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A Novel Classification of 3D Rib Cage Deformity in Subjects With Adolescent Idiopathic Scoliosis
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Study Design: This was a multicentric cross-sectional descriptive study.

Objective: To analyze patterns of 3D rib cage deformity in subjects with adolescent idiopathic scoliosis (AIS) and their relationship with the spinal deformity.

Summary of Background Data: Subjects with AIS present with rib cage deformity that can affect respiratory functions. The 3D rib cage deformities in AIS and their relationship to the spinal deformity are still unelucidated.

Methods: A total of 200 AIS and 71 controls underwent low-dose biplanar x-rays and had their spine and rib cage reconstructed in 3-dimensional (D). Classic spinopelvic parameters were calculated in 3D and: rib cage gibbosity, thickness, width, volume and volumetric spinal penetration index (VSPI). Subjects with AIS were classified as: group I with mild rib cage deformity (n = 88), group II with severe rib cage deformity (n = 112) subgrouped into IIa (high gibbosity, n = 48), IIb (high VSPI, n = 48), and IIc (both high gibbosity and VSPI, n = 16).

Results: Groups IIa and IIb had a higher Cobb angle (33 vs. 54 degrees and 46 degrees, respectively) and torsion index (11 vs. 14 degrees and 13 degrees, respectively) than group I. Group IIb showed more severe hypokyphosis (IIb = 21 degrees; IIa = 33 degrees; I = 36 degrees; control = 42 degrees) with a reduced rib cage volume (IIb = 4731 cm 3 ; IIa = 4985 cm 3 ; I= 5257 cm 3 ; control = 5254 cm 3 ) and thickness (IIb = 135 mm; IIa = 148 mm; I = 144 mm; control = 144 mm). Group IIa showed an increasingly large local gibbosity descending from proximal to distal levels and did not follow the axial rotation of the spine. Group IIc showed characteristics of both groups IIa and IIb.

Conclusions: This new classification of 3D rib cage deformity in AIS shows that the management of cases with high VSPI (groups IIb and IIc) should focus on restoring as much kyphosis as possible to avoid respiratory repercussions. Treatment indications in groups I and IIa would follow the consensual basic principles reported in the literature regarding bracing and surgery.

A dolescent idiopathic scoliosis (AIS) is a public health issue affecting the self-image and quality of life of patients and their families, [START_REF] Piątek | The effects of active selfcorrection on postural control in girls with adolescent idiopathic scoliosis: the role of an additional mental task[END_REF][START_REF] Pratt | Patient and parental perception of adolescent idiopathic scoliosis before and after surgery in comparison with surface and radiographic measurements[END_REF][START_REF] Zaina | Prevalence of idiopathic scoliosis in anorexia nervosa patients: results from a cross-sectional study[END_REF][START_REF] Yagci | Body awareness and its relation to quality of life in individuals with idiopathic scoliosis[END_REF][START_REF] Misterska | Perception of stress level, trunk appearance, body function and mental health in females with adolescent idiopathic scoliosis treated conservatively: a longitudinal analysis[END_REF][START_REF] Danielsson | Health-related quality of life in patients with adolescent idiopathic scoliosis: a matched follow-up at least 20 years after treatment with brace or surgery[END_REF] along with the presence of associated cardiac abnormalities. [START_REF] Lang | Incidence and risk factors of cardiac abnormalities in patients with idiopathic scoliosis[END_REF] A difficult journey begins after diagnosis, requiring many clinical and radiologic follow-ups accompanying these patients into adulthood and beyond, [START_REF] Verla | Impact of increasing age on outcomes of spinal fusion in adult idiopathic scoliosis[END_REF] leading to increased rates of cancer in this population. [START_REF] Demirel | Cumulative radiation exposure during current scoliosis management[END_REF][START_REF] Simony | Incidence of cancer in adolescent idiopathic scoliosis patients treated 25 years previously[END_REF] In addition, these patients are known to develop restricted pulmonary function, a direct result of their spinal deformity. [START_REF] Bouloussa | Biplanar stereoradiography predicts pulmonary function tests in adolescent idiopathic scoliosis: a cross-sectional study[END_REF][START_REF] Yaszay | The effects of the threedimensional deformity of adolescent idiopathic scoliosis on pulmonary function[END_REF][START_REF] Dreimann | Scoliosis and chest cage deformity measures predicting impairments in pulmonary function: a cross-sectional study of 492 patients with scoliosis to improve the early identification of patients at risk[END_REF] Most patients usually end up requiring either corrective braces or spinal surgery which further compile onto the socioeconomic burden of this disease. [START_REF] Negrini | SOSORT guidelines: orthopaedic and rehabilitation treatment of idiopathic scoliosis during growth[END_REF][START_REF] Roach | Does the outcome of adolescent idiopathic scoliosis surgery justify the rising cost of the procedures?[END_REF] AIS is a complex deformity of the spine involving all 3-dimensions (D). In the frontal plane, the spine is usually deviated, giving a C-shaped or S-shaped appearance and the severity of the deformity is generally assessed using the Cobb angle. [START_REF] Reamy | Adolescent idiopathic scoliosis: Review and current concepts[END_REF] In the sagittal plane, the back is flattened, a process known as hypokyphosis. [START_REF] Labelle | Sagittal plane analysis of the spine and pelvis in adolescent idiopathic scoliosis according to the coronal curve type[END_REF] In the horizontal plane, the vertebrae are rotated, and the maximal rotation generally appears at the level of the apical vertebra. [START_REF] Labaki | Is the apical vertebra the most rotated vertebra in the scoliotic curve?[END_REF] This 3D deformity directly influences the chest wall through the costo-vertebral joints and leads to rib cage asymmetry, which in turn produces a gibbus, or rib hump. This gibbosity, often regarded as the fourth-dimension of scoliotic deformity, [START_REF] Dimeglio | The growing spine: how spinal deformities influence normal spine and thoracic cage growth[END_REF][START_REF] Benameur | Three-dimensional biplanar reconstruction of scoliotic rib cage using the estimation of a mixture of probabilistic prior models[END_REF][START_REF] Fabris | Vertebral rotation during the initial stages of scoliosis: the costovertebral interaction mechanism[END_REF] was shown to be directly related to the Cobb angle [START_REF] Aulisa | Correlation between hump dimensions and curve severity in idiopathic scoliosis before and after conservative treatment[END_REF] and was found to be the second most frequently cited factor leading patients to seek surgical treatment due to its esthetically unpleasant nature. [START_REF] Pratt | Patient and parental perception of adolescent idiopathic scoliosis before and after surgery in comparison with surface and radiographic measurements[END_REF] Another parameter, first described by Dubousset et al [START_REF] Dubousset | Spinal penetration index: new three-dimensional quantified reference for lordoscoliosis and other spinal deformities[END_REF] for the assessment of the rib cage in subjects with neuromuscular diseases with severe thoracic lordoscoliosis, known as the volumetric spinal penetration index (VSPI), was later adapted for use in subjects with AIS. This VSPI is defined as the percentage of rib cage volume occupied by the penetration of the spine and reflects the functional space available for the lungs: the higher the VSPI, the more likely it is for the scoliotic deformity to produce respiratory impairment. Moreover, progressive scoliosis and rib cage asymmetry are known to be associated with chest wall and diaphragmatic mechanical dysfunctions leading to respiratory impairment. [START_REF] Bouloussa | Biplanar stereoradiography predicts pulmonary function tests in adolescent idiopathic scoliosis: a cross-sectional study[END_REF][START_REF] Yaszay | The effects of the threedimensional deformity of adolescent idiopathic scoliosis on pulmonary function[END_REF][START_REF] Dreimann | Scoliosis and chest cage deformity measures predicting impairments in pulmonary function: a cross-sectional study of 492 patients with scoliosis to improve the early identification of patients at risk[END_REF][START_REF] Johnston | Correlation of preoperative deformity magnitude and pulmonary function tests in adolescent idiopathic scoliosis[END_REF] Many methods have been described for the assessment of rib cage morphology, including 2D and 3D imaging modalities. [START_REF] Grivas | Study of trunk asymmetry in normal children and adolescents[END_REF] Frontal and sagittal 2D radiographs have shown limitations in the estimation of the horizontal deformity and lack in precision. A 3D reconstructions based on computerized tomography scans, even though considered as the gold standard in 3D evaluation of the rib cage, are not recommended due to high radiation doses and the supine position during acquisitions which may reduce the severity of some deformities when freed from the effects of gravity. [START_REF] Lee | Changes of deformity due to the position and anesthesia in adolescent idiopathic scoliosis[END_REF] Recently, a new technique using low-dose biplanar x-rays acquired in the free-standing position has shown its efficacy in calculating the 3D deformity of the rib cage with high validity [START_REF] Aubert | 3D reconstruction of rib cage geometry from biplanar radiographs using a statistical parametric model approach[END_REF][START_REF] Jolivet | Fast 3D reconstruction of the rib cage from biplanar radiographs[END_REF] and reliability. [START_REF] Pietton | Rib cage measurement reproducibility using biplanar stereoradiographic 3D reconstructions in adolescent idiopathic scoliosis[END_REF] This new technique can be useful in the assessment of rib cage deformities in subjects with AIS and their relationship with the scoliotic spinal deformity.

Our first hypothesis was that the severity of the spinal deformity as measured by the Cobb angle is not the only factor affecting the space available for the lungs. The second hypothesis was that more than 1 pattern of rib cage deformity is associated with thoracic AIS. The purpose of this study was to validate these 2 hypotheses.

METHODS

This is a multicentric IRB approved (CEHDF742) cross-sectional descriptive study of nonoperated subjects with AIS who had previously consulted for radiographic follow-up. Data were collected from 3 different centers. Nonscoliotic control subjects formerly recruited for previous studies were also included. Written and informed consent was obtained from all subjects and their legal guardians.

In the case of subjects with AIS, inclusion criteria were: ages 10 to 18 years, and frontal Cobb angle ≥ 10 degrees; exclusion criteria were: congenital or neurological scoliosis, infantile and juvenile scoliosis, structural leg length discrepancy ≥ 1 cm, and a scoliotic deformity with only a single major curve located at the lumbar or thoracolumbar regions (Lenke-5). Since subjects with Lenke-6 include both a main thoracic and thoracolumbar/lumbar structural curve, these subjects were included while accounting for the thoracic scoliotic curve.

In the case of controls, inclusion criteria were: ages 10 and 18 years, and no known underlying musculoskeletal or neurological disorders; the exclusion criterion was a frontal Cobb angle > 10 degrees.

Demographic data (age, weight, height, and sex) were collected for all subjects in both groups.

Data Acquisition

All subjects underwent full-body low-dose biplanar x-rays (EOS Imaging, Paris, France). Subjects were placed in the free-standing position. [START_REF] Faro | Evaluation of a functional position for lateral radiograph acquisition in adolescent idiopathic scoliosis[END_REF][START_REF] Melhem | EOS biplanar x-ray imaging: concept, developments, benefits, and limitations[END_REF] 3D reconstructions of their spines and rib cages were undertaken by trained operators using the dedicated SterEOS software (version 1.8.99.20R; EOS Imaging, Paris, France). These reconstructions were then processed using previously validated methods, [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF][START_REF] Humbert | Fast 3D reconstruction of the spine from biplanar radiography: a diagnosis tool for routine scoliosis diagnosis and research in biomechanics[END_REF] from which 3D rib cage, spinopelvic and scoliosis parameters were extracted.

Rib cage parameters included (Fig. 1): thickness (mm): maximum antero-posterior distance between the most posterior point of the rib cage and its projection on the sternal vertical axis, width (mm): maximum frontal width of the rib cage, volume (cm 3 ): integration of different layered surfaces extracted from rib cage reconstructions, [START_REF] Pietton | Rib cage measurement reproducibility using biplanar stereoradiographic 3D reconstructions in adolescent idiopathic scoliosis[END_REF] gibbosity (degree): angle between the horizontal axis and the axis passing through the most posterior prominent points on both sides of the rib cage, [START_REF] Aubert | 3D reconstruction of rib cage geometry from biplanar radiographs using a statistical parametric model approach[END_REF] local gibbosity (degree) at each vertebral level from T1 to T10, and VSPI (%): ratio of the spinal volume penetrating the chest to the rib cage volume. [START_REF] Dubousset | Spinal penetration index: new three-dimensional quantified reference for lordoscoliosis and other spinal deformities[END_REF] The validity and reliability of these parameters have already been evaluated in previous studies. [START_REF] Aubert | 3D reconstruction of rib cage geometry from biplanar radiographs using a statistical parametric model approach[END_REF][START_REF] Pietton | Rib cage measurement reproducibility using biplanar stereoradiographic 3D reconstructions in adolescent idiopathic scoliosis[END_REF][START_REF] Courvoisier | Evaluation of a three-dimensional reconstruction method of the rib cage of mild scoliotic patients[END_REF] Spinopelvic parameters were (Fig. 2): T1T12 kyphosis (degree), T4T12 kyphosis (degree), T10L2 thoracolumbar junction angle (negative values indicate kyphosis) (degree), L1S1 lordosis (LL) (degree), frontal Cobb angle (degree), apical vertebral rotation (degree), vertebral axial rotation from T1 to T10 (degree), torsion index (TI in degree, as the mean sum of the intervertebral axial rotations from the lower end vertebra to the apex and from apex to the upper end vertebra), pelvic incidence (PI) (degree), sacral slope (SS) (degree), and pelvic tilt (PT) (degree). The relationship between SS and LL was presented as a scatter plot as suggested by Legaye and Duval-Beaupère. [START_REF] Legaye | Sagittal plane alignment of the spine and gravity a radiological and clinical evaluation[END_REF] 

Subject Classification

Subjects with AIS were grouped according to gibbosity and VSPI. Subjects with normal or slightly elevated gibbosity and VSPI, but lower than the 95th percentile of the control values, were grouped as mild rib cage deformity (group I). The remaining subjects who presented a high gibbosity and/or VSPI, greater than the 95th percentile of control values, were grouped as severe rib cage deformity (group II) and further divided into 3 subgroups: only high gibbosity (group IIa), only high VSPI (group IIb), and both high gibbosity and VSPI (group IIc).

The distribution of patients according to the Lenke classification [START_REF] Lenke | Adolescent idiopathic scoliosis: a new classification to determine extent of spinal arthrodesis[END_REF] and the Abelin-Genevois sagittal classification [START_REF] Abelin-Genevois | Sagittal classification in adolescent idiopathic scoliosis: original description and therapeutic implications[END_REF] was then characterized in each rib cage deformity group. The structural scoliotic curve was defined as major thoracic (Lenke-1), double curvatures (Lenke-2, 3, 6) or triple major (Lenke-4). Abelin-Genevois types were: AG-1: normal sagittal shape; type AG-2a: thoracic hypokyphosis with cervical kyphosis (3 alternating sagittal curves); type AG-2b: thoracic hypokyphosis and thoracolumbar kyphosis (4 alternating sagittal curves); Type AG-3: proximal cervicothoracic kyphosis and a long thoracolumbar lordosis (only 2 alternating sagittal curves).

Statistical Analysis

Differences in age, weight, and height between subjects with AIS and controls were investigated using either a Mann-Whitney U test or a Student t test depending on the normality of the data (Shapiro-Wilk test). The distribution of sex was compared between groups using χ 2 test.

Differences in rib cage, spinopelvic and scoliosis parameters were investigated between controls and AIS in the different groups of rib cage classification; either a Kruskal-Wallis test or analysis of variance model, followed by pairwise comparisons and Bonferroni corrections, were computed depending on the normality of the data.

Relationships between the rib cage deformity (gibbosity and VSPI) in group II and the 3D spinal deformity (frontal plane: Cobb angle, sagittal plane: T1T12, and horizontal plane: TI) were investigated using a Pearson correlation test. The relationship between the vertebral axial rotation and the local gibbosity at the level of the apical vertebra and its 2 adjacent units proximally and distally was also evaluated.

The level of significance for all statistical tests was set at 0.05. Statistics were performed using Xlstat (version 2019.1.2; Addinsft, Paris, France).

RESULTS

Sample Description

A total of 200 subjects with AIS [166 females; frontal Cobb angle: 43 ± 23 degrees (10-128 degrees)] and 71 controls (51 females) were included. Demographic parameters did not differ between groups (all P > 0.05, Table 1). The distributions of subjects with AIS according to Lenke and Abelin-Genevois were presented in Table 2.

The control group allowed for the definition of the threshold of high gibbosity ( > 9 degrees) and VSPI ( > 6.3%) according to the 95th percentile. As for the novel rib cage deformity classification, 44% (n = 88) of AIS had both normal or subnormal gibbosity and VSPI and were classified as group I with mild rib cage deformity; 24% (n = 48) of AIS had only a high gibbosity and were classified as group IIa; 24% (n = 48) of AIS had only a high VSPI and were classified as group IIb; the remaining 8% (n = 16) of AIS had both high gibbosity and VSPI and were classified as group IIc. In total, 56% (n = 112) of subjects with AIS were classified as group II with severe rib cage deformity.

Most subjects in group II had mainly major thoracic curves (Lenke-1), independently from the sub-groups (group IIa = 77%, group IIb = 65%, and group IIc = 88%). Subjects in groups IIa and IIc were essentially classified as types AG-1 and AG-2a (Table 2).

Rib Cage Parameters

Subjects in group II had smaller rib cage volumes compared with group I and controls (P = 0.008) and higher gibbosity and VSPI (P < 0.001) (Fig. 3).

Subjects in group IIb showed decreased thickness and higher VSPI compared with groups I, IIa, and controls (thickness: 135 vs. 144 mm vs. 148 and 144 mm, respectively, P = 0.002; VSPI: 7% vs. 5% vs. 5% and 4%, respectively, P < 0.001, Table 3). Rib cage volume was significantly lower in group IIb compared with group I (4731 vs. 5257 cm 3 , P = 0.01). In addition, gibbosity was significantly higher in group IIa compared with groups I, IIb, and controls (15 vs. 5 degrees vs. 6 and 4 degrees, respectively). Subjects in group IIc had higher gibbosity than group IIb and higher VSPI than group IIa (Table 3, Fig. 3).

Spinopelvic and Scoliosis Parameters

Subjects with severe rib cage deformity (group II) showed lower kyphosis than group I and controls (28 vs. 36 degrees and 42 degrees, respectively, P < 0.001), and a higher T10L2, TI, frontal Cobb angle, SS, and PI than group I and controls. LL was comparable between groups although the SS was significantly different (Fig. 4). In order to better investigate the spinopelvic alignment in group II, the interaction between LL and SS [START_REF] Legaye | Sagittal plane alignment of the spine and gravity a radiological and clinical evaluation[END_REF] was plotted (Fig. 5). In controls, an SS of 39 degrees induced an LL of 58 degrees. However, an SS of 45 degrees in group II induced an LL of 59 degrees, a loss of 11 degrees of LL relative to its theoretical value according to normative spinopelvic alignment.

When analyzing subgroups in subjects with severe rib cage deformity (group II), subjects in group IIb with high VSPI showed lower kyphosis when compared with groups I, IIa and (ie, T1T12: 21 vs. 36 degrees vs. 33 and 42 degrees, respectively, P < 0.001). Subjects in group IIc had a similar sagittal profile to groups IIa and IIb, and a more severe scoliotic deformity in the frontal and horizontal planes (Table 3, Fig. 4).

Relationship Between Rib Cage Deformity and Spinopelvic Parameters

The VSPI was negatively correlated to T1T12 (r = -0.47, P < 0.001) in all subjects in group II (Fig. 6A). Gibbosity was positively correlated to the frontal Cobb angle (r = 0.54, P < 0.001) and TI (r = 0.41, P < 0.001) in groups IIa and IIc, but not in group IIb (Figs. 6B,C).

In subjects in group IIa, vertebral axial rotation and local gibbosity increased simultaneously from the proximal adjacent units until reaching the apex (Fig. 7); while the vertebral axial rotation started to decrease when descending distally, the local gibbosity continued to increase. In subjects in group IIb, the vertebral axial rotation had a similar 

DISCUSSION

Subjects with AIS usually present with thoracic asymmetry, a deformity known as gibbosity, [START_REF] Altaf | Adolescent idiopathic scoliosis[END_REF] a true esthetic inconvenience; this gibbosity is due to the synergy between the spinal deformity and the rib cage at the level of the costo-vertebral joints. [START_REF] Benameur | Three-dimensional biplanar reconstruction of scoliotic rib cage using the estimation of a mixture of probabilistic prior models[END_REF][START_REF] Fabris | Vertebral rotation during the initial stages of scoliosis: the costovertebral interaction mechanism[END_REF] Thoracic scoliosis is generally associated with hypokyphosis resulting in the spine to penetrate inside the rib cage. [START_REF] Dubousset | Spinal penetration index: new three-dimensional quantified reference for lordoscoliosis and other spinal deformities[END_REF] This study investigated rib cage deformities in 200 subjects with AIS for which the spines and the rib cages were reconstructed in 3D using a novel technique based on low-dose biplanar x-raysu. [START_REF] Aubert | 3D reconstruction of rib cage geometry from biplanar radiographs using a statistical parametric model approach[END_REF] We identified 4 groups of rib cage deformity patterns in AIS: group I with mild rib cage deformity; group II with severe rib cage deformity, further stratified into group IIa with high gibbosity, group IIb with high VSPI, and group IIc with both high gibbosity and VSPI.

Subjects in this study had mainly a single major thoracic

Patterns of Subjects With Severe Rib Cage Deformity-Group II

Subjects in group II showed a reduced rib cage volume compared with subjects in group I. Moreover, the most severe 3D spinal deformities were found in this group (hypokyphosis, higher TI, and Cobb angle). Subjects in group II presented with a higher PI and SS than in controls. Moreover, SS, PI, and PT are inter-related (PI = SS +PT) [START_REF] Duval-Beaupère | A barycentremetric study of the sagittal shape of spine and pelvis: the conditions required for an economic standing position[END_REF] and SS has a major influence on lumbar lordosis. [START_REF] Legaye | Pelvic incidence: a fundamental pelvic parameter for three-dimensional regulation of spinal sagittal curves[END_REF] While the SS was higher in group II, the PT was surprisingly similar between groups I, II, and controls. Thus, subjects in group II presented, in addition to severe rib cage deformities (high gibbosity and VSPI, and low rib cage volume), an altered sagittal alignment with thoracic hypokyphosis, a lordotic thoracolumbar junction, high PI and SS, and reduced LL relative to expected values. These differences between groups were maintained even when controlling for PI during statistical analysis.

Specific Patterns in Subgroups of Subjects With Severe Rib Cage Deformity-Groups IIa, IIb, IIc

When further investigating subgroups within group II, group IIc presented the most severe scoliotic deformity in the frontal and horizontal planes, and group IIb presented a significantly reduced rib cage thickness and volume when compared with other subjects. Furthermore, subjects in this group presented a greater loss of kyphosis compared with subjects in groups I, IIa, and controls. This hypokyphosis might have forced the rib cage to move anteriorly, thereby decreasing the gibbosity. This finding is supported by the fact that a high number of patients in group IIb were classified as type AG-2a (33%) or AG-2b (35%) of the Abelin-Genevois sagittal classification, both of which are characterized by a hypokyphotic thoracic spine. Moreover, subjects in all 3 subgroups of group II showed negative correlations between their thoracic kyphosis and curve (66%), which was concordant with the literature, [START_REF] Wang | Different curve pattern and other radiographical characteristics in male and female patients with adolescent idiopathic scoliosis[END_REF][START_REF] Jackson | Radiographic analysis of the sagittal alignment and balance of the spine in asymptomatic subjects[END_REF] and were mostly classified as Type AG-1 (52%) according to the Abelin-Genevois sagittal classification.

Patterns of Subjects With Mild Rib Cage Deformity-Group I

Subjects in group I presented a higher gibbosity and VSPI than controls without exceeding clinical significance; their rib cage volume remained similar. While remaining in the 95th percentile corridor of normality, some subjects had their gibbosity and VSPI shifted upwards. Subjects in group I showed decreased kyphosis compared with controls, a higher torsion index and a moderate Cobb angle. This shows that, despite the altered 3D spinal deformity, there were no modifications in rib cage volume, as suggested in a previous study. [START_REF] Charles | Three-dimensional and volumetric thoracic growth in children with moderate idiopathic scoliosis compared with normal[END_REF] VSPI, showing that the increased penetration of the spine within the rib cage might be a result of flat backs. In fact, the sagittal flattening of the spine is known to reduce rib cage volume and cause respiratory impairment. [START_REF] Ilharreborde | Spinal penetration index assessment in adolescent idiopathic scoliosis using EOS low-dose biplanar stereoradiography[END_REF][START_REF] Takahashi | Factors of thoracic cage deformity that affect pulmonary function in adolescent idiopathic thoracic scoliosis[END_REF] The relationship between the vertebral axial rotation and the local gibbosity at the level of the scoliotic segment presented a specific pattern for subjects in group IIb. While the vertebral axial rotation increased when descending from the proximal adjacent vertebrae toward the apex and decreased once again when moving distally, the local gibbosity was almost unchanged at all levels, showing a decoupling between vertebral axial rotation and local gibbosity.

Furthermore, even though subjects in group IIa were described as having only a high gibbosity, they nonetheless presented with a significantly higher VSPI than controls, without any loss in thickness or volume. Furthermore, most of these subjects presented a different sagittal profile than subjects in group IIb and were classified as type AG-1 (54%) (Fig. 8), compared with group IIb, who were mostly classified as types AG-2a (33%) and AG-2b (35%). This further stresses the fundamental differences between these groups.

This study also showed that, in subjects in group IIa, the gibbosity increased simultaneously not only with the frontal Cobb angle, as has previously been shown, [START_REF] Bouloussa | Biplanar stereoradiography predicts pulmonary function tests in adolescent idiopathic scoliosis: a cross-sectional study[END_REF] but also with the TI. Moreover, vertebral axial rotation and local gibbosity were shown to increase simultaneously when descending from the proximal adjacent units toward the apex (Fig. 7). While the vertebral axial rotation decreased once again when moving distally, the local gibbosity maintained its elevation. This pattern was strikingly different from that seen in group IIb, where the gibbosity remained low independently from the axial vertebral rotation.

This study showed that the frontal Cobb angle is not the sole predictor of rib cage deformity since thoracic hypokyphosis and TI showed equally strong correlations to VSPI and gibbosity, respectively.

The major limitation of this study is related to the lack of functional lung assessments (in the form of pulmonary function tests or spirometry). Thus, it would be interesting to compare lung assessment results between groups of 3D rib cage deformity. However, previous studies have shown that the reduced rib cage volume was a strong predictor of impaired pulmonary function. [START_REF] Bouloussa | Biplanar stereoradiography predicts pulmonary function tests in adolescent idiopathic scoliosis: a cross-sectional study[END_REF] In summary, subjects in groups IIa and IIb showed more severe frontal and axial spinal deformities (Fig. 8). When compared with group I, they showed a higher PI and SS while maintaining a similar PT. This was associated with thoracic hypokyphosis and a lower LL than was expected for such spinopelvic alignment.

Subjects in group IIb showed a more severe hypokyphosis with a reduced rib cage volume and thickness. In group IIa, the local gibbosity increased progressively when descending from the proximal to the distal segments and did not follow the axial rotation of the spine.

Subjects in group IIc showed all the characteristics presented above, with the most severe scoliotic deformity in the frontal and horizontal planes; 2 examples were displayed in Figure 9. When comparing these 2 subjects, even though they presented with a similar gibbosity and VSPI, differences existed between the 2 in the Cobb angle, TI, and sagittal alignment.

This new classification of rib cage deformity in subjects with AIS shows that subjects with high gibbosity only (IIa) are more likely to suffer from esthetic discomfort and less from respiratory impairment, while subjects with high VSPI (IIb and IIc) would be more prone to develop restrictive lung disease. Moreover, this finding highlights the question of ageing presented when assessing the progression of subjects with AIS in group IIb and IIc, who should be followed-up more closely due to the risk of developing alterations in maintaining their upright balance because of respiratory impairments. [START_REF] Attali | Compensation of respiratoryrelated postural perturbation is achieved by maintenance of head-topelvis alignment in healthy humans[END_REF] In conclusion, these findings are of utmost importance while assessing and planning treatment for patients with AIS. Treatment indications in groups I and IIa should follow the consensual basic principles reported in the literature, regarding bracing and surgery. However, the management of cases with high VSPI (groups IIb and IIc), for whom the primary issue relies in the potential for the degradation of respiratory function and not esthetic considerations, should focus on restoring as much kyphosis as possible. This remains hazardous with nonoperative treatments, as braces are known to aggravate thoracic hypokyphosis [START_REF] Courvoisier | 3D analysis of brace treatment in idiopathic scoliosis[END_REF] and subsequently respiratory function. As a result, surgical intervention should be preferred in subjects presenting with lower frontal Cobb angles than commonly indicated when taking the morphology of the rib cage into consideration. Thus, this classification should guide surgeons not to rely only on the magnitude of the frontal Cobb and gibbosity to assess scoliosis, but also on the amount of vertebral rotation and hypokyphosis that are related to the volume of the rib cage and spinal penetration, both of which threaten lung function in adolescents with idiopathic scoliosis. This novel 3D rib cage deformity classification along with these new surgical suggestions could have a direct impact on the treatment outcome and should prove beneficial to the patients.

FIGURE 1 .

 1 FIGURE 1. Biplanar x-rays and 3D reconstruction of the spine, pelvis and the rib cage along with the calculated parameters on the rib cage reconstructions: volumetric spinal penetration index (blue area), rib cage volume, maximum thickness and width, and gibbosity.

FIGURE 2 .

 2 FIGURE 2. Spinopelvic and scoliosis parameters calculated on 3D reconstructions: A, (1) T1T12 kyphosis; (2) T4T12 kyphosis; (3) L1S1 lordosis; (4) sacral slope (SS); (5) pelvic incidence (PI) and (6) pelvic tilt (PT). B, (6) frontal Cobb angle; (7) apical vertebral rotation (AVR and 10) Torsion index (TI): defined as the mean of the sum of intervertebral axial rotations from lower junction to apex and from apex to upper junction.

FIGURE 3 .

 3 FIGURE 3. Comparisons of rib cage parameters between groups and subgroups. Blue brackets indicate statistically significant difference (P < 0.005).

FIGURE 4 .

 4 FIGURE 4. Comparisons of spinopelvic and scoliosis parameters between groups and subgroups. Blue brackets indicate statistically significant difference (P < 0.005).

FIGURE 5 .

 5 FIGURE 5. Spinopelvic sagittal malalignment in adolescent idiopathic scoliosis (AIS) with severe rib cage deformity compared with controls. Blue ellipses at 1 SD and 2 SD of control subjects. Subjects with AIS with severe rib cage deformity (group II) are presented in gray dots and lines. Mean values and expected means were plotted.

FIGURE 6 .

 6 FIGURE 6. Correlation between rib cage deformity and spinopelvic parameters in group II.

FIGURE 7 .

 7 FIGURE 7. Local gibbosity and vertebral axial rotation at vertebral levels of the scoliotic segment. AV indicates apical vertebra.

FIGURE 8 .

 8 FIGURE 8. Examples of AIS subjects with high gibbosity (group IIa) and high VSPI (group IIb). AIS indicates adolescent idiopathic scoliosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; VSPI, volumetric spinal penetration index.

FIGURE 9 .

 9 FIGURE 9. Two examples of AIS with severe rib cage deformity: presenting both high gibbosity and VSPI. AIS indicates adolescent idiopathic scoliosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; VSPI, volumetric spinal penetration index.

TABLE 1 .

 1 Comparison of Demographic Parameters Between Controls and the Adolescent Idiopathic Scoliosis (AIS) Population

			Mean (SD)	
	Demographics Controls (n = 71) Subjects With AIS (n = 200) P
	Age (y)	14 (3)	14 (2)	0.27
	Weight (kg)	54 (14)	53 (9)	0.56
	Height (cm)	156 (12)	155 (11)	0.50
	Sex			
	F	51	166	0.07
	M	1 9	3 4	

TABLE 2 .

 2 Classification of Subjects With Adolescent Idiopathic Scoliosis (AIS) and Groups and Subroups of Rib Cage Deformity According to Lenke and Abelin-Genevois

			Lenke Classification		Abelin-Genevois Sagittal Classification
	Groups	Lenke 1	Lenke 2	Lenke 3	Lenke 6	AG-1	AG-2a	AG-2b	AG-3
	Total sample of subjects with AIS	66%; n = 131 5%; n = 10 19%; n = 38 11%; n = 21 52%; n = 103 22%; n = 44 13%; n = 26 14%; n = 27
	(n = 200)								
	Rib cage deformity 3D classification								
	Group I: mild rib cage deformity	56%; n = 49 5%; n = 4 24%; n = 21 16%; n = 14 63%; n = 55 10%; n = 9	3%; n = 3 24%; n = 21
	(44%; n = 88)								
	Group II: severe rib cage deformity	73%; n = 82 5%; n = 6 15%; n = 17 6%; n = 7	43%; n = 48 31%; n = 35 21%; n = 23 5%; n = 6
	(56%; n = 112)								
	Group IIa: high gibbosity								
	(24%; n = 48)								

77%; n = 37 2%; n = 1 17%; n = 8 4%; n = 2 54%; n = 26 31%; n = 15 8%; n = 4 6%; n = 3 Group IIb: high VSPI (24%; n = 48) 65%; n = 31 8%; n = 4 17%; n = 8 10%; n = 5 27%; n = 13 33%; n = 16 35%; n = 17 4%; n = 2 Group IIc: high gibbosity & VSPI (8%; n = 16) 88%; n = 14 6%; n = 1 6%; n = 1 0 56%; n = 9 25%; n = 4 13%; n = 2 6%; n = 1 pattern to that in group IIa, but local gibbosity remained constant throughout.

TABLE 3 .

 3 Comparison of Spinopelvic, Scoliosis and Rib Cage Parameters Between Controls and Sub-groups of Subjects With Adolescent Idiopathic Scoliosis (AIS) Classified According to Severity of Rib Cage Deformity

				AIS With														
				Mild Rib														
				Cage		AIS With Severe Rib Cage									
				Deformity	Deformity-Group II									
										Group IIc								
						Group IIa	Group IIb	(High									
						(High		(High		Gibbosity								
		Controls	Group I	Gibbosity;	VSPI;		and VSPI;								
		(n = 71)	(n = 88)	n = 48)	n = 48)		n = 16)								
														Controls	Controls	Controls	Group	Group	Group	Group	Group	Group
													Controls	vs.	vs.	vs.	I vs.	I vs.	I vs.	IIa vs.	IIa vs.	IIb vs.
	3D Radiographic												vs.	Group	Group	Group	Group	Group	Group	Group	Group	Group
	Parameters	Mean SD Mean SD Mean SD Mean SD Mean SD	P	Group I	IIa	IIb	IIc	IIa	IIb	IIc	IIb	IIc	IIc
	Spine																		
	Sagittal plane																		
	T1T12 Kyphosis	42	9	36	12	33	14	21 10	30	13 < 0.001	*	*	*	*		*		*
	(deg.)																		
	T4T12 Kyphosis	34	10	30	11	26	15	15	9	24	14 < 0.001	*	*	*	*		*		*
	(deg.)																		
	T10L2 (°)	-2	10	-2	11	5	11	8 11	11	15 < 0.001		*	*	*	*	*	*
	L1S1 Lordosis	58	10	59	10	61	10	56 11	60	12	0.18							
	(deg.)																		
	Axial plane																		
	Torsion index	2	2	11	9	14	6	13	7	16	9 < 0.001	*	*	*	*	*		
	(deg.)																		
	Apical vertebral	2	3	10	8	16	7	13	8	21	9 < 0.001	*	*	*	*	*	*	*	*
	rotation (deg.)																		
	Frontal plane																		
	Frontal Cobb	3	3	33	19	54	19	46 21	64	29 < 0.001	*	*	*	*	*	*	*
	angle (deg.)																		
	Pelvis																		
	Pelvic tilt (°)	7	8	8	8	9	9	8	7	8	7	0.98							
	Pelvic incidence	46	10	48	11	54	13	54 12	53	10	0.002		*	*				
	(deg.)																		
	Sacral slope (deg.)	39	8	40	9	45	8	46	9	44	7 < 0.001		*	*		*	*	
	Rib cage																		
	Thickness (mm)	144	17 144	14 148	19	135 13 143	18	0.002			*			*		*
	Width (mm)	227	21 232	17 227	19	233 14 231	16	0.06							
	Gibbosity (deg.) Volume (cm 3 )	4 5254 1300 5257 1024 4985 906 4731 691 4868 1009 2 5 2 15 6 6 2 15 9 < 0.001 0.01	*	*	*	*	*	*	*	*	*
	Volumetric SPI (%)	4	1	5	1	5	1	7	1	7	1 < 0.001	*	*	*	*		*	*	*	*
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