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Early detection of progressive adolescent idiopathic scoliosis: a severity index
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Study Design. Early detection of progressive adolescent idiopathic scoliosis (AIS) was assessed based on 3D quantification of the deformity.

Objective. Based on 3D quantitative description of scoliosis curves, the aim is to assess a specific deformation pattern that could be an early detectable severity index for progressive AIS.

Summary of Background Data. Early detection of progressive scoliosis is important for adapted treatment to limit progression. However, progression risk assessment is mainly based on the follow up, waiting for signs of rapid progression that generally occur during the growth peak.

Methods. 65 mild scoliosis (16 boys, 49 girls, Cobb Angle between 10 and 20°) with a Risser between 0 and 2 were followed from their first exam until a decision was made by the clinician, either considering the spine as stable at the end of growth (26 patients) or planning to brace because of progression (39 patients). Calibrated biplanar X-rays were performed and 3D reconstructions of the spine allowed to calculate six local parameters related to main curve deformity. For progressive curve 3D phenotype assessment, data were compared to those previously assessed for 30 severe scoliosis (Cobb Angle > 35°), 17 scoliosis before brace (Cobb Angle > 29°) and 53 spines of non-scoliosis subjects. A predictive discriminant analysis was performed to assess similarity of mild scoliosis curves either to those of scoliosis or non-scoliosis spines, yielding a severity index (S-index).

S-index value at first exam was compared to clinical outcome.

Results.

At the first exam, 53 out of 65 predictions (82%) were in agreement with actual clinical outcome. 89 % of the curves that were predicted as progressive proved accurate Conclusion. Although still requiring large scale validation, results are promising for early detection of progressive curves.

Introduction

Adolescent Idiopathic Scoliosis (AIS) is a complex pathology with local and spinal three dimensional (3D) deformities [START_REF] Dickson | The pathogenesis of idiopathic scoliosis. Biplanar spinal asymmetry[END_REF][START_REF] Poncet | Geometric torsion in idiopathic scoliosis: threedimensional analysis and proposal for a new classification[END_REF]. Early detection of progression risk is essential to establish the treatment strategy [START_REF] Duval-Beaupere | Surveillance, course, and prognosis of scoliosis[END_REF][START_REF] Duval-Beaupere | Threshold values for supine and standing Cobb angles and rib hump measurements: prognostic factors for scoliosis[END_REF], but it remains challenging. Numerous studies in genetics, biology, neurosciences and biomechanics have investigated the initiation and progression of AIS [START_REF] Kouwenhoven | The pathogenesis of adolescent idiopathic scoliosis: review of the literature[END_REF][START_REF] Veldhuizen | The aetiology of idiopathic scoliosis: biomechanical and neuromuscular factors[END_REF]. Progression risk assessment is mainly based on the follow-up, particularly during the growth peak, when a rapid progression can occur [START_REF] Duval-Beaupere | Surveillance, course, and prognosis of scoliosis[END_REF][START_REF] Duval-Beaupere | Threshold values for supine and standing Cobb angles and rib hump measurements: prognostic factors for scoliosis[END_REF]. Predictive factors include gender, skeletal maturity, potential of remaining skeletal growth, curve location and magnitude, apical axial rotation [START_REF] Duval-Beaupere | Maturation indices in the surveillance of scoliosis[END_REF][START_REF] Bunnell | The Natural History of Idiopathic Scoliosis Before Skeletal Maturity[END_REF][START_REF] Perdriolle | Thoracic idiopathic scoliosis curve evolution and prognosis[END_REF]. However, no definite criteria exist for reliable prediction of curve progression risk at an early stage [START_REF] Kohashi | A New Method Using Top Views of the Spine to Predict the Progression of Curves in Idiopathic Scoliosis During Growth[END_REF][START_REF] Lonstein | The prediction of curve progression in untreated idiopathic scoliosis during growth[END_REF][START_REF] Peterson | Prediction of progression of the curve in girls who have adolescent idiopathic scoliosis of moderate severity. Logistic regression analysis based on data from The Brace Study of the Scoliosis Research Society[END_REF][START_REF] Sapkas | Prediction of Cobb angle in idiopathic adolescent scoliosis[END_REF][START_REF] Yamauchi | Prediction of curve progression in idiopathic scoliosis based on initial roentgenograms. A proposal of an equation[END_REF].

Mechanisms of progression were investigated using numerical simulation on subject specific models, and scoliosis-like progression could be reproduced for several mild scoliosis spines when combining gravity effects with abnormal anterior growth and disc laxity [START_REF] Drevelle | Analysis of Idiopathic Scoliosis Progression by Using Numerical Simulation[END_REF]. However such scoliosis-like progression was never obtained for non-scoliotic spines, suggesting that an initial deformity could be of paramount importance in the biomechanical mechanism yielding curve progression.

Accurate 3D reconstruction methods from routine low dose biplanar X-Rays allow quantitative 3D analysis [START_REF] Dubousset | A new 2D and 3D imaging approach to musculoskeletal physiology and pathology with low-dose radiation and the standing position: the EOS system][END_REF][START_REF] Dubousset | Skeletal and spinal imaging with EOS system[END_REF], and a specific 3D deformation phenotype has been described for severe scoliosis curves [START_REF] Dubousset | Three-dimensional Analysis of the Scoliotic Deformity[END_REF][START_REF] Dubousset | Idiopathic scoliosis. Definition--pathology--classification--etiology][END_REF][START_REF] Perdriolle | A study of scoliotic curve. The importance of extension and vertebral rotation (author's transl)[END_REF].

The aim of this study is to propose a severity index based on a 3D deformation phenotype for early estimation of progression risk, with a preliminary evaluation based on follow-up of AIS patients.

Material and methods

Data collection

Data were collected prospectively or retrospectively from two hospitals within routine clinical investigation after approval by the ethical committee and formal patient and parents' consent.

Inclusion criteria were: diagnosis of AIS with decision of follow up; Cobb angle range: 10-20°; age ≥ 10 years; Risser between 0 or 2.

Sixty-five patients (16 boys, 49 girls) were considered, with mean age 12 years (range 7 -15) and mean Cobb angle 14.8° (range 10° -20°). Patients were followed until considered as stable, with Risser ≥3 and Cobb lower than 25° (26 patients), or until a brace decision was taken (39 patients).

Biplanar X-Rays and 3D deformation phenotype

Frontal and lateral X-rays of each patient were acquired using either the EOS™ system (n = 33) or a stereo radiographic device (n = 32) [START_REF] Dubousset | Skeletal and spinal imaging with EOS system[END_REF][START_REF] Dumas | Explicit calibration method and specific device designed for stereoradiography[END_REF], which was first used in one of the clinical centers before the EOS™ system availability. http://dx.doi.org/10.1097/BRS.0000000000001961 Detection of progressive scoliosis
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Acquisitions were performed in a free standing position following the SRS recommendation as described by Faro et al. [START_REF] Faro | Evaluation of a functional position for lateral radiograph acquisition in adolescent idiopathic scoliosis[END_REF], or modified to place the fingers on the zygomatic arch. All 3D reconstruction of the subject's spine was obtained using the method described by Humbert & al. [START_REF] Humbert | 3D reconstruction of the spine from biplanar X-rays using parametric models based on transversal and longitudinal inferences[END_REF] (Figure 1), using a research version of the STEREOS software.Semi automatic reconstruction process involves manual detection of few anatomic landmarks, yielding an initial 3D model which was retroprojected on the X-rays, then manual adjustments so that the retroprojected contours fit the vertebral contours on the X-Rays.

From this 3D reconstruction, the process was fully automatic: global and local coordinate systems (CS) were defined [START_REF] Stokes | Three-dimensional terminology of spinal deformity. A report presented to the Scoliosis Research Society by the Scoliosis Research Society Working Group on 3-D terminology of spinal deformity[END_REF], to compute vertebral rotations in the global CS, and inter-vertebral rotations (i.e. rotation of each vertebra regarding the lower adjacent one) in the local CS of the lower adjacent vertebra. Six specific parameters were computed to describe the main curve deformation phenotype (Figure 2):

1.

2D Cobb angle, measured on the frontal X-Ray [START_REF] Cobb | The Problem of the Primary Curve[END_REF].

2.

Vertebral Axial Rotation (VAR) at the apical level [START_REF] Perdriolle | A study of scoliotic curve. The importance of extension and vertebral rotation (author's transl)[END_REF] 3-4.

Intervertebral Axial Rotation at the upper and lower junction (upper IAR and lower IAR) [START_REF] Perdriolle | A study of scoliotic curve. The importance of extension and vertebral rotation (author's transl)[END_REF].

5.

Torsion index [START_REF] Steib | Surgical correction of scoliosis by in situ contouring: a detorsion analysis[END_REF], computed as the mean of the sum of intervertebral axial rotations from lower junction to apex and from apex to upper junction. 

Data analysis and severity index assessment

The 3D deformation phenotype of each mild AIS patient was automatically compared to those of patients from comparative groups, whose biplanar X-Rays were collected in previous studies: A score was defined from a predictive discriminant analysis [START_REF] Fisher | The use of multiple measurements in taxonomic problems[END_REF][START_REF] Mahalanobis | On the generalised distance in statistics[END_REF][START_REF] Venables | Diagnostic tests. 1: Sensitivity and specificity[END_REF], a classification approach used for predictive modelling in machine learning, which is summarized hereafter. Each control individual belonging to NS, B or P class is defined via its 6 parameters phenotype. The method first represents the individuals using two descriptors which are linear combinations that minimize intra-class variance and maximize inter-class variance of the 6 original parameters. Then, the same linear combination is applied to the individuals from the M Group and the probability of their belonging to each of the control classes is computed, based on similarity criteria. This probability is used to define a score between 0 and 1, named severity index (S-index). S-index means similarity to progressive curves if ≥ 0.6, to normal subjects if ≤ 0.4, and is considered as non-conclusive between 0.4 and 0.6.



Evaluation of the S-Index

For each patient at the first exam, S-index was automatically calculated from 3D reconstruction, by an independent observer that did not pertain to the medical teams and did not know the patients evolution. The associated early prediction (negative for S-index ≤ 0.4 or positive for S-index ≥ 0.6) was kept blind to clinicians until they assessed the outcome after complete follow-up, either negative (i.e. stable at the end of growth) or positive (i.e. brace decision). The confusion matrix was built with the number of true negatives, false negatives, true positives and false negatives. Sensitivity is the rate of true positive versus total number of positive outcomes, i.e. the percentage of progressive that were identified as such. Specificity is the rate of true negative versus total number of negative outcomes, i.e. 

Results

Table 1 shows the values of the descriptive parameters for the whole population and for mild AIS patients out of 26 from M1 group (non-progressive) had an initial S-index ≤ 0.4 while 32 patients out of 39 of the M2 group (progressive) had an initial S-index ≥ 0.6. Four patients (one from M1 and three from M2 groups) had a non-conclusive S-index, between 0.4 and 0.6. Confusion matrix (Table indicates a sensitivity of 89 % and a specificity of 84%. In other words 89 % of the curves that were predicted as progressive at the first exam proved accurate.

Discussion

Early detection of progressive AIS patients would allow early management which could improve patient's outcome [START_REF] Duval-Beaupere | Surveillance, course, and prognosis of scoliosis[END_REF]. A previous numerical study suggested that a specific deformity could appear very early for progressive curves [START_REF] Dubousset | Three-dimensional Analysis of the Scoliotic Deformity[END_REF]. The current study investigated whether quantitative phenotype description could yield a predictive biomarker called Severity index.

While Cobb angle is widely used for diagnosis and decision making, its limitations have been widely described, particularly in relation with the projection bias on the frontal plane, due to the three dimensional nature of scoliosis deformity. Horizontal plane parameters, such as vertebral axial rotation at the apex (VAR), torsion or intervertebral axial rotation have been shown as other important parameters [START_REF] Courvoisier | Transverse plane 3D analysis of mild scoliosis[END_REF][START_REF] Nault | Three-dimensional Spine Parameters Can Differentiate Between Progressive and Nonprogressive Patients With AIS at the Initial Visit: A Retrospective Analysis[END_REF]. 3D reconstruction from routine biplanar X-Rays allowing for automatic quantitative phenotyping of severe scoliosis was a first essential step that revealed characteristic 3D features of the main curve, consistently with qualitative clinical observations. As described by Perdriolle [START_REF] Perdriolle | A study of scoliotic curve. The importance of extension and vertebral rotation (author's transl)[END_REF], a specific Intervertebral Axial Rotation (IAR) was found at the upper junction, and also at the lower junction. High torsion index confirmed that there is a continuous intervertebral rotation within in the curve from the junctions to the apical vertebra [START_REF] Dubousset | Three-dimensional Analysis of the Scoliotic Deformity[END_REF]. Also hypokyphosis at the apical level [START_REF] Dickson | The pathogenesis of idiopathic scoliosis. Biplanar spinal asymmetry[END_REF], was found consistent with the hypothesis of a posteroanterior asymmetric growth in scoliosis [START_REF] Cheng | Adolescent idiopathic scoliosis[END_REF]. Indeed, in addition to Cobb angle, other 3D features characterize the scoliosis deformity. However, even if there is a significant difference between non progressive (M1) and progressive (M2) curves as regards most of the parameters, none of them alone is sufficient for reliable discrimination between progressive and non-progressive curves, while the combination of all yielded a more discriminant deformity pattern. The associated hypokyphosis phenomena was slight at the early stage, but it contributed to increase the overall accuracy of the S index.

Patient presented in Figure 4 had a typical progressive phenotype: at the first exam, Cobb angle was resulting in a S-index of 0.9, which was found consistent with the real clinical outcome 20 months later.

In progressive curves, horizontal plane parameters show two phenomena: a continuous torsion within the curve and a discontinuity at the junctions. Torsion and IAR at junctions may be related to alteration of the connective soft tissues, particularly the intervertebral disc. Yu et al. [START_REF] Yu | The elastic fiber network of the anulus fibrosus of the normal and scoliotic human intervertebral disc[END_REF] reported that the annulus of normal discs consists of an abundant and highly organized fibre network while in discs of patients undergoing surgery for scoliosis, elastic fibers were sparse, and the collagen and elastic fiber networks were disorganized with loss of lamellar structure. Therefore mechanical cascade of curve progression could be the result of early disc disease, which origin remains to find, that would yield intervertebral axial rotation resulting in local instability and vicious circle of deformity increase.

Recent progress related to in vivo characterization of intervertebral discs [START_REF] Vergari | Lumbar annulus fibrosus biomechanical characterization in healthy children by ultrasound shear wave elastography[END_REF][START_REF] Zhang | Age-related diffusion patterns in human lumbar intervertebral discs: a pilot study in asymptomatic subjects[END_REF], could help in future quantitative disc analysis to progress towards understanding its possible alteration.

This preliminary study has several limitations: the first one lies in objective definition of progressive spine. Brace decision was considered, since the clinical teams were fully familiar with scoliosis: Another limitation is the requirement of strict acquisition patient positioning. As this index is very sensitive to rotations, any position in which the trunk is artificially twisted, resulting for example from asymmetric positioning of the arms may have a strong effect on the S-Index. Also, two fully trained operators performed all the 3D reconstructions, in order to avoid potential effect of 3D reconstruction errors since the focus of the current study is on the validity of this index; both were blinded to the patients' outcome. Work is in progress to determine intra and interobserver reproducibility assessment to check the robustness of the S index, together with improvement of the reconstruction method to reduce manual operation.

Another limitation is related to the limited number of patients, due to the long follow-up time while biplanar X-Ray technology is quite recent in routine clinical environment. Moreover as some patients were lost this is not a consecutive serie. Because of the limited number of patients, various AIS topologies were considered, since a previous study did not show evidence of the topology effect on patients clustering regarding the horizontal plane parameters [START_REF] Courvoisier | Transverse plane 3D analysis of mild scoliosis[END_REF]. Further large scale studies could Despite these limitations, we found that 53 out of 65 patients were accurately classified using this Sindex and, what is even more important, that 89% of the patients that were predicted as progressive indeed progressed. Therefore, this S-Index appears promising and constitutes a rationale for a larger scale prospective validation study.

Out of the four patients that presented an inconclusive S-index (between 0.4 and 0.6), three were progressive; this might indicate that it is safer to continue monitoring such patients. Eight patients out of 65 (12.5%) were misclassified: the four false negative cases (Table 3) had small Cobb angles (10-12°) and low IARS and torsions. It is possible that the classification would have been correct at their second visit, when their curves had slightly increased. Four false positive cases presented high apical axial rotation (between 10 and 13°, Table 3), torsion indices (4 -10°) and IARs (2.3 -10° in absolute values) at their first visit, which explains why they were classified as similar to progressive scoliosis although they were stable. Two of them will be detailed: one was 14 years old female, with a Risser 1, curvature T4-T8-T11, Cobb angle 17.5, AVR 12.6, torsion 9°, yielding a severity index of 0,91.

However, this patient represent a very specific case where the side of torsion was not in the sign of concavity, which may be different from the classically described structural scoliosis. A greater number of patients in the database could help taking into account such very specific deformities and improve the severity index.

The second had a Cobb angle of 17° at the first exam (Figure 5A). S-index was 0.91 while the patient reached Risser 4 without a brace decision, with a Cobb angle of 23°. However, Figure 5B shows that both waist crease and frontal imbalance increased. Moreover, the zoom on the L3 vertebra shows lateral asymmetry of the upper and lower intervertebral space, which could be the initiation of future rotatory dislocation. Even if the Cobb angle is moderate, the longitudinal follow up of this patient could be useful to clarify the criteria defining progressive vs non progressive scoliosis. Indeed treatment decision criteria are still to improve, either for bracing or not. Weinstein et al. [START_REF] Weinstein | Effects of Bracing in Adolescents with Idiopathic Scoliosis[END_REF] found that in a population of patients which were assigned brace treatment and refused it, 48% did not progress to surgery. This suggests possible unnecessary bracing for some patients, and the S-index, once fully validated, could support treatment decision with more objective data.

Conclusion

The main finding of the study is that in progressive AIS, a specific 3D deformity phenotype appears at early stage, scored using an S-index as a predictor. For 65 mild AIS at the first exam, 82% of predictions were consistent with clinical outcome, and 89% of the patients that were predicted progressive at the first exam progressed and required bracing. Even if the limited number of patients does not allow drawing definite conclusions, it seems that an S-index greater than 0.6 indicates a strong presumption of progressivity. Once confirmed on a larger population, the severity index could be a relevant biomarker to improve diagnosis and decision making at an early stage.
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 6 Fig. 1. A: Bi-planar X-rays; B: patient-specific 3D reconstruction (apex is in green while junctional areas are in red; posterior, lateral and top views).

Four

  groups were considered for statistical analysis: NS (non-scoliotic), B (brace), P (preoperative), and M (mild) group, which was split in two sub-groups, M1 (stable) and M2 (progressive), based on patient's final outcome. Differences were studied with Mann-Whitney tests (α = 0.05).

Fig. 2 .

 2 Fig. 2. Deformation phenotype for a severe scoliosis. Amplified axial rotation (A). frontal view (B), sagittal view (C). The local sagittal plane of main curvature, i.e. election plane (D), highlights the local hypokyphosis. Apex is in green while junctional vertebrae are in red. VAR: Vertebral Axial Rotation; IAR: Intervertebral Axial Rotation.
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 13 Published in Spine. DOI : http://dx.doi.org/10.1097/BRS.0000000000001961 Detection of progressive scoliosis 6 / 13 percentage of stable that were correctly identified as such[30]. The overall accuracy was defined as the ratio of true predictions/global number of M subjects.

21 Fig. 3 .

 213 Fig. 3. 3D reconstruction of a typical severe scoliosis (T3 -T7 -T11, apex is in green while junctional vertebrae in red; posterior, lateral and top views) and graphs of corresponding vertebral axial rotation (VAR) and intervertebral axial rotation (IAR). Axial rotation is maximal at the apex while intervertebral rotations are maximal near the junctions.

Fig. 4 .

 4 Fig. 4. 3D reconstruction of a typical progressive (T8 -T11 -L1, Cobb angle 13°, apex is in green while junctional vertebrae in red; posterior, lateral and top views) and graphs of corresponding vertebral axial rotation (VAR) and intervertebral axial rotation (IAR). Axial rotation is maximal near the apex while intervertebral rotations are maximal near the junctions.

Fig. 5 .

 5 Fig. 5. This patient showed a Cobb angle of 17° at her first exam (A). When she reached Risser 4 (B) without a brace decision, her Cobb angle was only 23°. However, her waist crease and frontal imbalance increased. Moreover, the L3 vertebra (C) shows a lateral asymmetry of the upper and lower intervertebral vertebral space, which could be the initiation of future rotatory dislocation

Table 1 .

 1 Descriptive parameters of the five subject groups: mild scoliosis (M), which was split in stable (M1) and progressive curves (M2), non-scoliotic subjects (NS), brace (B) and preoperative (P). (IAR: intervertebral axial rotation at junctional levels. VAR: Vertebral axial rotation at apical level. Values are given as average (standard deviation).

	Group	Hypokyphosis Index (°)	Torsion (°)	Lower IAR (°)	Upper IAR (°)	Apical VAR (°)	Cobb Angle (°)
	M						

Table 2 . Confusion matrix of the severity index (S-index) prediction

 2 

		Severity index < 0.4	0.4 < Severity index < 0.6	Severity index > 0.6
	Stable scoliosis (N=26)	21 (81 %)	1 (4 %)	4 (15 %)
	Progressive scoliosis	4 (10 %)	3 (8 %)	32 (82 %)
	(N=39)			

Table 3 . Clinical parameters of misclassified patients.

 3 

	Hypokyphosis Index (°)	Torsion (°)	Lower IAR (°)	Upper IAR (°)	Apical VAR (°)	Cobb Angle (°)	Clinical Outcome
	-5.1	8.8	4.2	2.3	12.6	17.4	
	-0.6	4.0	3.7	-3.9	10.9	15.5	Stable
	-0.9	9.8	6.4	-9.7	11.3	17.4	(false positives)
	-2.2	6.0	3.6	-3.4	10.3	13.7	
	0.2	1.4	0.5	-0.6	7.5	11.7	
	1.5	2.7	-1.5	-1.2	6.2	10.2	Progressive
	0.2	2.3	-0.9	1.1	4.5	10.9	(false negatives)
	0.0	1.6	-2.9	1.0	7.2	11.0	
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