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Context:

Spinal-cord injury (SCI) induces bone loss and dramatically increases the risk of fracture.

Objectives:

Determine the effects of whole-body vibration (WBV) on areal bone mineral density (aBMD), whole body composition and bone biological parameters in individuals with chronic-state SCI.

Introduction

Spinal-cord injury (SCI) induces dramatic bone loss that is specific to this disease in terms of kinetics, intensity and localization [START_REF] Maimoun | Bone loss in spinal cordinjured patients: from physiopathology to therapy[END_REF]. Longitudinal studies have identified two main phases: (i) an acute phase in the first 6 months characterized by intense reduction in bone mass due to the dramatic increase in bone resorption activity, and (ii) a chronic phase that emerges between 16 and 24 months later, when the bone mass loss tends to stabilize.

Given the impact of SCI on bone tissue, especially the heightened risk of fragility fractures after minor trauma [START_REF] Fattal | Osteoporosis in persons with spinal cord injury: the need for a targeted therapeutic education[END_REF], the development of a variety of approaches to improve bone strength in persons with SCI is crucial. Pharmacological strategies using anti-resorptive medications such as bisphosphonates can maintain are albone mineral density (aBMD) or reduce bone loss int he acute and chronic phases of SCI by reducing osteoclast recruitment [START_REF] Zehnder | Prevention of bone loss in paraplegics over 2 years with alendronate[END_REF]. In addition, as SCI and the sub-sequent immobilization and sedentarity lead to reduced muscle contraction and mechanical loading(impact and gravitational forces) applied to the skeleton(1), various" rehabilitation programs" have attempted to restore the mechanical stimuli. Maintaining normal axial bone-loading by passive standing (standing frame or tilt table) was the first proposal to prevent or reverse SCI-induced bone demineralization. Goemareet al.(4) observed a partially preventive effect of passive weight-bearing standing on aBMD at the femoral shaft, but not at the proximal femur, in subjects with paraplegia less than 1 year after SCI. De Bruinet al. [START_REF] De Bruin | Changes of tibia bone properties after spinal cord injury: effects of early intervention[END_REF] reported no significant aBMD gain in tibial trabecular bone in persons with SCI who underwent standing sessions in the first 25 weeks after injury, whether associated with treadmill walking (1 h per day, 5 days per week) or not. In other persons who per-formed regular intensive standing activity in an early rehabilitation program, their bone mass depleted more slowly than in persons participating only in routine rehabilitation [START_REF] Frey-Rindova | Bone mineral density in upper and lower extremities during 12months after spinal cord injury measured by peripheral quantitative computed tomography[END_REF]. However, this type of intervention seems to have the greatest effect during the early poslesional phase. In most other studies conducted during the chronic phase, no significant effect of active or static verticalization on bone demineralization has been demonstrated [START_REF] Dauty | Supralesional and sublesional bone mineral density in spinal cord-injured patients[END_REF][START_REF] Pearson | Cyclical etidronate: its effect on bone density in patients with acute spinal cord injury[END_REF]. The conclusion was thus drawn that static weight-bearing is ineffective at preserving aBMD after SCI [START_REF] Biering-Sorensen | Non-pharmacological treatment and prevention of bone loss after spinal cord injury: a systematic review[END_REF]. Two factors might explain the limited effect of these training programs: (i) the lower effectiveness of static verticalization to stimulate bone accretion compared to dynamic loading [START_REF] Rubin | Regulation of bone formation by applied dynamic loads[END_REF], and (ii)the reduced level of mechanical loading applied to the bone structure compared to the dynamic constraints generated during normal gait. We nevertheless hypothesized that the effectiveness of this approach might be improved by combining a standing aid device and a vibrator frame [START_REF] Maimoun | Bone loss in spinal cordinjured patients: from physiopathology to therapy[END_REF]. In this case, the generation of mechanical oscillations would activate mechanotransduction in bone directly by stimulating bone cells and indirectly by increasing the muscle contraction forces placed upon the skeleton [START_REF] Judex | Is bone formation induced by high-frequency mechanical signals modulated by muscle activity?[END_REF]. Osteocytes are currently considered to be the primary mechano sensors that locally coordinate adaptive modeling responses to external mechanical strain [START_REF] Bonewald | Osteocytes, mechano sensing and Wnt signaling[END_REF]. Among the molecules produced by the osteocytes involved in mechanotransduction is sclerostin, which has a major role by inhibiting the canonical Wnt/β-catenin signaling pathway, which then suppresses osteoblast activity [START_REF] Krishnan | Regulation of bonemass by Wnt signaling[END_REF].Experimental studies have shown that sclerostin expression is suppressed when the long bones of mice are mechanically stimulated [START_REF] Robling | Mechanical stimulation of bone in vivo reduces osteocyte expression of Sost/sclerostin[END_REF], whereas mechanicalunloading causes the up-regulation of sclerostin activity. Moreover, anti-sclerostin antibody treatment preserves osteocyte morphology and structure and blocks the severe skeletal deterioration after complete mot or SCI in rats [START_REF] Qin | Sclerostin antibody preserves the morphology and structure of osteocytes and blocks the severe skeletal deterioration after motor-complete spinal cord injury in rats[END_REF]. Periostin, a matricellular protein, is also secreted by osteocytes and osteoblasts [START_REF] Rani | Periostin-like-factor and periostin in an animal model of work-related musculoskeletal disorder[END_REF][START_REF] Bonnet | The matricellular protein periostin is required for lost inhibition and the anabolic response to mechanical loading and physical activity[END_REF], and it plays a crucial role in bone formation. Mechanical unloading, induced by tail-suspension orsciatic neurectomy, has been associated with a concomitant deterioration in bone structure (trabecular and cortical) and a decrease in periostin gene expression [START_REF] Gerbaix | Periostin expression contributes to cortical bone loss during unloading[END_REF][START_REF] Lv | Involvement of periostin-sclerostin-wnt/B-catenin signaling pathway in the prevention of neurectomy-induced bone loss by naringin[END_REF],whereas an increase in mechanical constraints using an axial compression load on mouse tibia induced the overexpression of periostin and the downregulation of sclerostin [START_REF] Bonnet | The matricellular protein periostin is required for lost inhibition and the anabolic response to mechanical loading and physical activity[END_REF].

Using non-SCI models, experimental studies have demonstrated an increase in the quality and quantity of trabecular bone in sheep exposed to low-level, high-frequency vibration [START_REF] Rubin | Quantity and quality of trabecular bone in the femur are enhanced by a strongly anabolic, noninvasive mechanical intervention[END_REF]. Similarly, in humans, two meta-analyses have shown that whole-body vibration (WBV) interventions induce significant improvements in aBMD at lumbar spine and proximal femur [START_REF] Oliveira | Effects of whole body vibration on bone mineral density in post-menopausal women: a systematic review and meta-analysis[END_REF][START_REF] Fratini | Whole body vibration treatments in postmenopausal women Can improve bone mineral density :results of a stimulus focused meta-analysis[END_REF]. Verschueren et al. [START_REF] Verschueren | Effect of 6-month whole body vibration training on hip density, muscle strength, and postural control in postmenopausal women: a randomized controlled pilot study[END_REF] reported a significant increase in hip aBMD and muscle strength in post-menopausal women after 6 months of WBV. Overall, these experiments suggest the potential clinical relevance of vibration-loading to prevent and treat osteoporosis in persons with SCI. However, to date, the relevance and efficacy of this technique has been poorly evaluated in this population, highlighting limitations in the methodological approaches (no control group, case report).

Along with the alteration in bone tissue, SCI is also associated with severe muscle atrophy and an increase in adipose tissue [START_REF] Maimoun | Circulating leptin concentrations can be used as asurrogate marker of fat mass in acute spinal cord injury patients[END_REF]. These tissue alterations might be one of the determinants of the high prevalence of diabetes, insulin resistance and alterations in lipid metabolism that these individuals with SCI show [START_REF] Bauman | Disorders of carbohydrate and lipid metabolism in veterans with paraplegia or quadriplegia: a model of premature aging[END_REF].

Skeletal muscle atrophy also contributes to the development of secondary complications from prolonged immobilization, such as pressure ulcers and venous thrombosis.

The primary objective of this study preliminary study performed in a limited number of patients was to evaluate the effects of 6 months of WBV on aBMD and whole-body composition in individuals with chronic SCI. The second objective was to determine the potential impact of this rehabilitation program on the bio-logical mediators of the bone response to mechanical loading, including sclerostin and periostin.

Participants and methods

Participants

This preliminary study followed a randomized con-trolled design. Fourteen individuals with SCI (10 men and 4 women; age 29.8-42.9 years) were recruited from the Centre Mutualiste PROPARA, a specialized SCI unit (Montpellier, France). All skeletal fractures during the post-SCI period were recorded, as well as spasticity and its location. All these individuals with SCI used a manual or electrically assisted wheel chair as their primary means of mobility. They were randomly assigned to the WBV group or the control group using computer-generated random numbers.

The major inclusion criteria included (i) traumatic SCI, (ii) age ranging from 18 to 59 years, and (iii)post-injury duration>24 months, as beyond this period aBMD is relatively stable.

The major exclusion criteria included (i) low bone mass at the total hip based on dual-energy X-ray absorptiometry (DXA), with a T-score≥-3SD; (ii)ability to tolerate passive standing; (iii) bedsores that might be exacerbated by the experimental procedure;(iv) heterotopic ossification; (v) metal hardware in the lower extremities; (vi) history of cardiovascular, respiratory or neuromuscular disease like multiple sclerosis;(vii) evident secondary cause of osteoporosis (i.e. osteogenesis imperfecta or known endocrine disorders associated with bone loss); (viii) taking medication known to affect bone metabolism, including bisphosphonates, within the 3 years before inclusion; and(ix) pregnant or lactating.

Methods

All participants were evaluated in four sessions after an overnight fast: at baseline and at 1, 3 and 6 months. Blood samples were collected at each time, but DXA measurements were performed only at baseline and at the end of follow-up. Height was measured with a stadiometer. Weight was determined using a weight scale with a precision of 0.1 kg. BMI was calculated as weight (kg) divided by the square of height (m).

Whole-body vibration (WBV) protocol.

The subjects were verticalized on a device specially developed for this study by Dr. C. Fattal, and a risk analysis was carried out. The study device is associated with a modular verticalization device (Standing LV, Rupiani, France) and a vibrating platform (Sofa; Bodygreen®, France). The person with SCI was placed on the device by trained medical personnel (Fig. 1). The participant's feet were placed on the vibrating platform, which measured 557 mm *557 mm * 230 mm and could be programmed by remote control. Thus, our experimental device was composed of a classic modular device and an attached vibrating base. To reduce vibrations on the equipment, we recommend installing the vibrating base on the verticalizer. The "double-arm" standing device was specifically designed to mitigate the risk of loosening due to vibration and to maintain all adjustment possibilities while taking into account the foot support elevation driven by the thickness of the vibrating base. The training protocol lasted 6 months. Two sessions per week were planned, as far as possible, with one day of rest between them. The duration of the WBV sessions was gradually increased to reach 10 min at the end of the first month, 20 min at the end of the second month, and between 30 and 45 min at the end of the third month until the sixth month. The characteristics of the vibrations were frequency between 30 and 45 Hz and a platform amplitude of 1.5 mm (low) or 2.5 mm (high) to arrive at a force applied to the lower limbs of approximately 0.5 g (measured by an accelerometer).

The choice of parameters within these ranges was guided by the comfort expressed by the subject. During the 6-month study period, subjects included in the control group did not practise intense physical activity and were not included in any other rehabilitation program, such as functional electrical stimulation (FES), that was susceptible to modify aBMD. The standing position was not prohibited, but no control subject practised it regularly. In the majority of cases, the standing position was used to improve person with SCI comfort, but not as a means to improve a BMD.

Participant consent

Study approval was obtained from the Regional Research Ethics Committee (Comité de Protection des Personnes Sud-Mediterranee IV, Montpellier, France, N° ID RCB: 2011-A00224 -37). Subjects were given oral and written information and then delivered written consent. All participant data was anonymized and processed in accordance with the regulations on participant protection in health informatics.

Areal bone mineral density, body fat and lean body mass evaluation

Dual-X-ray absorptiometry (Hologic QDR-4500A, Hologic, Inc., Waltham, MA, USA) measured aBMD (g/cm 2 ) of the whole body and specific bone sites: anteroposterior lumbar spine (L1-L4), dominant arm radius and hip. The soft tissue body composition [fat mass (FM, kg), percentage of body fat mass (% FM) and lean body mass (LBM, kg)] were derived from the whole-body scan. All scanning and analyses were performed by the same operator to ensure consistency after following standard quality control procedures. Identical and accurate positioning of the region of interest was ensured by superimposing the image from the baseline evaluation on the image from the second evaluation at 6 months. Quality control for DXA was checked daily by scanning a lumbar spine phantom consisting of calcium hydroxyapatite embedded in a cube of thermoplastic resin (Hologic X-CALIBER Model DPA/QDR-1 anthropometric spine phantom, Hologic Inc., Waltham, MA, USA). The coefficients of variation (CVs) were 1% for spine and radius, 1%for hip, and<1% for LBM and FM.

In line with the recommendations of the International Society for Clinical Densitometry(ISCD), we had previously reported in detail the least significant change (LSC) calculated from 30 subjects (0.013 g/cm 2 at lumbar spine and 0.018 g/cm2at hip) [START_REF] Maimoun | The effect of excessive fat tissue on the measure of bone mineral density by dual X-ray absorptiometry: the impact of substantial weight loss following sleeve gastrectomy[END_REF] .Assays Fasting blood samples (25 mL) were collected in the morning (08:30-10:00) in sterile chilled tubes by standard venepuncture technique. The samples were allowed to clot at room temperature and were then centrifuged at 2500 rpm for 10 min at 4°C. Serum samples were stored at-80°C until analysis. All samples were run in duplicate and, to reduce inter-assay variation, all the plasma samples were analyzed in a single session. To limit the potential acute effects of WBV, blood samples were obtained a minimum of 24 h after a vibration session. Concerning bone metabolism, serum samples were assayed by Cobas 6000 (Roche Diagnostic, Mannheim, Germany) for osteocalcin (OC), procollagen type I N-terminal propeptide (PINP), and type I-C telopeptide breakdown products (sCTx). The inter-and intraassay CVs for these three parameters were lower than 7%. As previously described [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF], serum sclerostin and periostin were measured with quantitative sandwich ELISA (enzymelinked immunosorbent assays) kits from Biomedica (Vienna, Austria). The intra-assay and inter-assay CVs were≤10% and≤6%, respectively. The periostin ELISA assay uses a mouse monoclonal antibody directed against the mid-region and a goat polyclonal antibody directed against epitopes that spread across the whole periostin molecule and are mostly conserved between the isoforms.

Statistical analysis

The baseline characteristics in the WBV and control groups are described using mean (standard deviation) for quantitative variables. Categorical variables are presented with their numbers and associated proportions. Variations in body composition and aBMD were calculated as the difference of the 6-month measure minus the baseline measure. For aBMD, variation within group is estimated with 95% confidence interval. When these intervals include 0, this indicates that changes over time are not statistically significant within group. The Mann-Whitney test was used to compare these variations between the WBV and control groups.

The change in bone turnover markers over the entire period from the four measurements (baseline, 1, 3, and6 months) was assessed using a linear mixed model(LMM) with a subjectspecific random intercept to account for repeated measurements and the time between measurements. The time effect in each group and the difference in change between the two groups are presented. Statistical analyses were performed at the conventional two-tailedαlevel of 0.05 using Statistical Analysis Systems Enterprise Guide 8.2(SAS Institute, Cary, NC, USA).

Results

Participant characteristics for the WBV and control groups are shown in Table 1. All were Caucasian with ages ranging from 26.7 to 52.4 years. The time interval since the onset of SCI varied from 2.2 to 24.5 years. All individuals presented a complete or incomplete medullar motor lesion (American Spinal Injury Association Impairment Scale (AIS): A:n=12, B:n=1 and C:n=1); 79% (n=11) were paraplegic and 21% (n=3) were tetraplegic. No women were menopaused. At the baseline evaluation, they presented a significantly low level of aBMD at the hip as determined by the T-score in the WBV group: -1.54 (1.09) SD and the control group: -1.89 (0.81) SD. Nevertheless, as the study was designed to limit the risk of fragility fracture, only two subjects per group presented densitometric osteoporosis at total hip (i.e. T-score≤-2.5 SD).T-scores at lumbar spine and radius were normal.

The WBV intervention was successful and safe to perform. Six of the 7 subjects in the WBV group and6 of the 7 control subjects completed the study. One participant in the WBV group and one in the control group withdrew from the study for personal reasons and showed no adverse effects. The total number of WBV training sessions was 47.2, ranging from 44 to 51 corresponding to approximately two times per week for 6 months. No vibration-related side effects or adverse reactions were observed during this period.

Areal bone mineral density

No significant aBMD change was found in either the WBV or control group after 6 months of follow-up, whatever the bone site evaluated. Furthermore, the difference in the variations observed during the 6 months of the study revealed the similar aBMD profiles of the two groups (Tables 2 and Fig. 2). Last, the non-significant variation for hip and lumbar spine aBMD in each group was within the least significant change.

Body composition change

Table 2 and Fig. 3 show the localized (i.e. arms and legs) and whole-body composition change after 6months. Except for whole-body FM, which showed a significant decrease in the WBV group compared to controls, no difference in changes was observed, what-ever the localization of the body composition parameter (FM, %FM or LBM).

Biochemical markers of bone turnover

The variations in bone turnover for each group at base-line and after 1, 3 and 6 months are presented in Table 3. All biological markers remained relatively stable throughout the followup and no difference in variation was observed within group or between the groups.

During the intervention, LMM analyses showed no significant differences in the bone turnover marker levels between groups. Sclerostin demonstrated a significant increase over time in the WBV group, but the increase was not significantly higher than in the control group. No other significant time effects for any of the biological variables were observed (all P>0.05, Table 4). Figure 4 shows the individual variations in the markers of bone turnover in the WBV and control groups.

Discussion

Bone health in individuals with SCI is a crucial problem and identifying modalities that can preserve bone strength remains a considerable challenge. In this preliminary study that was underpowered, the results did not show any positive effects of WBV on aBMD. The measurement of circulating sclerostin and periostin-which were evaluated for the first time in persons with SCI enrolled in a whole-body vibration program-also did not show any significant effect of WBV, although they are assumed to be the mediators of mechanical loading on bone tissue.

The bone demineralization of persons with SCI has been extensively documented [START_REF] Maimoun | Bone loss in spinal cordinjured patients: from physiopathology to therapy[END_REF][START_REF] Zehnder | Prevention of bone loss in paraplegics over 2 years with alendronate[END_REF][START_REF] Pearson | Cyclical etidronate: its effect on bone density in patients with acute spinal cord injury[END_REF][START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF][START_REF] Maimoun | Changes in osteoprotegerin/RANKL system, bone mineral density, and bone biochemicals markers in patients with recent spinal cord injury[END_REF][START_REF] Roberts | Longitudinal study of bone turnover after acute spinal cord injury[END_REF]. In our study, the prevalence of osteoporosis appeared relatively low (∼30%) compared to that generally reported in the literature [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF]. In a recent study, we observed that more than 67% of participants presented osteoporosis, with aBMD values lower than 40-50% of the references [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF]. Although no aBMD threshold value has been established below which weight-bearing activities are absolutely contraindicated [START_REF] Morse | Bone mineral density testing in spinal cord injury: 2019 ISCD official position[END_REF], our choice to include only persons with SCI with limited osteoporosis (i.e. T-score≥-3 SD) may be considered a selection bias. However, this threshold was chosen to minimize the risk of fragility fractures during an experimental WBV program in subjects with low aBMD.

After a 6-month follow-up, the control group presented no significant variation in aBMD. Our results are consistent with those of previous longitudinal studies reporting relatively stable aBMD in persons with SCI in the chronic phase compared to the acute phase [START_REF] Maimoun | Changes in osteoprotegerin/RANKL system, bone mineral density, and bone biochemicals markers in patients with recent spinal cord injury[END_REF][START_REF] Roberts | Longitudinal study of bone turnover after acute spinal cord injury[END_REF]. Unfortunately, in the subjects who aver-aged two weekly 30-minute WBV exercise sessions during this same period, no significant aBMD change was observed whatever the bone site. The minor variation remained within the precision error of measurement of the DXA device. To our knowledge, only five studies in persons with SCI have investigated the effect of WBV associated with one of the two main modalities: standing [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF][START_REF] Davis | The effects of whole body vibration on bone mineral density fora person with a spinal cord injury: a case study[END_REF] or sitting [START_REF] Dudley-Javoroski | Bone architecture adaptations after spinal cord injury: impact of long-term vibration of a constrained lower limb[END_REF][START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF][START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF]. In our experience, positioning the participant on the vibrating platform is much easier in a sitting position than a standing position, but may be less effective for the transmission of the vibratory stimulus on the leg and may also limit the ground reaction forces. In addition, Bernhardt et al. [START_REF] Bernhardt | Weight bearing through lower limbs in a standing frame with and without arm support and low-magnitude whole body vibration in men and women with complete motor paraplegia[END_REF] determined that persons with chronic SCI bear most of their weight (86% bodyweight) through their lower limbs when using a standing frame. Among these five earlier studies, only Davis et al. [START_REF] Davis | The effects of whole body vibration on bone mineral density fora person with a spinal cord injury: a case study[END_REF] reported in one person with SCI (a27-year-old female, 4 years post-injury, with an incomplete SCI at thoracic 10) an increase in aBMD at lumbar spine (∼8%) and trunk (∼5%) after three progressive phases of 10 weeks combined standing position with or without vibrations. However, these results were derived from whole-body scans, which present poor repeatability and a resolution that is insensitive to small differences in aBMD [START_REF] Morse | Bone mineral density testing in spinal cord injury: 2019 ISCD official position[END_REF]. The four other studies of individuals with chronic SCI used different modalities of vibrations, numbers of sessions, and durations, and they reported no improvement in aBMD, microstructure or bone strength [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF][START_REF] Dudley-Javoroski | Bone architecture adaptations after spinal cord injury: impact of long-term vibration of a constrained lower limb[END_REF][START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF][START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF]. In the study of Dudley-Javaroski et al. [START_REF] Dudley-Javoroski | Bone architecture adaptations after spinal cord injury: impact of long-term vibration of a constrained lower limb[END_REF], persons with SCI received only unilateral vibration of the con-strained lower limb segment, whereas the opposite limb served as a control. However, as mentioned, the sitting position may have limited the effect of mechanical stimulus, and it cannot be excluded that the vibrations may have indirectly influenced unstimulated bone segments by modifying the endocrine system(37) or other parameters. Menéndez et al. [START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF] and Edwards et al. [START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF] tried to evaluate the relevance of associating other treatments with WBV in the SCI population. However, combining FES and vibration simultaneously did not modify aBMD at the hip [START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF]. Moreover, although teriparatide administration induced an increase in aBMD, no supplemental gain was demonstrated with additional WBV [START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF]. All these results suggest a bone tissue insensitivity to the mechanical loading generated by vibrations in this population. In the absence of a control group, Wuermser et al. [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF] raised the possibility that the lowmagnitude vibration might have prevented greater than expected bone loss, even though it could not reverse the loss already observed. Yet, the comparable variation in aBMD in the active and control groups in our study seems to go against this hypothesis, as does the chronicity of the lesions (≥2 years)in the subjects reported by Wuermser et al. [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF],which corresponded to a new steady state of bone mass [START_REF] Maimoun | Changes in osteoprotegerin/RANKL system, bone mineral density, and bone biochemicals markers in patients with recent spinal cord injury[END_REF][START_REF] Roberts | Longitudinal study of bone turnover after acute spinal cord injury[END_REF].

The present preliminary study is exploratory and many factors may partially explain the lack of aBMD gain in the subjects participating in this program. These factors include SCI-related characteristics such as the duration of SCI, the method of measure: DXA vs. computed tomography (CT), and the characteristics of the WBV (acceleration, frequency). The large range for the initial hip [-3 DS to 0 DS] and lumbar spine T-score [-1.5 DS to 2.1 DS] may have led to different individual aBMD gains, probably because it was more difficult to increase normal/high values than low values. Moreover, the localization of the measurement above or below the lesion, particularly for radius, may have affected the basal value (i.e. lower in persons with tetraplegia compared to persons with paraplegia ( 27)) and probably the bone response to WBV.

Three main questions arise from these results.

(i)

Are the sublesional bones in persons with SCI responsive to mechanical loading?

Various strategies to improve the mechanical strain on bone tissue have been proposed for persons with SCI, but the most evaluated intervention is certainly FES and the results remain equivocal. No effect [START_REF] Needham-Shropshire | Evaluation of a training program for persons with SCI paraplegia using the parastep 1 ambulation system: part 3. Lack of effect on bone mineral density[END_REF], reduced bone loss in the acute phase, and improved aBMD or microarchitecture in the chronic phase have all been reported [START_REF] Chen | Increases in bone mineral density after functional electrical stimulation cycling exercises in spinal cord injured patients[END_REF][START_REF] Frotzler | Highvolume FES-cycling partially reverses bone loss in people with chronic spinal cord injury[END_REF]. Consequently, why did our WBV group not demonstrate an aBMD gain? This may have been because we were unable to evaluate the bone adaptations or because the mechanical strain generated and/or felt by the bone tissue was ineffective in producing an osteogenic signal.

(ii) Is the location of the measurement relevant? aBMD measurement at hip or lumbar spine is the gold standard and can be used to predict future fracture risk and assess response to pharmacological therapies in the general population. However, in subjects with SCI, it appeared that the distal femur (DF) or proximal tibia (PT) were more affected by bone demineralization than the hip [START_REF] Dauty | Supralesional and sublesional bone mineral density in spinal cord-injured patients[END_REF]. Therefore, we cannot exclude the possibility that DXA measurement at the hip alone does not reflect the bone adaptations that may occur at other, more responsive bone sites. Nevertheless, in three studies using CT, the most sensitive of the current techniques to evaluate bone microarchitecture, no osteogenic effect of WBV was observed at DF or PT [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF][START_REF] Dudley-Javoroski | Bone architecture adaptations after spinal cord injury: impact of long-term vibration of a constrained lower limb[END_REF][START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF].

Moreover, in order to detect as early and as finely as possible all the potential bone adaptations induced by WBV, we chose to evaluate the biological blood markers reflecting the activity of bone cells. It was reported that mice with sclerostin gene deletion are resistant to the major sublesional bone loss induced by SCI [START_REF] Qin | Mice with sclerostin gene deletion are resistant to the severe sublesional bone loss induced by spinal cord injury[END_REF]. In humans, the effects of SCI on circulating sclerostin levels seem more complex, given that elevated [START_REF] Battaglino | Circulating sclerostin is elevated in short-term and reduced in long-term SCI[END_REF], normal [START_REF] Gifre | Effect of recent spinal cord injury on wnt signaling antagonists (sclerostin anddkk-1) and their relationship with bone loss. A 12-month prospective study[END_REF] and decreased [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF][START_REF] Battaglino | Circulating sclerostin is elevated in short-term and reduced in long-term SCI[END_REF]values have been reported. In the current study, although a decrease in sclerostin levels was expected, we observed no relevant trends throughout follow-up. Our results confirmed the only available findings, from Wuermser et al. [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF], who reported no variation in sclerostin in chronic persons with SCI CI after 6months of WBV. In a recent study, we reported that individuals with SCI had higher levels of periostin, another essential mediator response to mechanical loading, than healthy controls during the acute phase and similar levels in the chronic phase [START_REF] Maimoun | Periostin and sclerostin levels in individuals with spinal cord injury and their relationship with bone mass, bone turnover, fracture and osteoporosis status[END_REF].

This is the first study to examine the effect of WBV on periostin levels in individuals with SCI, but no significant change was observed over 6 months of intervention. Concomitantly, and as previously reported [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF][START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF], no variation in the bone remodeling markers was observed throughout the follow-up period in either the WBV or control group. These findings corroborate the lack of aBMD variation, whatever the bone site. (iii) Is WBV adapted for subjects with SCI? In experimental studies performed on rats, WBV attenuated the bone loss that commonly occurs during the early acute stages after SCI (44), improved selected biomarkers of bone turnover (i.e. increased osteocalcin) and gene expression [i.e. reduced SOST (sclerostin) and increased Runx2], and reduced osteoclastogenesis [START_REF] Bramlett | Effects of low intensity vibration on bone and muscle in rats with spinal cord injury[END_REF].However, in persons with SCI, our present and previous results [START_REF] Wuermser | The effect of low-magnitude whole body vibration on bone density and microstructure in men and women with chronic motor complete paraplegia[END_REF][START_REF] Dudley-Javoroski | Bone architecture adaptations after spinal cord injury: impact of long-term vibration of a constrained lower limb[END_REF][START_REF] Edwards | Effects of teriparatide and vibration on bone mass and bone strength in people with bone loss and spinal cord injury: a randomized, controlled trial[END_REF][START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF] seem to converge toward an absence of effect. It was likely that the mechanical loading generated by WBV might have been insufficient to overpass the osteogenic threshold, given that this threshold may also be different in the able-bodied population, for which some studies reported a gain in aBMD [START_REF] Rubin | Prevention of postmenopausal bone loss by a low-magnitude, high-frequency mechanical stimuli: a clinical trial assessing compliance, efficacy, and safety[END_REF].Then, the sensitivity of bone to feel mechanical loading may be reduced in persons with SCI due to the low numbers of the primary mechanoreceptors, osteocytes, present in an osteoporotic bone [START_REF] Morse | Association between sclerostin and bone density in chronic spinal cord injury[END_REF].

Int his context, WBV may be more effective during the acute phase when bone mass is not yet lost. A clinical trial in persons with SCI ranging from>1 month and<1 year is currently underway [START_REF] Bauman | Effect of vibration therapy on bone in persons with sub-acute spinal cord injury[END_REF]. At this point, we cannot definitively conclude that WBV has no effect on bone tissue because, when it was associated with FES, it reversed the sublesional peripheral vascular properties [START_REF] Menendez | Chronic effects of simultaneous electro myo-stimulation and vibration on leg blood flow in spinal cord injury[END_REF] that may be at the origin of the sublesional alteration of bone cell differentiation (49).Moreover, this approach reversed the musculoskeletal atrophy measured by ultrasonography, and it may also have a favorable effect on bone tissue. Nevertheless, in our study, using DXA, we were unable to detect any variation in lean body mass following WBV alone.

Limitations

This preliminary study presents some limitations, such as the relatively low number of participants per group. We had only acceptable power (>80) to show a very large size effect (Cohen'sd>1.7) [START_REF] Sawilowsky | New effect size rules of thumb[END_REF]. It is possible, however, that the effect size was smaller but that we did not have the power to demonstrate it. It is also highly likely that a low aBMD gain had no effect on bone strength and hence on fracture occurrence. Nevertheless, we cannot exclude that age, the basal BMD, the bone site evaluated, and the duration and levels of SCI may have modified the response of bone tissue to WBV.

These characteristics were similar in our two groups (control vs vibration) and may have limited the potential aBMD variation. It should in any case be noted that the number of subjects included in our study is comparable to those of previous reports, which reflects the difficulty of recruiting individuals with SCI due to: (i) the low number of participants,(ii) the high prevalence of osteoporosis, and (iii) the difficulty of mobilizing participants to commit to coming to our rehabilitation clinic twice a week for 6 months. Itis reasonable to think that home-based access to an individual vibration platform would be a solution to improve the number of recruits and the compliance. The randomized design that ensured data from both the WBV and control groups (never reported previously) and the association of a large panel of bone markers are nevertheless strengths of our study.

Conclusion

This preliminary study confirmed that during the chronic phase, aBMD and bone remodeling reach anew steady state. However, during this period, the bone tissue in individuals with SCI was insensitive to WBV training at the study dose. Moreover, the findings regarding DXA and the specific markers reflecting bone cell activity that is influenced by mechanical strain, including sclerostin and periostin, did not vary during the 6-month program. Nevertheless, results of this preliminary study that was underpowered need to be confirmed and it is possible that earlier implementation of the protocol using other WBV modalities (frequency, intensity, etc.) would have been more effective at improving bone health in this population.
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