whitney;
o = 0.05).
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Fig. 1 Illustration of the four
transverse plane parameters. / . \
The axial apical vertebral
rotation (AVR) corresponds to
the rotation of the axial apical
vertebra in the reference Up
coordinate system (EOS
system). The intervertebral axial
rotations correspond to the
angle of axial rotation between
the end vertebrae of the curve
and the adjacent vertebrae at
lower and upper junctions. The
torsion index is the mean of the
two sums of intervertebral axial
rotations from lower junction to
the apex, then from the apex to
the upper junction

Low

\ Torsion index /

Follow-up

Seventy-eight out of 111 patients were followed clinically
and radiographically until skeletal maturity to document
the progression of the scoliosis. The mean follow-up time
was 5 years (range 2-8). For each of these patients, the
effective outcome of the scoliosis, stable or progression
was compared to the group initially assigned to the patient.
The inter- and intra-observer reproducibility measurement
(95 % precision) of Cobb angle with the EOS system is 2°
for mild scoliosis [16]. Therefore, the criterion for pro-
gression was an increase in the curve of 5° or more that was
confirmed radiographically on two consecutive occasions
or the initiation of brace treatment. Subsequently, a ROC
analysis and an ascendant step-by-step method of logistic
regression analysis (Wald; o = 0.05) including the Cobb
angle and all the transverse plane parameters were per-
formed to assess the relative strength of each factor in
determining progression potential.

Results
Kruskal-Wallis test

Regarding the entire population, no statistical difference
(p > 0.05) was observed between the mean value of the
Cobb angle, the upper and lower intervertebral axial rota-
tion and the apical vertebral axial rotation when comparing
thoracic with lumbar and thoracolumbar. A significant
difference was observed for the torsion index (p = 0.04)
between thoracic and lumbar curves. The difference was
not significant for this parameter between thoracic and

\Interuertebra] rotation/

thoracolumbar curves and between lumbar and thoraco-
lumbar curves.

Cluster analysis

The automatic Cluster analysis based on the above-men-
tioned parameters identified groupings within the entire
dataset when it searched for two groups after three itera-
tions. Thirty-three patients (42 %) were classified in a first
Cluster and 45 patients (58 %) were classified in second
Cluster.

Each of the two groups included thoracic, thoracolum-
bar and lumbar curves. Seventeen thoracic, 10 thoraco-
lumbar and 6 lumbar curves were assigned to Cluster 1,
while 23 thoracic, 8 thoracolumbar and 14 lumbar curves
were assigned to Cluster 2.

The mean Cobb angle was 16° (4°) for Cluster 1 and 13°
(5°) for Cluster 2 (p = 0.001).

The Mann—Whitney test applied for each parameter
between the two groups revealed no statistically significant
difference (U = 702; p = 0.68) for the location of the
apical vertebra (i.e. type of curve). However, it revealed a
significant difference for the other parameters: the torsion
index (U = 105; p < 0.001), the upper IAR (U = 302;
p < 0.001), the lower IAR (U = 409; p = 0.001), the
AVR (U=129; p <« 0.001) and the Cobb angle
(U = 454; p = 0.004).

The mean values of each parameter within the two
groups are recorded in Fig. 2. The mean value of torsion
index was 4° higher in Cluster 1 [7° (2°)] than in Cluster 2
[3° (1°)]. The mean value of upper IAR was 3° higher in
Cluster 1 [—4° (2°)] than in Cluster 2 [—1° (3°)] and the
mean value of lower IAR was 2° higher in Cluster 1
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Fig. 2 Cluster analysis. The values refer to the Clusters’ mean
values

[3° (3°)] than in Cluster 2 [1° (2°)]. Finally, the value of
AVR in Cluster 1 [9° (3°)] was 5° higher than in Cluster 2
[4° (2°)].

Correlation between clustering and progression

Thirty patients out of 33 (91 %) classified in Cluster 1 had
a progressive curve or required brace treatment during
follow-up. Thirty-three patients out of 45 (73 %) classified
in Cluster 2 remained stable at skeletal maturity. In Cluster
1, the mean progression of Cobb angle was 14° (range
1°=37°), 17° (range 8°-37°) for the lumbar curves, 14°
(range 2°-30°) for the thoracic and 12° (range 1°-23°) for the
thoracolumbar curves. In the Cluster 2, the mean progression
of Cobb angle was 6° (range 0°-29°), 5° (range 0°-20°) for
the lumbar curves, 6° (range 1°-29°) for the thoracic and
5° (range 0°-17°) for the thoracolumbar curves.

The ROC analysis for each parameter is depicted in
Fig. 3. The area under the curve (AUC) gives a measure of
the quality of the parameter. The AUC was 0.85 for the
torsion index with a 95 % confidence interval of
[0.77-0.94], 0.81 [0.72-0.91] for AVR and upper IAR,
0.77 [0.67-0.88] for the lower IAR and 0.74 [0.63-0.85]
for the Cobb angle. For each parameter, threshold values
have been searched for optimized sensibility and specific-
ity. For the torsion index, a threshold of 3.7 gives a sen-
sibility of 81 % and a specificity of 81 %. For the lower
IAR, a threshold of 2.2° gives a sensibility of 70 % and a
specificity of 78 %. For the upper IAR, a threshold of —6°
gives a sensibility of 90 % and a specificity of 95 %. For
the AVR, a threshold of 5.8° gives a sensibility of 70 %
and a specificity of 70 %.

In the logistic regression analysis, all transverse plane
parameters improved the model but the ascendant step-by-
step procedure stopped before including the Cobb angle.
Odds ratios were, respectively, 1.43 (p = 0.05) for the
torsion index, 1.39 (p = 0.006) for the AVR, 1.35
(p = 0.04) for the lower IAR and 0.7 (p = 0.03) for the
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Fig. 3 ROC analysis for each transverse plane parameter and Cobb
angle

upper IAR. The correlation coefficients computed between
all parameters were low, meaning that each parameter was
associated individually to progression of the curve.

Discussion

The aim of this study was, first, to demonstrate the reality
of a transverse plane pattern independent of the scoliotic
curve location, and second, to show the importance of the
transverse plane pattern in the assessment of the progres-
sion risk in a population of mild scoliosis.

The standard statistical analysis among the entire pop-
ulation of 111 patients with mild scoliosis showed only a
slight significant difference of the torsion index between
thoracic and lumbar curves (p = 0.04). But no statistical
difference was observed between the other transverse plane
parameters and Cobb angle when comparing thoracic,
thoracolumbar or lumbar curves two by two. The differ-
ence of the torsion index between thoracic and lumbar
curves could be either explained by the higher, but not
significant, Cobb angle in the thoracic sample or an
effective higher structural torsion index in thoracic curves.
Thoracic curves are indeed known to be more at risk of
progression than other curves [18]. However, the Cluster
analysis based upon transverse parameters did not dis-
criminate the curve location. The number of thoracic,
thoracolumbar and lumbar curves was indeed equivalent in
both Clusters and the mean apex location was not signifi-
cantly different between the two Clusters. There is in fact
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no evidence in the literature of a different origin of the
vertebral deformity considering the location. The growth
disturbance of some vertebrae which leads to the global
scoliotic deformity is in our opinion similar within the
entire spine. The current study demonstrates, that a trans-
verse plane pattern, resulting in the combination of the
AVR, lower and upper IAR and torsion index, is inde-
pendent of the curve location.

The Cluster analysis identified two subgroups of 33 and
45 patients, among a population of 78 with mild scoliosis
(range of Cobb angle 4°-25°). The statistical analysis
showed that the magnitude of the values the transverse
plane parameters and Cobb angle in the Cluster 1 was
significantly higher than in Cluster 2. The relationship
between AVR and Cobb angle in severe scoliosis has been
previously documented [7, 19]. The transverse plane
parameters are not strictly independent of the Cobb angle.
Thus, the significant difference between the transverse
plane values in the two Clusters may be partially explained
by the higher significant Cobb angle in Cluster 1 [16° (4°)]
than in Cluster 2 [13° (5°)]. However, the values of
transverse parameters of patients with similar Cobb angle
pertaining to the different Clusters were in many cases
discordant. An example, with two patients with a Cobb
angle of 10° and similar apical vertebra is depicted in
Figs. 4 and 5. Despite the small Cobb angle, the magnitude
of the transverse plane parameters is significantly higher
for the patient assigned to Cluster 1 than for the patient
assigned to Cluster 2. These findings support that the
transverse plane parameters seem to play an independent
role, besides the Cobb angle, in the characterisation of the
severity of mild scoliotic curves.

The final outcome at skeletal maturity showed a 91 %
correlation between Cluster 1 and progression of the curve
and 73 % of correspondence between Cluster 2 and stable
curves. In addition, transverse plane parameters values
were higher in the cluster 1 that in the cluster 2. The
effective progression analysis seems to corroborate the
importance of the transverse plane parameters and the
Cobb angle in the curve progression risk. Moreover, the
ROC and the logistic regression analysis showed that all
transverse plane parameters individually were good pre-
dictors of progression. The best predictor was the torsion
index followed by AVR and IAR. In contrast, the Cobb
angle was automatically excluded of the step-by-step
logistic regression analysis and the AUC of the Cobb angle
was worse than all transverse plane parameters. If a higher
torsion index is indeed a significant structural characteristic
of thoracic curves and the best predictor of progression,
this result could explain why thoracic curves are classically
more at risk of progression than the other curves. Inter-
estingly, the Cobb angle is not as good as the transverse
plane parameters in the assessment of the progression risk

Fig. 4 Upper and anteroposterior views of 3D reconstructions of the
spine of two patients with the same Cobb angle (10°) and same type
of curve [same apex (L1)] picked in each Cluster. Note the difference
in the magnitude of torsion index and apical axial rotation of patient
on the left (respectively 1° and 2°) and the patient on the right
(respectively 5° and 8°)
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Fig. 5 Transverse parameters values corresponding to the two
curves showed in Fig. 4

of mild scoliosis. These results emphasize the interest of
the transverse plane parameters individually and the
interest grouping all the parameters values under the con-
cept of a transverse plane pattern, associated to the Cobb
angle, to improve the prediction of scoliosis progression.
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Conclusion

This study demonstrated the reality of a transverse plane
pattern, resulting in the combination of the AVR, lower and
upper IAR and the torsion index, independent of the sco-
liotic curve location. It also stressed the importance of the
transverse plane pattern in the determination of the pro-
gression risk of mild scoliosis. With the constant expansion
of 3D imaging technologies of the spine in a standing
position, the transverse plane pattern could be soon rou-
tinely added to the Cobb angle and skeletal and sexual
maturity indices to improve the prediction of scoliotic
curve progression.
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