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CASE SERIES

3D external shape analysis and barycentremetry can provide early 
signs of progression in adolescent idiopathic scoliosis

Tristan Langlais1,2   · Claudio Vergari1 · Nicolas Mainard3 · Xavier du Cluzel4 · Matthieu Baudoux4,5 · Laurent Gajny1 · 
Kariman Abelin‑Genevois5 · Jean Claude Bernard5 · Zongshan Hu6 · Jack Chun Yiu Cheng6 · Winnie Chiu Wing Chu7 · 
Ayman Assi1,8 · Mohamad Karam8 · Ismat Ghanem8,9 · Tito Bassani10 · Fabio Galbusera11 · Luca Maria Sconfienza10,12 · 
Marco Brayda‑Bruno10 · Isabelle Courtois13 · Eric Ebermeyer13 · Raphael Vialle3 · Jean Dubousset1 · Wafa Skalli1

Abstract
Purpose  Our objective was to analysis the barycentremetry, obtained from the external envelope reconstruction of biplanar 
radiographs, in adolescent idiopathic scoliosis (AIS) and to determine whether assessing would help predict the distinction 
between progressive and stable AIS at the early stage.
Methods  A retrospective study with a multicentre cohort of 205 AIS was conducted. All AIS underwent a biplanar X-ray 
between 2013 and 2020. Inclusion criteria were Cobb angle between 10° and 25°; Risser sign lower than 3; age higher 
than 10 years; and no previous treatment. A 3D spine reconstruction was performed, and the barycentremetry parameters 
were computed, i.e., the center of mass position at the apex and the axial torque at the apex, the upper and lower junction. 
A severity index, helping to distinguish stable and progressive AIS, was computed on the first radiograph, and weighted 
according to these parameters. A clinical and radiographic monitoring determined if AIS were classified such a stable or 
progressive scoliosis.
Results  One hundred and sixty-two AIS were included (i.e., 87 were classified as stable and 75 as progressive). The apex 
center of mass position was different between the stable and progressive AIS groups (6 mm, SD = 4 mm for the whole cohort; 
5 mm, SD = 4 mm for stable AIS versus 7 mm, SD = 4 mm for progressive AIS; p = 0.02). In AIS thoracic, the specificity 
and positive predictive value of the severity index increased by 19% and 16%, respectively, by adding the apex vertebral 
axial torque.
Conclusion  Early assessment of the external envelope from biplanar X-ray reconstruction of idiopathic scoliosis showed 
that the apex centre of mass position was significantly different between progressive and stable scoliosis. The inclusion of 
the axial torque of the apex vertebra in the severity index is promising to help the clinician distinguish between stable and 
progressive thoracic AIS at an early stage.
Level of evidence  II - Prognostic studies

Keywords  Idiopathic scoliosis · Adolescent · Barycentremetry · Progressive scoliosis · Biplanar radiograph

Introduction

Idiopathic scoliosis is a three-dimensional (3D) spinal 
deformity of uncertain aetiology defined in the coronal plane 
by a Cobb angle of at least 10° and an axial vertebral rotation 
[1]. Its aetiopathogeny is multifactorial and the causal fac-
tors are poorly understood [2] but several preliminary studies 
emphasize a possible sensory imbalance at an early stage 
[3, 4]. Early detection is a public health issue to implement 

early treatment. On the other hand, being able to distinguish 
a stable scoliosis from a progressive form at an early stage 
would make it possible to avoid over-treatment and save the 
costs associated with brace treatment and also reduce the 
risk of surgery [5].

A validated predictive models based on 3D biplanar 
reconstruction (i.e., the severity index described by Skalli 
et  al. [6] was developed to make this distinction at the 
first visit. However, this predictive model still needs to be 
improved and is based solely on the 3D reconstruction of the 
spine. More recently, it was shown that including the growth 
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stage of the patient (i.e., their Risser stage) in the severity 
index could improve the detection of progressive scoliosis 
[7]. It is acknowledged that scoliosis is a multifactorial 3D 
process and includes other anatomical abnormalities such 
as muscle balance [8] and disc mechanical properties [9] 
among others. In a recent previous study [10], we reported 
alterations in the distribution of masses resulting from the 
analysis of the external shape associated with density models 
in a population of scoliotic patients. The current work aims 
to ascertain whether barycentremetry could further improve 
the early detection of progressive scoliosis and thus comple-
ment the predictive model, which is currently based on bone 
parameters.

To this end, the balance and barycentremetry of a cohort 
of adolescent idiopathic scoliosis (AIS) was assessed at 
an early stage and compared with their curve progression. 
Moreover, the effect of combining the external shape param-
eters on the severity index was assessed.

Materials and methods

Subjects

A cohort of 205 scoliotic patients was considered. Data 
were collected, between 2013 and 2020 from 6 centres in 
4 countries (with a minimal of 10% inclusions per centre), 
and they were previously reported in studies using a severity 
index to predict scoliosis progression [6, 7, 11, 12], which 
did not include any assessment of barycentremetry. Parents, 
children, and adults were informed about the protocol and 
consented to participate before inclusion. This study was 
approved by the local ethical committees.

Inclusion criteria were: (1) confirmed diagnosis of AIS; 
(2) Cobb angle between 10° and 25°; (3) European Risser 
sign lower than 3 [13]; (4) age superior to 10 years; and 
(5) no previous treatment (such as brace or spine surgery). 
Patients for whom reconstruction of the external envelope 
was not feasible (i.e., the patient’s external envelope was 
outside the limits of the radiograph) were excluded.

Protocol

All subjects underwent a low-dose biplanar X-ray (EOS sys-
tem, EOS Imaging), in the free-standing position [14], at 
the onset of inclusion. Patients were classified by location 
of the main curve following according to the location of the 
apex: thoracic (apex between the T2 vertebra and the T11-
T12 intervertebral disc), thoracolumbar (apex between the 
T12 and L1 vertebrae), and lumbar (apex between the L1-L2 
intervertebral disc and the L4 vertebra) [15–17]. The follow-
up could be stopped at either of two points in time: (1) when 
the patient reached a Risser sign greater than or equal to 3, 

without prescription of brace and without progression of the 
curvature over 6 months between two successive follow-up 
visits (i.e., a Cobb angle of the main curvature less than 
25°). These patients were classified as “stable”; (2) when 
a corrective brace was prescribed, in which case patients 
were classified as “progressive”. Quantitative and objective 
criteria were used to decide on brace treatment according 
to the International Society on Scoliosis Orthopaedic and 
Rehabilitation Treatment guidelines, i.e., a Cobb angle of the 
main curvature greater than 25° and a Risser sign less than 
or equal to 2, or an increase of 5° in Cobb angle or vertebral 
axial rotation within 6 months [18], as well as an assessment 
of the clinical profile.

Imaging data and external shape analysis

A quasi-automatic 3D reconstruction of the spine was per-
formed, from the biplanar radiography acquired at inclusion, 
using a previously validated method [11, 19]. An automatic 
algorithm provided an initial solution of 3D reconstruction, 
on which the operator could perform fast manual adjustment 
of some key vertebrae (the apex, junctions and the adjacent 
to the junctions) to improve accuracy. The 3D reconstruction 
allowed for the automatic computation of coronal and sagit-
tal OD-HA [20] and the 6 parameters of the severity index, 
previously validated [6], i.e., the Cobb angle, the apex ver-
tebral axial rotation, the upper and lower intervertebral axial 
rotation, the torsion index, and the hypokyphosis index. The 
coronal and sagittal OD-HA angles were computed auto-
matically from the specific anatomical landmarks: OD, the 
most superior point of dentiform apophyse of C2, as an esti-
mate of the head centre of mass, and HA was the midpoint 
of pelvic acetabula [20]. External shape was reconstructed, 
retrospectively, using a validated technique [21] (Fig. 1A, 
B). The reconstruction takes about 15 min, and it allows 
automatic estimation of body segments weights, according 
to a recent estimation of segmental mass density [22], cal-
culation of the apex center of mass position (Fig. 1C), and 
the apex, the upper and the lower junction spinal axial torque 
[23] (Fig. 1D–F). The centre of mass position for the slice 
corresponding to the apex of the curvature was calculated to 
determine its distance from the vertical line passing through 
the middle of the HA axis in the coronal plane (Fig. 1C). The 
spinal axial torque applied to each vertebra (apex, upper and 
lower boundary) resulted from its lateral displacement and 
inclination in the sagittal plane, due to the mass of the body 
above the vertebra and the position of this segment’s center 
of mass (Fig. 1D–F).

S‑index calculation and weighting protocol

For each patient, the severity index (ranging from 0 to 1) was 
automatically computed [6, 11] and it included the stage of 



Fig. 1   Example of external envelope reconstruction in sagittal (A) 
and frontal (B) from a biplanar radiograph of a right thoracic scolio-
sis. Image C illustrates the measurement of the apex centre of mass 
position. Horizontal slices of the outer shell were virtually cut at each 
vertebral level. The centre of mass position for the slice correspond-
ing to the apex of the curvature was calculated to determine its dis-
tance from the vertical line passing through the middle of the HA 
axis in the coronal plane. Frame D, E, F is a visual representation 
of the apex axial torque. Panel D shows the 3D reconstruction of the 

spine, with the apex vertebra highlighted in red, as well as the part of 
the trunk above this vertebra and its centre of mass (COM). The grav-
itational load is indicated by the arrow. Panel E shows the same 3D 
reconstruction, but the patient (and the gravitational load) has been 
virtually rotated so that the apex vertebra is now perfectly horizon-
tal. Panel F shows the same configuration as E from a top view so 
that the apex vertebra is now horizontal and seen from above. The 
blue line represents the lever arm and in red, the apex axial torque 
was plotted



the European Risser sign as a weighing factor [7]. The index 
was further weighted according to the external shape param-
eters, and the weights were calculated as follows: first, the 
5th and 95th percentiles of each parameter were determined 
in a cohort of asymptomatic subjects [10]. Then, if a patient 
showed a given parameter greater than the 95th percentile from 
the asymptomatic cohort, a multiplication factor of 1.5 was 
applied to the severity index. For the upper, apex, and lower 
axial torque, a multiplication factor of 1.5 was applied when 
the parameter was greater than the 95th percentile, while if 
the scoliotic patient’s value was lower than 5th percentile, a 
multiplication factor of 0.8 was applied. A severity index lower 
than 0.4 was considered indicative of a stable curve, while an 
index higher than 0.6 was indicative of a progressive one. No 
prediction was issued for values in-between, and patient cor-
responding was unclassified.

Statistics

Numeric variables were expressed as mean (SD) and discrete 
outcomes as absolute and relative (%) frequencies. Stable and 
progressive scoliosis were compared for external shape param-
eters. Normality and heteroskedasticity of continuous data 
were assessed with Shapiro–Wilk and Levene’s test, respec-
tively. Continuous outcomes were compared with unpaired 
Student t-test, Welch t-test or, Mann–Whitney U test according 
to data distribution. Spearman’s correlation was used to assess 
the linear dependence between the severity index and external 
shape parameters. Correlation was judged very strong from 1 
to 0.9, strong from 0.9 to 0.7, moderate from 0.7 to 0.5, low 
from 0.5 to 0.3 and poor from 0.3 to 0. A multivariate linear 
regression was performed to assess the relation between the 
external shape parameters with the severity index parameters 
and OD-HA. Data were checked for multicollinearity with the 
Belsley-Kuh-Welsch technique. Heteroskedasticity and nor-
mality of residuals were assessed, respectively, by the Breusch-
Pagan test and the Shapiro–Wilk test. The alpha risk was set 
to 5% and two-tailed tests were used. To analyze the weight-
ing of the severity index with the external shape parameters, 
we reported the sensitivity, specificity, positive and negative 
predictive value of the test according to the locations of the 
curvature. We reported the results of the weighting only when 
the performance of the test was to improve by at least 5%. 
Statistical analysis was performed with EasyMedStat (version 
3.19; Neuilly-sur-Seine).

Results

Population

One hundred and sixty-two scoliosis (12 years old, SD = 1; 
139 females and 23 males; 73 thoracic, 40 thoraco-lumbar 

and 49 lumbar) were included in the external shape analy-
sis. Forty-three patients were excluded because the external 
shape reconstruction was not feasible. Mean Cobb angle of 
scoliotic patients was 16.0°, SD = 3.7°; range from 10.0° to 
24.8°. After the clinical and biplanar radiographic follow-
up, 87 AIS (53%) were classified as stable and 75 (47%) as 
progressive. The demographic characteristics are resumed 
in Table 1. The values of the 6 severity index parameters and 
OD-HA are reported in Table 2.

External shape parameters

The external shape parameters are reported in Table 3. 
Only the apex center of mass position was statistically 
different between the stable and progressive AIS groups 
(6 mm, SD = 4 mm for whole cohort; 5 mm, SD = 4 mm 
and 95%CI from 4.4 to 6.2 mm for stable scoliosis versus 
7 mm, SD = 4 mm and 95%CI from 5.9 to 8 mm for progres-
sive group; p = 0.02) but this difference was not found in the 
analysis by curvature type (p > 0.05 for all curve locations).

Correlation between external shape parameters, 
the severity index parameters and OD‑HA

In multivariate analysis, apex vertebral axial rotation 
(β = 0.3, [02;0.5], p < 0.0001) and coronal OD-HA (β = 1, 
[0.5;1.5], p < 0.0001) were associated with higher val-
ues of the apex center of mass position. Torsion index 
(β = 0.04, [0.01;0.08], p = 0.021) and Cobb angle (β = 0.05, 
[0.03;0.08], p < 0.0001) were associated with higher 

Table 1   Demographics characteristics of population

n represents the number of patients
SD standard deviation

AIS population

Total (n = 162) Stable (n = 87) Progressive 
(n = 75)

Age: yo, SD 
(range)

12, 1 (10;15) 12.5, 1 (10;15) 11.5, 1 (10;14.5)

Risser sign: n (%)
 0 94 (58%) 33 (38%) 61 (81%)
 1 35 (22%) 25 (29%) 10 (14%)
 2 33 (20%) 29 (33%) 4 (5%)

Gender: n (%)
 Girls 139 (85%) 74 (85%) 65 (87%)
 Boys 23 (14%) 13 (15%) 10 (13%)

Curve topography: n (%)
 Thoracic 73 (45%) 40 (46%) 33 (44%)
 Thoraco-

lumbar
40 (25%) 19 (22%) 21 (28%)

 Lumbar 49 (30%) 28 (32%) 21 (28%)



values of upper junctional axial torque. Hypokyphosis 
index (β = 0.03, [0.01;0.05], p = 0.01) and sagittal OD-HA 
(β = 0.05, [0.02;0.08], p = 0.003) were associated with higher 
values of lower junctional axial torque.

External shape analysis and performance of S‑index

The performance of the severity index predictive power with 
the addition of barycentremetry parameters is detailed in 
Table 4 for the whole cohort and according to curve loca-
tion. In particular, the specificity and positive predictive value 
of S-index in thoracic scoliosis increased by 19% and 16%, 

respectively, when considering the apex vertebral axial torque. 
In other words, this parameter increased the likelihood that a 
severity index greater than 0.6 corresponds to a truly progres-
sive patient. This is reflected (Table 4) by reducing the number 
of misclassified patients by 9% while increasing the number of 
unclassified by 15% (Fig. 2).

Table 2   Values of the 6 index 
severity parameters and OD-HA

Results are presented such as mean (SD)
n represents the number of patients
SD standard deviation, VAR vertebral axial rotation, IAR intervertebral axial rotation

AIS population

Total (n = 162) Stable (n = 87) Progressive (n = 75)

Cobb angle (°) 16 (3.7) 15 (3.2) 17 (3.9)
Apex VAR (°) 5.9 (4.2) 4.7 (3.4) 7.3 (4.6)
Upper IAR (°) −3 (3.2) −1.8 (3.1) −4.4 (2.8)
Lower IAR (°) 2 (3.1) 1.4 (3.2) 2.7 (2.9)
Torsion index (°) 4.2 (2.5) 3.3 (1.8) 5.1 (2.8)
Hypokyphosis index (°) −1 (3.1) −0.3 (3.1) −2 (2.9)
Coronal OD-HA (°) 0.3 (1.2) 0.3 (1) 0.4 (1.4)
Sagittal OD-HA (°) −0.9 (2.3) −1.03 (2.3) −0.9 (2.4)

Table 3   Parameters from 
external shape analysis

Values in bold are statistically significant
Results are presented such as mean (SD)
n represents the number of patients
*Mann–Whitney test

AIS population p value

Total (n = 162) Stable (n = 87) Progressive (n = 75)

Apex center of mass position (mm) 6.1 (4.4) 5.34 (4.1) 6.9 (4.6) 0.02*
 Thoracic curve 5.3 (3.4) 4.7 (3.4) 6.03 (3.4) 0.09
 Thoraco-lumbar curve 6.1 (4.4) 6.7 (5.4) 7.9 (5.5) 0.4
 Lumbar curve 6.2 (4.5) 5.32 (4) 7.5 (5.1) 0.09

Apex intersegmental moment (N/m) 0.4 (0.4) 0.39 (0.5) 0.4 (0.4) 0.9
 Thoracic curve 0.39 (0.4) 0.37 (0.4) 0.41 (0.4) 0.5
 Thoraco-lumbar curve 0.42 (0.4) 0.36 (0.3) 0.59 (0.5) 0.4
 Lumbar curve 0.35 (0.3) 0.29 (0.2) 0.4 (0.4) 0.9

Upper intersegmental moment (N/m) 0.96 (0.5) 0.9 (0.5) 1.03 (0.6) 0.2
 Thoracic curve 0.99 (0.5) 0.9 (0.5) 1 (0.6) 0.3
 Thoraco-lumbar curve 0.96 (0.5) 1 (0.5) 0.8 (0.6) 0.4
 Lumbar curve 0.93 (0.4) 0.87 (0.4) 1 (0.5) 0.3

Lower intersegmental moment (N/m) 0.72 (0.4) 0.77 (0.4) 0.7 (0.4) 0.1
 Thoracic curve 0.75 (0.4) 0.8 (0.5) 0.66 (0.4) 0.1
 Thoraco-lumbar curve 0.64 (0.4) 0.67 (0.4) 0.65 (0.4) 0.9
 Lumbar curve 0.67 (0.4) 0.67 (0.3) 0.68 (0.4) 0.6
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Discussion

In this study, we assessed the biomechanical markers 
issued from the reconstruction of the external shape, 
which were previously validated in a population of healthy 
subjects and patients [10]. These biomarkers reflect the 
distribution of body masses and provide an original, mod-
ern approach to assess spinal deformity. Previous stud-
ies focused [24, 25] on the analysis of external deformity 
using a surface topography device and focusing on torso 
asymmetry. The correlation of this tool with bone defor-
mation characteristics (either Cobb angle or vertebral rota-
tion) remains controversial [26, 27]. On the other hand, 
such analysis appears to be a good indicator of outcomes 
for quality-of-life scores and measures related to the exter-
nal physical appearance of the trunk [27]. Recently, a new 
tool, allowing 3D and 360° reconstruction of the torso 
has been evaluated and validated in a healthy population 
[28]. However, to our knowledge, there are no studies on 
the external shape analysis from low-dose biplanar radio-
graphs used in daily clinical practice.

The main finding of the present work is that the apex 
center of mass (CoM) values was significantly differ-
ent between progressive and stable scoliosis. The CoM 
represents the lateral mass displacement at apex regions 
(Fig. 1C), and we found that it correlates with the coronal 

OD-HA and the apex vertebral axial rotation. The hypoth-
esis is that this displacement requires scoliotic patients to 
adjust their balance to maintain the CoM above the pelvis. 
In their assessment of CoM using a force plate, Dalleau 
et al. showed that in scoliotic patients there is a compensa-
tory action due to the frontal deformation, resulting in a 
backward offset of the CoM to maintain postural balance 
[29]. This backward trunk displacement was previously 
described in studies by Nault et al. [30] and Damavandi 
et al. [31]. In our study, we could not demonstrate this 
backward displacement difference between progressive 
and stable scoliosis on the first visit biplanar radiograph, 
which suggests that this trunk shift could develop later in 
the progression of the deformity. The open question is to 
understand why the other barycenter parameters at this 
stage of deformation are not different between progres-
sive and stable forms. According to previous studies [10, 
23], the upper junction axial torque correlates with the 
severity of scoliosis. In this study, we found a correlation 
of the upper axial torque with the Cobb angle and the 
torsion index. One of the hypotheses is that the differ-
ences between the biomarkers are still small at this stage 
of deformation. The uncertainty of these biomechanical 
markers had been evaluated and did not exceed 0.8 mm 
for the lateral position of CoM at all vertebral levels and 
0.5 N/m for the axial torque [10]. It is likely that there 
are no significant differences due to this uncertainty. One 

Fig. 2   Example of stable thoracic scoliosis. The inclusion and the 
last follow-up radiographic were reported. The middle frame shows 
the external shape and spine reconstruction. The calculated severity 
index was 0.66, i.e. a so-called “progressive” scoliosis and therefore 
misclassified with the risk of unsuitable treatment. The weighting 

with the apex axial torque decreases the severity index to 0.53, i.e. 
so-called unclassified scoliosis and calls for particular attention by the 
clinician. The radiograph of the last follow-up (i.e., Risser 4) shows 
that this is a stable scoliosis which has not undergone brace treatment



solution could be to improve the 3D reconstruction method 
to lower its uncertainty or increase the number of patients 
included. Nevertheless, early alterations in the centre of 
mass of the apex vertebrae can disrupt the distribution of 
body masses in AIS. Finally, the parameters derived from 
the analysis of the external shape analysis are linked to a 
risk of progression but taken separately this would not be 
sufficient to predict progression (like the other parameters 
of the severity index).

An important result of this study was the analysis of 
biomarkers resulting directly from bone reconstruction and 
their relationship with the displacement of the CoM. The 
apex CoM displacement was explained by the increase of 
the apex vertebra axial rotation and the coronal OD-HA. 
Recently, Karam et al. showed that frontal malalignment was 
related to the apex vertebra axial rotation [32]. The impor-
tant information for the clinician is that the frontal Cobb 
angle, measured in daily clinical practice, does not influence 
the position of the CoM in scoliotic deformities at an early 
stage. Furthermore, we found that this lateral displacement 
of the trunk was positively correlated with the apex vertebra 
axial rotation. This result is supported by J. Dubousset’s and 
W. Skalli’s theory that it is important to evaluate the deform-
ity in the axial plane, especially at an early stage [33, 34].

The last important finding of the study was the prelimi-
nary assessment of the impact of including barycentremetry 
to the S-index. For thoracic scoliosis, including the axial 
torque of the apex vertebra improves the specificity and posi-
tive predictive value (by 19% and 17%, respectively) without 
significantly altering the sensitivity and negative predictive 
value (by -3% and 1%, respectively). This result is promising 
as it decreases the number of misclassified patients by 9%, 
which means a decrease in the probability of “over-treating” 
a stable scoliosis (Fig. 2). On the other hand, it increases the 
number of unclassified patients by 15%, which leads in clini-
cal practice to continued radiographic monitoring. The other 
point to note is that the center of mass position, although 
the values were different between stable and progressive 
scoliosis, did not influence overall test performance. Future 
prospective studies should take this parameter into account 
to determine its clinical significance.

This study presents some limitations, but these results 
are promising and is the first study of its kind. This is a 
retrospective assessment, which explains why 43 subjects 
were excluded for issues concerning the framing of the 
external envelope. Nevertheless, the cohort was included 
prospectively for the validation of the severity index and this 
study showed how the assessment of axial torque, centre of 
mass position could improve the prediction of progressive 
scoliosis. Furthermore, the weighing factors modifying the 
severity index were chosen arbitrarily. Another limitation 
of this study is the time of the external shape reconstruction 
which is around 15 to 20 min of operator time per patient 

but a partial automated process should be available soon. 
Another limitation is that the percentage of Risser sign 
was not homogeneous between the stable and progressive 
cohorts (ie: Risser 0 = 38% in stable, and 81% in progres-
sive). Although its weighting is considered in the severity 
index described above [7], a difference in the new barycen-
tremetry parameters could also be attributed to significant 
growth remaining in the progressive cohort. Finally, the 
main limitation of this work is that this study focuses on a 
static approach to assess balance and barycentremetry. How-
ever, it has been established that the dynamic proprioceptive 
system is affected in patients with idiopathic scoliosis [4]. 
The remaining question is how these external shape param-
eters would be affected under dynamic conditions.

Conclusion

Early assessment of the external envelope from biplanar 
X-ray reconstruction of idiopathic scoliosis showed that 
the apex centre of mass position was significantly different 
between progressive and stable scoliosis. The inclusion of 
the axial torque of the apex vertebra in the severity index 
improves the specificity by 19% and the positive predictive 
value by 17% of the index. This promises to help the cli-
nician distinguish between stable and progressive thoracic 
scoliosis at an early stage.
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