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Combined gait analysis and radiologic examination in children with X-linked hypophosphatemia

Keywords: XLH, Gait analysis, Bone deformities, Paediatrics

Background: X-linked hypophosphataemia causes bone deformities and gait abnormalities that tend to worsen with age in the absence of appropriate treatment. However, doctors do not currently use quantitative tools to characterise these symptoms and their possible interactions.

Methods: Radiographs and 3D gait data from 43 non-surgical growing children with X-linked hypophosphataemia were acquired prospectively. Data from age-matched typically developing children were used to form the reference group. Subgroups based on radiological parameters were compared with each other and with the reference population. Linear correlations between radiographic parameters and gait variables were examined.

Finding: X-linked hypophosphatemic patients differed from the control group in pelvic tilt, ankle plantarflexion, knee flexion moment and power. High correlations with tibiofemoral angle were found for trunk lean, knee and hip adduction, and knee abduction moment. The Gait Deviation Index was below 80 for 88% of the patients with a high tibiofemoral angle (varus). Compared to other subgroups, varus patients had augmented trunk lean (+3°) and knee adduction (+10°) and decreased hip adduction (-5°) and ankle plantarflexion (-6°). Femoral torsion was associated with alterations in rotation at the knee, and hip.

Interpretation: Gait abnormalities induced in X-linked hypophosphataemia have been described in a large cohort of children. Links between gait alterations and lower limb deformities were found, with varus deformities standing out. Since bony deformities appear when X-linked hypophosphatemic children start walking and have been found to alter gait patterns, we suggest that combining radiology with gait analysis may improve the clinical management of X-linked hypophosphataemia.

Introduction

X-linked hypophosphatemia (XLH) is one of the most common forms of hereditary rickets [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Lempicki | Magnetic Resonance Imaging Features as Surrogate Markers of X-Linked Hypophosphatemic Rickets Activity[END_REF][START_REF] Insogna | A Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trial Evaluating the Efficacy of Burosumab, an Anti-FGF23 Antibody, in Adults With X-Linked Hypophosphatemia: Week 24 Primary Analysis[END_REF]. This rare disease is caused by an inhibitory mutation in the PHEX gene inducing a defect in renal reabsorption of phosphate and calcium and impaired activation of 25OH-Vitamin D (25-OHD) [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Lempicki | Magnetic Resonance Imaging Features as Surrogate Markers of X-Linked Hypophosphatemic Rickets Activity[END_REF][START_REF] Insogna | A Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trial Evaluating the Efficacy of Burosumab, an Anti-FGF23 Antibody, in Adults With X-Linked Hypophosphatemia: Week 24 Primary Analysis[END_REF]. Major physical symptoms include short stature, painful bone deformities, fatigue, muscle weakness, and pathological gait [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Lempicki | Magnetic Resonance Imaging Features as Surrogate Markers of X-Linked Hypophosphatemic Rickets Activity[END_REF][START_REF] Insogna | A Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trial Evaluating the Efficacy of Burosumab, an Anti-FGF23 Antibody, in Adults With X-Linked Hypophosphatemia: Week 24 Primary Analysis[END_REF][START_REF] Theodore-Oklota | Qualitative Research to Explore the Patient Experience of X-Linked Hypophosphatemia and Evaluate the Suitability of the BPI-SF and WOMAC® as Clinical Trial End Points[END_REF]. Most of these symptoms worsen during growth, but can be minimized with appropriate drug treatment [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Insogna | A Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trial Evaluating the Efficacy of Burosumab, an Anti-FGF23 Antibody, in Adults With X-Linked Hypophosphatemia: Week 24 Primary Analysis[END_REF].

Conventional treatment consists of phosphate and activated vitamin D supplementation; a new treatment based on a monoclonal antibody binding to FGF23 has been available since 2019 [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Insogna | A Randomized, Double-Blind, Placebo-Controlled, Phase 3 Trial Evaluating the Efficacy of Burosumab, an Anti-FGF23 Antibody, in Adults With X-Linked Hypophosphatemia: Week 24 Primary Analysis[END_REF].

Although the impact of mobility problems on the burden of disease has already been demonstrated [START_REF] Theodore-Oklota | Qualitative Research to Explore the Patient Experience of X-Linked Hypophosphatemia and Evaluate the Suitability of the BPI-SF and WOMAC® as Clinical Trial End Points[END_REF], the currently available clinical toolsvisual inspection and the 6-minute walk test (6MWT) [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Saraff | Sex-, age-, and height-specific reference curves for the 6-min walk test in healthy children and adolescents[END_REF] do not allow for a quantitative characterization of walking in children with XLH. Indeed, the former is not quantitative, and the latter provides more information on endurance than on gait efficiency and characteristics. In research, comprehensive studies on this topic are scarce and preliminary [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF][START_REF] Mindler | Lower Limb Deformity and Gait Deviations Among Adolescents and Adults With X-Linked Hypophosphatemia[END_REF]: to our knowledge, only the study by Mindler et al. [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF] involved a paediatric population. Based on 12 subjects, this preliminary study highlights the pathological character of gait in XLH children and suggests a link between bone deformities and gait disorders.

Movement analysis has already proved useful in understanding the mechanisms involved in other paediatric diseases and improving their follow-up [START_REF] States | Instrumented gait analysis for management of gait disorders in children with cerebral palsy: A scoping review[END_REF][START_REF] Stief | Effect of compensatory trunk movements on knee and hip joint loading during gait in children with different orthopedic pathologies[END_REF][START_REF] Švehlík | Pathological gait in children with Legg-Calvé-Perthes disease and proposal for gait modification to decrease the hip joint loading[END_REF][START_REF] Õunpuu | A comprehensive evaluation of the variation in ankle function during gait in children and youth with Charcot-Marie-Tooth disease[END_REF][START_REF] Bailly | Relationship between 3D lower limb bone morphology and 3D gait variables in children with uni and bilateral Cerebral Palsy[END_REF][START_REF] Hebda-Boon | The impact of instrumented gait analysis on decision-making in the interprofessional management of cerebral palsy: A scoping review[END_REF]. In the management of cerebral palsy, for example, it has been widely used in recent years [START_REF] States | Instrumented gait analysis for management of gait disorders in children with cerebral palsy: A scoping review[END_REF]. Its use in hospital practice has resulted in fewer recommendations for surgical treatment [START_REF] Hebda-Boon | The impact of instrumented gait analysis on decision-making in the interprofessional management of cerebral palsy: A scoping review[END_REF]. It has also been used to improve rehabilitation in various paediatric diseases by highlighting the osteoarticular risk induced by exaggerated trunk tilt movements [START_REF] Stief | Effect of compensatory trunk movements on knee and hip joint loading during gait in children with different orthopedic pathologies[END_REF].

In addition, in combination with X-rays, motion analysis has been used to better understand the relationship between morphological changes in the skeletal system and functional changes in subjects with cerebral palsy [START_REF] Bailly | Relationship between 3D lower limb bone morphology and 3D gait variables in children with uni and bilateral Cerebral Palsy[END_REF] and in subjects with various postural disorders [START_REF] Otayek | Influence of spino-pelvic and postural alignment parameters on gait kinematics[END_REF].

As XLH-induced bony deformities -such as frontal curvature of the femoral shaft, coxa vara hips or decreased external tibial torsion compared to asymptomatic subjects -are mainly localised in the lower limbs [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF][START_REF] Bonnet-Lebrun | Quantitative analysis of lower limb and pelvic deformities in children with X-linked hypophosphatemic rickets[END_REF], we hypothesized that they could have a significant impact on walking in children with XLH. Thus, we believe that it may be of interest to study children with XLH by combining a radiological examination with a gait study.

The aim of this study was therefore to provide a comprehensive analysis of the gait of children with XLH and to highlight relationships between radiographic features and gait abnormalities.

Methods

Patients

Forty-three growing children treated for XLH disease (30 girls and 13 boys) were included in this prospective study at the Institut de Biomecanique Humaine Georges Charpak. All of them benefit from an interdisciplinary medical follow-up at the hospital. None of them had previously undergone orthopedic surgery. The description of this large group of subjects with XLH is available in Table 1 and Figure 1. A local ethics committee (CPP06001) approved the study and informed consent was obtained from each patient and his/her parents before acquisition.

Radiographies and gait data from 14 age-matched typically developing (TD) children, 8 girls and 6 boys, previously collected at the Saint Joseph hospital (ethics committee CEHDF504), were used to form the reference group.

Protocol

Plug in Gait Full-Body model without arms was used for TD children, with three additional technical markers on the thigh. XLH children were equipped by trained operators with additional anatomical markers to allow comparison with literature [START_REF] Leardini | A new anatomically based protocol for gait analysis in children[END_REF] and to improve marker tracking during the acquisition. Those markers were: fifth metatarsal head, medial malleolus and epicondyle, head of the fibula, tibial tuberosity, and L4.

Prior to the gait exam, patients underwent biplanar radiographs (EOS Imaging, Paris, France) with the markers in place [START_REF] Pillet | A reference method for the evaluation of femoral head joint center location technique based on external markers[END_REF][START_REF] Assi | Validation of hip joint center localization methods during gait analysis using 3D EOS imaging in typically developing and cerebral palsy children[END_REF]. Those radiographs have been used 1. to characterize bones deformities by calculating bone parameters [START_REF] Bonnet-Lebrun | Quantitative analysis of lower limb and pelvic deformities in children with X-linked hypophosphatemic rickets[END_REF], 2. to improve the accuracy of joint localisation [START_REF] Pillet | A reference method for the evaluation of femoral head joint center location technique based on external markers[END_REF][START_REF] Assi | Validation of hip joint center localization methods during gait analysis using 3D EOS imaging in typically developing and cerebral palsy children[END_REF], and 3. to personalize calculation of the inertial model using the subjects' body envelope [START_REF] Amabile | Determination of a new uniform thorax density representative of the living population from 3D external body shape modeling[END_REF][START_REF] Nérot | A 3D reconstruction method of the body envelope from biplanar X-rays: Evaluation of its accuracy and reliability[END_REF].

Marker movements were captured at 100 Hz via a Vicon opto-electronic system of 12 cameras (Vicon, Oxford, UK) synchronously coupled to 4 AMTI platforms (Advanced Mechanical Technology Inc., Watertown, USA) operating at 1000 Hz. After a static acquisition, patients were asked to walk barefoot at a self-selected speed along a 10-metre straight line. Acquisition was completed when at least 10 valid trialscontinuous straight movement with kinetic and kinematic data -per foot were available.

Data processing

3D-reconstructions of pelvis, lower limb bones, body envelope and markers were made from the biplanar radiographs. The method used, which has been previously validated, involves the following steps [START_REF] Nérot | A 3D reconstruction method of the body envelope from biplanar X-rays: Evaluation of its accuracy and reliability[END_REF][START_REF] Chaibi | Fast 3D reconstruction of the lower limb using a parametric model and statistical inferences and clinical measurements calculation from biplanar X-rays[END_REF] (Figure 2): points of interest are selected by the operator and then used to construct an initial 3D model which is then back-projected onto the AP/lateral radiographs and adjusted by the operator until the virtual contours of the back-projected model matched the real image contours.

Gait data processing was done with a laboratory-specific Matlab script. This process included the identification of the joint centres using the following method: the joint centres were calculated from the bone reconstructions, their position was defined relative to the markers in the X-ray booth, and then their location in the reference frame was obtained by rigid registration. Personalized inertial model using barycentremetry [START_REF] Amabile | Determination of a new uniform thorax density representative of the living population from 3D external body shape modeling[END_REF][START_REF] Nérot | A 3D reconstruction method of the body envelope from biplanar X-rays: Evaluation of its accuracy and reliability[END_REF] was computed from the reconstructed subject-specific body envelope associated with segmental generic densities defined in the literature [START_REF] Amabile | Determination of a new uniform thorax density representative of the living population from 3D external body shape modeling[END_REF]. Frames and kinematics were computed in agreement with ISB convention [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion-part I: ankle, hip, and spine[END_REF] and Euler's angles method. Kinetics resulted of inverse dynamic process. The average cycle was then computed for each participant from 10 valid trials.

Standard spatiotemporal parameters, 3D kinematics and kinetics of the hip, knee and ankle, as well as 3D kinematics of the trunk, pelvis and foot were calculated [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF][START_REF] Schwartz | The effect of walking speed on the gait of typically developing children[END_REF]. The spatiotemporal parameters were normalized by leg length [START_REF] Hof | Scaling gait data to body size[END_REF]. Total range and mean value over the single support phase were computed for each kinematic and kinetic parameter. The ratio between normalized step length and cadence [START_REF] Rota | Walk ratio ( step length / cadence ) as a summary index of neuromotor control of gait : application to multiple sclerosis[END_REF], also called walk ratio, was also calculated. Finally, the Gait Deviation Index (GDI), a summary index of joint rotation during gait, was computed and analysed as in [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF][START_REF] Schwartz | The gait deviation index: A new comprehensive index of gait pathology[END_REF]: a GDI of less than 70 was considered severe, 70-80 moderate and higher than 80 mild.

Bone deformities

A previous study [START_REF] Bonnet-Lebrun | Quantitative analysis of lower limb and pelvic deformities in children with X-linked hypophosphatemic rickets[END_REF] identified among the classically studied lower limb parameters [START_REF] Gaumétou | EOS analysis of lower extremity segmental torsion in children and young adults[END_REF][START_REF] Rampal | Lower-limb lengths and angles in children older than six years: Reliability and reference values by EOS® stereoradiography[END_REF] 6 independent parameters that seem to be altered by XLH: femoral and tibial torsions, tibial mechanical angle, tibiofemoral angle (used to define varus and valgus subgroups), neck-shaft angle and femur to tibia length ratio (Figure 1). All of these parameters were calculated from the biplane radiographs.

Statistics

All statistical analyses were performed in Matlab (Matlab R2019a).

The normality of the distributions was assessed using the Lilliefors test for spatiotemporal parameters, the ranges and mean values of XLH and TD children. For parameters with a normal distribution, the two populations were compared using the Student t test assuming that the variances might be unequal; otherwise the nonparametric Wilcoxon-Mann-Whitney test was used. The significance level was set at p = 0.05.

To refine the analysis, the distribution of XLH patients in relation to the reference corridor was calculated for the above parameters. A value within one standard deviation (SD) of the mean value of the control group was considered normal. A value was subnormal high (low) when it was between +1 and +2 SD (-2 or -1 SD) and abnormal high (low) above this (below this).

To test the waveforms of the one-dimensional gait parameters (kinematic and kinetic curves), Student t test and one-way ANOVA were applied over the duration of a gait cycle using the Statistical Parametric Mapping method [START_REF] Pataky | Vector field statistical analysis of kinematic and force trajectories[END_REF].

In order to see the influence of bone parameters on gait, we tested bivariate Pearson linear regressions between each of the six independent bone parameters and the GDI, amplitude and mean gait parameters.

For each bone parameter, XLH patients were also divided into three subgroups according to whether they were above, within, or below the reference corridor. The normality of the gait parameter distributions of the three XLH subgroups and the TD children was tested via the Lilliefors test. When the distribution of gait parameters was normal for all four populations (TD, and 3 subgroups of XLH patients) these populations were compared by one-way ANOVA, otherwise the Kruskal-Wallis test was used. A Tukey test was then performed. The significance level was set at p = 0.05.

Results

Generalities

Spatiotemporal parameters, kinematics, and kinetics of the TD group were in agreement with the literature [START_REF] Leardini | A new anatomically based protocol for gait analysis in children[END_REF][START_REF] Schwartz | The effect of walking speed on the gait of typically developing children[END_REF].

Two XLH patients were excluded from the analysis because the acquired data were too noisy. Results are presented for 41 patients.

Table 2 shows the mean values, significant differences between the XLH and TD populations, and the distribution of XLH patients in the reference corridor for the relevant gait parameters. Kinematic and kinetic curves for both populations are provided in the supplementary material.

Cross-study of radiographic parameters and gait characteristics revealed the significant influence of tibiofemoral angle (TFA) and femoral torsion (FT) on gait. The details of these interactions will be presented in the corresponding sections: spatiotemporal parameters, kinematic and kinetic. No clear association with gait alterations was found in our population for the other four computed radiological parameters. Hereafter we will refer to the subgroup of patients with a greater femorotibial angle than the reference group as varus (N=18), the subgroup of patients with a lesser femorotibial angle as valgus (N=10), and the last one as straight leg (N=13). For these different subgroups, detailed kinematic and kinetic curves are available in the supplementary material. The low femoral torsion group contained 8 patients, the high torsion group contained 12 patients, and 21 patients had normal femoral torsion.

Spatiotemporal parameters

While step length remained normal, speed and cadence were significantly reduced in children with XLH (respectively p=0.023 and p<0.001): more than a third of the XLH group had lower than normal values for these two latter variables. Thus, the walk ratio was significantly higher in XLH patients. No relationship between spatiotemporal and radiological parameters was found.

Kinematics

Compared to TD children, XLH patients had a significantly more medial mean foot progression angle (+9°), more internal knee rotations (+7°), and more external mean hip rotation (-5°). Range of motion was also significantly (p<0.001) reduced for the pelvis in the frontal plane (-3°). For the ankle, maximum plantarflexion (+3°) during the stance phase was increased in XLH children, while peak plantarflexion (-4°) and dorsiflexion (-2°) during the swing phase were decreased. The full rotation curves are available in Appendix 1.

The TFA-based study of the XLH population showed that the gait of varus subgroup was particularly impaired compared to other subgroups (see supplementary material). Indeed, varus subgroup was significantly different (p<0.001) from the TD children as well as form the valgus and straight legs children for the mean adduction of the knee (varus=13°, straight=2°, valgus=-3°), and of the hip (varus=-4°, straight=3°, valgus=5), and for range of motion for trunk lean (varus=7°, straight=4°, valgus=4°). Similarly, range of pelvis rotation (varus=21°, straight=13°, valgus=12°) was significantly increased with a p-value less than 0.028. The varus and valgus subgroups had a significantly different (p<0.001) mean foot progression angle (varus=5°, valgus=-4°). The maximum ankle plantarflexion during the swing phase was -6° in the varus children compared to -12° and -11° for the children with straight legs and valgus children. When at least two groups were significantly different, the rotation curves for the TD group of children and the three subgroups of XLH children were plotted in Appendix 2. Moreover, the tibiofemoral angle was found correlated to the mean knee and hip abduction angle (respectively R²=0.86 and R²=0.64), and trunk lean range (R²=0.51) (Figure 3).

FT-based subgroups were significantly different from each other (p<0.02) for mean hip rotation (FThigh=15°, FTnormal=3°, FTlow=-4°). Patients with high femoral torsion had a significantly lower mean knee rotation angle (p=0.003) than those with low femoral torsion (FThigh=-8°, FTlow=-4°). Subjects with femoral torsion considered normal or low had significantly increased hip external rotation and knee internal rotations of more than 7° compared to the control population (p<0.016). A weak correlation between mean hip rotation and femoral torsion was found (R 2 =0.42) (Figure 4).

The GDI showed reduced gait quality with 22% of XLH patients having a score under 70 and 27% between 70 and 80. Looking at TFA-based subgroups, a GDI greater than 80 was found for more than 75% of valgus and straight legs patients, while 50% and 38% of varus patients respectively had a GDI less than 70 or between 70 and 80.

Kinetics

Compared to TD children, XLH patients had a significantly (p<0.004) higher mean knee flexion moment (+0.25 N.m.kg -1 ) and a lower mean hip abduction moment (-0.06 N.m.kg -1 ). An additional peak in knee power at late stance is visible for the XLH population. The full moment and power curves are available in Appendix 3.

The three TFA-based subgroups of XLH population were significantly different for knee abduction moment and knee and ankle power. When at least two groups were significantly different, the moment and power curves for the TD group of children and the three subgroups of XLH children were plotted in Appendix 4. A correlation between mean knee abduction moment and TFA was found (R²=0.68) (Figure 3).

No significant difference in kinetics was detected between the three FT-based subgroups.

Discussion

Interpretation

Despite the impact of gait alterations on the burden of disease in XLH [START_REF] Theodore-Oklota | Qualitative Research to Explore the Patient Experience of X-Linked Hypophosphatemia and Evaluate the Suitability of the BPI-SF and WOMAC® as Clinical Trial End Points[END_REF], only few quantitative data on the subject are available [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF][START_REF] Mindler | Lower Limb Deformity and Gait Deviations Among Adolescents and Adults With X-Linked Hypophosphatemia[END_REF]. Our work aimed at providing a comprehensive analysis of gait in XLH children and investigating the influence of lower limb deformities on gait patterns.

In this study we found that, as hypothesised, some bone deformities had an impact on the gait pattern of children with XLH; these were the femoral torsion and tibiofemoral angle deformities. Conversely, the other four tested deformities often found in XLH (neck-shaft angle, tibial torsions and mechanical angle, and femur to tibia length ratio) did not seem to have an influence on gait.

Varus/valgus deformities were mainly associated with changes in the gait pattern in the frontal plane. The varus subgroup appeared to be much more affected than the valgus subgroup as suggested in the preliminary study by Mindler et al. [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF]. The high percentage of varus subjects with a GDI below 80 (88%) indicates that this group as a whole has a pathological gait pattern, not a subset of subjects with severe deformities, even though it is known that the severity of bony deformities is on average higher in varus patients than in valgus patients [START_REF] Bonnet-Lebrun | Quantitative analysis of lower limb and pelvic deformities in children with X-linked hypophosphatemic rickets[END_REF]. However, the severity of the deformity affects the degree of alteration of certain gait parameters, as shown, for example, by the strong correlations found between tibiofemoral angle and mean knee abduction, or between tibiofemoral angle and trunk movement in the frontal plane. Regarding the latter, it is not surprising to find it in subjects with varus, as 1. this deformity intrinsically leads to an increase in the abduction moment of the knee and 2. the increase in the range of motion of the trunk in the frontal plane has been identified by previous studies in other pathologies as a compensatory mechanism to reduce this moment [START_REF] Stief | Effect of compensatory trunk movements on knee and hip joint loading during gait in children with different orthopedic pathologies[END_REF].

Femoral torsion was mainly associated with changes in the transverse plane of the gait pattern. It is interesting to note that, as with the tibiofemoral angle, the gait alterations are essentially in the plane of bone deformation.

However, not all the gait alterations identified can be explained using the tibiofemoral angle and femoral torsion parameters alone. Previous studies have already shown in other pathologies that the correlation between femoral torsion and gait alterations in the transverse plane is at most weak [START_REF] Radler | Gait & Posture Torsional profile versus gait analysis : Consistency between the anatomic torsion and the resulting gait pattern in patients with rotational malalignment of the lower extremity[END_REF][START_REF] Schranz | Clinical Biomechanics Does femoral anteversion and internally rotated gait correlate in subjects with patellofemoral instability ?[END_REF], a result that we find here. In addition, we identified several features of the gait of children with XLH, especially children with varus deformity, such as increased peak plantarflexion at the onset of the stance or increased trunk range of motion, which have been associated with muscle weakness in previous studies [START_REF] Stief | Effect of compensatory trunk movements on knee and hip joint loading during gait in children with different orthopedic pathologies[END_REF][START_REF] Õunpuu | A comprehensive evaluation of the variation in ankle function during gait in children and youth with Charcot-Marie-Tooth disease[END_REF]. This hypothesis of muscle weakness is consistent with current knowledge about the muscles of XLH patients [START_REF] Theodore-Oklota | Qualitative Research to Explore the Patient Experience of X-Linked Hypophosphatemia and Evaluate the Suitability of the BPI-SF and WOMAC® as Clinical Trial End Points[END_REF][START_REF] Veilleux | Abnormalities in muscle density and muscle function in hypophosphatemic rickets[END_REF]. All these results suggest a link between walking, bone deformities, and muscle weakness which underlines the interest for clinicians to couple these different examinations.

As the preliminary study by Mindler et al. [START_REF] Mindler | Disease-specific gait deviations in pediatric patients with X-linked hypophosphatemia[END_REF] is the only one to our knowledge to analyse gait alterations in a paediatric population of XLH subjects, we take the liberty here to discuss in detail the similarities and differences between their results and ours. Overall, the two studies converge: in our large cohort of 43 children, we found the link between the varus/valgus deformity and the gait defects they identified in their group of 12 subjects. Nevertheless, several points of discrepancy appear. Firstly, concerning the results, due to the larger size of our population we were able to identify slight differences, for example in hip and ankle kinematics, which Mindler et al. were unable to identify. Secondly, regarding the conclusions, we noted that varus deformity has a greater impact on walking than valgus deformity; despite results showing the same trend, the Austrian team did not wish to emphasise this point. It is likely that this caution is related to the small size of their study population. Finally, different methodological choices led us to different conclusions: by studying the impacts of femoral torsion and varus/valgus deformity separately, we found that bone deformities have an impact on gait mainly in their plane of deformation, while Mindler et al. who studied only varus/valgus deformity found an association between this deformity and gait alterations in the transverse plane.

The gait alterations presented here are not available to clinicians with the tools currently in use: kinematic changes can at most be estimated globally by visual examination when joint moments cannot be measured at all. Since we have seen that some of these gait defects could be related to bone deformities, and that others have previously been identified as markers of muscle weakness, gait analysis thus provides a global view of the disease and its evolution. This overview is all the more important in this population as the causal link between bone deformities and gait abnormalities: bone deformities appear with walking and walking is altered by these deformities. One may also wonder whether rehabilitation associated with drug treatment might not accelerate the resorption of bone deformities and whether gait defects, particularly those related to compensation mechanisms, persist for some time after the resorption of bone deformities.

Limitations

With 43 XLH children on treatment, this cohort is representative of the current worldwide population of children with XLH and is comparable in size to the largest study groups of this disease [START_REF] Lempicki | Magnetic Resonance Imaging Features as Surrogate Markers of X-Linked Hypophosphatemic Rickets Activity[END_REF]. However, the internal variability of the cohort, in terms of age, severity, bone deformities or number of years since the start of treatment, may make it difficult to interpret the results.

The clinical data collected in this study reflected current clinical practice. In view of our results, which seem to suggest that part of the gait alterations is related to muscle weaknesses, it would be interesting to couple this examination with gait analysis to confirm or deny the above link in a future work.

Another limitation is that the children were asked to walk at a self-selected speed. We made this choice to have a gait sample as close as possible to the patients' daily walking. However, it is known that speed influences the kinematics and kinetics of walking [START_REF] Pillet | A reference method for the evaluation of femoral head joint center location technique based on external markers[END_REF]. We cannot exclude the hypothesis of a bias in our results due to velocity.

Finally, we improved the accuracy of the inertial model by using a subject-specific segment geometry, but we did not customize the segment density. Results from the XLH segment geometry study [START_REF] Wu | ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion-part I: ankle, hip, and spine[END_REF] and previous work currently in submission have shown that the body composition of XLH patients is altered by the disease. This alteration could alter the density of the segments, and thus the results of the kinetic analysis. Preliminary work on this topic is ongoing.

Conclusion

This study provided a comprehensive gait analysis of a large sample of XLH children and demonstrated the relationship between lower limb deformities and gait pattern. Indeed, we found that femoral torsion was related to kinematic alterations in the transverse plane and that femoral and tibiofemoral mechanical angles were correlated with frontal kinematic and kinetic abnormalities. Varus deformities were identified as particularly influencing gait pattern.

Because gait analysis has allowed us to clearly identify the main gait alterations induced by XLH, because also the integration in the clinical routine of gait analysis has allowed in other pathologies [START_REF] States | Instrumented gait analysis for management of gait disorders in children with cerebral palsy: A scoping review[END_REF][START_REF] Švehlík | Pathological gait in children with Legg-Calvé-Perthes disease and proposal for gait modification to decrease the hip joint loading[END_REF] to improve the follow-up of the patients, optimizing the treatment plan, we think that it could be relevant to integrate this examination in the clinical follow-up of the children with XLH. Indeed, it could discriminate between different drug treatments according to their impact on locomotor function or allow the effectiveness of surgery to be measured in terms of functional improvement. Furthermore, given that bony deformities appear when XLH children start walking [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF] and have been found to alter the gait pattern, we suggest that combining these two examinations in the clinical follow-up of XLH patients could improve the overall therapeutic management of the disease. 

Clinical parameters

Value (SD) Min-Max** Phosphate (1) (mmol.L-1) 0.8 (0.2) 1.2-1.9 ALP (2) (IU.L-1) 344 (136) 150-450 25 OH Vitamin D (2) (ng.mL-1) 36 ( 16) 30-80 PTH (2) (ng.L-1) 52 (26) 14-75 TRP (2) (%) 88 [START_REF] Švehlík | Pathological gait in children with Legg-Calvé-Perthes disease and proposal for gait modification to decrease the hip joint loading[END_REF] 80-100 6MWTadjusted (1) (1) at diagnosis, (2) at enrollment * TD group values, ** clinical reference data [START_REF] Haffner | Clinical practice recommendations for the diagnosis and management of X-linked hypophosphataemia[END_REF], *** Values presented in [START_REF] Bonnet-Lebrun | Quantitative analysis of lower limb and pelvic deformities in children with X-linked hypophosphatemic rickets[END_REF].The TD group is a subsample of the study population.

SD: standard deviation, M: male, F: female, BMI: body mass index, ALP: alkaline phosphatase, PTH: parathormone, TRP: tubular reabsorption of phosphate, 6MWTadjusted: 6-minute walking test adjusted to age as in [START_REF] Saraff | Sex-, age-, and height-specific reference curves for the 6-min walk test in healthy children and adolescents[END_REF].
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