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Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of the spine which affects 1-4% of the population [START_REF] Konieczny | Epidemiology of adolescent idiopathic scoliosis[END_REF]. Most severe AIS cases require surgical correction to reduce the risk of respiratory function worsening and a significant reduction of quality of life [START_REF] Kearon | Factors Determining Pulmonary Function in Adolescent Idiopathic Thoracic Scoliosis[END_REF][START_REF] Danielsson | Natural history of adolescent idiopathic scoliosis: a tool for guidance in decision of surgery of curves above 50[END_REF][START_REF] Tones | A Review of Quality of Life and Psychosocial Issues in Scoliosis[END_REF]. However, only between 23 and 45% of patients progress [START_REF] Vergari | Effect of curve location on the severity index for adolescent idiopathic scoliosis: a longitudinal cohort study[END_REF][START_REF] Danielsson | A prospective study of brace treatment versus observation alone in adolescent idiopathic scoliosis: a follow-up mean of 16 years after maturity[END_REF][START_REF] Lonstein | The prediction of curve progression in untreated idiopathic scoliosis during growth[END_REF], and treatment for mild patients aims to slowing down the progression and reduce the need of surgery. Non-operative treatment of mild cases is often a combination of physical therapy and bracing, which are more effective when started early [START_REF] Hresko | Early Detection of Idiopathic Scoliosis in Adolescents[END_REF]. However, these treatments can be cumbersome for active teenagers, and therefore only those patients who are at risk of progression should be treated. Hence, early detection of progressive scoliosis could have a very high potential clinical impact since it could improve treatment efficacy while minimizing over-treatment.

In this context, several studies focused on the 3-dimensional analysis of the spine, and how 3D morphological parameters can be integrated in predictive algorithms to determine risk of AIS progressions [START_REF] Vergari | Effect of curve location on the severity index for adolescent idiopathic scoliosis: a longitudinal cohort study[END_REF][START_REF] Dolan | Bracing in Adolescent Idiopathic Scoliosis Trial (BrAIST): development and Validation of a Prognostic Model in Untreated Adolescent Idiopathic Scoliosis Using the Simplified Skeletal Maturity System[END_REF][START_REF] Kadoury | 3-D Morphology Prediction of Progressive Spinal Deformities from Probabilistic Modeling of Discriminant Manifolds[END_REF]. Indeed, the scoliotic spinal midline is characterized by a lateral translation and axial rotation which are maximized at the apical vertebra, as well as a flattening of the sagittal profile. This overall displacement of the spinal midline can be accompanied by anterior overgrowth and lateral wedging of the vertebrae [START_REF] Schlösser | Anterior Overgrowth in Primary Curves, Compensatory Curves and Junctional Segments in Adolescent Idiopathic Scoliosis[END_REF][START_REF] Parent | Vertebral Wedging Characteristic Changes in Scoliotic Spines[END_REF]. Recent works also showed that AIS patients can have increased spinal slenderness compared to asymptomatic controls [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF][START_REF] Chen | The Height-Width-Depth Ratios of the Intervertebral Discs and Vertebral Bodies in Adolescent Idiopathic Scoliosis vs Controls in a Chinese Population[END_REF][START_REF] De Reuver | Disc and Vertebral Body Morphology From Birth to Adulthood[END_REF]. Slenderness is "the ratio of transverse vertebral diameters to vertebral height […] combined into various slenderness ratios", according to the Scoliosis Research Society [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]. It represents a potential instability of the spine to buckling under compressive loads. However, the role of slenderness in the "vicious cycle" of scoliosis is not yet known and, in particular, it is not yet known if it is an early sign of progression, or if it increases later in more severe cases [START_REF] Stokes | Mechanical modulation of vertebral body growth. Implications for scoliosis progression[END_REF][START_REF] Villemure | Progression of vertebral and spinal three-dimensional deformities in adolescent idiopathic scoliosis: a longitudinal study[END_REF].

In this work, we hypothesized that vertebral slenderness could be an early sign of progression which could be detected as early as the first radiological examination for scoliosis.

Material and methods

The study was approved by an ethical committee (CPP Ile de France VI 6001 and local hospitals' ethical committees). Given the multicentric nature of data collection, different clinical centres followed different procedures. In general, patient informed consent was collected for patients which were included prospectively, and it was waived for retrospective anonymized data which was acquired in clinical routine. All data was processed within the European Union. This cohort was previously reported in studies on a severity index for the prediction of scoliosis progression [START_REF] Vergari | Effect of curve location on the severity index for adolescent idiopathic scoliosis: a longitudinal cohort study[END_REF][START_REF] Vergari | Quasiautomatic early detection of progressive idiopathic scoliosis from biplanar radiography: a preliminary validation[END_REF], which did not include any analysis of spine slenderness.

Subjects

Patients were included prospectively and retrospectively from six clinical centres in four countries (France, Hong Kong, Lebanon, Italy, with a minimal of 10% of inclusions per team), between 2013 and 2020. Inclusion criteria were confirmed diagnosis of AIS, Cobb angle between 10 • and 25 • , European Risser sign 〈 3, age 〉 10 years and no previous treatment of scoliosis. Exclusion criteria were: supernumerary thoracic vertebrae or transition anomalies, and non-idiopathic scoliosis, which was excluded through clinical and neurological assessment.

Patients were stratified according to their age in order to mitigate the confounding effect of this variable on vertebral slenderness: 10 years, 11 to 12 and 13 or above. Age thresholds were chosen according to the number of patients in each group (Table 1).

Patients were then followed radiologically to determine their outcome as "stable" patients (no progression and no treatment) or "progressive" patients (prescription of brace). Quantitative criteria for this classification are provided in Table 2 [START_REF] Negrini | SOSORT guidelines: orthopaedic and rehabilitation treatment of idiopathic scoliosis during growth[END_REF].

An age-matched control group of non-scoliotic subjects was also included. These subjects underwent a radiographic exam for unrelated reasons (participation in other studies, trauma, etc.), and absence of scoliosis was checked radiologically.

Imaging and 3D reconstruction

At inclusion, all subjects (patients and) underwent biplanar radiography (EOS system, EOS Imaging, Paris, France) in free-standing position [START_REF] Faro | Evaluation of a functional position for lateral radiograph acquisition in adolescent idiopathic scoliosis[END_REF] (Fig. 1). The spine of all patients was reconstructed in 3D from T1 to L5 using a previously validated method [START_REF] Humbert | 3D reconstruction of the spine from biplanar X-rays using parametric models based on transversal and longitudinal inferences[END_REF]. In brief, the spinal midline was manually digitized in the frontal and lateral radiographs, and the software proposed an initial solution consisting in 3D models of vertebrae from T1 to L5. These models were retro projected on the radiographs, and the user could manually adjust the position and shape of the vertebrae to match their outline with the underlying radiograph. Pelvis acetabula and sacral plate were also digitized in both views.

Apical vertebra was defined as the most laterally displaced and most axially rotated vertebra, while the upper and lower end vertebrae were the more tilted vertebrae above and below the apex [START_REF] O'brien | Radiographic Measurement Manual[END_REF].

Cobb angle and slenderness ratios of vertebrae and discs were computed automatically from the 3D reconstruction. For vertebral slenderness computation, first the upper and lower endplates were automatically isolated in the regionalized 3D model (Fig. 2). The area and moment of area of each endplate was computed. The radius of gyration of the vertebra was also computed, as g =

̅̅̅̅̅̅̅ ̅ A/I √

, where A was the average area of the two endplates and I the average of the smallest second moment of area of each endplate. Finally, vertebra body height H was computed as the distance between the barycentres of the endplates, which allowed calculating vertebral slenderness as r = H ̅̅̅̅̅̅̅ ̅ A/I √ [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF][START_REF] Townsend | Buckling studies of single human trabeculae[END_REF]. Similarly, disc slenderness ratio was calculated between the endplates of each couple of adjacent vertebrae.

Statistics

Analysis of preliminary data allowed to establish that a cohort of 60 patients would allow to detect a significant difference in slenderness ratio of the same magnitude of the previously observed differences between non-scoliotic and AIS patients [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF].

Data normality was checked with Lilliefors test. Correlations were analysed with Pearson's correlation tests between normal variables and with Spearman's test between non-normal ones. Differences between stable and progressive patients were analysed with t-tests for normally distributed variables, and with Mann-Whitney tests otherwise. Differences in slenderness ratio between age groups were tested with Kruskal Wallis tests.

Quantiles were computed for vertebral slenderness ratio at each level from the whole cohort. Then, the percentage of apexes and lower or upper end vertebrae with higher slenderness than the 3rd quartile was computed. The percentages were compared between stable and progressive patients using Fisher's exact test. The hypothesis behind this test was that progressive patients should represent the highest values within slenderness distribution, and the stable patients the lower values.

Results were reported as median [1st; 3rd quartile]. Significance was set at α = 0.05. 

Results

In total, one-hundred thirty-eight patients were included (113 girls and 25 boys, median age 12 years [11; 13], ranging between 10 and 15 years). Number of patients by age are provided in Table 3. Ninety-three non-scoliotic subjects were also included (75 girls, 18 boys, 12 [10; 13] years old). Non-scoliotic subjects and AIS patients had the same age (p = 0.9).

Median Cobb angle was 16.5 • [13.4 • ;19.1 • ] in AIS patients. After follow-up, 75 patients (54%) resulted progressive while 63 were stable (46%). Stable patients were slightly but significantly older than progressive (12 [12; 13] years versus 11.3 [10; 12] years, p = 0.0003).

Vertebral slenderness ratio increased significantly with age (p < 0.001, Fig. 3) and with Risser sign (p < 0.01) at all vertebral levels. The pattern was similar in non-scoliotic subjects. No correlation was observed with Cobb angle (p > 0.07 at all levels). Disc slenderness tended to decrease with age at three vertebral levels (T9-T10, T1-T11 and L3-L4, Fig. 3). A negative correlation was found between disc slenderness and Cobb angle, but only at the levels between T2-T3 and T5-T6 discs (p 〈 0.02, R 〉 0.15). Fig. 4 shows that stable and progressive patients had similar vertebral slenderness at all vertebral levels (p > 0.05), independently of age, 1). Upper and lower endplates are highlighted in red and green, respectively, and the vertebral body height is shown as a black line.

Table 3

Percentage of notable vertebrae (apex, upper and lower end vertebrae) presenting a slenderness higher than 3rd quartile of the overall population. All vertebral levels were processed independently (e.g., a T5 apex was compared to the overall range of slenderness of all T5 vertebrae). Differences between stable and progressive patients were not significant (p > 0.05, Fisher's exact test). N = number of patients. and both were similar to non-scoliotic subjects (p > 0.1). Disc slenderness showed a similar pattern, but age stratification was not necessary. Vertebral slenderness ratio was further analysed at the apex and end vertebrae. Table 1 shows that a similar percentage of stable and progressive patients showed "high" slenderness ratio (higher than the 3rd quartile of the whole cohort) at all key levels (apex and end vertebrae). The equality of the percentages between groups was confirmed by Fisher's exact test (p > 0.4). Similar results were obtained by stratifying patients according to Risser sign instead of age.

Fig. 5 shows examples of stable and progressive patients with high and low slenderness.

Discussion

In this study, vertebral and disc slenderness were measured in mild scoliotic patients at their first radiological exam for scoliosis. Patients were then followed up until they reached skeletal maturity without significant progression of the deformity, or until they were prescribed a brace to slow down an accelerating progression. Our hypothesis was that spine slenderness could be an early sign of deformity progression, and therefore that it could be used as a parameter to predict progression and as an indication for early treatment.

This initial hypothesis arose from recent studies which showed that mild to severe AIS patients have more slender spines than controls [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF][START_REF] Chen | The Height-Width-Depth Ratios of the Intervertebral Discs and Vertebral Bodies in Adolescent Idiopathic Scoliosis vs Controls in a Chinese Population[END_REF]. In particular, it was reported that vertebral slenderness increased with age, while disc slenderness decreased with age and increased with Cobb angle. This raised the question of whether patients already showed different slenderness at their first exam, before their progression or stabilization. However, no differences were observed between stable and progressive patients, once age was accounted for. Furthermore, patients showed similar vertebral and disc slenderness to non-scoliotic subjects, as well as a similar slenderness change with age. This further confirms that morphological alterations of the vertebrae which differentiate AIS patients and non-scoliotic subjects tend to develop later during the progression of the deformity.

From a methodological point of view, the stratification of the cohort by age was necessary to correct for this confounding factor. Table 1 shows that the stable group consists of more patients of age ≥ 13 than the progressive group. Without age-correction, slenderness would appear higher in the stable group than the progressive one. This difference disappears once age's confounding effect was accounted for.

Patient's follow-up was stopped at the first sign of progression (typically a 5 • increase of Cobb angle), which coincided with the beginning of treatment. Treatment invariably alters the patient's natural history, which introduces several confounding variables when studying progression. In perspective, a different study design should be implemented to study the relationship between slenderness and progression beyond mild cases. In particular, it would be interesting to follow up those patients that are advised treatment by the clinician but refuse it, because natural progression of slenderness could be observed in these progressive patients.

Results of this study give an insight into the development and progression of AIS. Since slenderness appeared normal in the early scoliosis patients of the present cohort, the starting point of the "vicious cycle" leading to the progression of the deformity is not due to this feature, which could appear later in the progression [START_REF] Vergari | Spine slenderness and wedging in adolescent idiopathic scoliosis and in asymptomatic population: an observational retrospective study[END_REF]. This is supported by previous research, often based on simulations, which concluded that progression of the deformity requires an initial alteration of vertebral morphology or position [START_REF] Drevelle | Analysis of the mechanisms of idiopathic scoliosis progression using finite element simulation[END_REF][START_REF] Villemure | Simulation of Progressive Deformities in Adolescent Idiopathic Scoliosis Using a Biomechanical Model Integrating Vertebral Growth Modulation[END_REF]. Hence, the initiation of the progression must be searched for elsewhere in the multifactorial pathogenesis of AIS [START_REF] Weinstein | Adolescent idiopathic scoliosis[END_REF]. Nevertheless, mechanical instabilities due to rotational effects could be more relevant than lateral buckling, since intervertebral rotations at end vertebrae and higher torsion moments have been previously described [START_REF] Thenard | Analysis of Center of Mass and Gravity-Induced Vertebral Axial Torque on the Scoliotic Spine by Barycentremetry[END_REF][START_REF] Langlais | Balance, barycentremetry and external shape analysis in idiopathic scoliosis: what can the physician expect from it?[END_REF]. Vertebral axial rotation and rotational instability have indeed been pointed out as a prominent characteristics of the scoliotic deformity in adolescents [START_REF] Castelein | The role of dorsal shear forces in the pathogenesis of adolescent idiopathic scoliosis -A hypothesis[END_REF][START_REF] Illés | The third dimension of scoliosis: the forgotten axial plane[END_REF][START_REF] Karam | Assessment of the axial plane deformity in subjects with adolescent idiopathic scoliosis and its relationship to the frontal and sagittal planes[END_REF][START_REF] Castelein | Idiopathic Scoliosis as a Rotatory Decompensation of the Spine[END_REF], and torsional buckling could occur more easily in a slender spine [START_REF] De Reuver | Disc and Vertebral Body Morphology From Birth to Adulthood[END_REF]. This work presents some limitations. Firstly, the 3D reconstruction obtained from biplanar radiography does not have the same accuracy as CT-scans. However, biplanar radiography delivers a much lower radiation dose than CT scan [START_REF] Pedersen | A reduced micro-dose protocol for 3D reconstruction of the spine in children with scoliosis: results of a phantom-based and clinically validated study using stereo-radiography[END_REF][START_REF] Deschenes | Diagnostic imaging of spinal deformities: reducing patients radiation dose with a new slot-scanning X-ray imager[END_REF], which makes it more adapted to the routine radiological follow up of AIS patients. Furthermore, previous studies showed that uncertainty of vertebral slenderness measurement from biplanar radiography was 0.17 (6% coefficient of variation), which Fig. 3. Vertebral and disc slenderness ratio at each level by age group. Significant differences (Kruskal-Wallis test, p < 0.05) between scoliotic groups are indicated by horizontal lines. Box plots represent median [1st , 3rd quantiles] of patients, while whiskers represent the 95th percentile. was sufficient to detect significant differences between age groups and between vertebral levels. Furthermore, biplanar radiography is acquired in standing position, which allows for a more relevant morphology of the discs for the analysis of mechanical buckling, unlike the lying position utilized in other imaging methods where the spine is unloaded. Besides, patient's position would not alter vertebral slenderness, which is a morphological property of the vertebra.

Secondly, intervertebral discs do not appear on radiography, so their slenderness was inferred from the adjacent endplates. This does not account for disc bulging [START_REF] Heuer | A new laser scanning technique for imaging intervertebral disc displacement and its application to modeling nucleotomy[END_REF], which could be significant in the evaluation of the spine's mechanical instability to buckling.

To our knowledge, this is the first study analysing spine slenderness in mild AIS, in standing position, and to relate it to the natural history of the patient. Results show that slenderness is not an early sign of progression, which, combined with previous results, suggests that slenderness tends to increase during the progression. Further studies should follow-up patients during treatment to characterize the relationship between the progression of the deformity and that of slenderness. 

Fig. 1 .

 1 Fig. 1. Examples of biplanar radiographs of two patients with low (Patient 1, 11 years old boy) and high slenderness ratio (Patient 2, 14 years old girl). Zooms on the 3D models of T10 and L3 vertebrae of both patients are shows; vertebrae are represented in the same scale (background grid size is 20 mm). Patient #2 has significantly taller vertebrae than patient #1, and they are only slightly larger; hence, vertebrae of patient #2 have higher slender ratio.

Fig. 2 .

 2 Fig. 2.Examples of two L3 vertebrae with low (Patient #1) and high slenderness (Patient #2) from two patients (x-rays are available in Fig.1). Upper and lower endplates are highlighted in red and green, respectively, and the vertebral body height is shown as a black line.

Fig. 5 .

 5 Fig. 5. Examples of two stable and two progressive patients with high and low slenderness.

  

  

Table 1

 1 Number of subjects in each group by age range (number of females/males in parentheses).

	Age range:	10	11-12	>= 13
	Total scoliosis cohort	30 (29/1)	60 (48/12)	48 (36/12)
	Stable	8 (8/0)	24 (18/6)	31 (24/7)
	Progressive	22 (21/1)	36 (30/6)	17 (12/5)
	Healthy subjects	24(24/0)	33 (28/3)	36 (21/15)

Table 2

 2 Definition of stable and progressive patients after follow-up.

	Definition	Cobb angle	Vertebral axial rotation	Risser sign
	Stable if:	≤ 25 •	No significant increase	≥ 3
	Progressive if:	> 25 •		≤ 2
	or	+5 • in six months		≤ 2
	or		+5 • in six months	≤ 2
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