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Rehabilitation and Improvement of the Postural Function

The different techniques and methods employed as well as the different quantitative and qualitative variables measured in order to objectify postural control are often chosen without taking into account the population studied, the objective of the postural test, and the environmental conditions. For these reasons, the aim of this review was to present and justify the different testing techniques and methods with their different quantitative and qualitative variables to make it possible to precisely evaluate each sensory, central, and motor component of the postural function according to the experiment protocol under consideration. The main practical and technological methods and techniques used in evaluating postural control were explained and justified according to the experimental protocol defined. The main postural conditions (postural stance, visual condition, balance condition, and test duration) were also analyzed. Moreover, the mechanistic exploration of the postural function often requires implementing disturbing postural conditions by using motor disturbance (mechanical disturbance), sensory stimulation (sensory manipulation), and/or cognitive disturbance (cognitive task associated with maintaining postural balance) protocols. Each type of disturbance was tackled in order to facilitate understanding of subtle postural control mechanisms and the means to explore them.

and the action of the neuromuscular system. Maintaining balance during bipedal quiet stance requires complex mechanisms from the postural control system in order to keep the vertical projection of the centre of mass (COM) within the base of support [1]. To achieve this aim, the centre of pressure (COP) plays a crucial role to compensate for any deviations of the COM, which can generate imbalance if they move beyond the limits of the base of support. The ability to control the COM depends on internal body representation in space. Internal representation is acquired by means of a learning process but also depends upon genetic factors [2]. This representation is elaborated by sensory inputs and is based on kinematic (segmental organization, whole body acceleration, and body orientation relative to earth gravity) and kinetic (joint torques and forces efforts between the plantar cutaneous surface and the ground) parameters [3]. Moreover, a postural attitude is never acquired definitively even in quiet stance. The body constantly undergoes changes caused by liquid movements and cardiac and respiratory muscular contractions. This phenomenon modifies its atrest state and prevents it from maintaining a strict balance [4]. It is characterized by continuous body sway and results from an internal perturbation. In addition, muscle tone constantly varies which both accentuates body sway and complicates the possibility of cushioning it [5]. Postural control is thus a permanent process of balance regulation whose implementation is based on subtle mechanisms.

Postural regulation is organized in hierarchical and stereotypic patterns and requires the central integration of afferent inputs from the sensory systems as well as the motor command of antigravity muscles. The proprioceptive (myotendinous and joint sensors), exteroceptive (mainly visual and cutaneous plantar sensors, but also auditory sensors), and vestibular (vestibular sensors) inputs are integrated by the vestibular nuclei located in the brain stem and are controlled by the cerebral cortex and cerebellum [6][7][8][9][10]. The activation of postural muscles is organized in synergies (activation/inhibition of agonists/antagonists muscles) and is based on postural neural networks [3].

Each sensory, central, and motor component of the postural function is either healthy or pathological and will display normal or abnormal functions. In pathological subjects, the dysfunction of certain organs involved in postural control is likely to amplify body sway and/or to affect the ability to cushion it and it may also alter the segmental organization of postural control. Different evaluation methods enable the exploration of each component through protocols of motor perturbation (mechanical disturbance), sensory stimulation (sensory manipulation), and/or cognitive disturbance (e.g., virtual simulation, dual task). Postural behavior of healthy subjects can be characterized in terms of postural performance (i.e., the ability to minimize body sway) and segmental (i.e., the multijoint coordination) and neural strategies (i.e., the preferential involvement of short or long neuronal loops, i.e., myotatic or visuovestibular). A particular postural behavior can be easily considered as normal or abnormal through measures of magnitude, velocity, and acceleration of linear or angular displacements of the COM, COP, and body segments and also through measures of electromyographic activities and evaluations of the contribution of different sensory information. All these measures contribute to describe precisely the compensatory and anticipatory postural adjustments characterizing postural behavior. Compensatory postural adjustments act in a feedback manner to preserve balance in response to the actual balance disturbances whereas anticipatory postural adjustments precede the onset of a postural disturbance while minimizing its feedforward effects.

Neurological and muscular pathologies, sensitivity deficits (e.g., vestibular, visual), cerebellar syndrome, and many other diseases severely degrade postural control. The postural performance and strategy of healthy subjects notably differ from those of pathological subjects (e.g., [3,11]). For a given pathology, the postural behaviour evolves in a specific way [12]. However, many scientific considerations in discovering testing and rehabilitation for each pathology of postural function still remain. When subjects present such pathologies, as mentioned above, they are liable to fall, which can have dramatic consequences for their physical integrity. The development of stimulation techniques of the sensory and motor functions in a rehabilitation context is likely to improve and help restore postural function while the refinement of testing techniques improves descriptions of dysfunction of the postural function. For these reasons, this special issue provides supplemental knowledge related to the evaluation and rehabilitation of the postural function in pathological subjects (from children to aged patients) that could advance their therapeutic management.

Moreover, among healthy subjects, the postural function can positively and negatively evolve according to age (e.g., development in children, involution in aged subjects) and the status of subjects in terms of physical activity (e.g., active or inactive). For all these populations, postural control can also be positively influenced by repeated regularly exercise or training. Exercise optimises the sensory, central, and motor outputs of the postural function and can induce motor program acquisitions which include specific postural adaptations [13,14]. Indeed, in a working, leisure, or sporting context, highly skilled subjects are subjected to having a performant postural control since there is a close relationship between postural and motor skill (or postural and motor performance), specific training developing specific postural skills [15]. Postural strategy can also be modified by the effects of training [16]. The progress in the advancement of scientific knowledge in healthy subjects can help in the understanding of pathological postural mechanisms. Thus, this special issue also integrates work dealing with the effects of domestic and leisure physical activities and sport on the postural function in healthy subjects.
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Introduction

The ability to maintain body balance depends on complex organization which is developed with sensory inputs and is based on body geometry (segmental organization), kinetics (ground force reaction), and body orientation and vertical perception (subjective verticality) cues [1]. Pathologies disturbing sensory output, force/movement control, and spatial orientation logically affect postural control [1]. Overall, all pathologies which alter organs specifically involved in the control of posture and movement degrade postural control. For instance, Alzheimer's and Parkinson's diseases, cerebellar and vestibular syndromes, low-vision and ankle sprains, which, respectively, affect the cerebral cortex (parietal lobe involved in spatial orientation and frontal lobe involved in cognition), basal ganglia (especially substantia nigra, whose neurons secrete dopamine involved in the control of movement and posture), cerebellum (involved in movement and balance control), vestibular (involved in head movements' detection), visual (involved in orientation in space), and the ankle capsulo-ligamental (involved in ankle sensitivity and stabilization) systems and disturb postural control [2][3][4][5][6][7][8][9]. Pathological postural attitudes such as idiopathic scoliosis also affect postural control [10]. Given the multitude of structures involved in postural control and because of its complexity, many other pathologies are likely to disturb postural control.

Although pathologies can alter postural control in a nonspecific way, for a given pathology known for affecting particularly the postural function, the postural behavior evolves specifically (e.g., [11,12]). For caregivers, postural control tests can thus help to determine the pathology in question (or the diagnosis) in patients (e.g., [13][14][15]). However, it is essential to use adequate evaluation methods and techniques which give reliable quantitative and qualitative variables in order to pinpoint the functional state of the sensory, central, and motor components of the postural function.

Nevertheless, as regards the literature, one can observe that the different techniques and methods employed, as well as the different quantitative and qualitative variables measured, in order to objectify postural control, are often chosen either arbitrarily or on the basis of materials classically used by the authors without taking into account the population under consideration, the objective of the postural task, and the environmental conditions. For these reasons, the aim of this review was to present and justify the different testing techniques and methods with their different quantitative and qualitative variables to make it possible to precisely evaluate each sensory, central, and motor component of the postural function in pathological subjects but also in healthy subjects since they constitute the benchmark in terms of postural behaviour.

Principles of Analysis of Postural Control

2.1. Quantitative and Qualitative Analyses. Postural control can be quantitatively considered by measuring the movement of the centre of mass (COM), the centre of foot pressure (COP), and body segments but also by measuring electromyographic activities and evaluations of the contribution of different sensory information. The qualitative analysis consists of describing how postural control is organized in relation to the mechanical and neurophysiological aspects.

Postural Performance.

Postural control can be characterized in terms of performance according to the postural condition under consideration. Postural performance refers to the ability to maintain body balance in challenging postural conditions (e.g., a stance classed as a handstand, monopedal dynamic stance) and thus avoiding postural imbalance and falls. Postural performance can also characterize the ability to minimize body sway in more conventional postural conditions (e.g., bipedal quiet stance).

Postural Strategy.

It can be defined on the basis of the spatial and temporal organization of different body segments as well as the extent and order of recruitment of different muscles activated. The different sensory sensors involved in postural regulation as well as the weight of different sensory information and/or the preferential involvement of different neuronal loops can also contribute to describe postural strategy.

Testing for Postural Performance and Strategy

3.1. Testing for Postural Performance. The ability to ensure postural stability in challenging postural conditions can be evaluated with practical or experimental tests with different postural stances (e.g., bipedal stance, monopedal stance) on small bases of support and moving platforms leading to expected and unexpected postural disturbances. Subjects retain their body balance or not and then pass the test on offer or not which corresponds to a certain performance level. If the test consists of discriminating between the ability to minimize body sway in easy and unspecific postural conditions, different instrumented evaluation methods can be employed.

Testing for Postural

Strategy. The use of instrumented evaluation methods is sometimes insufficient to precisely characterize the postural strategy employed by subjects. Evaluation of the contribution of each component of the postural function often involves motor disturbance (mechanical disturbance), sensory stimulation (sensory manipulation), or cognitive disturbance (e.g., virtual simulation, dual-task) protocols. Methods combining these different techniques also provide relevant information in analysis of the postural function.

Basic Noninstrumented Postural Tests

Most of the time, the evaluation of postural function requires technological materials but simple tests can also be used to identify postural dysfunctions in aged and frail subjects and subjects with pathologies (acute and chronic pathologies). However, basic postural tests were mainly designed to evaluate older subjects' postural abilities as well as their risk of falling whereas there are only a few tests for subjects with pathologies. A number of tests exist, such as the Berg Balance Scale [16,17], Timed Up-and-Go [18,19], Tinetti test [20], Short Physical Performance Battery [21], Mini Balance Evaluation Systems Test [22], Unified Balance Scale [23], Functional Ambulation Classification [24,25], and the Postural Assessment Scale for Stroke patients [26] for example. Currently, the Berg Balance Scale or Mini Balance Evaluation Systems Test would be the tests particularly recommended by certain experts [27]. Moreover, it is known that failure to maintain the monopodal stance for 5 seconds constitutes a strong risk of falling for older people even if this very discriminating test on its own does not predict all falls that might occur in their life [28]. This monopedal stance can be suggested for 30 seconds (3 trials), and either the subject passes the test or he/she fails. In the event of the latter, one can record the holding time from the best trial (if this is less than 14 seconds, postural abilities are considered very weak). Moreover, walking speed tests over a 4-metre distance with a chronometer also make it possible to evaluate the postural abilities of older subjects. For example, a walking speed corresponding to 0.8 m⋅s -1 is predictive of weak functional abilities while a speed corresponding to 0.6 m⋅s -1 constitutes a threshold below which the risk of falling is critical [29]. However, these practical tests are of interest to subjects whose postural abilities are very weak but they do not make it possible to carry out qualitative analyses of postural control, especially for (young) subjects with pathologies. Only technology and instrumented tests offer this possibility.

Material and Technology for Instrumented Tests

Even though noninstrument tests can be useful to the clinician in diagnosing sensory-motor disorders, they only provide a gross indicator of postural control efficiency. Detailed analysis of postural control performance and associated strategies require the use of instrumented tests with various materials to make it possible to carry out kinetic, kinematic, and electrophysiological analysis.

Kinetic Devices.

Force platforms are the most widely used devices in assessing postural function. Force platforms are made of a dimensionally stable board under which load sensors are positioned. They can be incorporated in specific motorized or nonmotorized devices in order to generate instability.

Main Technologies.

The most widely used nonmotorized devices are wobble boards, usually made of wood or plastic materials, with hemispherical or hemicylindrical bases (seesaws) that create instability in all spatial directions or a given plane [30]. Instability can be modulated according to the radius and height of the base. While reducing ground surface contact and raising feet surface contact, wobble boards challenge both sensory and motor components of the postural control system [31]. Indeed, standing on a wobble board requires the centre of mass (COM) to be projected onto the board's point of contact with the floor [32], thereby increasing postural sway and challenging the postural control system when compared to standing on stable ground [30]. Wobble boards sometimes include autonomous measurement devices-mainly potentiometers recording the discrepancies of the seesaw from the horizontal plane-and do not require the use of a force platform [33]. Although such devices are affordable and can be used for sports training and balance rehabilitation, they only provide a macroscopic postural sway index without directional characteristics that are required for a suitable assessment of postural function.

Since the pioneering work by Nashner [34], many studies have been conducted with servo-controlled motorized force platforms. Most current advanced devices can provoke cyclic or sudden translational movements in the medial lateral (ML) and/or anterior/posterior (AP) direction and rotational movements in all directions or a given plane. When focusing on the technology of force platforms, two "families" of platforms can be considered: (1) those equipped with monoaxial load cells that only measure the vertical component of the ground reaction force (FZ), usually with at least three strain gauges (uniaxial plates) and (2) those equipped with load cells (usually four strain gauges or piezoelectric sensors) that measure the three components of the ground reaction force (FX, FY, and FZ) and the moment of force acting on the plate (MX, MY, and MZ) (multiaxial pates) [35]. Both uni-and multiaxial plates can be used to calculate the ML and AP time series of the centre of pressure (COP, the point of application of the vertical ground reaction force) over time during a postural test. The COP is the most measured parameter to assess postural function. Postural sway is commonly applied to variations in the COP position, whereas displacements of the COM are applied to body sway [36]. With multiaxial plates, the relative horizontal COM displacements can be calculated thanks to a double integration of the ML and AP components of the ground reaction force (divided by the mass). Nevertheless, it is not possible to calculate the initial velocity and position of the COM, even though some methods have been suggested to estimate these initial constants [35]. COM horizontal positions can also be evaluated from COP displacements measured with both uni-and multiaxial platforms by using an inverted pendulum model and a filtering method based on the COM/COP relationship in the frequency domain [37]. Nevertheless, only kinematic analyses make calculation of COM motions in three spatial directions possible.

Force platforms initially designed to be used as video game controllers have also been recently suggested as very affordable tools to assess postural function. Many studies have been conducted in order to compare multiaxial platforms with these particular unidirectional platforms, characterized by inconsistent and low sample rates with a large amount of irrelevant results. Such devices tend to overestimate COP parameters such as velocity [38]. The overestimation of COP parameters appears to be a typical feature of uniaxial force plates and depends on the postural task's complexity-the easier the postural task, the larger the overestimate [38,39]. Despite this limitation, monoaxial force plates provide appropriate accuracy for most standing balance assessments. Nevertheless, measurements from unidirectional and multiaxial platforms should not be used interchangeably [39]. Whatever the type of platform used, they must meet further requirements whose standards have been recently updated [40]: accuracy should be better than 0.1 mm, precision should be better than 0.05 mm, resolution should be higher than 0.05 mm, frequency bandwidth should be 0.01-10 Hz, and linearity should be better than 90% across the whole range of measurement parameters.

Since the COP comes from the muscle actions of both feet, the use of two platforms placed side by side can be required in order to analyze in detail the balance mechanisms in the frontal plane by measuring the ground reaction forces under each foot [41,42], especially if body weight distribution asymmetry is suspected, as with hemiparetic or amputee patients [43]. It is also possible to distinguish the hip loading/unloading mechanism from the ankle inversion/eversion mechanism acting on the frontal plane with two platforms [42]. Some force plates also make it possible to separately analyze the COP movements at the heel and those of the metatarsus under each foot. Some authors have developed specific measurement devices to analyze more complex postural conditions. Examples include the concomitant use of the force platform and force transducers positioned on handles to analyze postural tasks performed while using hand supports [44] and specific ergometers equipped with 3D load sensors positioned on feet and hand supports to analyze horizontal [45] and vertical [46] quadrupedal postures. Devices using pressure sensors as flexible instrumented insoles [47] or pressure plates [48] can be used to measure plantar pressure distribution, especially when modulating conditions related to footwear. Plantar pressure measurements provide information regarding potential impairments of the foot and its disorders [49]. Among all these kinetic devices, force platforms are considered to be the gold standard [38], with COP being the most widely measured parameter from which various variables can be calculated to assess postural function [35].

Main COP Variables.

Raw COP recordings are mainly used by clinicians and researchers as gross visual representations of the output of the postural control system. Two representations can be obtained, the statokinesigram (construction of the COP map in the horizontal plane) and the stabilogram (time series showing variation of the COP in the AP and ML directions). Nevertheless, the calculation of other COP variables from raw COP data is necessary in order to analyze the mechanisms involved in postural regulation. COP variables can be categorized as global and structural variables [35,[50][51][52]. Global variables characterize the magnitude of the resultant and/or the ML and AP components of the COP traces in both time and frequency domains. Authors usually consider that the greater the magnitude or deviations of a global variable, the poorer the postural stability. Nevertheless, global variables are not sensitive to the structure of variation which can potentially provide essential insights into the postural control process in a variety of contexts [50,51]. Hence structural variables can be considered. These variables decompose the COP sway patterns into subunities and correlate them with the motor control process [35,[50][51][52][53].

(1) Global COP Variables. Many different global variables have been put forward [50]. Making an exhaustive list of all these variables is not the concern of this study and only the most common and relevant ones are given here and commented on.

(i) Mean coordinates reflect the topographical features of plantar pressure distribution [54] and depend on the position of the subjects on the force plate. They can be influenced by wearing specific shoes (e.g., ski-boots [55]) and anthropometric characteristics [56]. They can also be used as a clinical index to detect specific pathologies resulting from bilateral unbalance.

(ii) Ellipse area/surface quantifies 90 or 95% of the total area covered in the ML and AP direction using an ellipse to fit the data. It is considered to be an index of overall postural performance-the smaller the surface, the better the performance [57]. Caution must be taken when calculating this variable and the use of prediction ellipses should be preferred to confidence ellipses [58,59].

(iii) Path length quantifies the magnitude of the twodimensional displacement based on the total distance travelled. It is considered to be a valid outcome measurement in numerous populations and balance conditions-the smaller the path length, the better the postural stability [39].

(iv) Amplitude of displacement is the distance between the maximum and minimum COP displacement for each direction-the greater the values, the worse the postural stability. COP amplitude is a reliable parameter which has been widely used in order to analyze postural deficits with patients suffering from neuromotor disorders such as cerebral palsy, especially when analysis was conducted on the ML direction [60].

(v) Velocity is calculated by dividing the COP excursion by the trial time. One can consider the ML and AP components or the resultant velocity. It reflects the efficiency of the postural control system (the smaller the velocity, the better the postural control) while characterizing the net neuromuscular activity required to maintain balance [61] and has been considered as the measurement with the greatest reliability among trials [35]. Additional authors considered COP velocity as the most sensitive parameter in comparing individuals from different age groups and with different neurological diseases [62][63][64].

Vsetecková and Drey [65] also underlined the major role of COP velocity in the feedforward mechanisms of the postural control system during quiet stance.

(vi) Standard deviation (SD), root mean square (RMS): RMS is defined as the square root of the mean of the squares of a sample. If the COP signal has zero mean, RMS and SD provide the same result. RMS and SD are variability indexes of COP movements which offer good reliability in discriminating between young and older subjects and subjects who are healthy and those with pathologies [35,[66][67][68].

(vii) Total power frequency is considered an energyexpenditure index.

(viii) Mean, median, centroid, and 80-95% power frequency: these parameters provide a general view of the frequency content of the COP signal. Higher frequencies of postural sway are indicative of postural control with faster and smaller postural adjustments [69]. Mean and median frequency can also be viewed as indexes of ankle stiffness-the higher the frequency of postural sway, the higher the stiffness around the ankle joint [70]. 80-95% power frequency characterizes the frequency band with 80-95% of the spectral power. Baratto et al. [50] suggest 80% of spectral power is the best value to characterize modifications in the postural control system.

(ix) Frequency bands distribution: the frequency content of the COP signal is studied by incorporating amplitudes within frequency bands in order to characterize the preferential involvement of specific neuronal loops in postural regulation [71][72][73][74]. Three frequency bands are usually considered: low frequencies (0-0.02/0.5 Hz) which mostly account for visuovestibular regulation, medium frequencies (0.2/0.5-2 Hz) for cerebellar participation, and high frequencies for proprioceptive participation (>2 Hz), the limits of these bands being different according to the authors [66,71].

Spectral analyses of COP sway are usually performed with algorithms based on Fourier transforms [35,69]. These methods should be used with caution since the COP can demonstrate nonstationary characteristics [69,75]. Computational approaches such as discrete wavelet analysis [75] or empirical mode decomposition [69] are more suitable for nonstationary signals.

(2) Structural COP Variables. Because of the nonstationary characteristic of the COP signal, standard time and frequency analysis methods cannot adequately describe the dynamic changes of postural sway. Because the postural control system must be considered as a nonlinear system (where reactions are not proportional to the applied stimuli), various methods of nonlinear dynamics and quantitative descriptors have been put forward for the analysis of the COP signal [76].

Collins and De Luca [53] introduced a method for analyzing time evolutionary properties of the COP known as stabilogram diffusion analysis. They assumed that maintenance of erect posture could be considered as a stochastic process governed by the laws of probability. Stochastic analysis is focused on the evolution of complex structures resulting from interactions between numerous elements. From a stochastic perspective, the COP time series is considered as the performance of a theoretical process consisting of random variables relating to points in time, with this random theoretical process being analyzed by performing a statistical inference on its properties [77]. Collins and De Luca [53] decomposed the COP signal into two stochastic processes modelled as Brownian fractional movements: a long-term process with a large exponent characterizing a persistent structure and a short-term one with a small exponent characterizing an antipersistent structure. These two structural sub unities were considered to, respectively, characterize the closed and open-loop mechanisms of human postural control [53]. Nevertheless, the existence of a critical point in time that distinguishes open-and closed-loop processes in postural control has been challenged and the functional significance of this model is no longer widely accepted [78,79].

With the rambling-trembling hypothesis, Zatsiorsky and Duarte [80] put forward an alternative method which also differentiates between two timescale components in the COP signal. In the context of the equilibrium-point hypothesis [81], they suggest that equilibrium is adopted according to a migrating reference point, characterized by the conservative rambling subsystem, whose movements reflect an exploratory behaviour which does not induce substantial restoring forces. The oscillations around this reference point characterize the operative trembling subsystem which aims at maintaining equilibrium around the reference point thanks to restoring forces [82]. Rambling and trembling subsystems describe two different processes in the control of an upright stance: rambling reflects the supraspinal processes involved in the control of the movements of the reference point, whereas trembling reflects spinal reflexes and changes in the intrinsic mechanical properties of the muscles and joints [82].

Another approach of COP structural analysis is based on the assumption that the postural control system is a chaotic system with a deterministic nature [76]. Fractal dimension methods have been put forward in order to detect chaos in posturographic signals. Decreased postural stability due to lack of visual cues [76] or neurological pathologies [83] is characterized by an increase in the signal's fractal dimension. Fractal analysis of COP signals represents a reliable and sensitive tool to assess subtle changes in postural control caused by a pathology and/or age [76,83]. Sample entropy (SampEn, a measure of regularity), approximate entropy (ApEn, a measure of unpredictability), and Lyapunov exponent (LyE, a measure of divergence) are nonlinear dynamic parameters that can be extracted from COP plot points in order to perform structural analyses [52,84,85]. Significant regularity in postural control resulting in low values for SampEN, ApEn and LyE characterizes constraint systems with reduced adaptation and response aptitudes to potential disturbances and increased risk of falling. Patients suffering from neurological disorders typically demonstrate lower SampEN, ApEn, and LyE values compared to healthy subjects and this reflects impairment in postural function [85,86]. Unconstrained and irregular postural oscillations reflect the efficiency of postural control related to the complex mechanisms with structured variability but not exact repetition [87].

Additional authors have put forward other specific methods for COP structural analysis. One can mention the swaydensity curve concept from Baratto et al. [50], based on the idea that COP movements are incompatible with Brownian movement, the structural analysis proposed by Duarte and Zatsiorsky [88], which requires carrying out prolonged postural tasks in order to identify timescale components in the COP signal, the empirical mode decomposition put forward by Pachori et al. [69], which decomposes the COP signal into intrinsic mode functions (i.e., local oscillations that compose the raw COP signal), the entropic half-life approach from Baltich et al. [89], which makes it possible to quantify the SampEn of the COP with different time scales without affecting the signal length, or the rotary spectra approach proposed by Agostini et al. [90], which separates rotational iso-frequential components of the COP signals from nonrotational ones. These approaches are developments of preexisting methods detailed more precisely above or which require more research in order to test their reliability and validate their relevance for clinical applications.

Kinematic Devices

Main Technologies.

Even though basic video recordings can provide both qualitative and quantitative information about segmental postural strategies, especially when using specific advanced software [91], only 3D motion capture systems offer the high level of accuracy and reliability necessary to record the small motions which characterize the unperturbed upright stance [92]. Two different technologies can be identified. Passive marker systems use reflective markers with a set of further high-resolution, high-speed cameras with incorporated infrared/near infrared strobes. The cameras record the reflection from the markers placed on specific anatomic landmarks whose identification is performed thanks to the software. Active marker systems use powered markers sending an infrared signal which is captured by sensor units. Each active marker has its proper frequency. Active marker systems avoid the postprocessing identification procedures required with passive marker systems but require small powered boxes to be attached to the subjects' skin.

The use of 3D body-worn accelerometers has recently been suggested as an alternative to force platforms for measuring postural sway [93]. Accelerometers can be positioned on the posterior trunk to give an estimate of COM movements [93] or on specific joints to assess joint movements and/or COM movements thanks to subsequent modelling and calculation [94]. Accelerometer-based devices provide a sensitive means of measuring subtle balance deficits in clinical settings [93,94].

Electrogoniometers make it possible to measure joint angular displacements and have been mainly used to analyze changes in segmental postural coordination while using the dynamic approach to postural control (e.g., [95]). Electrogoniometers provide a first level of accuracy, which is acceptable for dynamic postural tasks [95], but it might be inadequate for measuring joint movements in static postural tasks with healthy subjects.

Laser-displacement sensors can also offer interesting possibilities for kinematic measurements in order to compute joint angle measurements [96,97] or to analyze the movements of a specific body landmark like a lumbar vertebra, whose movements can be incorporated into a procedure to estimate COM displacements [64]. Laser displacement sensors can provide a very high level of accuracy, making it possible to get reliable measurements of angular motion for subsequent derivative calculations [96].

Main Kinematic Variables.

Because of the complexity of the musculoskeletal system, kinematic analyses are always associated with using a biomechanical model with a different degree of complexity. Biomechanical models usually consider the body as a system made up of rigid articulated segmentsthe more segments and the more freedom of the joints, the more complex the model. Whatever the complexity of the model, the calculation of joint angles can be viewed as a first step that makes it possible to characterize skeletal alignment and assess the overall segmental postural organization [98]. Velocity, acceleration, and jerk calculations provide additional information about joint movement characteristics. Joint moments can be calculated by inverse dynamics when performing more complex analysis combining force plate and kinematic measurements [92]. While using accelerometric devices on the belt to quantify postural sway, Mancini et al. [93] have shown that jerk was the most discriminating parameter to differentiate sway in subjects with Parkinson's disease compared to healthy control subjects. It must be noted that classic movement descriptors can be calculated independently of the type of kinematic device employed while using integration/derivation procedures with accurate filtering and data smoothing procedures [41].

As COM is the only variable that characterizes body sway, its calculation has been of major importance particularly in understanding the relationships between the COM and COP [36]. Despite the widespread use of COM, its calculation is a complex and time-consuming operation which requires a multisegmental model of the body. Winter et al. [START_REF] Winter | Stiffness control of balance in quiet standing[END_REF] recommends a 14-segment model with 21 markers. Segmental inertial characteristics must also be estimated thanks to anthropometric tables [START_REF] Winter | Stiffness control of balance in quiet standing[END_REF] or optimization procedures [START_REF] Chen | A method for estimating subject-specific body segment inertial parameters in human movement analysis[END_REF]. Once the COM is being calculated, similar parameters to those described in Section 5.1.2 with the COP can be calculated.

The analysis of interjoint coordination is a major concern when studying multisegment movement strategies of postural control. Many methods have been put forward in order to identify joint synergies and/or quantify the respective contributions made by joint motions in the control of COM or COP, such as principal component analyses [START_REF] Federolf | Analysis of the multisegmental postural movement strategies utilized in bipedal, tandem and one-leg stance as quantified by a principal component decomposition of marker coordinates[END_REF], multivariate canonical correlation analyses [START_REF] Kilby | Models of postural control: shared variance in joint and COM motions[END_REF], coherence and cophase analyses [START_REF] Wang | The degrees of freedom problem in human standing posture: collective and component dynamics[END_REF], coherence spectrum analyses [96], relative phase estimates [START_REF] Bardy | Postural coordination modes considered as emergent phenomena[END_REF], cross-correlation analyses [92], or wavelet coherence analyses [START_REF] Zhang | Use of wavelet coherence to assess two-joint coordination during quiet upright stance[END_REF]. Similar analyses can also be conducted in order to analyze organization and coordination of physiological tremors during postural tasks [START_REF] Guo | Organization of physiological tremors and coordination solutions to postural pointing on an uneven stance surface[END_REF].

5.3. Electromyography. Electromyographic (EMG) recordings have been widely used in the assessment of postural function. Amplitude, temporal, and frequency parameters can be differentiated [START_REF] Merletti | Electromyography: Physiology, Engineering, and Non-Invasive Applications[END_REF]. Temporal EMG analyses have been extensively used in order to characterize postural responses following platform-movement disturbances or anticipatory postural adjustments with voluntary movements [START_REF] Saito | Relationship between improvements in motor performance and changes in anticipatory postural adjustments during wholebody reaching training[END_REF] when identifying bursts of muscle activity [START_REF] Horak | Central programming of postural movements: adaptation to altered support-surface configurations[END_REF]. EMG amplitude analyses, like RMS or area calculations [55], are used to reflect the magnitude of muscular activity in maintaining specific postural tasks. Frequency domain analyses have been used with moving oscillating platforms and have shown that increased frequency of platform oscillations increases the amplitude spectrum of muscle activity [START_REF] Fujiwara | Postural muscle activity patterns during standing at rest and on an oscillating floor[END_REF].

EMG recordings can also be used in order to study postural segmental strategies and interjoint coordination. Cross-correlation analysis can be applied to investigate the relationships between COP/COM time series and time domain EMG data [START_REF] Gatev | Feedforward ankle strategy of balance during quiet stance in adults[END_REF]. The EMG activity of postural muscles during stable standing tasks has also been analyzed in the frequency domain with coherence analysis in order to determine coordination patterns [START_REF] Saffer | Coherence analysis of muscle activity during quiet stance[END_REF].

Main Postural Conditions

6.1. Postural Stances. Generally speaking, postural tests are done either in a bipedal stance or in a monopedal stance. In a bipedal stance, the feet are positioned according to a multitude of possible conditions, the main ones being: feet apart, feet together, semitandem, and full tandem (Figure 1). The legs are generally straight (they can be also flexed if required for the protocol) and the feet either form an angle of 15-30 ∘ or are positioned parallel (e.g., [START_REF] Mehdikhani | The effect of feet position on standing balance in patients with diabetes[END_REF]). The intermalleolar distance is usually 5 cm for an angle of 30 ∘ and 10-15 cm for an angle of 15 ∘ [61,[START_REF] Mehdikhani | The effect of feet position on standing balance in patients with diabetes[END_REF] and varies between 0 and 15-20 cm for quasi-parallel feet [START_REF] Kim | Feet distance and static postural balance: implication on the role of natural stance[END_REF]. In a monopedal stance, the supporting leg can be the dominant leg or the nondominant leg according to the aim of the postural test (the dominant leg is the one used for kicking a ball). The supporting leg can be extended or flexed according to the requirements of the experiment. The nonsupporting leg can be either raised and flexed 90 ∘ at knee-level or lifted so that the subject's big toe touches the medial malleolus of the supporting leg lightly (no support). The two hips are placed in a neutral position (0 ∘ of flexion or slight flexion if the toes touch the medial malleolus) if the supporting leg is extended, which is different if the supporting leg is flexed. Whatever the postural stance chosen from among the different possibilities mentioned above, subjects stand in a relaxed manner with arms extended out to the sides or crossed in front of their chest. When arms are moving freely, postural performance is modified [START_REF] Milosevic | Arm movement improves performance in clinical balance and mobility tests[END_REF].

In certain circumstances with pathological subjects or healthy highly skilled subjects, other postural stances can be adopted. Hence, the other possible main supports are ischium (seated with or without feet support), knee (kneeling), and hands (a stance classed as a handstand for skilled sportsmen or quadrupedal postures) [45,46,57].

For all the postural stances mentioned above, other body segments can be also used as additional supports: hand (one or two), trunk, head, thigh, shank, arm, and forearm. Analyses of the contribution of haptic information (proprioception and cutaneous sensitivity combined) in postural regulation as well as the application of different biomechanical conditions justify the use of these additional supports.

Visual Condition.

Most of time the postural tests are completed without and/or with visual information. The suppression of visual cues may occur through closing the eyes or blindfolding but also by putting subjects in total darkness. Moreover, the contribution of visual cues (calculated with quantitative and qualitative variables obtained in the closed eyes condition compared to the same variables measured in the open eyes condition) constitutes relevant data in the analysis of postural control in subjects who are healthy and who have pathologies.

Balance Condition.

Both static and dynamic conditions are used when testing postural control. For subjects with pathologies, it is prudent to start with postural tests in static conditions. Dynamic conditions are more discriminating than static conditions in terms of postural control [5]. The contribution of visual cues is essential in static conditions while the contribution of proprioception inputs is fundamental in dynamic conditions [56]. However, when the difficulty of postural task increases in dynamic conditions, the contribution of visual information increases [5].

Duration of Tests.

In the literature, one can find different durations of test for evaluating postural control. Generally speaking, the duration of tests in static conditions is longer than that observed in dynamic conditions. One can estimate that appropriate durations mainly vary between 20 and 60 s for static conditions and between 10 and 30 s for the dynamic conditions depending on the difficulty of the postural task and the population under consideration (e.g., subjects with pathologies, older subjects, highly skilled subjects). In static conditions, a 20-s duration would be the minimum under which the postural test may lose consistency since the stationary process (stationariness of the posturographic signals) of postural control requires some seconds of adjustment time [40,[START_REF] Carpenter | Sampling duration effects on centre of pressure summary measures[END_REF]. The last meeting of the International Society for Posture and Gait Research suggested that from a recording time of 25-40 s the posturographic parameters are steady and reliable and a reasonable comprise could be 30 s with 5 s of adjustment time before starting the recording [40]. In turn, the complexity of evaluation protocols sometimes involves longer durations in specific physiological and/or psychological (or cognitive) conditions. Nevertheless, the experimenter should ensure that the test duration does not cause fatigue especially in subjects with pathologies. In dynamic conditions, a 30-s duration seems to be the maximum in order to avoid fatigue in healthy subjects, while this duration should be shorter for subjects with pathologies. A 15/25-s duration for healthy subjects and a 10/20-s duration for subjects with pathologies seem to be appropriate.

Disturbing Postural Conditions

Different evaluation methods make it possible to explore each component of the postural function with motor disturbance (mechanical disturbance), sensory stimulation (sensory manipulation), and/or cognitive disturbance (e.g., cognitive task associated to postural balance maintenance) protocols.

External Mechanical Disturbance.

The first principle making it possible to destabilize body balance consists of mechanically creating COM displacements thanks to external disturbances. To this end, unexpected disturbances produced by percussion or pushing a large body segment such as the trunk can produce mechanical disturbances which require effective postural reactions in order to maintain body balance. The second principle consists of modifying the state of the base of support with moving platforms (e.g., translation, pitching, rolling or yaw movements) and surface reductions to this base. Finally, the third principle consists of applying articular constraints by limiting or blocking joint movements (cervical and lumbar spine, hip, knee, and ankle) by means of orthotic devices, specific equipment (specific shoes or clothing), collars, and so forth. This principle involves mechanical compensation of joint constraints by changes in postural strategy by reorganising muscle coordination which is made possible by inherent redundancies in the human body [55]. These particular constraints result in not only mechanical constraints but also sensory disturbances since a mere cervical collar effectively joins the head and trunk which limits the information from cervical articulations [START_REF] Paillard | Do sensorial manipulations affect subjects differently depending on their postural abilities?[END_REF].

Sensory Disturbance.

In order to study the contribution of different sensory sensors to postural regulation, the experimenter often uses sensory manipulations of one (simple manipulation) or two/three (combined manipulation) sensory sensors. The disturbance in one or several sensory sensors impacts the contribution of other sensory sensors (Figure 2). The sensory manipulation technique makes it possible to evaluate the efficiency of different sensory sensors (i.e., the ones that are not manipulated and make it possible to regulate postural control), to identify the predominance of a particular sensor among all the sensors or the preferential use of certain sensory information (i.e., the sensor that when manipulated induces greater postural disturbances than when the other sensors are individually manipulated), and to define the capacities to compensate and/or switch the different sensory inputs (i.e., the abilities to limit the effects of postural disturbance through the increased contribution of sensory sensors which have not been not manipulated) [START_REF] Maitre | Regular physical activity reduces the effects of Achilles tendon vibration on postural control for older women[END_REF][START_REF] Maitre | Discrepancy in the involution of the different neural loops with age[END_REF][START_REF] Maitre | Chronic physical activity preserves efficiency of proprioception in postural control in older women[END_REF].

Visual Disturbance.

The alteration of visual cues can be generated through the reduction or suppression of brightness and/or field visual. The experimenter can reduce the visual flow with stroboscopic light, light filters and other processes intended to limit the availability of visual information. He/she can also move the visual target away from the subject in order to attenuate the visual effects on postural control [START_REF] Barela | Influence of imposed optic flow characteristics and intention on postural responses[END_REF]. Visual disturbances can also be created by giving erroneous visual cues through the application of the optokinetic technique [START_REF] Barela | Influence of imposed optic flow characteristics and intention on postural responses[END_REF]. This makes it possible to project a moving visual scene on a subject/patient who is standing. It triggers nystagmus in the direction selected by the experimenter and causes postural deviation [START_REF] Mizuno | Postural control responses sitting on unstable board during visual stimulation[END_REF]. An optokinetic stimulus induced by the rotation of a disc from the left side to the right side causes an inclination of the body to the right side to compensate for the body motion illusion to the left. The purpose is not to destabilize the subject/patient, but to provoke neurosensory conflicts since proprioceptive, vestibular, and plantar cutaneous inputs indicate no movement.

Vestibular Disturbance.

In order to study the contribution of vestibular inputs in postural regulation, the vestibular afferences can be disturbed with particular electrical stimulations. These disturbance stimulations are done with the galvanic vestibular stimulation technique. It consists of provoking neurosensory conflicts by applying an electrical current via surface electrodes to the mastoid processes [START_REF] Maitre | Regular physical activity reduces the effects of Achilles tendon vibration on postural control for older women[END_REF][START_REF] Maitre | Discrepancy in the involution of the different neural loops with age[END_REF][START_REF] Curthoys | A critical review of the neurophysiological evidence underlying clinical vestibular testing using sound, vibration and galvanic stimuli[END_REF]. This electrical current disturbs the transduction of ciliated cells in ampullary crests (in semicircular canals) and macula (in otoliths) which induces body motion illusions [START_REF] Curthoys | A critical review of the neurophysiological evidence underlying clinical vestibular testing using sound, vibration and galvanic stimuli[END_REF][START_REF] Fitzpatrick | Probing the human vestibular system with galvanic stimulation[END_REF] and modifies postural attitude [START_REF] Yang | Comparison of postural responses to galvanic vestibular stimulation between pilots and the general populace[END_REF][START_REF] Wardman | Position and velocity responses to galvanic vestibular stimulation in human subjects during standing[END_REF][START_REF] Wardman | Effects of galvanic vestibular stimulation on human posture and perception while standing[END_REF] but does not change the internal representation of the subjective vertical [START_REF] Wardman | Effects of galvanic vestibular stimulation on human posture and perception while standing[END_REF]. Galvanic vestibular stimulation can be applied unilaterally or bilaterally through monopolar or bipolar stimulus [START_REF] Séverac Cauquil | Monaural and binaural galvanic vestibular stimulation in human dynamic balance function[END_REF][START_REF] Cauquil | Body response to binaural monopolar galvanic vestibular stimulation in humans[END_REF]. A bilateral and bipolar stimulation provokes tilting on the medio-lateral axis towards the anode electrode [START_REF] Day | Human body-segment tilts induced by galvanic stimulation: a vestibularly driven balance protection mechanism[END_REF]. Bilateral and monopolar stimulation creates tilting on the anteroposterior axis, backward for anode electrodes, forward for cathode electrodes [START_REF] Cauquil | Body response to binaural monopolar galvanic vestibular stimulation in humans[END_REF]. The head should be vertically placed (not inclined) because its position can influence the postural response [START_REF] Wardman | What does galvanic vestibular stimulation stimulate?[END_REF]. The intensity of stimulation influences the postural response-the higher the intensity, the greater the postural reaction [START_REF] Cauquil | Body response to binaural monopolar galvanic vestibular stimulation in humans[END_REF][START_REF] Day | Human body-segment tilts induced by galvanic stimulation: a vestibularly driven balance protection mechanism[END_REF]. The disturbance intensities raised in the literature go from 1 mA to 5 mA [START_REF] Fitzpatrick | Probing the human vestibular system with galvanic stimulation[END_REF][START_REF] Curthoys | What galvanic vestibular stimulation actually activates[END_REF]. Higher intensities are feasible but would not be harmless in terms of the risk of burning the subject's skin [START_REF] Curthoys | What galvanic vestibular stimulation actually activates[END_REF]. The delay in postural response to stimulation is about 1-2 s [START_REF] Fitzpatrick | Probing the human vestibular system with galvanic stimulation[END_REF]. The experience of more natural stimulation of the vestibular system, that is, through accelerations of the head movement through specific physical activities (e.g., control subjects versus pilots), can limit the magnitude of body deviation [START_REF] Yang | Comparison of postural responses to galvanic vestibular stimulation between pilots and the general populace[END_REF]. This study showed that pilots have a stronger ability to suppress vestibular illusions than control subjects. Moreover, the risk of body destabilization (falling) of subjects/patients is real when using galvanic vestibular stimulation, so the experimenter must ensure he/she applies progressive intensities especially with subjects who are impaired or have pathologies. For example, individuals with Down's syndrome showed greater sensitivity to galvanic vestibular stimulation than control subjects and were not able to select the appropriate motor strategy to efficiently maintain balance and compensate for the effects of galvanic vestibular stimulation [START_REF] Carvalho | The effect of galvanic vestibular stimulation on postural response of Down syndrome individuals on the seesaw[END_REF].

Proprioception Disturbance.

The proprioceptive disturbance is mainly studied by manipulating myotatic and tendon sensors since the manipulation of articular sensors is done with articular constraints or blocking. Tendon vibration and neuromuscular electrical stimulation are the two techniques mainly used to disturb the myotendinous complex.

Tendon vibration applied onto muscle belly or tendon modulates the afferences of fibres of type Ia [START_REF] Roll | Kinaesthetic role of muscle afferents in man, studied by tendon vibration and microneurography[END_REF][START_REF] Roll | Alteration of proprioceptice messages induced by tendon vibration in man: a microneurographic study[END_REF]. Muscle spindle secondary endings (fibres II) and Golgi tendon organs (fibres Ib) would be either insensitive or only slightly sensitive to tendon vibration in relaxed muscles [START_REF] Roll | Alteration of proprioceptice messages induced by tendon vibration in man: a microneurographic study[END_REF]. Tendon vibration induces perceived muscle stretching as well as body motion illusion which results in modification of body orientation [START_REF] Ceyte | Effect of Achilles tendon vibration on postural orientation[END_REF]. Vibratory stimulation provokes body inclination backwards when it is applied to the triceps surae [START_REF] Thompson | Effects of bilateral Achilles tendon vibration on postural orientation and balance during standing[END_REF] and provokes body inclination forwards when it is applied to the tibilis anterior [START_REF] Polónyová | Human postural responses to different frequency vibrations of lower leg muscles[END_REF]. The vibratory frequency and amplitude usually used are, respectively, between 30 and 100 Hz and between 0.2 and 3 mm [START_REF] Roll | Alteration of proprioceptice messages induced by tendon vibration in man: a microneurographic study[END_REF][START_REF] Billot | Reduced plantar sole sensitivity induces balance control modifications to compensate ankle tendon vibration and vision deprivation[END_REF][START_REF] Bove | Effects of leg muscle tendon vibration on group Ia and group II reflex responses to stance perturbation in humans[END_REF][START_REF] Deshpande | Postural responses and spatial orientation to neck proprioceptive and vestibular inputs during locomotion in young and older adults[END_REF]. The stimulation frequency influences the muscle response-the higher the values, the greater the postural reaction. Vibrations below 20 Hz induce mechanical resonance [START_REF] Piecha | The effect of a short-term and long-term whole-body vibration in healthy men upon the postural stability[END_REF]. Finally, the risk of body destabilization in subjects/patients is real when using tendon vibration, so the experimenter must ensure he/she applies progressive frequencies especially in subjects who are impaired or who have pathologies.

Neuromuscular electrical stimulation can also be employed to disturb the contribution of myotatic loop in postural regulation [START_REF] Paillard | Do sensorial manipulations affect subjects differently depending on their postural abilities?[END_REF][START_REF] Hoffman | Dynamic balance testing with electrically evoked perturbation: a test of reliability[END_REF]. It is applied either onto muscle belly or on nerve. The frequency and intensity values of stimulation probably influence the disturbance effects on postural control but they are currently unknown.

Plantar Cutaneous Disturbance.

Overall, there could be three main techniques to reduce or suppress plantar cutaneous sensitiveness. The first technique consists of anesthetizing the sensitivity of cutaneous receptors through hypothermia by placing the plantar sole in iced water (0-2 ∘ C or 0-5 ∘ C) for some minutes (e.g., 10 or 20 min) in order to disturb postural control [START_REF] Paillard | Do sensorial manipulations affect subjects differently depending on their postural abilities?[END_REF][START_REF] Billot | Reduced plantar sole sensitivity induces balance control modifications to compensate ankle tendon vibration and vision deprivation[END_REF][START_REF] Stål | Effects of hypothermic anesthesia of the feet on vibration-induced body sway and adaptation[END_REF]. The second technique consists of using a foam-supporting surface which appears to be an appropriate tool to challenge postural control and produces substantial and multidirectional balance disturbance [START_REF] Patel | Foam posturography: standing on foam is not equivalent to standing with decreased rapidly adapting mechanoreceptive sensation[END_REF][START_REF] Fujimoto | Assessment of diagnostic accuracy of foam posturography for peripheral vestibular disorders: analysis of parameters related to visual and somatosensory dependence[END_REF]. Static standing on a foam surface would change the multiple biomechanical variables in the foot, resulting in an alteration to the distribution of plantar pressures [START_REF] Chiang | The influence of foam surfaces on biomechanical variables contributing to postural control[END_REF]. The third technique consists of provoking ischemia by partially blocking blood circulation in the ankle or thigh [START_REF] Demura | Attention of postural control on foot somatosensor disturbance caused by the compression of blood vessels[END_REF][START_REF] Diener | The significance of proprioception on postural stabilization as assessed by ischemia[END_REF][START_REF] Mauritz | Characteristics of postural instability induced by ischemic blocking of leg afferents[END_REF]. Ischemia produces local metabolic changes that would alter the sensory pathways and would consequently affect the activity of the muscles involved in postural control [START_REF] Thoumie | Changes in motor activity and biomechanics during balance recovery following cutaneous and muscular deafferentation[END_REF]. This study suggested that these changes would cause a decrease in the monosynaptic facilitation of homonymous motoneurons linked to afferents Ia and a polysynaptic disfacilitation in motoneurons linked to cutaneous afferents. In a clinical context, the foam-supporting surface seems easier to safely use than the cooling technique (hypothermia) and especially the ischemia technique in order to study the contribution of plantar cutaneous inputs in postural regulation.

Combined Materials.

This type of device comprises a force platform and a cabin which can be mobilized (tilted) either together or separately. Tilting the platform and/or the cabin combined with the elimination of visual information consists of creating sensory conflicts. Tests are performed in different sensory conditions in order to study how subjects cope with modifications to the environment. This type of device makes it possible to conduct postural evaluations in different sensory conditions:

(i) all the sensory information is available, (ii) the visual information is eliminated: blindfolded, (iii) the visual information is disturbed: the cabin is tilted (eyes open),

(iv) the proprioceptive information is modified: the force platform is tilted, (v) the visual information is removed and proprioceptive information is changed, blindfolded, and the cabin is tilted, (vi) the visual and proprioceptive information is inadequate: the platform and the cabin are tilted.

Cognitive Disturbance.

Postural control system is not totally autonomous and requires attentional resources [START_REF] Fraizer | Methodological and interpretive issues in posture-cognition dual-tasking in upright stance[END_REF].

Many studies have produced evidence that the attentional demands of postural control increased with ageing, the difficulty of the postural task, the absence of information from a sensory system, and pathology or injury [START_REF] Geurts | Dual-task assessment of reorganization of postural control in persons with lower limb amputation[END_REF][START_REF] Lajoie | Attentional demands for static and dynamic equilibrium[END_REF][START_REF] Shumway-Cook | Attentional demands and postural control: the effect of sensory context[END_REF][START_REF] Yardley | Interference between postural control and mental task performance in patients with vestibular disorder and healthy controls[END_REF][START_REF] Woollacott | Attention and the control of posture and gait: a review of an emerging area of research[END_REF]. The investigation of the attentional demands of postural control broadly involves the use of dual-task paradigms [START_REF] Fraizer | Methodological and interpretive issues in posture-cognition dual-tasking in upright stance[END_REF][START_REF] Woollacott | Attention and the control of posture and gait: a review of an emerging area of research[END_REF]. Dual-task paradigms are based on the assumption that the central nervous system has limited processing resources and when two tasks are performed at the same time, they can interfere if they imply the use of shared resource requirements from similar specialized structures [START_REF] Fraizer | Methodological and interpretive issues in posture-cognition dual-tasking in upright stance[END_REF][START_REF] Schaefer | The ecological approach to cognitive-motor dualtasking: findings on the effects of expertise and age[END_REF]. Hence, when postural control is associated with a secondary cognitive task, interference implies a shared requirement for attentional processes. Dual-task paradigms can be used to focus on just the attentional demands required for postural control during a cognitive task [START_REF] Ebersbach | Influence of concurrent tasks on gait: a dual-task approach[END_REF][START_REF] Teasdale | On the cognitive penetrability of posture control[END_REF]. Cognitive tasks such as a calculation task, memory task, visual search task, or verbal fluency task, as well as tasks based on biofeedback techniques (e.g., games-based balance exercise), are generally undertaken simultaneously during postural tasks [START_REF] Gobbo | Effects of exercise on dual-task ability and balance in older adults: a systematic review[END_REF]. Other tasks such as the ones which imply responding as quickly as possible to auditory, visual, and sensory signals make it possible to evaluate reaction time alone or combined with postural tasks. According to the population under consideration (e.g., subjects with pathologies and who are older and subjects who are healthy and sportsmen), cognitive tasks can be developed to suit their abilities.

Conclusion

Currently, whatever the population under consideration (healthy or subjects with pathologies), the objective of the postural task and the environmental conditions, postural control can be appropriately evaluated in terms of postural performance and strategy by using reliable technological tools and tests. However, all the theoretical considerations related to the postural function are not yet experimentally verifiable through postural analyses. Refinement in the analysis of the contribution of sensory, central, and motor components to postural behaviour is subject to future technological progress as well as advances in knowledge about postural function.

Introduction

Trunk and spinal stability have been proposed as an important factor for preventing spinal injuries and disease [1,2]. Passive (i.e., skeletal and connective tissue system), active (i.e., muscular system), and neural (i.e., central and peripheral nervous system) systems have been proposed to be fundamental for preserving posture and stabilizing the spine [3]. Hoffman and Gabel [2] extended this model arguing that a stable spine is important for effective and injury-free movements of the limbs. For more than twenty years different training intervention strategies have emerged, focusing on improving spinal and trunk stability [4,5]. On the other hand, new insights into changes in spinal and trunk stability following injury or disease are available. However, much less is known about the alterations in spinal and trunk stability following long term inactivity (i.e., bed ridden medical intervention) [6]. This is especially important for more vulnerable populations such as aging adults who are more prone to medical issues demanding hospitalisation [6,7].

For studying the ability of the trunk to maintain stability during anticipated perturbations, a quick arm movement paradigm has been used. In this type of movement the neural controlling centres anticipate the extent to which posture will be perturbed and initiate compensatory actions prior to the perturbation onset (i.e., anticipatory postural adjustments or APAs). As in conditions of unanticipated perturbations, the sudden arm loading paradigm has been used. These responses to perturbation are primarily reflexive/reactive in their nature (i.e., reflex responses or RRs). The magnitude of stability loss has been quantified using biomechanical parameters (i.e., centre of body mass (CoM) and centre of pressure (CoP)) [8] and electromyographic parameters (i.e., latency and magnitude of the EMG) [9,10]. The electromyographic responses have been shown to be correlated with the CoP amplitude as muscle activation tunes the body and the trunk stiffness consequently affecting the body sway measured via CoP and CoM [8,10].

Changes in postural and trunk-spinal stability have been well documented in aging adults [10][11][12]. Their reactions to postural perturbations change from distal to proximal, suggesting an increased dependence on the hip strategy [13]. Moreover, the RRs of the lower limb and trunk muscles to unanticipated perturbations are delayed when compared to their younger peers [14]. The APAs have been shown to be altered but generally preserved, suggesting less robust stabilization strategies [12]. As suggested by the literature more profound changes have been observed for RRs than for APAs [14].

In addition to the functional changes, aging adults often suffer from medical issues demanding prolonged bed rest (BR). To our knowledge, no studies have been done that have addressed the effects of prolonged BR on the neuromuscular aspects of spinal (i.e., trunk) stability. The majority of the BR studies have been completed on young healthy adults indicating significant anatomical changes (i.e., decrease in trunk muscle cross-sectional area [15][16][17] and changes in spinal morphology [18]) and functional changes (shift from tonic to phasic activity of the lower back muscles [19,20] and changes in body sway [21]). These changes have been shown to persist for at least 56 days after a prolonged BR [16,17]. These findings suggest that the active and neural subsystems for spine stabilization could be affected by prolonged BR and cause changes in APAs and RRs.

The purpose of this study was to assess changes in APAs and RRs latencies of the trunk stabilizing muscles following a fourteen-day BR in aging adults. In addition we wanted to assess the recuperation of APAs and RRs after a fourteenday-long post-BR phase (including a training intervention). Our first hypothesis states that the onset of APAs will be closer to the activation of the prime movement muscle and RRs would be significantly delayed following the fourteen days of BR. Our second hypothesis states that in the post-BR recuperation phase these changes would reverse to pre-bedrest levels for both APAs and RRs. ) that were recruited from the local community volunteered in the study. Prior to the enrolment, each participant underwent a medical evaluation. The following were used as exclusion criteria: diabetes, active malignancy, uncontrolled hypertension, history of cardiovascular disease, history of deep vein thrombosis/pulmonary embolism, significant hepatic or renal disease, chronic inflammatory disease, any significant impairment of the locomotor system, and vestibular or uncorrected visual disturbance. Prior to the enrolment each participant was informed of the protocol and potential risks of the study and was required to sign a written informed consent, confirmed by the Slovenian National Committee for Medical Ethics. All procedures were in accordance with the Declaration of Helsinki and Oviedo Convention.

Materials and Methods

Study Protocol.

During the 14 days of horizontal BR without physical countermeasures, participants were required to restrict physical activity and reduce deviations from the horizontal lying position to a minimum, also during showering and toileting. Following BR, participants completed 2 weeks of a rehabilitation protocol (three times per week). A typical session consisted of a warm-up (6 min of low intensity Nordic walking and 6 min of active stretching), main part (4 balance exercises, 6 strength exercises, and Nordic walking endurance protocol), and cooldown (simple breathing exercises). For more information on the Valdoltra BR study and rehabilitation protocol the reader is directed to the work by Goswami and colleagues [22]. Follow-up measurements were performed 14 days after the end of the BR period. Participants were evaluated (i) before the BR (PRE), (ii) immediately after the BR (POST0), and, finally, (iii) 14 days after the BR (POST14). During the assessment protocol, participants were evaluated with the measurement protocol for the evaluation of trunk postural (pre/re)actions as described below.

Measurement Tasks and Procedures.

Each of the evaluations consisted of two tests: measurements of APAs and measurements of RRs to sudden loading. At the beginning, a 5-minute standardized warm-up was performed (spot running with high knees 2.5 min, 10 squats, and 10 pushups with hands supported on the wall). Before undertaking each test, participants performed five introductory trials. Participants were barefoot and asked to place their feet at the hip-width during all of the measurements. Participants were constantly reminded to maintain their normal posture and to stand relaxed. All trials were triggered in a random manner every 5 to 12 s with 24 repetitions in total for each test (3 sets × 8 repetitions, 1 min breaks).

Measurements of APAs were performed on a random visual cue (LED light, eyes high, and 1.5 m distance). The participant stood with his/her arms extended down by their sides and upon the visual signal the task was to raise a 1.2 kg bar as fast as possible with straight arms up to shoulder height, hold the position for ∼1 s, and return the bar back down to the starting position slowly (Figure 1(a)) [23,24]. In measurements of RRs to sudden loading participants stood relaxed, with their elbows flexed to 90 ∘ and palms slightly touching the weight handle (8% of the individual's body mass, for more detail see Figure 1(b)) [25]. A sudden release of the load was achieved by a custom built electromagnetic mechanism. After load release, the participants' task was to return to and settle at the initial position, as quickly as possible.

The setup was controlled by bespoke software (Labview 2012, National Instruments, Texas, USA), which triggered the visual clues and the quick release mechanism. Triggering was synchronized with an electrocardiogram (QRS-wave + 200 ms) so that the postural activation of the trunk muscles appeared during two consecutive QRS-peaks [26]. This prevented ECG interference [27], which could hamper the analysis of the electromyographic (EMG) signals.

Electromyography.

The activity of five trunk muscles was acquired with surface EMG. Signals were 3,000x amplified (Biovision, Wehrheim, Germany), A/D converted, and sampled at 10,000 Hz (USB-6343, National Instruments, Texas, USA). Self-adhesive pairs of electrodes (Blue Sensor N, Ambu A/S, Ballerup, Denmark) were used, placed with 2 cm center-to-center distance. EMG of obliquus externus (EO), multifidus at level L5 (MU), erector spine at level L1 (LE), obliquus internus (OI), and deltoideus anterior (DE) were recorded on the right side of the body. Skin preparation and electrode placement were done according to SENIAM recommendations [28]. As this standard does not include recommendations for abdominal muscles, we followed the electrode placement from previous studies with regard to the external and internal oblique muscles [29][30][31][32]. An additional pair of electrodes was placed for ECG detection, with one electrode in the region of xiphoid process of sternum and second on the 1/3 of the left ribcage arc. A reference electrode was positioned on the area of the right greater trochanter.

2.5. Signal Processing. Signals were band-pass filtered (zero lag Butterworth filter 10 Hz/1 kHz, order 2), rectified using a root mean square smoothing filter (window of 20 ms), and low-pass filtered (zero lag Butterworth filter 10 Hz, order 2) to get a linear envelope. Approximated generalized likelihoodratio step algorithm (AGLRstep) [33] for automatic detection was used to determine the beginning of muscle activity. In APA measurements, activation onset detection was limited with a time window from 200 ms before to 50 ms after the activation of the prime mover muscle (being the DE) [34,35]. APAs onset times were calculated as the difference between the onset of trunk muscle activation and the activation of the DE muscle. When the activation of the postural muscle preceded the hand movement initiation, the value was negative. In the RRs measurements the activation onset detection was limited to the time window from the moment of the mechanism release (𝑡 0 ) to 200 ms after (𝑡 end ) (Figure 2) [36]. RRs onset times were calculated as a delay from the mechanism release to the trunk muscle activation.

Each muscle was considered active when the processed EMG signal exceeded the average plus 2 standard deviations of the baseline EMG signal [37]. Baseline EMG signal was calculated from the 50 ms reference window directly before the activation onset detection limits, where there was no task related activation or ECG artefacts [37]. All signals were later manually inspected and corrected when activation was incorrectly detected. When there was no activation of the investigated muscle, or activation was not within the detection limits, the trial was not used in further analysis.

2.6. Statistical Analysis. Statistical analyses (SPSS 18.0 software, SPSS Inc., Chicago, USA) were performed as follows. Descriptive statistics were calculated for all variables and reported as mean (standard errors). One-way repeatedmeasures ANOVA were run to test the differences between the testing sessions (PRE, POST0, and POST14). Two-tailed pairwise 𝑡-tests with Bonferroni corrections were used for pairwise comparisons. The level of statistical significance (𝑝) was set at 0.05 and effect size (ES) values were calculated.

Results

From 24 trials in each task, the following number of trials were removed due to an unrecognizable response (responses not exceeding 2 standard deviations of the baseline): (1) for anticipation task EO: [mean (standard error)] 3.8 (2.4), IO: 3.7 (2.3), LE: 3.6 (2.5), and MU: 3.3 (2.7) and (2) for reaction task EO: 2.1 (2.0), IO: 2.6 (2.6), LE: 2.1 (1.8), and MU: 2.0 (2.0). Latencies in the anticipation task ranged from -22 to -5 ms for the back muscles (LE and MU) and from -3 to 22 ms for the abdominal wall muscles (EO and IO). Similar behaviour was observed for the reaction task where the back muscle latencies ranged between 98 and 108 ms and the abdominal wall muscle latencies ranged between 109 and 122 ms. APA latencies for all three sessions are presented in Figure 3 and additional details of statistical analysis are presented in Table 1. There were statistically significant differences among all sessions for LE and MU muscle but not for the EO and IO. The decrease in the latency from PRE to POST0 was observed for all muscles. However, only changes in LE muscle and MU muscle were statistically significant.

There was a clear increase in the latency from POST0 to POST14 for all muscles, but these changes were not statistically significant (𝑝 > 0.05). None of the muscles' latencies at POST14 returned completely to the level of PRE. However, differences between these two sessions were not statistically significant (𝑝 > 0.05) for any of the muscles. All muscles showed statistically significant differences (𝑝 < 0.01) in the reaction latencies among all sessions (Figure 4 and Table 1). An evident increase in the latency from PRE to POST0 was observed for all muscles (𝑝 < 0.05). A slight decrease in the latency from POST0 to POST14 was observed for all muscles, but these changes were not statistically significant. Consequently, the latency for any muscle at POST14 did not return to the level of PRE. Moreover, statistically significant differences in latency were observed for all muscles (𝑝 < 0.05).

Discussion

This study was the first to analyse the effects of a short term BR on the EMG aspects of the APAs and RRs of the trunk muscles in aging adults. As predicted in our first hypothesis, APAs and RRs EMG latencies were changed following fourteen days of inactivity. Interestingly, the trend of the adaptations of the APAs and RRs EMG latencies to BR was not uniform regarding to the different muscle groups. The second hypothesis can only be partially confirmed. The recovery to pre-BR levels was observed only for APAs but not for RRs regardless of the muscle group observed.

The changes in APAs and RRs EMG latencies following BR were expected, as deconditioning of the passive, active, and neural mechanisms was shown to take place during BR. The passive system, especially the ligamentous system, could have probably been affected by changes in spinal curvature (posterior lumbar ligaments are put under additional tension) and changes in the intervertebral discs height and volume as shown in previous studies [18]. These structures are rich in proprioceptors and are possibly responsible for the changes in afferent sensory input to the nervous system [38]. Previous BR studies have also shown significant effect of BR on the active (i.e., muscular) system due to muscle wasting [16,17]. And finally, changes in muscle activation properties dependent on the activity of the nervous system have also been proposed as indicators of central changes following BR [19,20].

A trend of earlier muscle EMG onset during APAs was present for abdominal wall and back muscles by observing the group averages. However, only changes in EMG onset for the back muscles were statistically significant. These observations could be partially explained by the results of previous studies, reporting selective changes in the muscle cross-sectional area. Erector spinae, quadratus lumborum, and especially the multifidus muscles have been shown to suffer from the most prominent decreases in the cross-sectional area [15][16][17], but much less or no atrophy was observed in the abdominal muscles (OE, IO, and rectus abdominis) [16,17]. Central inhibition usually accompanies muscle inactivity-immobilization [39] possibly explaining the central mechanisms of delayed EMG onset during APAs in more affected muscle groups. An additional cause could be the specific adaptation of the intramuscular coordination during APAs. In the elderly these responses have been shown to be less uniform and include more pronounced changes in proximal stabilization strategies [10,12]. However further research is needed to assess these possible changes in aging adults following longer periods of inactivity. Based on the reports, showing APA sensitivity to aging and BR to a lesser extent than RRs [14], APAs can be considered as a robust trunk and spine stabilizing strategy. However, future research should include observations of EMG amplitude (i.e., EMG impulse) and centre of pressure amplitude during APAs to more thoroughly study the nature of adaptations in APAs and stability of the spine and trunk.

An important finding of this study was the difference in the recovery of EMG onset during APAs and RRs following the fourteen days of active recuperation. The EMG latencies during RRs have not shown any significant return to pre-BR levels. These differences might have been due to the specifics in the rehabilitation protocol. Unanticipated postural perturbations were applied primarily via lower limbs, but to a lesser extent using the arms. Future research should incorporate unanticipated postural perturbations applied via upper limbs or directly onto the torso. The APAs on the other hand showed a trend towards full recovery. This might additionally be due to the upper limb strengthening exercises.

The discrepancy between changes in EMG onset during APAs and RRs can also be attributed to their different physiological and neurological background. The APAs are centrally controlled, being primarily dependent on anticipation and prior experience. Their initiation is dependent on the anticipation of a forthcoming perturbation and its effect on posture and stability and not as a response to a perturbation in a feedback manner as is the case with RRs [12]. We can speculate that the timing of EMG onset during RRs is dependent on possible peripheral changes in sensory mechanisms such as changes in ligamentous apparatus of the spine due to changes in spinal curvature and length, atrophy of sensory enriched MU [17], and deprivation due to the lack of tonic stimulation [19] resulting in an altered sensory drive.

An alternative explanation of prolonged EMG latencies during RRs following BR can be based on the model proposed by Liebetrau et al. [40]. In this model, prolonged EMG latencies represent adjustments of the neuromuscular system to decreased trunk muscle activation amplitudes. These could be expected by generalizing findings from the observed decrease in lower limb power output following BR [41]. Based on these conclusions prolonged RRs might mirror changes in the neuromuscular strategies for preserving spinal stabilization. However, these adaptations suggest decreased capacity to preserve spinal stability under heavier load or fast occurring perturbations. To confirm this hypothesis, future research is needed. This should assess the muscle activation magnitude in order to assess the possible imbalances in force impulses of the trunk flexor and extensor muscles.

The above results represent an interesting insight into the effects of prolonged BR on muscle activation timing. However an important weakness of all BR studies, as well as of this one, is their small sample size due to the physical and social demands put on the participating subjects and high organizational demands. Future studies should continue measuring APAs and RRs in the context of BR enabling meta-analytical studies and consequently more valid information on the changes in APAs and RRs following prolonged physical inactivity.

Practical Relevance of the Results

BR has been shown to have a detrimental effect on specific aspects of the trunk stabilization functions (onset of EMG activity), especially during the unanticipated postural perturbations. As prolonged BR in the elderly is usually followed by a specialized rehabilitation, trunk stability must be a central concern to the therapists. These functions represent the base of any other rehabilitation activity and should be addressed accordingly. Future studies should assess the possible effect of vibration application [18,42,43], resistive and quick leg/arm movements [44], and unexpected perturbations to limb position on preserving trunk neuromuscular stabilization functions during and after BR. Special focus should be given to reactive trunk stabilizing actions, as these have been shown to be the most affected.

Introduction

Balance in the human body, the stability of its characteristic upright postural position, is maintained, controlled, and monitored by a complex system, consisting of the vestibular organs, the visual organs, and the organs of deep perception, touch, and pressure. Nerve signals then reach the effector organs, such as the muscles of the torso, limbs, and eyes, provoking reflex reactions coordinating body posture [1]. Impaired postural stability may be caused by dysfunction in the integration of each of the four sensory systems: visual [2,3], proprioceptor [4,5], exteroceptor [6], and vestibular [7,8].

Sight, in particular, has been found to play a key role [9][10][11] in maintaining postural stability. Visual impairment reduces the ability to maintain balance [12] and may cause frequent injury [2,13], including falls, occupational injuries, and traffic-related injuries. A thorough review of the literature [14] established that the risk of injury due to falls is higher for those with visual impairment than for the general population. Studies comparing individuals with/without visual impairment undergoing static and dynamic tests have confirmed that about 80% of our sensory perception is gathered in such situations by the visual system. Our movements are mainly controlled and coordinated by the eyes. Hence not only is the visual system responsible for cognition of objects, it is also used to give information to the brain about the position of our body [15], which processes and integrates information from other sensory systems to select the strategy for maintaining balance [16].

Nevertheless, the literature contains inconclusive and limited results on the possibility of compensating for balance in individuals with visual impairment. Some studies have shown that persons who are blind can maintain balance better than individuals without visual impairment [17], while others have reported results pointing in the opposite direction [18,19]. One reason for this may be because blind individuals are able to compensate to mitigate their disability: other elements involved in ensuring postural stability-deep sensation and the vestibular system-may function more actively in individuals who are blind in vertical posture maintenance and thus compensate for the lack of visual stimuli [2,8]. Vestibular system function is the main source of such compensation [15], as vestibular and labyrinth reflexes play a special role when other sources are reduced or absent [8].

The absence of the sense of vision can affect the motor skills of the individual, although this does not prevent individuals who have visual impairment from being physically active. The practice of sporting activity can bolster their sense of independence and autonomy, generating multiple benefits of a physiological, sociological, and psychological nature. It is therefore important to find new ways to encourage social relations between individuals with visual impairment and their peers as well as other people outside their homes [20].

Various studies have reported the positive impact of vestibular rehabilitation on postural stability in individuals experiencing dizziness [21][22][23], as well as patients who have disorders such as multiple sclerosis (MS) [24]. A review [25] covering 27 studies involving 1668 individuals with unilateral peripheral dysfunction of the vestibular organ who had undergone vestibular rehabilitation-a distinctive form of therapy that aims to limit dizziness, balance disruptions, and improve gaze stability, postural stability, and general physical condition-concluded that such therapy is safe and effective in such cases. These findings suggest the potential viability of developing a similar experimental exercise program for individuals without such vestibular disorders.

The goal of our study, therefore, was to assess the impact of training meant to stimulate the vestibular system in individuals with visual impairment. We hypothesized that such training would improve the effective use of this system, creating new motor patterns and thereby improving postural stability. Such research may help us better understand the mechanisms involved in balance maintenance in persons with visual impairment and encourage the practice of proper exercise.

Method

2.1. Participants. A total of 70 people took part in the study, including 28 individuals with visual impairment as the experimental group and 42 individuals without visual impairment as the control group. The inclusion criteria for the experimental group were visual impairment from birth or in the first months of life, the absence of any disease affecting the sense of balance, and no previous performance of motor activity aimed at improving the vestibular system. Qualification was conducted by a medical doctor and included a medical history interview (on history of falls, fractures, stumbling, and dizziness), analysis of medical records, clinical examination, assessment of eye damage, electrocardiography (ECG) and assessment of the cranial nerves for any possible meningeal symptoms, cerebellar testing (finger-to-nose test, diadochokinesis, and pronator drift test), and the results of static and dynamic tests which assess the correctness of posture and gait (Romberg's test, Unterberger's test, the Babinski-Weil test, the Fukuda test, and the straight line test).

The participants with visual impairment were all adolescent pupils at a vocational school for the blind in Laski (Poland), categorized for total or legal blindness according to the US Association for Blind Athletes (USABA) sport classification: blind (B1s; 22) and low vision (B3s; 10). Twentyfour of the 32 adolescents were congenitally blind; the other eight experienced onset in early childhood.

The individuals with visual impairment who qualified for the training program were preliminarily divided by the qualifying physician into 2 groups based on health criteria: blind without damage to the vestibular system (20 patients) and low vision (i.e., able to sense light) without damage to the vestibular system (8 people). However, in view of the fact that there was no difference in stabilometric results between these groups (much like in the study of Haibach et al. [18]), we considered them together as a single "group with visual impairment. "

The members of the control group, in turn, selected on the basis of age and physical traits (height and weight), were either students of the Academy of Physical Education in Warsaw (majoring in physiotherapy, a course of study that does not involve any particularly intense regime of physical activity) or high school students, in whom the qualifying physician found no damaged sense of balance or postural disorders. This group did not participate in the vestibular training program.

The general level of physical activity was similar for both groups of participants (attending physical education classes three times a week for 45 minutes). Approval was obtained from the Institute's Research Ethics Commission and additional informed consent was obtained from all participants for whom any identifying information is included in this paper.

Measurements.

Postural stability was measured using a Biodex Balance System SD (BBS), an instrument designed to measure and train postural stability on static or unstable surfaces. The BBS consists of a circular platform that is free to move in the anterior-posterior and medial lateral axes simultaneously, offering the ability to control the movement degree of the platform by 12 levels. The BSS device is interfaced with dedicated software (Biodex Medical Systems, Inc., version 1.3.4), allowing the BSS to measure the degree of tilt in each axis, providing an average sway score. Eight springs located underneath the outer edge of the platform provide resistance to movement (stability level of the platform), with resistance levels ranging from 12 (most stable) to 1 (least stable). The BBS has a display to give feedback in real time about the posture and is calibrated before use.

The participants stood on the BBS supported on their two legs, facing towards the display, for all time trials. All trials were conducted without shoes and foot position was recorded using coordinates on the platform's grid to ensure the same stance and, therefore, consistency with future tests. In this research three measurement protocols were used: the Postural Stability Test (PST) under two different conditions (stable platform, unstable platform level 8) and the Fall Risk Test (FRT) with eyes closed. The unstable platform level 8 was chosen for our purposes after a pilot study indicated that this would be an appropriate level to test for dynamic balance, not too difficult for most of the participants. In the FRT, the platform is unstable and thus permits investigators to obtain the fall risk index (FRI). This test was conducted using the standard software configuration: three trials of 20 seconds each, with ten seconds rest between tests, and platform levels varying from 12 to 6. In the PST the platform is static in the anterior-posterior stability index (APSI) and medial-lateral stability index (MLSI) axes and can measure the overall stability index (OSI). This test consisted of three trials, each 20 seconds long, with one minute between trials. These indexes represent fluctuations around a zero point established prior to testing when the platform was stable [26].

For all participants, basic somatic measurements were taken-body weight and height using a standard electronic scale and anthropometer. On the basis of these anthropometric measurements the Body Mass Index (BMI) was calculated. For participants with visual impairment, measurements were performed twice-once before training and again immediately after the training cycle.

The recorded data were analyzed statistically using the STATISTICA software (v.10). A 2 (group) × 2 analysis of variance (ANOVA) was performed with repeated measures on the OSI, APSI, MLSI, and FRI tests, for significant differences between the groups and pretraining baseline measures. Significant group-by-test interactions were further broken down by comparing pretraining differences separately for each group using Tukey's post hoc HSD test for differing sample sizes. Normality of distribution was analyzed by the Shapiro-Wilk test. Because the tested features have normal distributions, variables were compared between the first and second test using parametric Student's 𝑡-test (𝑝 < 0.05).

Intervention.

The group of participants with visual impairment underwent training sessions (approximately 20 minutes each), twice a week, over the course of 3 months, with the aim of encouraging them to engage in more physical exercise, improve their physical fitness, and particularly improve their balance control. In particular, stimulation of the vestibular organ [27] was achieved by having these participants rotate their heads and bodies in the sagittal, transverse, and frontal planes.

In designing this exercise program, we anticipated that, by triggering sensory conflict, such activity would force the correct responses from the vestibular and proprioceptor organs, leading to an improved relationship between them, which in turn should improve balance control. Stimulation caused by movements of the head and body is perceived as a nonspecific impulse. When the stimuli are repeated regularly and not followed by a loss of balance, the response is inhibited, which in turn leads to the formation of a new image of the vestibular position in the CNS. This method aims to improve the perception and verification of information originating from the external and internal environment.

The exercises started with gentle, slow movements of the head without visual control in various low positions (lying position), such as body bent at 30 ∘ , with participants lying on their backs or sides. For example, after first lying on their back, participants shifted to lying on their right side and then to their left side, repeating this approximately 10 times (in keeping with their individual capabilities). After all the repetitions were performed, participants stopped moving for approximately 3 minutes while lying on their right side. The cycle was then repeated, this time stopping on the left side. Another exercise involved sitting with legs extended straight and then performing side bends to rest the arms on the mat behind the body, alternatingly on the left and right side. After several repetitions were performed, movement was halted for about three minutes in the side-bend position with upper limbs bent and with head held motionless, alternatingly on the left side and the right side. Following relaxation to music, the next exercise involved gentle, slow movements of the head with the participants keeping their eyes closed and maintaining the final position for approximately 3 minutes. Once in the final positions, participants performed breathing and relaxation exercises with their heads kept motionless. Such exercises without visual control, supplemented with additional auditory impulses (music), aimed to improve kinaesthesia by stimulating signals from the vestibular organ through head and body movements. In the final phase of each movement, the participant was stopped in the corrective position and asked to maintain the set position. The purpose of this halting of movement for about three minutes after performing each simple exercise movement was to equalize the flow (following head movement) of endolymph in the semicircular canals and the otoliths of the saccule and utricle of the vestibular organ. As the exercise program progressed, the number of repetitions was gradually increased and the support plane was reduced. These exercises were further supplemented with additional auditory stimuli (soothing music), intended to help create an appropriately positive mood, calm the subjects, and make the motor exercises more attractive. The relevance of such music in attempting to boost vestibular performance may be justified by the close proximity and close interrelatedness of the auditory and vestibular organs [28] and the fact that receptor cells for the both organs are situated in the inner ear and transmit information along the same, eighth cranial nerve (the vestibulocochlear nerve) [29]. The maximum heart rate during exercise did not exceed 100 bpm (a fact that underscores the low intensity of the exercise regime).

Results

No significant differences were found (Tukey's post hoc HSD test for different sample sizes) among participants of the same sex with respect to age, body height, weight, and Body Mass Index (BMI) (Table 1). But because there were significant statistical differences found in traits such as body height and weight between participants of different sexes, the male and female groups were considered separately, thus yielding four subgroups (with/without visual impairment, male/female). According to the BMI standards adopted by the WHO [30], the arithmetic mean of this variable for each group fell within the normal range.

The training program was completed by 13 men and 15 women in the group with visual impairment. Four participants were excluded from the study because of illness-related absences, due to an adopted rule whereby participants were excluded from the program if they missed two sessions. Tables 2 and3 show the stabilometric parameters obtained in the first test by the group with visual impairment as compared to the control group. No statistically significant differences were noted in these tests between the sexes (comparing group 1 to group 3 and group 2 to group 4). No significant differences were observed in any of the static parameters for women under closed-eye conditions, while men performing the same test did show significantly worse results in the group with visually impairment than the control group. In unstable-platform tests, women with visual impairment fared worse than women without visual impairment, except in the ML index.

For the men with visual impairment, there were no significant differences in the unstable platform protocol test; however, this test was not performed for 30% of the respondents (𝑛 = 5), for whom it proved too difficult and who were excluded from the study as a result.

Analysis of the average values for the overall stability index after training showed statistically significant differences for both women with visual impairment (Table 4), with a value of 2.17 ± 0.89 to 1.43 ± 0.75, and men with visual impairment (Table 5), with a value of 2.58 ± 1.5 to 1.42 ± 0.73, although the OSI derivatives, the AP and ML parameters, do not show the same changes for the two genders.

In women there are no changes, whereas among men the AP index significantly improved. A similar pattern was found for the dynamic test, with the OSI changing significantly at the 𝑝 < 0.01 level in individuals of both sexes and the AP index improving only in women. Noteworthy progress was made on the FRT protocol (platform levels varying from 12 to 6) by both groups. The test using variable platform stability settings is therefore the most difficult test for dynamic postural stability.

After the training cycle was completed, the results were compared between the participants in the groups with and without visual impairment, finding no statistically significant 

Discussion

Balance is an indispensable factor for individuals with visual impairment, helping to encourage their integration in space [20]. Balance disorders have been the subject of numerous studies, and the results of these have been used in developing forms of exercise designed to address such disorders. Studies have shown that persons with visual impairment perform worse on Postural Stability Tests than those without visual impairment [28][29][30].

In the study reported herein, prior to training, no significant differences were noted between the two groups of women in static tests, whereas in unstable-platform tests such differences are observed in the general index and in anterior-posterior deviations. Male participants without impaired vision, on the other hand, were found to differ significantly in terms of the stabilometric parameters with the static tests. In tests on an unstable platform (level 8), without visual control, men in the group with visual impairment did not differ significantly from men in the group without visual impairment. This may be due to the fact that 5 men were unable to perform the unstable-platform test (some individuals with visual impairment have trouble maintaining balance even on a slightly unstable base, and these individuals were excluded from the study as a result).

After the training regime, however, the results of participants (men and women) with impaired vision became approximate to those of participants without impaired vision operating with eyes closed and did not differ significantly in terms of any of the parameters evaluated. Overall, then, our study indicates that individuals with impaired vision can significantly improve their balance, although it was found that even specialized training is not capable of fully compensating for the impact of vision loss on balance retention. Different results in stability measurements between blind and sighted individuals (in tests with eyes closed) were obtained by Melzer et al. [31]. They evaluated stability in static tests with no additional auditory-memory tasks and found no differences between the groups. In contrast, when their participants performed additional auditory-memory tasks, in sighted participants the stability parameters dropped, in contrast to participants who were blind. This may suggest that individuals with/without visual impairment use different strategies to maintain stability.

Giagazoglou et al. [11] presented results that differed from those of the above authors but which agreed with the results in our study. They found that the ability to control balance in both the AP and ML directions was significantly worse in female participants who were blind than in those who were fully sighted. When sighted women performed the tests blindfolded, their COP deviations increased significantly in both directions; however, the blind participants still consistently achieved significantly inferior results. The results of Blomqvist and Rehn's [9] study using the DOLS (Dynamic One-Leg Stance) test, in turn, indicate that individuals who are blind are not able to compensate for loss of vision by utilizing other sensory extravisual information during dynamic motor tasks on the right and left limb.

Aydog et al. [32] found no differences between the results of individuals playing goalball who are blind and sighted, in all three indices (SI) on the BBS platform. The athletes' postural stability was better than that of blind people who engaged in little physical activity. Specific exercise, in this case playing goalball, causes adaptation in the form of greater system tolerance to imbalances. In Colaka et al. 's study [20] goalball players showed a significant advantage over their respective control groups on the Flamingo balance test. The better result of goalball players on the balance test perhaps suggests that the training program may exert an impact on motor skills [20]. Visual impairment need not be a factor differentiating predispositions towards tolerating imbalances in the body. This is confirmed by the findings of Marini et al. [33], which found persons who are blind practicing a variety of Italian basketball to be in better control of postural stability than those not doing so, as evaluated by functional tests (Fukuda and Tinetti).

The positive effects of exercise (better results of stabilometric parameters) have been repeatedly demonstrated. The authors of many studies have sought to identify an optimal exercise program for improving balance in order to minimize the future risk of falls. Gioftsidou et al. [34] used the BBS platform to study the effect of one year of football training on maintaining balance. The authors observed no statistically significant changes. Our study, in turn, provides evidence that specially designed training, dominated by balance exercises, must be conducted for postural control to be improved.

In our study, individuals with visual impairment participated in an easily implemented training program which actuates the vestibular system through motions of the head and body in all planes. This proposed form of activity has the advantage of not requiring great physical exertion, not involving a wide range of abilities, and predominantly involving relaxation exercises that also stimulate cognitive functions. It therefore can serve to activate individuals with visual impairment who do not engage in sporting activity for physical exercise; the relatively easy activity may also yield positive results in terms of improved balance and also other benefits of a psychological and sociological nature, through group work and integration. Our results showed encouraging improvements in the overall stability parameters in all test protocols used. A positive effect of vestibular rehabilitation on improving postural stability has been found in patients with dizziness [21][22][23] and in patients with multiple sclerosis [24].

The assumption of all these studies is that vestibularstimulating physical activity triggers sensory conflicts which cause appropriate stimulation of the vestibular system and proprioceptors, leading to improved connections between them, which we assumed would compensate for the blindness and which in turn would improve the postural stability. Repeated linear and angular movements are sensed as a nonspecific stimulus, but when these operations are repeated regularly and there is no danger of losing balance because of them, this reaction is impeded, leading to the formation in the central nervous system of a new image of the vestibular situation.

Morozetti et al. [35] showed that rehabilitation for dizziness consisting of specific movements of the head resulted in a significant improvement in otoneurological clinical evaluation and in participants' perceptions of the head. Their test group obtained an improvement in balance assessed by the overall index of stability, while the anterior-posterior and mediolateral indices did not always differ significantly from the initial data, although reductions in the average were noted. Vestibular and labyrinth reflexes play a special role when other sources are reduced or absent [8]. Thus, the observed progress is important because stability decreases together with the lack of visual control. Radvay et al. [36] also observed a greater decrease in the stability results in dynamic tests, as confirmed by our own study presented in this paper.

In closing, we conclude that an appropriately designed regime of simple exercise can improve balance in individuals with visual impairment, although of course the lack of visual sensitivity in these patients cannot be fully replaced by activation of other receptors or nerve pathways.

Limitations

Two specific points bear mentioning here: firstly, the control group did not participate in the training program and were not also tested for posturography after three months. Secondly, 30% of the participants did not complete the unstableplatform test because they fell off, being unable to maintain balance in three attempts of 20 seconds each. Both of these factors could impact the interpretation of the results.

In the more general sense, we should also point out that the regime tested herein, although performed in group exercises, might be seen as less social or well-known than the reviewed and compared interventions involving football, goalball, and so forth. As such, future research may look into how similar results can be achieved through a more social, functional intervention.

Implications for Practitioners

Exercises designed to stimulate the vestibular system through head and body movements should be recommended for patients with visual impairment to achieve better balance retention, although a congenital dysfunction of vision cannot be fully compensated for by activating other neural pathways.

Introduction

Adolescent idiopathic scoliosis (AIS) is a multifactorial, three-dimensional deformity of the spine and trunk. It can appear and sometimes progress during any of the rapid periods of growth in children [1]. Noninvasive brace therapy is usually recommended for spinal curvatures between 21 and 40 degrees while surgery is suggested for curvatures over 41 degrees [2,3]. Conventional orthoses are used to apply passive forces onto the human body to support the trunk alignment and control the deformity of the spine. However, the use of an external support is affected by factors such as poor appearance, bulkiness, and physical constraint that could lead to low acceptance and compliance [4,5]. Regardless of current clinical practices, treatment is nothing more than just observation if the curve is less than 20 degrees, even if the child is at high risk of progressive spinal deformity during puberty, which is between the ages of 10-16 [6,7]. The reason is that the prediction of curve progression is not available for untreated AIS patients (a Risser stage less than 1 is 22% and larger than 1 is only 2-4%) [8] and alternative treatment options are very limited. However, with biofeedback as an area that is eliciting growing interest in the medical and psychology fields, and its proven effectiveness for a number of physical, psychological, and psychophysical problems [9][10][11], it is possible that biofeedback can be one of the new techniques that will provide an alternative type of noninvasive treatment for AIS patients.

Biofeedback is a nonmedical process that involves the measuring of specific and quantifiable bodily functions of a subject, such as the brain wave activity, blood pressure, heart rate, skin temperature, sweat gland activity, and muscle tension, thus conveying the information to the patient in real-time. The basic aim of biofeedback therapy is to support a patient in realizing his/her self-ability to control specific psychophysiological processes [12]. The literature has consistently indicated that surface electromyography (sEMG) biofeedback is effective for muscle rehabilitation. A review of the sEMG studies on upper extremity dysfunctions in the physically disabled [13] concluded that sEMG is a valuable method for increasing upper extremity muscle activity and most effective when used in conjunction with physiotherapy. In a meta-analysis of sEMG biofeedback studies applied to hemiplegic stroke subjects, Schleenbaker and Mainous III concluded that the use of sEMG improves functional outcomes in both the upper and the lower extremities and that sEMG should be included in therapeutic regimes [14]. Therefore, a thorough evaluation of the myoelectric activity in the muscles of those with AIS would be extremely important for the formulation of a database towards sEMG biofeedback training.

Different studies have also been done on the paraspinal muscle activity of adolescents with idiopathic scoliosis by using sEMG. Avikainen et al. recorded the force-time and the EMG-time curves of the paraspinal muscles during maximal isometric trunk extensions. The isometric forcetime curves as well as the maximal integrated EMG activity that were recorded from both sides of the thoracic and lumbar spines did not show any significant differences between the normal and scoliotic groups [15]. Chwała et al. also conducted an EMG assessment of the paraspinal muscles during static exercise in those with AIS. They found that, during symmetric and asymmetric exercises, the muscle tension patterns significantly differ for both the normal and scoliotic groups in comparison with the examination at rest, which in most cases generated positive corrective patterns [16]. Farahpour et al. investigated the EMG activity of the erector spinae and external oblique muscles during lateral bending and axial rotation between AIS patients and a healthy control group. Their findings showed that asymmetric muscle activity is not obvious in all of the tested postures; therefore, asymmetric muscle activity is not a necessary characteristic of AIS patients [17]. Odermatt et al. examined the EMG signals of the trunk muscles in braced and unbraced conditions under four specific trunk exercises. The results showed that the tested muscle area under the braced condition has a significant increase of 43% in EMG activity for three out of four exercises [18]. The mentioned studies aimed to test the paraspinal muscles under specific motions or exercises. Although the motions and exercises tested in these studies can reflect how the muscle activity of AIS patients is different from that of healthy subjects, two daily postures that are commonly performed, that is, standing and sitting, have not been included. Nault et al. investigated the difference in the standing stability between 71 able-bodied girls and subjects with AIS. The scoliotic group had a larger number of correlations between standing stability and posture parameters than the nonscoliotic group which indicates the standing imbalance of the scoliotic group [19]. The study showed that scoliotic patients have issues in maintaining standing stability. However, it was compared by using center of pressure displacements. The performance of the paraspinal muscles was not included in the study. Our approach is different. We have conducted a thorough evaluation of the myoelectric activity of those with AIS during habitual standing and sitting by using sEMG. Also, we have studied the changes in the myoelectric activity of the paraspinal muscles after a position has been suggested by a physiotherapist so as to investigate the muscle activity of scoliosis subjects during their most performed motions, that is, standing and sitting, and the difference between the habitual and suggested positions. The findings can thus be used to provide a less intrusive type of early intervention and serve as a means of care for adolescents with mild idiopathic scoliosis (i.e., Cobb's angle less than 20 degrees) and therefore reduce the possible need to prescribe brace wear treatment due to its associated psychological issues and negative impacts on adolescents.

Methods

A screening program was carried out in Hong Kong during 2014 with 2 schools and the target population was 10-13-yearold females. During the examination process, the subjects were invited to perform Adam's forward bending test and an OSI scoliometer was employed to measure the rib hump which is directly related to spinal rotation and rib deviations. The angle of trunk rotation (ATR) in the spine of the subjects was measured while lying prone in order to preliminarily assess their spinal conditions (as shown in Figure 1). The participants were assigned to the normal subject group (N group) if they had an ATR 0-2 ∘ without any posture problems. They were assigned to the group with signs of scoliosis (P group) if they had an ATR ≥ 3 ∘ . This is because an ATR > 3 ∘ might be an early sign of scoliosis and the concerned individuals were recommended to undergo checkups more frequently [20]. In total, out of the 185 participants who were screened, 26 were found to have an ATR ≥ 3 ∘ (14.1%).

Participants from the P group accepted the invitation to take lateral 3D images through ultrasound by using the Scolioscan [21,22]. Clinicians use the Scolioscan to measure the spine deformity angle and rotation through manually assigned markers on 3D images. This method is considered to be potentially compatible with the traditional Cobb's angle measurement which uses X-rays and yet the subjects do not face a radiation hazard [23]. After the evaluation, a total of 21 participants with a curve angle of 6 to 20 degrees, without any previous surgical or orthotic treatment for AIS, were recruited for the study. The study was approved by the Human Ethics Committee of the Hong Kong Polytechnic University. All of the subjects signed an informed consent form along with their parents, and both were informed about the purpose of the study.

Curve type in this study is defined on the basis of the guidelines from the Peking Union Medical College (PUMC) classification system [24]. The subjects (𝑁 = 21) were divided into 3 groups: PUMC type Ia, a single thoracic curve with apex between the T2 and T11-T12 disc; PUMC type Ib, a single thoracolumbar curve with apex at T12, T12-L1 disc, and L1; and PUMC type IIc (double curves) thoracic and thoracolumbar/lumbar curves, with a curve magnitude difference less than 10 degrees ∘ . The concave and convex sides of the paraspinal muscle region were identified based on ultrasound images obtained from the Scolioscan. The demographic data of the subjects are shown in Table 1. The parameters of the sEMG assessment were formulated based on the Surface EMG for Noninvasive Assessment of Muscles (SENIAM) standards [25]. The sEMG activity was acquired with the use of a preamplified sensor, MyoScan (model T9503M), and a data acquisition system, Flexcomp (model T7555M), both from Thought Technology (Montreal, Canada). The sEMG electrodes with ground reference from the same company (Triode T3402M) were placed onto the paraspinal muscles, namely, the trapezius, latissimus dorsi, erector spinae at the thoracic region, and erector spinae at the lumbar region (Figure 2) in pairs to determine the muscle activity along the whole spine. The back of the subject was shaved and cleaned with alcohol as suggested by the SENIAM standards. The electrodes were placed by a physiotherapist based on the SENIAM instructions and the sEMG signals were verified by an impedance test found in the BioGraph Infiniti software (Thought Technology Ltd.). The EMG assessment was only performed when the impedance check indicated that the data received were under 50 khms/s.

Spinal curve left right

Figure 3 shows the habitual standing postures of some of the selected participants. It can be observed that the common posture problems are kyphosis, flat back, rounded and elevated shoulders, and a pushed-forward head position.

During the collection of the sEMG data for habitual standing, the study participants were barefoot with arms relaxed and lightly clasped in front of their body and feet positioned 20 cm apart. They were instructed to focus straight ahead and look at a designated point [26]. The habitual postures are the natural postures of the subjects performed without any instructions from the physiotherapist. An adjustable height treatment table was used for all the habitual sitting positions. The hips and knees were flexed to 90 ∘ . Under standardized instructions, the participants were positioned by the same investigator for all of the trials.

The requirements of the standing and sitting positions were used per recommendations in McKenzie [27] and Cheung et al. [28], and the subjects were guided to perform the posture accordingly by the physiotherapist (as shown in Figure 4). (1) Suggested standing position: the head and ankles should be straight, shoulders and hip are level, kneecaps face the front, the head and knees are straight, and the chin should be parallel to the floor and aligned with the ears. The lower back should be slightly bent forward with the aid of the chest, stomach, and buttock muscles.

(2) Suggested sitting position: the head and ankles should be straight, shoulders and hips are level, kneecaps face the front, and the chin should be parallel to the floor and aligned with the ears. The lower back should be slightly bent forward to support the body with no extra weight distributed onto the spine.

The measurements of the EMG activity of the paraspinal muscles of the subjects were taken during the habitual postures and suggested positions of standing and sitting for a duration of 1 minute and repeated twice. A band pass filter that ranged from 10 to 500 Hz was applied to eliminate undesired artifacts, such as sudden movement, and a 60 Hz notch filter was used to eliminate noise. The sEMG signals were sampled at a rate of 2048 Hz. The EMG raw data were averaged by using root mean square (RMS) to obtain the average amplitude of the EMG signal. The RMS sEMG ratio of the subjects was calculated based on the following equation [29]:

RMS sEMG Ratio = RMS sEMG (convex) RMS sEMG (concave) . ( 1 
)
The ratio is an index of the symmetric sEMG activity of the tested muscles, in which when the ratio is 1, the tested pairs of muscles have identical sEMG activity from the concave and convex sides of the tested muscle. If the ratio is less than 1, the concave side of the muscle has stronger sEMG activity than the convex side. If the ratio is larger than 1, the concave side of the muscle has weaker sEMG activity than the convex side. The equation was applied to assess the effectiveness of the suggested positions for the scoliosis subjects. The suggested positions are effective if the ratio is closer to 1 compared to the ratio recorded for the habitual postures.

Statistics

Statistical analyses were conducted by using the SPSS 19 program for Windows. The difference between the convex and concave sides during habitual standing and sitting was compared by 𝑡-testing with the significance level at 𝑝 < 0.05. Besides, the difference between habitual and the suggested standing and sitting sEMG ratios was compared through the significance of a one-sample 𝑡-test with a test value of 1. The level of significance is 𝑝 < 0.05. 

Results

Table 2 shows the results of the mean RMS sEMG values (S.D.) of the paraspinal muscles of the subjects during habitual standing and sitting. The data are categorized based on PUMC type and occurrence of spinal curvature on the convex side of the subjects. Table 3 shows the mean of the RMS sEMG ratio values (±𝑠) of the paraspinal muscles of the subjects during habitual standing and sitting and the suggested standing and sitting positions. The highlighted parts indicate posture improvement under the guidance of the physiotherapist, in which the RMS sEMG ratio of the suggested positions is closer to 1 as opposed to that obtained by the same habitual posture.

Discussion

Based on the acquired data in Table 2, it can be observed that, for the habitual postures, the convex side of the paraspinal muscles tends to have stronger RMS sEMG values than the concave side at certain regions where spinal curvature has occurred (in bold and italic in Table 2). This situation is found to be true for both the PUMC type Ia and IIc subjects. This indicates that the curvature of the spine has affected the paraspinal muscle activity and caused muscle impairment. For example, for the PUMC type IIc subjects, the spinal curve is found at the thoracic and lumbar regions, with the convex to the right side at the thoracic region and to the left side at the lumbar region. The average RMS sEMG values at the right side of the trapezius and latissimus dorsi are stronger than those at the left side, and the average RMS sEMG values at the left side of the erector spinae thoracic are stronger than those at the right side. For the PUMC type Ia subjects, the convex side of their spinal curvature is on the right side, and the average RMS EMG values on the right side for all tested muscle regions are stronger than those on the left side. In terms of the latissimus dorsi region during habitual standing, the convex and concave sides have a significant difference (𝑝 = 0.043). This is consistent with the findings of Mannion et al. where the concave side of the paraspinal muscles has lower bioelectric activity which caused muscle impairment at the convex side [30].

However, a contradictory situation is found in the PUMC type Ib subjects for most of the tested regions; the RMS EMG values show a different result than that for the PUMC type Ia and IIc subjects. The RMS EMG values at the muscle region on the concave side are larger than those on the convex side. This may be due to the comparatively smaller degree of spinal curvature of the PUMC type Ib subjects (mean = 13.6); therefore, the reduction of bioelectric activity on the concave side was not reflected from the sEMG data. It is important to note that the convex side where the spinal deformity has taken place does not necessarily incur stronger sEMG values as opposed to the concave side. An influencing factor to take into consideration could be due to the degree of the spinal curvature.

The treatment for adolescents with mild idiopathic scoliosis is often passive, with only periodical observation by orthopaedists. It is possible that scoliotic adolescents suffer from progressive spinal curvature in a short period of time during puberty [31]. Adolescents with an idiopathic scoliosis curve that is over 21 ∘ are usually recommended to wear a brace made of rigid materials, such as that with a plastic or metal frame, to limit the progression of the spinal deformity. The brace causes irritation to the wearer, thus resulting in deterioration in the quality of life [32]. In some of the more severe cases, surgery may be needed to rebuild the spine by fusing bone grafts to the spine discs. This type of surgery has significant impacts on patients, which results in their immobility and therefore inability to carry out daily activities.

Despite the suggested therapy in which patients with mild idiopathic scoliosis should be periodically observed rather than prescribed with any type of treatment or exercise during the early stages, unless a rapid change takes place in the curvature angle or there is spine rotation, adolescents with mild scoliosis could be treated with the use of exercise, as indicated by work in the literature; see [33][34][35]. In 1984, Dickson [36] provided a critical review on the use of exercise for the treatment of scoliosis. In the article, examples of successful cases in which scoliosis was treated with exercise were provided [37], and by adding loads to recover the postural balance of the patients, "the spinal deformity can be completely eliminated" [36]. As mentioned, Chwała et al. [16] performed an EMG assessment of adolescents with idiopathic scoliosis, and the results suggested that patients with a single curve show a beneficial corrective factor during asymmetric load-free and symmetric exercises.

In this study, the subjects are asked to perform habitual standing and sitting and given suggested standing and sitting positions, which are recorded with the EMG method. The suggested positions as guided by a physiotherapist with the aim of retaining postural balance of the subjects during standing and sitting are considered to be common daily positions. By restricting the scoliotic adolescents to a balanced posture, the paraspinal muscles between the two sides of the spine were able to achieve a more balanced state.

The results in Table 3 show that the PUMC type Ib subjects, with a single thoracolumbar curve, benefit relatively more from the suggested positions. During the suggested sitting position, they are able to achieve a more balanced RMS EMG ratio (closer to 1) at the trapezius, erector spinae thoracic, and erector spinae lumbar regions versus in their habitual sitting posture. During the suggested sitting position, for PUMC types Ia and Ib subjects, the RMS EMG ratio is closer to 1 at the trapezius, erector spinae thoracic, and erector spinae lumbar regions versus when in the habitual sitting posture. The result suggests a similar finding as that in Chwała et al. [16] in that the single curve patients with idiopathic scoliosis benefit most during static exercise compared to those with double curve scoliosis.

Overall, during habitual standing, the RMS sEMG ratio for the trapezius region has a significant difference with 1 (𝑝 = 0.023) while none of the tested muscle regions have a ratio with a significant difference with 1 during the suggested standing posture. During habitual sitting, the ratio for both the trapezius area and erector spinae at the thoracic region tends to have a significant difference of 1 (𝑝 = 0.053 and 𝑝 = 0.076, resp.) while during the suggested sitting posture, only the ratio of the trapezius has a significant difference with 1 (𝑝 = 0.025). The results show that the subjects can achieve a more balanced sEMG signal during the suggested posture while standing and sitting.

Based on the presented findings, it is considered that, through the motor learning ability of those with AIS, postural balance can be permanently maintained by practicing the suggested positions on a regular basis as a new motor task [38] 

Conclusions

The aim of this study is to conduct a thorough evaluation of the myoelectric activity of those with AIS during habitual standing and sitting and comprises part of our research work for the formulation of a database towards sEMG biofeedback training. The major findings of this study are as follows.

(1) The results from the PUMC type Ia and IIc subjects reflect consistency with stronger RMS sEMG values from the convex side of the paraspinal muscles as opposed to the concave side. (2) The correction of posture per instructions from a physiotherapist can reduce muscle impairment as evidenced by the RMS sEMG ratios, and the result indicates that the PUMC type Ia and Ib subjects with a single thoracic or thoracolumbar curve benefit relatively more from the suggested positions. The result also echoes a similar finding in the literature on treating scoliosis patients with static exercises. The single curve patients benefit more and the paraspinal muscles between the two sides of their spine are better balanced than their counterparts with a double curve during symmetrical exercise.

The findings can be used to provide a less intrusive type of early intervention and serve as a means of care for adolescents with mild idiopathic scoliosis (i.e., Cobb's angle less than 20 degrees) and therefore reduce the possible need to prescribe brace wear treatment due to its associated psychological stress and negative impacts on adolescents. It is considered that, through motor learning of the suggested positions as a new type of motor task, the concave and convex sides of the paraspinal muscles will be more balanced.

Introduction

In persons living with multiple sclerosis (MS), the reduction of the physical impairments associated with the disease represents one of the main goals of the rehabilitation process [1,2]. In particular, since people with MS often show impaired postural control with consequent increased risk of falls [3], it is important to include specific balance training routines in the rehabilitation plan.

While different approaches (strength, resistance and aerobic training, hippotherapy, kinesio taping, whole body vibration, sensory integration balance training, etc.) have been tested for this purpose with encouraging results [4][5][6][7][8][9][10][11][12], in recent years the use of devices originally designed for entertainment purposes has become widespread (see the recent exhaustive review by Taylor and Griffin for further details [13]). In fact, several studies report significant improvements in balance of MS patients following both fully or partly supervised training periods (as part of a rehabilitation program) performed using the Nintendo Wii console in addition to the Balance Board and Wii-Fit software [14][15][16][17][18]. It is believed that the positive effects observed are due to biofeedback mechanisms, activated mainly through the visual system, even though the actual modalities of stimulation of the postural control system induced by this device have been scarcely investigated.

It is noteworthy that the outcome measures employed to assess the effectiveness of the Wii training program are mixed since balance has been assessed using either clinically rated (e.g., Berg Balance Scale, Equiscale, and the Dynamic Gait Index) or patient-reported outcome measures (such as the Activities-Specific Balance Confidence Scale) or objective instrumental measurements. Thus, there are difficulties in correctly evaluating the actual impact of this approach, as well as in generalizing the results obtained.

Few studies have evaluated changes in balance due to Wii training through postural sway analysis obtained from center-of-pressure (COP) position time-series acquired by a force platform during a quiet standing test [16][17][18]. This technique has been proven reliable in characterizing the performance of the postural control system in a variety of conditions, which include either suppression of the visual input or alteration of proprioceptive information [19]. Moreover, in a prospective study on people with MS, it was observed that abnormal sway values (particularly as regards the COP path length) are associated with a greater risk of falls [20].

Brichetto et al. [16] analyzed the sway area (i.e., 95% confidence ellipse) in presence and absence of visual input in two groups of individuals with MS. One of them performed 12 sessions (articulated in three 60-minute sessions/week) of supervised Wii activity, while the other (matched for age and Expanded Disability Status Scale (EDSS) score) underwent conventional balance training exercises. Although significant reductions in sway area were detected in both individuals, the statistical analysis revealed that there was a greater effect over time for the Wii-group versus the control group as regards closed-eye stabilometry. Similarly, Prosperini et al. [18] found a significant reduction in the COP path length (i.e., the overall length of the trajectory followed by the COP during the quiet standing trial) in a crossover study that analyzed balance before and after a period of 12 weeks (48 30-minutes sessions) of partly supervised home-based Wii activity in 36 patients with MS divided into two groups. They also observed that in one of the groups analyzed the training effects on static balance were substantially maintained even 12 weeks after completion of training.

Apart from the limited, not homogeneous, and somewhat incomplete data on postural sway changes originated by Wii training, there are some issues related to the use of this platform that have not yet been fully clarified. For example, the results of tests to characterize the postural strategies adopted by a patient during an actual Wii rehabilitation session showed that the Wii-Fit games commonly used for this purpose induce an unbalanced activity in sagittal and frontal planes (i.e., significantly higher COP displacements and velocities in the mediolateral direction) [21]. This phenomenon is not dependent on the pathology since it is evident with similar magnitude even in healthy individuals. Moreover, while in most previous studies the patient's activity was supervised, the great advantage of the use of the Wii platform in the home environment appears to be that the balance training can be self-administered, thus reducing the costs of the whole rehabilitation plan. Nevertheless, there is no information on possibly reduced effectiveness of this approach in absence of continuous training guidance.

Thus, on the basis of the aforementioned considerations, this study intends to assess the effect of 5 weeks of unsupervised home-based balance rehabilitation performed with Nintendo Wii, Balance Board, and Wii-Fit software, by means of postural sway analysis. In particular, the set of sway parameters considered for the evaluation of treatment effectiveness will be expanded in comparison with previous investigations including COP displacements and velocities (not previously considered). The hypothesis to be tested is that the balance training performed with the Nintendo Wii has different effects in the anteroposterior (AP) and mediolateral (ML) directions.

Methods

Participants.

In the period of January-February 2014, a convenience sample of 38 outpatients with MS followed at the Regional Multiple Sclerosis Centre of Cagliari (Sardinia, Italy) was informed about the study by the neurologists of the center and assessed. Individuals who met the following criteria were considered eligible for the study: diagnosis of MS according to the 2005 McDonald criteria [22] and the ability to sustain a stable upright posture for at least 15 minutes, which was the minimum time required for a Wii typical balance training session. Moreover, to avoid the influence of confounding factors in the assessment of the effectiveness of the Wii-assisted balance training program, patients who were already engaged in systematic physical activity programs were excluded. The screening for eligibility criteria and the Expanded Disability Status Scale (EDSS) score attribution were performed by a neurologist experienced in MS (GC, EC, and MGM). A subgroup of 30 individuals was enrolled in the study (Figure 1). Three of them declined to participate after a few days because of lack of time.

Kick-start meetings were organized and held between March and May 2014 by a team of neurologists, physiotherapists, and engineers. In that circumstance the participants (divided into three groups) were given a Nintendo Wii Mini console, a Balance Board, the Wii-Fit software suite, and a written memorandum with the schedule of the training protocol. Detailed instructions and a practical demonstration on the basic use of the platform and the type of games to play were also delivered.

The local ethics committee approved the study and all participants signed an informed consent agreeing to participate in the study.

Training Sessions.

The training was planned over a 5week period, with 5 compulsory sessions per week and a minimum of 30 minutes per day of exercise, dividable (at participants' discretion depending on their fatigue state) into two 15-minute sessions. Instead, no limits were imposed as regards the maximum training time: participants were allowed to use the console as much as they liked thus selfadministering a possible surplus of training. In any case, the daily time spent playing was recorded in the Wii console log and subsequently analyzed to verify adherence to the protocol.

We expected participants to cumulate at least 12.5 hours of training during the period of study. This value was selected after considering all previous studies involving Wii use by people with MS, in which total training time ranged from 6 to 24 hours, with single-session durations from 15 to 60 minutes, and who reported balance improvements due to the training program [16][17][18]. All the games selected for the training, namely, Penguin Slide, Table Tilt, and Balance Bubble, belong to the Wii-Fit suite and are among the most commonly employed in similar studies on individuals with MS [15,16,18]. Participants were instructed to equally divide the training time with the three games. For safety reasons, although no participants needed mobility aids to sustain the upright posture, we allowed them to arrange the presence of supports around the Balance Board location to use if/when needed.

Postural Sway Measurements.

Postural sway was assessed before and after the training period on the basis of the analysis of COP time-series acquired using a digital force platform (BTS P6000, BTS Bioengineering, Italy) with acquisition frequency set at 480 Hz. Participants were asked to stand barefoot as still as possible for 30 seconds on the platform, having the feet placed on two 30 ∘ -oriented footprints (intermalleolar distance of 8 cm) drawn on a paper sheet placed on the force platform, while maintaining a stable and relaxed position with the arms freely positioned by the sides and the gaze fixed on a target image placed at a distance of 3 m, adjusted to each participant's eye level. These procedures ensured a common reference position, and foot placement followed recommendations of the International Society of Posturography [23]. Tests were repeated in two conditions, namely, with eyes open and closed. Three trials for each condition were acquired, allowing a suitable rest time between them.

The raw COP time-series were low-pass filtered (10 Hz cutoff, 4th-order Butterworth, bidirectional) and then postprocessed with a custom-developed MATLAB (The Math-Works, Inc., Natick, MA, USA) routine to calculate the following parameters:

(i) sway area (SA, 95% confidence ellipse, mm 2 ), (ii) COP path length (the overall distance travelled by the COP during the trial, mm), (iii) COP maximum displacement (the difference between the maximum and minimum values of the selected coordinate recorded during the trial, mm) in the AP and ML directions, (iv) COP velocity (calculated as the average of the instantaneous values recorded during the trial, mm s -1 ) in the AP and ML directions.

Statistical Analysis.

A two-way (vision × time) repeated measures ANOVA was conducted using SPSS software (v.20, IBM, Armonk, NY, USA) to examine the effect of balance training on the aforementioned sway parameters. The level of significance was set at 𝑝 = 0.05. When necessary, a post hoc Holm-Sidak test for pairwise comparison was carried out to assess intra-and intergroup differences. Data were preliminarily checked for normality and equal variance using the Shapiro-Wilk and Levene tests. 

Results

Of the 30 patients assessed for eligibility to enter the study, 3 declined to participate; thus 27 people started the balance training program. Two persons dropped out due to injuries consequent to accidental falls (not related to the use of the Nintendo Wii) and thus data of 25 individuals were available. Moreover, the analysis of the activity logs recorded by the Wii console revealed that 5 other participants did not fully comply with the predefined schedule (e.g., they skipped some sessions or trained less than 30 minutes per day) and thus they were excluded from the analysis. These subjects were interviewed after the log analysis and when requested to explain the poor compliance, they generically reported "lack of time" and "scheduling problems" as the main reasons for the incomplete training. Descriptive statistics for the 20 patients who correctly and completely followed the training program are reported in Table 1.

The values of the selected postural sway parameters measured before and after the training protocol are summarized in Table 2.

ANOVA revealed main effect of training as regards sway area (𝐹 (1,19) In particular, the post hoc analysis revealed that the sway area decreased by 19% only for the eyes open condition (𝑝 = 0.006), the COP displacements in ML direction decreased in both visual conditions (eyes open: -11%, 𝑝 = 0.049; eyes closed: -18%, 𝑝 < 0.001), and COP velocity in ML direction significantly decreased only in presence of visual input (-10%, 𝑝 = 0.048). No significant time-per-vision interactions were found.

Some examples of the sway paths and areas calculated before and after the Wii training are shown in Figure 2.

Discussion

Our purpose was to characterize postural sway changes in individuals with MS following 5 weeks of unsupervised home-based balance rehabilitation performed using the Nintendo Wii system. Although several previous studies reported the usefulness of such an approach in improving balance abilities in individuals with MS, few of them specifically employed objective quantitative techniques (i.e., use of force platforms) to assess the quantitative changes in postural sway associated with the balance training [16][17][18].

In particular, our results are consistent with those of Guidi et al. [17] and Brichetto et al. [16] who found a reduction in sway area after 10 and 12 hours of Wii training. In particular, Brichetto et al. [16], similar to what was observed here, reported sway area reduction in presence and absence of visual input, although more markedly with respect to the present investigations (40% versus 20%). On the contrary, we found no significant improvements in COP path length as reported by Prosperini et al. [18] who observed a reduction in this parameter in the range of 15-17%, even though the baseline values of the COP path length were similar, thus indicating that, despite the differences in equipment, such COP measurements are very robust and reliable for balance assessment in individuals with MS. Such discrepancies are probably due either to the different duration/intensity of the training or to the existence of supervision by a therapist. As regards the latter aspect, several studies in different fields of neuro-and physical rehabilitation observed that although in both supervised and unsupervised exercise programs benefits for the patients were observed, supervised programs are associated with greater improvements in the investigated function [24,25]. Also to be noted is that some differences may have been introduced by the foot position on the platform during the posturographic tests, as this variable is able to influence the sway values [26].

It is noteworthy that some improvements in postural control performances (i.e., reduction of COP displacements in ML direction) were found even when participants were tested in absence of visual input, despite the fact that the training was mainly based on visual feedback. This phenomenon was observed in similar previous studies [27,28] and explained with the fact that the use of visual feedback during training is probably able to induce some kind of recalibration process of the sensory inputs, thus globally ameliorating the effectiveness of the postural control system.

The main novelty of the present study is represented by a more refined analysis of sway parameters that includes assessment of COP maximum displacements and velocities subdivided by anatomical plane. Our data show that the improvements associated with Wii training are restricted to the ML direction. This would indicate that the commercially available software commonly used to train individuals with MS (i.e., the Wii-Fit suite) differentially stimulates postural control activity in the sagittal and frontal planes.

Previous experiments performed to characterize the postural strategies of individuals with MS during actual rehabilitation sessions [21] showed that COP displacements and velocities in the ML direction were significantly higher with respect to the AP direction. Moreover, such a phenomenon is present even in the case of healthy individuals, and thus such unbalanced activity is likely due to the structure of the Wii-Fit games, which mainly require subjects to shift their weight from one limb to the other while reduced movements are required in the AP direction.

Indeed, the focal clinical point of our results is as follows: are we sure that we are saying that the Wii balance system leads to the best performance achievable? In fact, even though a "global" beneficial effect is introduced by the Wii training in people with MS (expressed through sway area or COP path length reduction), the Wii-Fit exercises lead to unbalanced activity in AP and ML directions in terms of COP displacements and velocities. This is likely due to the fact that this system is designed for healthy people and recreational purposes and thus may not be fully suitable for achieving controlled improvement in postural control performances.

One possible way to overcome such difficulties would be the use of dedicated software that exploits Balance Board capabilities as the input device and is also designed to meet the specific training requirements and allows therapists to define the type, duration, and difficulty of exercises depending on patients' needs and degree of impairment. Such an approach was used, for example, by Young et al. [29] and Gil-Gómez et al. [30] who built and validated customized games to train balance in older adults and individuals affected by brain injury. It is noteworthy that in the study by Young et al. [29] similar reductions of sway after training were observed in both the ML and AP directions, thus indicating that balance training with Nintendo Wii was able to stimulate postural control in a well-balanced manner.

Some limitations of the study are to be acknowledged: firstly, our design study did not include a control group, and this fact limits the possibility of attributing the changes in postural sway we observed exclusively to the effect of Wii training. Secondly, we tested only three games of the Wii-Fit suite, selecting those most widely used in previous studies on people with MS. Further studies with larger samples and a wider variety of games would be desirable to see if the unbalanced postural activity in ML direction detected here is actually to be associated with intrinsic features of the Wii system. Finally, it is still unclear whether the effect of a therapist's supervision may or may not mitigate (or remove completely) possible confusing factors affecting the results due to incorrect performance of the training which is possible in the home setting, as well as reducing the number of noncompliant participants.

Conclusion

The results of the present study confirm that 5 weeks of unsupervised home-based balance rehabilitation training performed using the Nintendo Wii with Balance Board and Wii-Fit games significantly reduced several postural sway parameters of individuals living with MS, thus indicating an improvement in the performance of the postural control system.

Nevertheless, there are some issues associated with such an approach that suggest caution in its use or, at the very least, further in-depth analyses. In particular, balance training appears to be much more intense in the ML than in the AP direction: in fact, the significant changes observed here as regards COP displacements and velocities involve in practice only the frontal plane. Moreover, the scarce flexibility of the Wii-Fit software in terms of exercise difficulty and scoring system make it difficult for physiotherapists to administer and customize training in accordance with the patient's initial conditions and improvements. Thus, also considering the possibilities of exploiting the interesting features of the Balance Board as a training tool even when not used in conjunction with a Wii console (as it can be connected to a common Personal Computer), future studies should address the development and testing of software specifically designed for MS needs. 

Introduction

Balance dysfunction (BD) in Parkinson's disease (PD) is a disabling symptom that contributes to falls and it impairs the ability to perform the activities of daily living, such as walking, turning, and rising to a standing position [1].

Even with optimal pharmacological and surgical management, these deficits cannot be controlled satisfactorily and have a negative impact on the quality of life [2]. There is an increasing evidence that physical therapy, especially highly challenging balance exercises, can improve BD and reduce the risk of falls, though the long-term effects of physical therapy interventions need to be further explored [3,4]. Previous studies have shown the efficacy of training with stabilometric platform and visual feedback for balance in Parkinsonian patients in stage 3 of Hoehn-Yahr scale [5]. Unfortunately, the stabilometric platforms are not widespread and they are hard to find in the normal gymnasiums, while the crossover is widely used. Crossover is a device that simulates the movement of a skater, broadening the support base and improving the functionality of paravertebral muscles. Therefore, this device can act on several fundamental aspects of PD such as the narrow-based gait [6], the loss of automatisms (e.g., upper arms swinging) [7], and the altered functionality of the trunk muscles [8]. With its automatic and coordinate movement of upper and lower limbs, crossover could help patients in the unconscious relearning of upper limb swinging and it could also improve the narrow base support [9]. Furthermore, the wide dissemination of crossover could allow Parkinsonian patients an early, continuous, and cheap treatment that could have beneficial effects both on the development and on the control of BD.

The aim of this study was to assess the efficacy of crossover compared to the stabilometric platform in the treatment of BD in patients with PD in order to propose the crossover as a useful device for their treatment.

Methods

From January to October 2014, we screened one hundred Parkinsonian patients referred to the Department of Parkinson's disease Rehabilitation of the "Moriggia-Pelascini" Hospital (Gravedona ed Uniti, Italy).

Inclusion criteria were (1) probable diagnosis of PD according to Gelb et al. [10], (2) stage 3 of Hoehn-Yahr scale, (3) ability to walk without any assistance, and (4) mini mental state examination > 25.

Exclusion criteria were (1) presence of dyskinesias, (2) presence of other neurological diseases, (3) visual and/or auditory dysfunctions that impair gait and balance, (4) postural hypotension, and (5) severe orthopaedic and/or rheumatic diseases.

Patients were randomly assigned to two groups: group 1 (stabilometric group) underwent a 4-week cycle of stabilometric platform training for 6 days per week and group 2 (crossover group) underwent a 4-week cycle of crossover training for 6 days per week.

For the patients' randomization, a computer-generated list of binary random numbers was used. Both groups were evaluated at admission and at discharge, using the following outcome measures: Berg Balance Scale (BBS), Timed Up and Go (TUG) Test, Six Minutes Walking Test (6MWT), and Unified Parkinson's Disease Rating Scale part two (UPDRS II), daily activities.

Patients were evaluated at 9 A.M., one hour after taking the dopaminergic replacement therapy (including levodopa, dopamine agonists, and monoamine oxidase-B inhibitors). A neurologist, expert in movement disorders, and a physiotherapist, both blind to the purpose of the study, evaluated all patients. The study design and protocol were approved by the local Scientific Committee and Institutional Review Board (General Hospital Moriggia Pelascini, Gravedona e Uniti-Como) and followed the ethical principles outlined by the Helsinki Declaration.

Sample Size Computation.

Published studies report a standard error of measurement (SEM) equal to 1.8, 0.59 s, and 30 m for BBS, TUG, and 6MWT, respectively [11,12]. We wanted to detect a difference in improvement between groups of 2, 1 s, and 35 m, respectively. To detect these differences with a two-tailed type I error of 0.05 and a power of 80%, the estimated sample size was of 27, 12, and 24 patients per group, respectively. Taking into account the possibility of a small rate of dropout, we set our sample size to 30 + 30 patients.

Outcome Measures.

The efficacy of the two different treatments was evaluated with the following outcome measures.

Berg Balance Scale (BBS). The Berg Balance Scale (BBS)

is the gold standard scale for balance tests. It is a 14-item test designed to measure the balance during specific functional tasks. Each task is scored from 0 to 4 for a maximum of 56 points (normal subject).

Six Minutes Walking Test (6MWT).

In the 6MWT, subjects walk as far as they can for 6 minutes. Patients are allowed to take a rest or slow down during the test (if they need it). We use for the test an unimpeded hallway length 15 meters in order to increase the number of turnings during walking, being the turning one of the major problems of Parkinsonian patients.

Timed Up and Go

Test. This test measures mobility in elderly people and it is a useful tool to quantify locomotion performance in individuals with PD. The patients have to stand up from a chair, walk 3 meters, turn around, walk back to the chair, and sit down again. The whole test is repeated 3 times and the average time is calculated.

UPDRS II.

The UPDRS is a common scale used to follow the longitudinal course of PD. Part II of this section assesses the activities of daily life including speech, swallowing, handwriting, dressing, hygiene, falling, salivating, turning in bed, walking, and cutting food.

Characteristics of Devices

The Stabilometric Platform.

For the training of PD patients, we have used a stabilometric platform (Prokin 254 (Pro-Kin Software Stability), TecnoBody S.R.L., Dalmine, 24044 Bergamo, Italy). This device is a force platform with a flat and regular surface fixed to four force-transduction systems (Figure 1). The platform sends the signals to a computer for offline analysis and for detecting the position of the centre of pressure (CoP). The CoP represents the point of application of forces concerning feet and ground. The CoP area is an index of the effectiveness of the tonic postural system in keeping the centre of gravity closer to the intermediate position of balance.

Crossover.

Crossover is a type of cross-trainer, designed for cardiovascular exercises. It has two platforms and two interconnected levers that move simultaneously. It engages the arms in a converging motion and the legs in extending, rotating, and flexing actions so that multiple muscles are working at the same time (Figure 2). This device does not have feedback. There are 25 levels of difficulty based mainly on the progressive increase of resistance of the footboards. 254, TecnoBody S.R.L., Dalmine, 24044 Bergamo, Italy) for 6 days per week. The patients performed five "stabilometric track" exercises (see Figure 3). The patients had to stand still on a force plate with their feet comfortably positioned within a box whose dimensions are equal to their foot length. They looked straight ahead at a screen surface placed 80 cm away, putting their arms on two handles. Using a visual feedback sensitive to the displacement of the centre of gravity, patients had to move their CoP within a red track in order to reach two yellow circles placed at the end of the track. Patients were not supposed to leave the track and an auditory feedback signalled any possible deflection. The five tracks allowed different positions in the space (vertical, horizontal, oblique (left/right), and circular) (Figure 3). The duration of each exercise increased from 30 󸀠󸀠 on the first week to 60 󸀠󸀠 on the second week and to 90 󸀠󸀠 on the third week until it reached 120 󸀠󸀠 on the last week. Each exercise was performed only one time on the 1st week and on the 2nd week and 2 times on the 3rd week and on the 4th week. A pause between the 4th and 5th exercise was programmed on the first two weeks and between the 3rd and 4th exercise on the two final weeks.

The exercises on the platform increased in difficulty each week and were studied in order to progressively stress the patient's limit of stability (i.e., every week the length of the tracks was increased until a designed target in different space directions-antero-posterior, medio-lateral direction, etc.was chosen) (Figure 4).

Crossover Group.

Each patient underwent a 4-week cycle of crossover training (Technogym Crossover 700) for 6 days per week. In our study, the crossover training involved only the first 4 of the 25 levels of difficulty/resistance: first week, level 1; second week, level 2; third week, level 3; and fourth week, level 4. Patients performed a 5-minute treatment and repeated it 3 times with a 5-minute break between each repetition. The use of the first 4 levels on the crossover is due to the need to maintain the exercises on aerobic conditions.

Statistical Analysis.

Descriptive statistics are reported as mean (SD). The normality of the distribution of all variables was assessed by the Shapiro-Wilk statistic. For each outcome variable considered, the effect of the two different rehabilitation protocols was assessed by a two-factor analysis of variance: the first factor was the rehabilitation protocol (stabilometric platform versus crossover) and the second factor was time (end of treatment versus baseline) with repeated measures of the time factor. If a significant interaction effect for time × treatment was found, two separate paired 𝑡-tests (one for each group of patients) were carried out to compare end of rehabilitation and baseline values.

Between-group comparisons for continuous data were assessed with unpaired 𝑡-test or with Mann-Whitney 𝑈 test in case of violation of the normality assumption. Comparisons for categorical variables were carried out by the Chi-square test or Fisher's exact test when appropriate.

A 𝑝 value < 0.05 was considered statistically significant. When multiple comparisons were carried out, the Bonferroni correction was applied. Accordingly, when couples of comparisons were considered, the significance level was set to 0.025. All analyses were carried out using the SAS/STAT statistical package, release 9.2 (SAS Institute Inc., Cary, NC, USA).

Results

We enrolled sixty patients in the study: 30 were assigned to the stabilometric platform group (group 1) and 30 were assigned to the crossover group (group 2).

Baseline demographic and clinical characteristics of all patients are reported in Table 1. No variable violated the normality assumption. No statistically significant differences were observed between the two groups in any variable at the baseline.

Results from repeated measurements analysis of variance are summarized in Table 2. A significant (𝑝 = 0.0337) time × group interaction was found for 6MWT, indicating a difference in the effects of stabilometric platform versus crossover rehabilitation strategies. Due to this significant interaction, two separate paired 𝑡-tests (one for each group of patients) were carried out, demonstrating that both rehabilitation strategies improved the distance walked in 6 minutes (𝑝 = 0.0172 for group 1 and 𝑝 < 0.0001 for group 2), but the improvement was better in group 2 from a statistical point of view. A different result was found for BBS, TUG, and UPDRS II, where a largely nonsignificant time × group interaction (𝑝 > 0.7 all) was found, revealing no differences in the effect of treatment. All these outcome variables significantly improved after the rehabilitation period (time effect 𝑝 < 0.0001 all). 

Discussion

The purpose of this study was to evaluate the effectiveness of a balance training using the crossover and to compare the results with those obtained from patients who underwent a balance treatment with a stabilometric platform.

Our results show that the crossover improves balance in Parkinsonian patients and that there are no differences in the BBS, TUG, and UPDRS improvement in comparison with the results obtained from patients who underwent a stabilometric platform treatment. Moreover, patients in the crossover group show better results in 6MWT in comparison with patients who underwent stabilometric platform training. This is the first study that shows the efficacy of crossover on BD in Parkinsonian patients.

BD is a relevant challenge for the treatment of PD. In a precedent study, we showed the efficacy of a stabilometric platform treatment for balance disturbances in PD [5]. However, the stabilometric platforms are expensive and are not widespread devices. The possibility to find a common device as the crossover could allow the Parkinsonian patients an early, continuous, and cheap treatment that could have beneficial effects both on the development and on the control of BD. Using the crossover, the centre of mass moves continuously on three different directions. This movement determines a continuous shift of the direction of lower body force resulting in a possible stabilization and coordination benefits. The benefits of the crossover training may be also related to an implicit learning. Motor explicit and implicit learning strategies could improve rehabilitation outcomes in PD [13], and the use of feedback and cues improve the repetition of correct movements using a voluntary control which goes beyond the degenerated automatic motor mechanisms [14]. Moreover, several authors suggest that exercises in PD must incorporate specific characteristics in terms of intensity, repetition, specificity, and difficulty [9]. These characteristics are important to enhance cognitive engagement for the consolidation of learned behavior and for the changes of the dysfunctional motor circuits. Aerobic training could also restore neuroplasticity in striato-thalamic-cortical motor circuit, system involved in the automatic movements [9]. Through coordination and repetition, the crossover training combines the cognitive engagement with the aerobic training, both fundamental for motor learning mechanisms.

The biomechanics of crossover simultaneously involves legs in extending, abducting, flexing, and rotating actions improving the support base and the functionality of paravertebral muscles. This is a further reason that could explain its beneficial effect on BD. In fact, other aspects involved in BD in PD are the stooped posture, characterized by a flexion of the thoracolumbar spine due to degeneration of the paravertebral muscles [8], and a narrow base of support [6]. Both are responsible for body misalignment beyond the limit of stability, poor balance, and falls.

The repetitive and voluntary-induced movement that patients perform using crossover may determine a form of unconscious learning able to bypass the diseased basal ganglia and could act indirectly on the proprioceptive and vestibular systems. Moreover, this type of exercise counteracts the progressive course of the paravertebral muscles degeneration [15].

We have seen that patients who underwent a crossover treatment showed better results in 6MWT in comparison with those treated with stabilometric platform. The dopaminergic deficit in PD leads to an alteration in the striato-cortical pathways [16], which can affect motor unit recruitment and results in muscle weakness [17][18][19]. Progressive resistance exercises have been suggested as a treatment option to preserve function and health-related quality of life in PD [20,21]. Our crossover training consists of an aerobic exercise with an increasing intensity (from low to moderate). Lima et al. have just reported an increase in muscle strength and an improvement of gait after progressive resistance training programmes in Parkinsonian patients [22]. The crossover involves the upper and lower limbs and previous studies have shown that whole body intervention programs might improve multiple specific PD impairments. In particular, Farley and Koshland [23] found an improvement in bradykinesia. It has been previously described [24] that bradykinesia/hypokinesia is the major specific PD impairment that limits the walking capacity assessed by the 6MWT [25]. We hypothesize that an improvement of bradykinesia might explain the improvement of 6MWT in crossover group.

The most important limitation of our study is the lack of a follow-up period in order to evaluate the persistence of beneficial effects and further studies are necessary to assess this issue. Moreover, it will be useful to quantify the results not only using scales but also with quantitative measurements, for example, a force plate.

In conclusion, our study shows that the crossover and the stabilometric platform have the same efficacy on BD and that crossover training might also improve walking capacity. Thus, we believe that the crossover can be proposed as a rehabilitative device for Parkinsonian patients in early and medium stage of disease because it is cheap and easily available in a common gym.

Introduction

Cochlear implantation aims to restore hearing ability and to improve the quality of life (QoL) of patients with severe deafness [1]. The surgical procedure consists in inserting a multielectrode array into the cochlea. Vestibular damage following the surgery is possible due to the anatomical proximity between the vestibular system and the cochlea. Therefore, this insertion may alter the inner ear and may induce vestibular disorders. Indeed, up to 75% of patients undergoing cochlear implant surgery report postoperative vestibular symptoms such as vertigo, dizziness, or imbalance [2][3][4][5][6][7][8].

Maintaining equilibrium in upright stance requires the central processing of input signals from the visual, somatokinesthetic, and vestibular systems, leading to a contextspecific motor response through the adjustments of static and dynamic postures [9,10]. Therefore, the alteration of the inner ear by the cochlear implantation may generate postural disorders just after the surgery and after the activation of the cochlear implant [11]. Despite possible inner ear damage induced by the surgery, improvement of the postural stability has been observed even two years after cochlear implantation [2,12]. Postural improvement after implantation may be induced by a vestibular compensation of a previously uncompensated vestibular lesion [2]. However, several studies showed that postural control of teenagers and adults remains impaired after implantation compared to healthy control subjects, without any effect of hearing restoration even 5 years after implantation [13][14][15][16]. The effect on the postural control of the activation of the cochlear implant (CI) has been evaluated in adults between 6 and 8 weeks after surgery and shows that postural control is improved in the more demanding postural situations when the CI is switched on [17].

The characterization of the possible vestibular effects induced by cochlear implantation is well performed by the classical tests (e.g., caloric test, rotary test, and video head impulse test) [6,7]. The current absence of consensus concerning the outcome of cochlear implantation on postural control does not allow drawing any conclusions for their potential effects. This pilot study aimed to assess the effects of cochlear implantation on the modalities of balance control and sensorimotor strategies.

Material and Methods

2.1.

Participants. This prospective study (one-year follow-up study) was conducted at the Nancy University Hospital (France) and involved 10 patients (CI group, median age = 55 ± 20 years, age range = 27 to 72 years) with profound hearing loss scheduled to receive unilateral multichannel cochlear implant (Oticon Medical-Neurelec, Vallauris, France/Cochlear Macquarie University, New South Wales, Australia) and 10 healthy participants (control group, age median = 63 ± 16 years, age range = 24 to 71 years). The indication for unilateral cochlear implantation was bilateral profound sensorineural hearing loss with no benefit from hearing aids. All participants were free from any central nervous system disease and presented no orthopedic disorders either of the trunk or the lower limbs that could affect postural performance. All participants gave written consent prior to this pilot study. This pilot study was conducted to examine the feasibility of this approach used in a larger scale study which was approved by the local ethics committee (Comité de Protection des Personnes de Lorraine).

Data Collection.

All patients were submitted to hearing, gaze control, and posturographic evaluations two days before and one year after unilateral cochlear implantation. Healthy participants, who were free from ENT disorders, were only submitted to posturographic testing.

Hearing Performance Evaluation.

Lafon's cochlear lists, which were used to evaluate hearing ability [1], are composed of 17 triphonemic French words; the percentage of phonemes recognized among the 51 phonemes present in the lists gives an intelligibility score (hearing performance) for each subject. Scores without lip-reading were obtained in quiet at 70 dB SPL. One year after surgery, CI users were tested with their own processor programmed with their normal everyday processing strategy and electrode configuration.

Visuooculomotor and Vestibular Evaluation.

The visuooculomotor and vestibular assessments were performed with videonystagmography (Synapsys, Marseille, France) (see details in [18,19]). The visuooculomotor tests included the evaluation of smooth pursuit and saccades. Spontaneous nystagmus without visual fixation (in darkness) was also recorded. The caloric test, which remains the gold standard to evaluate the degree of vestibular asymmetry, was performed according to the bithermal caloric test protocol, with water infusion of the ear canal for 30 seconds. The subject was in the supine position with the head flexed 30 ∘ . Vestibular areflexia was characterized by an absence of caloric response on the side of the affected labyrinth, while vestibular hyporeflexia was determined by a decreased response of more than 20% on the side of the affected labyrinth [20]. For the rotary test, the patients sat in a rotary chair (MED4, Synapsys) with opened eyes in a dark room, and the plane of the lateral semicircular canal was positioned perpendicular to the axis of rotation. The rotary chair test protocol was a pendular test, consisting in seven sinusoidal oscillations around an earth-vertical axis at 0.22 Hz frequency, with increasing then decreasing amplitude. The highest instantaneous velocity of the stimulus was about 30 ∘ /s and the highest oscillation amplitude about 30 ∘ . Fourier analyses were performed to calculate both the slow phase eye velocity and the chair velocity. The gain measurements of the vestibuloocular reflex were determined by the ratio of the amplitudes of the eye velocity to that of the chair velocity. The directional preponderance measurements were determined by the mean slow phase eye velocity over the duration of the stimulus.

Postural Control Evaluation.

The sensory organization test (SOT, EquiTest, Clackamas, OR) aims to evaluate a subject's ability to maintain balance control in six different conditions which are repeated three times during 20 seconds. During these trials, the displacements of the center of foot pressure are recorded. Postural control is challenged by using a technique commonly referred to as sway-referenced, which involves tilting the support surface and/or the visual surround to directly follow the anterior-posterior sways of the subject's center of gravity [21]. Vision is not challenged in conditions 1 (C1) and 4 (C4). Eyes are closed in conditions 2 (C2) and 5 (C5). The visual surround may move in conditions 3 (C3) and 6 (C6). The support surface may move in conditions 4 to 6. These six conditions increase in difficulty and were not randomized. The theoretical limit of stability is based on the individual's height and size of the base of support. The following formula was used to calculate the equilibrium score: [12.5 ∘ -((𝜃 max -𝜃 min )/12.5 ∘ )] × 100, where 𝜃 max indicates the greatest anteroposterior center of gravity sway angle displayed by the subject while 𝜃 min indicates the lowest anteroposterior center of gravity sway angle. Lower sways lead to a higher score, indicating a better balance control performance (a score of 100 represents no sway, while 0 indicates sway that exceeds the limit of stability, resulting in a fall). Equilibrium scores (ES) were calculated for every condition (C1 ES to C6 ES ). A composite equilibrium score (C ES ) was calculated by adding the average scores from conditions 1 and 2 and the ES from each trial of conditions 3 to 6, and finally dividing that sum by the total number of trials [21][22][23].

The participants were requested to stand upright and barefoot at mark level on the support surface to control stance width, remaining as still as possible, breathing normally, and being with their arms at their sides. They were instructed to look straight ahead at a picture located on the visual surround. To protect against falls, an operator stood within reaching distance of the participant and all wore a safety harness connected to the ceiling by two suspension straps in all test conditions.

Statistical Analysis.

Qualitative data were expressed as percentages (%) and compared using Fisher's exact test. Quantitative data were expressed as median with interquartile range and compared using nonparametric statistical tests. The Wilcoxon test was performed to compare the results observed before and one year after cochlear implantation. A Mann-Whitney test was performed to compare the results between the CI and control groups. Statistically significant differences were accepted for a probability level of 𝑃 < 0.05.

Results

3.1.

Participants. Gender, etiology of deafness, age at implantation, deafness duration, side of implantation, hearing performances before and after cochlear implantation, and vestibular status before and after cochlear implantation are presented in Table 1. The implantation was performed on the right side in 7 patients and on the left side in 3 patients by the same surgeon. The CI was inserted unilaterally via the round window surgical technique for one patient and via a cochleostomy procedure for the nine remaining patients. Data on age, gender, height, weight, and body mass index for patients and controls are presented in Table 2 and no significant difference was observed between the two groups for all these parameters. 

Visuooculomotor and Vestibular Evaluation.

No participant declared vertigo or dizziness. The visuooculomotor tests showed that smooth pursuit and saccades were normal for all the patients. For the gaze test, only one patient presented a spontaneous nystagmus before cochlear implantation. One year after surgery, no spontaneous nystagmus was observed. Before surgery, the caloric test showed that 1 patient had vestibular areflexia and 4 patients had vestibular hyporeflexia (Table 1). The visual fixation inhibited the nystagmus induced by the caloric test in all these patients. The surgery did not modify the vestibular status of the patients (Figure 1(a)). For the rotatory chair test, the gain (Figure 1(b)) was higher one year after cochlear implantation than before surgery (𝑃 = 0.005), whereas no difference was observed for the directional preponderance (Figure 1(c)).

Evolution of Postural Control within One Year in CI

Patients. The evolution of postural control within one year in CI patients is showed in Figure 2. Postural control improved one year after surgery compared to before surgery. Indeed, C ES was higher one year after surgery (𝑃 = 0.021), mainly because of higher performances in C3 (𝑃 = 0.025), C4 (𝑃 = 0.033), and C5 (𝑃 = 0.043). In addition, postural improvement was also observed for the patient who had vestibular areflexia (C ES varying from 27 to 65% within one year).

Comparison of Postural Control between CI and Control

Groups. Before surgery (Figure 2), CI patients had altered postural performances. Indeed, C ES was lower in the CI group before surgery than in the control group (𝑃 = 0.010), which mainly resulted from lower performances in C1 (𝑃 = 0.008), C3 (𝑃 = 0.013), C5 (𝑃 = 0.015), and C6 (𝑃 = 0.008).

One year after surgery, only one difference was observed between the CI group and the control group. Indeed, postural performances normalized in all postural conditions, except for C6 which remained significantly different between the two groups (𝑃 = 0.019).

Discussion

This prospective study showed that patients with unilateral cochlear implants displayed an improvement of postural performance one year after implantation compared to before surgery (even for the patient who had unilateral vestibular areflexia). The gain at the rotatory chair test, which was low before surgery, increased considerably one year after cochlear implantation. In addition, postural performances, which were altered before surgery especially in the more complex conditions, increased one year after cochlear implantation and reached the performances observed in the control group. However, a difference is still observed one year after cochlear implantation between the CI and control groups in the most challenging condition characterized by the possible simultaneous movements of the visual surrounding and the support surface. * 𝑃 < 0.05, * * 𝑃 < 0.01.

Deaf patients, who are candidates to cochlear implantation, have normal or decreased vestibular function, vestibular dysfunction in some deaf patients being related to a joint pathology of the posterior and anterior labyrinths [3,24,25]. Indeed, CI candidates have often preoperative vertigo symptoms [3]. In our study, CI patients had low preoperative gain at the rotatory chair test, suggesting that vestibular function was altered before surgery and highlighting a low efficiency of vestibular compensation [26]. One hypothesis may be that this low degree of vestibular compensation is one explanatory factor of low preoperative postural performance, which is in accordance with previous observations by Magnusson et al. [25]. According to the theoretical framework of perception-action, the brain receives information from the various sensory afferents to produce movement, and the action determines the perception [27]. Applied to vestibular pathology, two things are required in order to compensate. First, the brain must receive signals from the balance organs. Thus, movements must not be avoided, because movements create the signals which are required by the brain to compensate for the injury. Second, the balance areas of the brain must be capable of change. In CI candidates, the brain is usually not damaged and is capable of plasticity. Therefore, the failure of preoperative compensation is probably induced by the isolation and the restriction of activity related to the deafness [28]. One year after cochlear implantation, patients showed no degradation of their postural performances in spite of the introduction of the electrode array in the cochlea which may increase the risk of the vestibular asymmetry to the side of the implantation. The higher values of the gain and the lower values of directional preponderance, observed in the rotatory chair test one year after cochlear implantation, demonstrate the efficiency of the vestibular compensation. This vestibular compensation is associated with a postural compensation highlighted by the absence of degradation of postural performance one year after cochlear implantation. As it had been suggested in other kinds of vestibular dysfunction, for example, in the case of vestibular schwannoma, the time-course of implementation of central adaptive mechanisms, characterized by substitution by other sensory afferences and new behavioral strategies, could lead to a recovery of balance control with an improvement in balance performance [29,30], which are close to normal and are difficult to decompensate [31].

One year after cochlear implantation, the postural performances did not decrease. Conversely, the performances improved significantly and tended to reach normal performances. The vestibular compensation could not explain alone the major improvement of the postural performances. The restoration of the auditory information could contribute to balance regulation in CI patients according to two complementary hypotheses. On the one hand, the recovery of hearing may lead to a reorientation of CI patients in their surroundings. Indeed, equilibrium function relies on the control of posture but also on spatial orientation. The spatial orientation of the body allows a subject to perceive his/her environment and to act particularly in case of movement or destabilization [32]. Posture can thus be considered as a primary support for action [9]. Although auditory information is not considered as a fundamental signal involved in balance control, the auditory system is a perceptual system which, with vision and touch, is involved in the perception of the dynamic environment and in complex representations of 3D space. In the same way as sensory inputs are redundant and complementary to fine-tune postural control during sensory conflict situations [18], the ability to use multiple senses to perceive environmental characteristics allows a more relevant detection of objects and events, leading to an accurate orientation behaviour [33]. Indeed, recent studies showed that multisensory cues were more effective at capturing spatial attention than unimodal cues under conditions of concurrent perceptual tasks [34,35]. The recovery of auditory function in environmental perception and orientation references after cochlear implantation could initiate motor learning and, in this way, allow the implementation of new neural networks, leading to new sensorimotor and behavioral strategies. These new sensorimotor and behavioral strategies could explain the improvement of postural control efficiency observed here, especially in the more complex postural situations. CI patients displayed new balance abilities. This could be related to the recovery of auditory information, which may participate in spatial orientation through interactions with the visual signals [36,37]. On the other hand, cochlear implantation is known to induce an improvement in the quality of life (QoL). A multiple stepwise regression analysis showed that, after implantation, improvements in communication abilities, reduced psychological problems, and improvements of daily life abilities were key determinants to QoL improvements for CI patients [1,38]. The QoL increase reaches a plateau at about 1.5 to 3 years after implantation [39]. The recovery of hearing may therefore reduce isolation, depressive state, restriction of activity, and the breakdown of familial or other social occupational activities. These factors could influence vestibular and postural compensations. Therefore, CI patients may interact more with the environment which may lead to enhanced sensory-motor stimulations.

The minor remaining perturbations of postural control observed one year after surgery in CI patients indicate that postural compensation is close to be completed and could justify a longer follow-up. Indeed, balance performances still improved one year after unilateral vestibular deafferentation and this improvement could be related to a reinforcement of the newly elaborated sensorimotor and behavioral strategies due to daily life activities [19]. Thus, postural performances might need more than one year to reach age-matched control level in CI patients, who have to perform simultaneously several learning processes, such as auditory rehabilitation with speech recognition learning, vestibular compensation after vestibular function degradation related to the introduction of the electrode array in the cochlea, and finally new orienting behaviour learning process after recovery of auditory perception of dynamic environment.

The main limitation of this study is the possible postural learning effect that could be observed between the two measurements in the CI group. The learning effect has been observed to last at least three months [40,41]. However, this hypothesis is not convincing according to the sensorimotor modifications induced by surgical approach and the delay (one year) between the two posturographic evaluations. Therefore, the learning effect is probably limited. In addition, the test-retest reliability of the composite and equilibrium scores has been shown to be fairly good [42]. Another limitation of this study is the sound from the engines and from the movements of the screen or the platform during the sway-referenced conditions. It cannot be excluded that the CI patients have used these sounds to limit their movements. In addition, the EquiTest used the most extreme data samples to evaluate the postural control; this is therefore flawed as it is not fully representative of the average stability. However, this device is fairly convenient to use in a clinical setting. Finally, the study did not investigate the orientation ability of the CI patients. The results of this study should be interpreted in light of these limitations and further prospective studies are needed especially with the standardization of the CI patients according to the origin of the hearing loss and the recovery of hearing after cochlear implantation.

Conclusions

Unilateral cochlear implantation is not harmful for postural performances. Conversely, postural stability improves within one year after the cochlear implantation. This improvement could be an indirect consequence of the recovery of auditory information. Indeed, patients may be less dependent and move more, strengthening postural control. The increase of postural control performances could also take an important part in the improvement of the quality of life observed in CI patients. Vestibular and postural evaluations are important in the follow-up of the cochlear implantation. The vestibular and postural improvements should be taken into account in the decision-making process of the cochlear implantation.

Introduction

Hip joint is one of the two most mobile joints in the human body. Due to its location in the body and upright dominated human posture, hip joint not only has to fulfill mobility demands but also has to be able to bear multidirectional loads constantly. Therefore, it is one of the most vulnerable joints developing degenerative osteoarthritis (OA) [1]. The destruction of hip joint due to OA is irreversible and total hip arthroplasty (THA) has been developed several decades ago to reconstruct the joint structure [2,3]. Advancement of surgical technique to minimize physiological impact during surgical process has been the focus for the recent decade. Minimally invasive THA (MTHA) was, thus, invented and gradually replaces traditional THA [4].

Studies have shown that both THAs are effective in reducing joint pain and MTHA was superior to traditional THA in terms of decreasing blood loss during surgery, decreasing length of hospital stay, fastening walking speed, and daily functional independence [2][3][4]. However, cross-sectional studies reported subnormal hip joint function even at 24 months after MTHA. However, the impact of MTHA on relieving joint pain, improving functional capacity, and improving postural stability across a one-year period has not been studied [4][5][6]. It is reasonable to hypothesize that insufficient recovery and lacking of appropriate postsurgery intervention [6,7] might contribute to the reported incidence of dislocation of the newly replaced join, development of ipsilateral hip OA, and falls after MTHA. Understanding of the progression of recovery of functional capacity and postural stability after MTHA is critical in lengthening the durability of the prostheses, preventing ipsilateral hip joint pathology, and increasing daily living safety [3].

Frequently used outcome measure for MTHA includes self-report visual analogue pain scale (VAS), functional reach tests, Berg Balance Scale, Activities-Specific Balance Confidence Scale [8][9][10][11], and self-administered hip-rating questionnaire. Postural stability is unique outcome measures and was used often to quantify the risk of fall in daily living context [12].

Quiet stance is an easy and safe task to perform, compared to level walking for patients with acute and severe unilateral neuromuscular and/or musculoskeletal impairment in lower extremity. Postural stability during quiet stance has been well investigated and is recognized as a dynamic motor control process involving active sensory processing with a constant mapping of perception to action [13]. Somatosensory apparatus located in the neck, trunk, and lower extremities is inevitable in sensing stance perturbation information through upward neural pathway, while trunk and lower extremity muscles are modulated by downward neural pathway formulating matched muscular synergy as postural actions to control stance posture [14]. Efficient postural stability maintains the vertical projection of the center of mass (COM), which is center of gravity (COG), within the configuration of base of support (BOS) to prevent falls [15,16].

Stance postural stability is frequently quantified by amount of postural sway and patterns of weight distribution over two lower limbs (symmetry versus asymmetry) [13]. The parameters derived from postural sway and weight distribution are the results of ankle and hip movement strategies which actuated through bilateral lower limb loading and unloading mechanism (LULM). It is well accepted that increment of postural sway and asymmetry weight distribution reflect LULM impairments, which in turn indicated insufficient somatosensory and neuromuscular functioning in the lower extremity [13,15,16]. However, Chern et al. had suggested that compensatory weight bearing strategy might be developed along with the somatosensory and neuromuscular recovery process to fulfill the priority of daily living safety in patients with unilateral lower limb pathology, such as hemiplegia after stroke, and this compensatory strategy might decrease postural instability [17].

Stance with different foot placements is not uncommon in our daily situation. Foot placement configures the dimension of BOS in both anterior-posterior (AP) and medial-lateral (ML) planes [12]. Changing foot placement perturbs stability through redistributing body mass and deviating COG locations in the dimensions. Therefore, quiet stance postural control features in different foot placement are suitable for and valid in documenting the efficiency of somatosensory and neuromuscular functions of the lower extremity [17], like tandem stand or foot together stand.

With a little knowledge of the progression of functional recovery after receiving the MTHA, it is necessary to monitor the pain level, activity of daily life, and posture stability after the surgery for prevention of falls in daily context and decreasing the need of medical care following falls. The purpose of this study is to investigate pain level, functional capacity, and postural stability in patients with MTHA at pre-and postoperative stages. The postural stability was measured while the subjects stood with four different foot placement conditions. Our hypothesis is that the patients' level of pain, functional capacity, and postural stability would recover progressively at the time immediately after surgery through one year after surgery. The second hypothesis was that the subjects' postural stability would vary as a function of the foot placements which post graded demands on control of postural stability. Therefore, multiple functional and balance measurements were taken before and after the surgery. The results of the study would advise clinicians in designing presurgery education and postsurgery intervention programs for this group of patients to optimize surgical results and prevent undesired postoperative consequences, such as falls.

Materials and Methods

2.1. Participants. Convenient and intentional sampling method was used to recruit participants in this study. A total of 23 participants (10 male and 13 female, mean age of 60 ± 9.9 years, mean height of 165.6 ± 9.7 cm, mean weight of 58.2 ± 11.9 kg, and mean BMI of 23.55 ± 3.50 kg/m 2 ) agreed to participate in this study. The inclusion criteria were (1) being diagnosed as unilateral hip arthritis, (2) planning to accept total hip arthroplasty (THA) procedure, (3) being able to stand independently for 3 minutes before surgery, and (4) being able to follow verbal instructions. Comorbidities of the lower extremity, such as osteoarthritis or misalignment at other joints, and other systematic diseases, which might affect stance postural control capability, were the exclusion criteria. A sample size of 23 was justified by statistical power of 0.96 calculated based on an effect size of 0.5. The experimental procedure was approved by Chang Gung Medical Foundation Institutional Review Board (number 97-1389B) and all participants signed informed consent form prior to entering into this study.

Total Hip Arthroplasty.

All THAs were performed by an experienced orthopaedic surgeon (the third author) at a medical center, Department of Orthopedic Surgery. All the THAs are minimally invasive but with slight variation in the number and location of incisions. The surgeon chose one of the three procedures based on his professional judgments and patient's choice of hip joint prostheses: (1) modified Watson-Jones minimally invasive approach (MIS-WJ), (2) minimally invasive anterolateral approach procedure (MIS-AL), and (3) two-incision minimally invasive procedure (MIS-2). Incisions were made at either anterior, anterolateral, or posterior aspect of the hip joint. MIS-WJ requires exposure of the hip joint through the muscular intervals [18,19]; MIS AL involves dissecting of 20-25% of gluteus medius between anterior border of gluteus medius and tensor fasciae latae. All procedures involved dissection across and blunt dissection of the gluteus maximus to create space for orthotic stem implantation [20][21][22]. All the incisions were within 10 centimeters long with the shortest incision of 2-6 cm in MIS-2 approach [23][24][25][26].

Experiment Procedures and Instrumentations.

After signed informed consent form, participants were arranged for measurement of pain level, functional capacity of the hip joint, and postural stability as the dependent variables. All measurements took place at 1 day before surgery and 2 weeks, 6 weeks, 3 months, 6 months, and 1 year after surgery. The time point and the foot placement described as follows would be the independent variables in our study. Pain level was measured using visual analogue pain scale (VAS, 1: no pain at all, 10: extreme pain). Functional capacity was measured by functional reach tests (FRT), Berg Balance Scale (BBS), self-administered hip-rating questionnaire (hip score), functional independence measure (FIM), and Activities-Specific Balance Confidence Scale (ABC). FRT is a quick screen tool for risk of falls in adults with or without balance deficits. The individual is asked to firstly stand erect with their feet shoulder width apart, secondly elevate one arm at 90 ∘ shoulder flexion with hand closed as a fist, and finally slide a yard (which is fixed on the wall at acromion height) as far as possible without moving their feet or losing balance [27]. BBS is a 14-item test with a 4-point rating scale. It is a performance-based test with standardized rating criteria. The total score ranges from 0 to 56 [12]. Hip score is both a self-report questionnaire and subjective measurement tool. It is administered routinely in orthopaedic clinics to monitor progression of hip function for patients with hip problems. The total score ranges from 0 to 100. A score less than 70 indicates poor hip capacity and a score over 90 indicates excellent hip function [28]. FIM is a measure of level of disability in daily living context with a 7-point rating scale. The total score ranges from 18 to 126, and it was used to justify the need of assistance of patients [29]. The ABC is a 16-item test with an 11-point scale and ratings consist of whole numbers (0-100) for each item. The possible range of the item is 0-1600. The total rating is divided by 16 to get each subject's ABC score. ABC score less than 67 indicates a risk of falls and a score more than 80 indicates high level of physical functioning [10]. The psychometric characteristics of all functional tests used in this study were established and testing and rating process were standardized.

To measure postural stability, participants were instructed to stand barefoot with 4 foot placements as shoulder width stance (SWS), feet side-by-side stance (SSS), tandem stance with affected limb in the front (AFS), and tandem stance with nonaffected limb in the front (SFS) on a 0.5 m long pressure measurement mat (RSscan International Co., Belgium) and were instructed to stand as still as possible with both arms at their sides and eyes staring at a target 5 m away in front of them. The pressure mat is 488 mm × 325 mm containing 4096 sensors and the maximum sampling rate is 500 Hz. In each foot placement condition, three trials lasting 30 s (sample frequency 30 Hz) were recorded with 15 s resting interval between trials. To eliminate the unstable data before an individual stands still, the instrument started to collect data at 5 s after the subject stood on the mat. To avoid the order effects, the sequence of four foot placements was randomized.

All patients administered for MTHA received limited postsurgery rehabilitation during either their hospital stay (which is 3 to 5 days) for surgical procedure or outpatient follow-up after surgery because the financial reimbursement of the National Health Insurance System is very limited. Bedside education before and after surgery regarding the hip precautions, such as prohibited motion type and range [30] after MTHA, is given by either nurses or physical therapists in a short counseling session. No regular rehabilitation program was prescribed by surgeons and rehabilitation specialists were not regular members of the team providing medical care for MTHA patients. There is no active training effort initiated or imported by any individual in the team. No more regular rehabilitation was provided after the surgery and the progression of functional recovery in those patients was not monitored.

2.4. Data Processing. Average value and standard deviation of all measures were used for statistical analysis. Stance postural control actions were measured by a pressure measurement mat which was connected with a 3D data processing unit and 2-dimensional coordinates of center of pressure (CoP) in anterior-posterior (AP) and medial-lateral (ML) axis and the amount of weight loaded under each limb was output to a customized written program for calculation of parameters. The parameters frequently used for representing stance postural stability include resultant CoP sway path length (CoPR), maximum CoP sway in ML direction (CoPML), maximum CoP sway in AP direction (CoPAP), and body weight distribution symmetry index (BWDSI). The amplitude of CoP parameters is determined by the movement strategy which is actuated by LULM. Normalization of CoP parameters is not necessary because of repeated measure design in this study. Calculation of BWSDI is shown in formula (1). The closer the BWDSI is to the value of zero, the more symmetrical the bilateral weight distribution over two lower limbs is, indicating that both lower limbs are able to bear body weight equally:

BWDSI = (Load UO -Load O ) (Load UO + Load O ) * 100. ( 1 
)
Load UO is body weight loaded over unoperated limb. Load O is body weight loaded under operated limb.

Statistical Analysis.

Firstly, the function of boxplot in the MATLAB 2012a (Mathworks, Natick, MA) was used for excluding the outlier values of measured variable. The Shapiro-Wilk test for small sample size was used to confirm the normal distribution. And then, the effects of time points on pain level and functional capacity were examined by oneway repeated measure ANOVA. Interaction effects of foot placements and time points on measures of postural stability were examined by two-way repeated measure ANOVA, and degree of freedom was adjusted based on Mauchly's test of sphericity assumption. When the interaction effects were significant, simple main effects of both time points and foot placement conditions were examined by one-way repeated measure ANOVA. Finally, Tukey's HSD test was used as post hoc analysis to show the difference between time points or the foot placements. Statistical significance was set at the level of 𝑝 < 0.05. Commercialized statistical software SPSS 20.0 for windows package (IBM Corp., Armonk, NY) was used for all statistical analysis.

Results

Primary Outcomes.

There was significant difference in BBS, FIM, VAS, and hip scores among time points (Table 1, 𝑝 < 0.01). Subsequent analysis showed that level of pain decreased significantly (𝑝 < 0.05) at 2 weeks postoperatively but increased slightly starting at 6 months postoperatively. The hip function as measured by hip score tended to improve gradually and the highest score of 85.0 ± 11.6 was reached at 1 year after surgery. The daily living function as measured by FIM decreased significantly (𝑝 < 0.05) at 2 weeks and reached plateau score of 125.8 ± 0.6 at 6 months postoperatively. Berg balance test decreased significantly (𝑝 < 0.05) at 2 weeks and improved gradually, reaching the highest score of 53.2 ± 1.9 at 6 months. The difference in functional reach test in all three directions was approaching significant level (Table 1, 𝑝 = 0.07-0.08). The descriptive data showed that functional reach distance tended to improve gradually after surgery, reached the maximum distance, and decreased at 1 year postoperatively.

Effects of Foot Placement on Stance Postural Stability.

The interaction effects between foot placement and time point relative to surgery date were significant in all measures (Table 2, 𝑝 = 0.000-0.018), indicating that the effects of foot placement on standing stability depended on the time point when the sway was measured. Subsequent main effect analysis found that foot placement affects CoPR, CoPAP, and CoPML significantly (Table 2, main effect of foot placement factor 𝑝 < 0.01) at both presurgery and postsurgery time points. When the foot placement changes from shoulder width stance (SWS), side-by-side stance (SSS), and nonaffected limb in the front stance (SFS) to affected limb in the front stance (AFS), the subjects tended to increase their postural sway after surgery and the progressive increment of CoPR (Figures 1234). Descriptive data further showed that the amplitude of CoPR is the least when standing in the position of SSS and the greatest during AFS and SFS position (Table 2). The CoP sway in both the CoPAL and CoPML direction was affected significantly by foot placement especially when the width of BOS was narrowed down significantly by foot placement in tandem stance (Figures 2 and3). Shoulder width stance (SWS), feet side-by-side stance (SSS), tandem stance with affected limb in the front (AFS), and tandem stance with nonaffected limb in the front (SFS). 𝑝 i : interaction between factors; 𝑝 t : main effect of time; 𝑝 f : main effect of foot placement; * * 𝑝 < 0.01; * 𝑝 < 0.05. Superscript of alphabet: Tukey's HSD post hoc analysis of simple main effect of foot placement factor. Superscript of number: Tukey's HSD post hoc analysis of simple main effect of time factor. The average bilateral weight bearing symmetrical index was not affected by foot placement (Table 2, 𝑝 = 0.129) but by time point (Table 2, 𝑝 < 0.01). Before and after surgery, the THA patients tended to load their nonaffected limb slightly more than the affected limb when the subjects stood in SWS, SSS, and SFS posture until 1 year after the surgery. When they stood in AFS posture, the subjects tended to increase the weight loaded over the affected limb (Figure 4). At 6 months after surgery, the subjects started to load their weight over the affected limb more than the nonaffected limb only when they adopted SSS posture (Table 2). At 1 year after surgery, the subjects loaded their weight over the affected limb more than the nonaffected limb with almost all four stance postures except when they stood with the affected foot in the back tandem stance (AFS).

CoPML at different foot placement and time point

Effects of Time Points on Stance Postural Control Features.

The effects of time points on stance postural stability depended on which stance posture the subject adopted. The CoPR, CoPML, and BWDSI showed different across time point in all four foot placements (Table 2), but CoPAP had no main effect on the factor of time point (𝑝 = 0.185). Subsequent analysis showed that the effects of time point on CoPR were not consistent across foot placement. The CoPR had the greatest postural sway at the time of 2 weeks after surgery, but the CoPML at the time of 6 months after surgery. The descriptive data showed that the CoPR tended to decrease progressively after surgery (Figure 1). CoPAP peaked between 6 months and 1 year after surgery (Figure 2), especially at the AFS and SFS position.

Discussion

This is the first and the only study investigating the pain level, functional capacity, and postural stability in patient who underwent MTHA with 1 year follow-up. Quiet stance postural stability during four foot placement conditions was measured to represent the ability of hip joint to manage graded demands for control of postural stability. Though quiet stance has been called a "static" postural control task because the base of support (BOS) is not changing, several studies [31,32] have suggested that quiet stance is dynamic sensorimotor tasks requiring a very precise control of fine movements of the lower extremities by unceasingly displacing the location of CoP and modulating interlimb loading ratio. Studies also showed that both musculoskeletal and neuromuscular impairments can change the amount of CoP movement and the ratio of interlimb weight bearing [13]. Therefore, postural control actions while quiet stance was measured in this study at six time points before and after MTHA to reveal their sensorimotor recovery process around hip joint. In general, our results showed that MTHA in this study did relieve hip pain and improve function capacity effectively (Table 1). The sensorimotor function around the hip during control of postural stability tended to recover irregularly, and the hypotheses in this study were therefore partially supported.

Our results first showed that the functional capacity of the hip was affected by MTHA but the trend of progressive improvement was not observed through 1 year after surgery. As previously reported [33], the most prominent effects of MTHA were on decreasing the hip pain and on increasing independence of daily functions. However, the MTHA tended to affect postural stability positively within 6 months but negatively within 6 months after surgery as shown by measures of Berg Balance Scale [34,35] and functional reach test [17], indicating that the somatosensory and neuromuscular function around hip joint did not recover progressively or completely within 1 year. The results of muscle strength further showed that a single joint surgery, even with minimally invasive approach, affects not only the hip muscle strength but also muscle strength around the remote joint in the lower extremity, indicating that the muscular synergy for control of stance postural stability might be also affected [1,36]. Moreover, our results showed that the stance postural stability during different foot placement conditions was influenced by time points at which postural stability was measured, indicating that the performance of neuromuscular apparatus around hip joint in the process of stance postural control depends on both the configuration of BOS and level of recovery after surgery [13,31,32]. The following discussion was based on simple main effects of foot placement and time points on stance postural control features to elucidate the impact of MTHA on hip joint sensorimotor functions.

Simple Main Effects of Time Points on Stance Postural

Control Features. Our results showed significant alteration of postural actions between pre-and postoperative stages and between 6 months and 1 year after surgery. The measured postural stability seemed to alter in accordance with subjective feeling of pain or discomfort [2,3]. As shown in Tables 1 and2 the joint pain was relieved significantly and immediately after surgery. However, the patients started to report feelings of discomfort and joint tightness at six months or one year after surgery. This result suggested that level of pain associated with hip joint structural integrity but not with hip joint functional integrity. The progression of stance stability was consistent with Berg balance score and functional reach tests. The results of FIM and hip scores [37][38][39] suggested that the patients with MTHA tended to be more confident than they are before surgery in daily functioning. The good side of these results is that the autonomy of the patients increased which might accompany increase of quality of life. On the other hand, the patient might put themselves in danger of falling because deficits in stance stability (as shown in Table 2) might emerge and/or last at least until one year after surgery. Clinicians and patients should both be advised and the patients should be instructed to follow postsurgery precautions even though the pain decreased significantly within three months after surgery [2,3].

Interestingly, the variability of postural stability, as shown by standard deviation measured, was quite large at each time point postoperatively, although the average postural actions remained constant across time point between 2 weeks and 6 months after surgery. The explanation of the large variability might be due to inconsistent postsurgery rehabilitation regimen. Several studies have shown that after 4 weeks of postoperative rehabilitation programs, THA patients were able to achieve an almost complete restoration of the lower limb function and hip joint range of motion and independence in the activities of daily living [8,40]. In general, the rehabilitation program was implemented by health professionals beginning on the first postoperative day and continued in rehabilitation unit on inpatient basis at 5 days postoperatively [32,41]. The main goal of rehabilitation was to improve range of motion, muscle strength, aerobic capacity and activities of daily living, and functional abilities such as standing and walking. However, the patients in our study did not have access to standard rehabilitation resources. They are usually educated pre-and postoperatively regarding the wound care and movement precautions after surgery during their short hospital stay (usually 3 to 5 days). The inpatient and postsurgery rehabilitation includes teaching of use of a walker and/or crutches for indoor ambulation and isometric exercises for the operated limb [36]. Finally, the surgeon usually advises the patients to move around as much as possible after they were discharged to home at 3 to 5 days after surgery. Our data with fluctuated postural stability after surgery indicated that the patients might not train themselves enough and self-training might vary across each individual. Clinical interview of our patients showed that some of them tended to decrease their activity level after THA because they were afraid of dislocation of the newly operated joint or OA over the nonoperated joint; others would participate in aerobic activity such as swimming to facilitate functional ability. No therapist was involved in the rehabilitation treatment; either specific ROM or muscle strength training instruction was provided. This might cause the feeling of joint tightness or discomfort that developed at six months after surgery and, thus, change the postural stability while standing. Whether activity levels and self-training intensity facilitate neuromuscular outcomes in patients who underwent MTHA should be further investigated [42][43][44].

Another noteworthy factor contributing to fluctuated stance postural stability might be different incision approaches used by the same surgeon across patients. Although the THAs in this study fulfilled the requirement of minimally invasive technique, the level of soft tissue damaged and the muscle groups injured varied across approaches [45][46][47][48]. Our results suggested that the neuromuscular outcomes among four MTHAs might be different. Previous studies reported on asymmetric limb kinetic performances during walking in patients who underwent two approaches of MTHA [9,49]. Further studies should compare the outcomes among three different approaches used.

Simple Main Effects of Foot Placements on Stance Postural

Control Features. Our results have highlighted the tendency of increased postural sway as the foot placement changes from bilateral feet shoulder width stance, bilateral feet sideby-side stance to tandem stance, as reported by previous studies investigating upright standing control features in stroke or normal subjects [17,50]. These results indicated that the upward neural pathway responsible for perceiving changes in dimensions of BOS in patients with MTHA might be active and efficient for modulation of postural actions, as reported by other studies. On the other hand, the significant increment of postural sway during tandem stance comparing with other stance postures might indicate that the MTHA induced limited neuromuscular capacity around hip joint [9] to constrain postural sway when the demands of postural control increased due to change of BOS dimension. Therefore, it is reasonable to hypothesize that the risks of fall in patients who underwent MTHA might be higher when they stood with tandem stance posture than with the other two stance postures. We, therefore, suggest that pre-and postoperative education programs, in addition to prohibiting certain hip joint movements, should advise the patients to avoid adopting tandem stance posture for at least three months to prevent falls [51].

Another striking result is that patients with MTHA tended to load the newly operated hip more than the nonoperated limb during tandem stance without cautions (Figure 3). Inappropriate weight loading over the prosthetic limb was reported to not only increase the incidence of dislocations but also decrease the durability of the prostheses. Therefore, clinicians should advise the patients to avoid standing with heel-toe posture to decrease the incidence of dislocation over the newly operated hip caused by inappropriate weight acceptance [41,51]. On the other hand, the asymmetric limb loading pattern shed light on the significant contribution of impairment of interlimb LULM on increment of CoP sway magnitude increment. Significant decrement of pain over the OA hip makes the patients subconsciously load the operated limb intermittently but the insufficient hip muscular strength, as proposed by several previous studies [17,[52][53][54], might cause the frequent interlimb loading and unloading. The weighting of painful sensation and muscular capacity on changes of limb loading patterns and CoP sway magnitude should be further investigated.

Another noteworthy result in this study is that the influence of foot placements on CoP sway in AP and ML direction is different and this phenomenon is the biomechanical consequence of alteration of the dimension of BOS in AP and ML aspects [13]. Shoulder width stance (SWS) and bilateral feet side-by-side stance (FSS) configure the same dimension of BOS in AP aspect but the dimension of BOS in ML aspect is wider in SWS than in SFS. Both tandem stances (AFS and SFS) configure the same dimension of BOS in ML aspect, but the dimension of BOS in AP aspect in SFS is much longer than in SWS and in AFS. Our results found that the CoPAP tended to increase not only as the BOS lengthened in AP dimensions but also as the BOS remained constant in AP aspect. As reported by Rougier [31], the CoP sway in AP aspect is mainly modulated by ankle joint motion and was weakly linked with bilateral limb loading pattern which is primarily modulated by hip joint motion. Therefore, our finding, as those reported [25], suggested that though MTHA affects only the hip joint, it could cause impairments of interjoint coordination (between hip, knee, and ankle joints) necessary for bipedal stance postural control. In ML aspect, our data indicated that CoPML linked with asymmetric limb loading pattern and the COPML was affected by alteration of BOS dimension in ML aspect more than COPAP was. This result is consistent with Rougier's finding [31] and is not surprising since CoP sway in ML aspect is mainly achieved by the control of hip abductor and adductors [42], indicating that MTHA impaired significantly the sensorimotor function and thus limits patient's capacity to effectively constrain postural sway in ML aspects according to the dimension of BOS.

The associated asymmetrical limb loading further indicated that the ankle mechanism of the patients with MTHA is not able to compensate the impaired hip mechanism and, therefore, an adaptive strategy to constrain CoP sway after surgery was not seen. Further studies analyzing relationship between reaction forces, COP sway under each foot, and muscular activation pattern are necessary to understand the adaptive strategies at different foot placement in patients with MTHA.

The major limitation of this study was that the researchers responsible for data collection were not blinded to the purpose of this study. This might impede the objectivity of the data collected when testing the functional capacity. The reason that had caused this limitation is the limited personnel resource allocated. The second limitation was that MTHA with four different approaches was used. Different approaches used might cause the prominent variability of postural stability observed in this study. Small sample size is another limitation which is not uncommon among clinical studies.

Conclusions

MTHA is a frequently used procedure to alleviate functional deficits caused by hip joint osteoarthritis. This study found that MTHA is effective in relieving pain in first 2 weeks and restoring the hip joint integrity. However, deterioration of joint pain and functional capacity starting at 6 months postoperatively was noted and these results were associated with sensorimotor recovery fluctuation. Lack of standard and regular postoperative rehabilitation might contribute to this fluctuation. The results of this study also indicated that stance postural stability in patients who underwent MTHA was influenced by foot placement and inappropriate postural stability in both AP and ML directions was noted, especially when the patients stood in tandem posture. Advisement of establishing standardized and regular postsurgical rehabilitation program, including advising the patients to avoid standing postures which expose the operative joint and/or the ipsilateral limb to danger, is recommended for preventions of falls, prolonging the usable duration of the prosthesis and reducing the needs of medical care. Effects of postsurgical rehabilitation program need to be clarified with more delicate research design (such as blindness of the researchers responsible for data collection and inclusion of larger sample size). Comparison among four different MTHA approaches for their effects on functional capacity and sensorimotor recovery is inevitable for clinical decision making.

Introduction

The foot is an important body part because it supports body weight and organizes locomotion. However, this body part is vulnerable to daily strains when an individual walks [1]. Musculoskeletal disorders, such as foot malalignment, may be associated with functional restraint, even though a particular disorder is not painful [2]. Foot characteristics are related to mobility and functionality in elderly [3]. The present study focuses on the dynamic foot function and gait performances concerning individuals of advanced age rather than the type of foot. In theory, the structure of the lower limb and foot may be vulnerable to several factors, such as footwear [4][5][6], excessive body weight [7], job nature [8], and physical activity level [9]; these factors may affect foot structures as people age. These factors may also influence some lower limb functions, such as balance and gait performances.

Older persons with foot problems have reported multiple falls compared with those who do not have foot problems; this phenomenon may indicate a higher risk of fall in the future [10]. For instance, individuals with pronated feet are at a high risk of falls or loss of balance during unilateral stance in functional activities; individuals with supinated feet may present disturbed postural control [11]. The lower limb function is also affected by foot posture; for example, in contrast to individuals with normal-arched feet, individuals with flat-arched feet use their tibialis anterior muscle during the contact phase but use the tibialis posterior muscle during midstance or propulsion [12]. Differences in muscle activity may be a sign of a neuromuscular compensation to decrease the overwork of the medial longitudinal arch. These differences may lead to other problems, such as muscular fatigue, which eventually affects balance performance during dynamic activities [13][14][15].

This study aimed to address the problems regarding foot posture and balance performances in elderly. Some variations in foot posture are associated with changes in lower limb motion and muscle activity, which are strongly influenced by several systemic conditions, such as neurological or rheumatological diseases [16]. Foot posture also affects the mechanical alignment and dynamic function of the lower limb; therefore, foot posture may be related to the development of lower limb disorders [17]. Furthermore, our research scope is similar to those described in previous studies [11,[18][19][20]. Significant changes have been observed in functional performances among different foot postures; however, the tested population is limited to young adults. With ongoing interests, whether different types of foot postures affect mobility and balance of the elderly remains inconclusive; elderly possibly exhibit high severity partly because of the aging process.

This study aimed to (1) determine whether physiological factors, such as anthropometric data (height, body weight, and body mass index (BMI)) and lower limb characteristics (strength and endurance), are associated with balance and mobility in elderly with different types of foot postures, that is, neutral, pronated, and supinated feet; this study was also conducted to (2) determine the relationship of foot postures with anthropometric characteristics and lower limb characteristics. The result of this study may provide the basis of extensive studies on the assessments of foot posture in clinical settings. This study may also be applied to identify lower limb conditions in the early stages and predict the risk of falls. We hypothesized that the anthropometric data and lower limb characteristics were significantly correlated with balance and mobility regardless of the types of foot postures. We also hypothesized that foot posture may significantly differ in anthropometric and lower limb characteristics.

Methods

Participants and Study

Design. This study applied a crosssectional design. Power analysis [11,[18][19][20] was performed to compare foot postures and functional performances of individuals with different foot types; in this method, an estimated sample of 30 to 48 participants could provide significant results. Thus, 44 community-dwelling elderly females (age range = 60 years to 85 years) were recruited via a convenience sampling to yield a significant result. The participants were included if the following criteria were satisfied: (1) there are no chronic orthopedic conditions, such as rheumatoid arthritis, severe knee osteoarthritis, and acute fracture, injury, or pain in the lower limb area; (2) there are no vestibular or neurological impairments; (3) there is no peripheral neuropathy or sensory deficits caused by diabetes or any systemic conditions; (4) they can walk continuously for 10 m without walking aids; and (5) they are not involved in any structured exercise classes of more than three times a week (physically inactive). All participants included in the study signed an informed consent approved by the institutional ethics committee. All three subgroups (pronated, supinated, and neutral feet) were formed from the total eligible participants. On the basis of the assessment, we found that 16 patients (age 65 years to 81 years) exhibited neutral feet, 14 patients (age 60 years to 80 years) presented pronated feet, and 14 patients (age 61 years to 85 years) manifested supinated feet. All the participants were actively involved in religious classes 3 to 5 times per day, every day, which were held at the mosque located at least 20 to 500 metres from their home.

Study Procedures and Outcome

Measures. The test procedure was performed indoors, in a controlled environment. The feet of the participants were examined by one assessor using the six-item foot posture index (FPI), a clinical diagnostic tool that can distinctively quantify and classify the particular foot as neutral, pronated, or supinated posture [21]. The FPI reliability coefficient of the application on elderly is 0.61 [22].

Anthropometric Data.

Anthropometric factors, including height (m), weight (kg), and BMI (kg/m 2 ), were evaluated, in accordance with a standard procedure.

Lower Limb Characteristics (Lower Limb Strength and Endurance).

The five-time sit-to-stand test (5-STS) was used to measure lower limb strength [23]. The participants were initially instructed to be in a sitting position on a chair with a standard height of 45 cm from the ground [24]; in a sitting position, the participants were also instructed to have both of their arms crossed at the wrists and placed on the chest. The test required the participants to stand and sit repeatedly five times as fast as possible; during this test, the researcher used a stopwatch and recorded the time (s) at which the task was completed. A short time to complete the test corresponds to a strong lower limb.

Lower limb endurance was measured using the 30 s chair rise test [25]. In this test, the participants were instructed to stand upright from a chair and to sit again with their arms folded across their chest. This task was performed repeatedly or as much as they can in their self-preferred speed for 30 s. Numerous repetitions from a sitting position to a standing position indicate excellent lower limb endurance.

Mobility.

The Timed-Up and Go test (TUG) was used to measure the mobility of the participants. Several studies [1,4,26,27] have applied this test, particularly in elderly populations and patients with neurological conditions. TUG has also demonstrated good interrater reliability (ICC = 0.99) [28] in elderly when this parameter is used to assess functional mobility. The testing procedure [29] required the participant to stand from a seated position on a standard chair with a seat height of approximately 40 cm to 50 cm, walk at a normal walking speed along a 3 m distance, and turn and walk back toward the chair to sit again. TUG was chosen to reflect mobility based on its characteristic that involves "transition" of multiple activities of sit-to-stand, walking at short distances, and changing direction [30]. A short time to complete the test indicates good functional mobility.

Balance. The Four-Square

Step test (FSST) was used to measure balance performance. This test can be used as a reliable and valid tool to assess the dynamic standing balance of older people, including those with transtibial amputation or those with vestibular dysfunctions [31]. The stepping base was constructed using two canes crossed with each other; four squares numbered from 1 to 4 were formed on the floor. The participants performed this test in the following stepping sequence: clockwise starting at square 1, proceeding to squares 2, 3, and 4, and back to square 1; counterclockwise starting at square 4, proceeding to squares 3 and 2, and ending at square 1. Both feet must be placed in each square as the participants moved from one square to another. The score was recorded as the time spent to complete the sequence. The stopwatch started when the first foot contacted the floor in square 2 and ended when the last foot came back to touch the floor in square 1 [32]. The test was repeated if the participant failed to complete the sequence, lost balance, or came in contact with the cane. A good balance performance is indicated by a short time in seconds to complete the task.

Statistical Analysis.

Descriptive statistics and correlation analysis were performed using SPSS 20.0 (IBM Corporation, Somers, NY). The mean and standard deviation were calculated for each variable. The significance level was set as a priori at 𝑃 < 0.05. Comparisons between foot posture (neutral, pronated, and supinated) with anthropometric characteristics and lower limb characteristics were tested using Kruskal-Wallis analysis (nonparametric). Neutral, pronated, and supinated feet as subgroups were analyzed using Spearman's correlation coefficients to determine the associations of the physiological domains with balance and mobility. All analyses were done using nonparametric test. The correlation results were interpreted as poor (𝑟 𝑠 < 0.30), low (𝑟 𝑠 = 0.30 to 0.50), moderate (𝑟 𝑠 = 0.50 to 0.70), high (𝑟 𝑠 = 0.70 to 0.90), or very high (𝑟 𝑠 > 0.90) [33].

Results

Demographic Data, Physiological Factors, and Mobility

and Balance in Different Types of Foot Postures. Table 1 presents the demographic data, physiological factors, and mobility and balance among the participants. The results of mean comparisons revealed that none of the variables was significantly different from one another among all of the groups of elderly in terms of foot postures.

Correlation of Mobility and

Balance. Spearman's correlation coefficients (Table 2) indicated that height and BMI were not correlated with balance or mobility in any types of foot. However, weight was moderately and negatively correlated with mobility in the supinated feet (𝑟 𝑠 = -0.552, 𝑃 < 0.05); by contrast, weight was not correlated with pronated and neutral foot group. Lower limb strength was significantly and moderately correlated with mobility in elderly with pronated feet (𝑟 𝑠 = 0.551); lower limb strength also exhibited a significantly and highly positive correlation with mobility in elderly with neutral feet (𝑟 𝑠 = 0.804, 𝑃 < 0.01). Furthermore, lower limb endurance was highly and negatively correlated with mobility in the pronated feet (𝑟 𝑠 = -0.669, 𝑃 < 0.01), while lower limb endurance was negatively and moderately correlated with mobility in the neutral feet (𝑟 𝑠 = -0.573, 𝑃 < 0.05). Balance performance was not correlated with any of the anthropometric or physiological factors in all of the three types of foot.

Discussion

This study aimed to determine the associations of balance and mobility with physiological factors in elderly with neutral, pronated, and supinated foot postures. To our knowledge, studies have extensively investigated the relationship of physiological factors with balance and mobility; however, these studies have not implemented the commonly used senior fitness test to represent the physiological characteristics of participants [34,35]. We believed that the implementation of the measurement tools in this study could represent the basic movement that is more functional for elderly rather than the use of advanced technologies. This study is the first to demonstrate the direct relationship of balance variables with physiological and anthropometric factors among elderly with different types of foot postures.

Anthropometric, Mobility, and

Balance. In this study, height was not correlated with mobility in all types of foot. This result is not consistent with that described in a previous study [36], which revealed that height is correlated with balance variables, such as static standing; increased height corresponds to poor balance. This finding is attributed to the center of mass [36,37] and the increase in the response of ankle and gastrocnemius as height increases [38]. Thus, muscle activation may explain the findings of the current study.

In neutral and supinated foot groups, the intrinsic factors that influenced foot arch might also affect the ankle range of movement and agility, especially during turning in the TUG. However, this theory should be verified through a biomechanical analysis or electromyography (EMG) to accurately determine the involvement of intrinsic musculatures.

Our results also demonstrated that weight was associated with the mobility of individuals with supinated feet; by contrast, weight was not associated with the balance and mobility of individuals with other types of foot. However, this finding is inconsistent with that in previous studies, which demonstrated a decrease in balance in individuals with a heavier body weight compared to those with a lighter body weight [34,39,40]. Indeed, body weight is a reliable predictor of mobility and balance [40]. The inconsistency between the present study and a previous study [34] can be due to the differences in the mean age and BMI. In a previous study [39], underweight, normal weight, overweight, and obese individuals are compared in terms of stability; the results show that body weight is correlated with stability. Weight gain induced changes in stability regardless of gender; in particular, individuals in the underweight group demonstrate a good balance performance; postural activity is inversely proportional to increased BMI. These inconsistencies could also be attributed to the different physiological factors of the participants in the studies; for instance, the mean age, BMI, and number of participants in each study differed (Table 3). In our study, our unexpected results could be attributed to the small sample size.

A previous study [39] explained that balance deterioration in the obese group is due to an individual's inability to generate sufficient muscle force to control the displacement mass trajectory during balance performance. However, the results of the previous study [39] demonstrated contrasting findings; in particular, most participants are overweight but characterized with considerable lower limb strength. Individuals who spend more than 13.6 s to rise from a chair for five repetitions likely exhibit increased disability and morbidity [41]. In contrast to previous findings, the present results showed that approximately 74% of the participants completed the 5-STS in less than 13.6 s. The result explains that most of the participants have considerably good lower limb strength regardless of their age and BMI. This result can be attributed to the nature of the physical activities of the participants.

In terms of mobility, which was measured using TUG, the participants in all of the three groups scored an average of 9.85 s to 10.73 s, which was less than the cut-off time of 13 s. For balance performance as tested by the FSST, only the participants with pronated feet scored an average of 16.75 s, with the cut-off time of 15 s [32]. Thus, most of the participants presented good lower limb strength regardless of the body weight and types of feet; therefore, these participants should be able to theoretically generate sufficient force to maintain balance. We related these findings to the nature of the daily activities of the participants. The participants are community-dwellers, independent in their basic activities of daily living, and actively involved in religious activities. The participants also live near a religious center, where they attend daily classes at least three times to five times a day; these participants also walk from their houses to the center daily. These independent folks may be used to walking at such distances. Thus, these participants presented a good function of the lower limb regardless of the types of feet.

Lower Limb Functions, Mobility, and

Balance. On the basis of the results of the correlation analysis, we found that a linear rank correlation existed between lower limb strength and balance performances of the pronated and neutral foot groups. Hence, individuals with better lower limb strength may exhibit a higher ability to perform activities in standing or dynamic standing. This result is consistent with that in a previous study [42], which revealed that foot disorders are unlikely associated with functional outcomes. Thus, the result of our study may be best explained by the lifestyles of the participants; this way of life could be the confounding factor of balance and mobility rather than the type of foot, especially in women [1].

The lower limb endurance demonstrated a good linear rank correlation with balance and mobility in the neutral and pronated foot groups. Previous studies [24,43,44] showed that functional balance and mobility are directly improved as lower limb endurance increased. However, the current study revealed contradicting findings through comparisons among types of foot. In theory, individuals with supinated feet may be less stable because of the intrinsic muscle tightness and reduced medial longitudinal arch that causes less flexibility and less stability than those with neutral feet [45]. TUG test encompasses the elements of standing from sitting and walking at a distance as well as turning [30], where agility may play a role more than strength to complete the test. Thus, the TUG performance cannot be determined regardless of muscle strength. The pronated and neutral foot groups showed a greater foot contact area and better intrinsic stability than the supinated foot group; thus, the administration of TUG and the relationships with lower limb endurance yielded better results with less confounding factors.

In the population considered for this study, the confounding factor may be caused by the administration and the psychometric properties of the assessment tool. For instance, TUG is known as an excellent outcome measure to identify the risk of fall; however, TUG is unable to identify the existing impairments in static or dynamic balance skills of an individual [41]. The type of foot malalignment has been determined and grouped accordingly to establish the effects on the participants' performances. This process also applies to the results of balance performance. An ability to maintain balance should be associated with various factors, such as coordination, vestibular system, motor response, sensorimotor, and musculoskeletal characteristics of a particular individual. In the administration of the FSST, only the ability of the participants to plan, step, and change directions across obstacles is evaluated [31]; any change in the foot is not considered. Thus, this test might not be sensitive enough to detect any changes in the foot structure during the administration of the test. Furthermore, this type of outcome measure might not be the best to identify the differences in a performancebased perspective. For this reason, the dynamic balance should be evaluated using technical assessments, such as EMG modalities with a sensor plate. Therefore, foot malalignment of the lower limbs does not have a major role in balance and mobility, as measured by TUG and FSST in relation to some physiological characteristics.

Study Limitations.

We noted several limitations of this study. First, the participants in this study were communitydwellers who are actively involved in religious classes three times to five times per day; these participants are used to walking independently around their community. This condition may have led to some effect towards their test result. The small sample size also contributed largely to the lack of strength of this finding. Thus, this study could not be used for a higher level of analysis to evaluate the physiological factors as predictors of balance and mobility due to the nonparametric approach in the analysis. With this limitation, the findings may not be generalized to a larger population. Further studies should be conducted using a larger population with a significant disability, including individuals at risk of falls. The researchers of this study also relied solely on the reliability of the FPI based on a previous study and retained only one researcher to evaluate this measure. We wish to extend our study to explore the muscle activity among different types of foot. We believe that further studies, especially those applying EMG, may enhance the objectivity and accuracy of findings to determine the potential differences among these foot postures.

Conclusion

Muscle properties such as strength and endurance of the lower limb may be the main factors that can affect mobility performance in elderly, regardless of their types of foot postures and thus may be an important feature to make movement possible in older persons. Thus, activities with the element of strength training should be encouraged among older persons; with this method, these individuals can preserve their basic functions for a prolonged period.

Introduction

Joint movement and sensorimotor control can actually be assessed with range of motion and proprioception measurements. Range of motion (ROM), which is the measurement of the extent of a movement of a joint, is used to evaluate and classify joints impairments in patients or the efficacy of certain rehabilitation program. It could be performed in various ways such as, for example, a simple visual estimation or high speed cinematography, in passive or active condition. It is well recognized that proprioceptive function is crucially important for balance, posture, and motor control. Proprioception, which can be defined as the perception of the position and of the movement of various body parts in space, is generally composed by the two following modalities: joint position sense and the sensation of limb movement. On the one hand, "joint position sense" (JPS) is relative to the awareness of the position of the members or segments against each other [1]. On the other hand, "kinaesthesia" is defined as the sensation of the motion to locate the different parts of the body and to evaluate their movement (velocity and direction) and the static part is named statesthesia. Proprioceptive alterations resulting either from diseases, accidents, trauma, surgery, or normal ageing may lead to necessitating specific rehabilitation to prevent injuries and reduce balance deficits. Indeed, it has been shown that proprioception is more important than vision to maintain balance in elderly people population and a decrease in proprioception increases the risk of falling [2,3]. Moreover, proprioceptive physical activities have previously been shown to improve balance control in elderly [4].

Clinicians and clinical researchers usually employ specific and dedicated methods and tools to measure and improve proprioceptive function. Effects of therapies and robot-based rehabilitation therapies on proprioceptive function are well explored [5], as the assessment of proprioception with all its testing methods [6]. To measure JPS, clinicians mainly use apparatus such as goniometers, inclinometers, or video in a controlled environment under the direction of a medical staff member. Recently, new measurement tools appear with the noteworthy particularity to be based on an unavoidable object of daily living: the Smartphone. Smartphones have led to significant improvements in healthcare systems [7,8]. They have the advantage of being small, easy to use, affordable, and connected and of including an inertial motion unit (IMU) composed of 3D accelerometer, magnetometer, and gyroscope almost as standard (only one of gyroscopes or magnetometers can be absent). Interestingly, these built-in inertial sensors allow detecting and monitoring both linear and angular movements of the phone. To provide this range of motion, fusion algorithms can be used and some of them have already been validated in several studies with dedicated IMU systems [9]. Smartphones can then be used as goniometric tools [10]. However, Smartphones also contain additional standard technologies such as a screen display, an audio system, or a tactile feedback system for the interaction with the user of the device. In this context, it could be used independently to perform self-measurements during home-based training. At this point, however, to the best of our knowledge, no review has been published on validated Smartphone tool allowing self-measurement and/or providing physical therapy exercises which may be performed in an autonomous way. Along these lines, the present paper was designed to report Smartphone applications that are currently used for measuring and improving proprioceptive abilities.

The remaining of this paper is organized as follow. Section 2 describes related works for the assessment of functional and proprioceptive function abilities using Smartphone-based system. Then, advantages of autonomous self-measurement and training are discussed in Section 3. Current and future works are presented in Section 4. Conclusions are finally drawn in Section 5.

Related Works on

Smartphone-Based Systems 2.1. Clinical Assessment. Assessment and training of functional and proprioceptive abilities are based on a variety of tests for ROM, JPS, kinaesthesia, force sense, and balance [39]. Passive and active conditions can be used to, respectively, bias joint mechanoreceptors or stimulating joint and muscle-tendon mechanoreceptors [40].

Assessing ROM is used to quantify baseline limitations of motion. It has been demonstrated that ROM measures depend on the number of degrees of freedom of the joint, the initial position, the direction of the movement, and diurnal variation [41].

Assessing JPS consists in different exercises of joint position matching during which the patient is asked to get back to a specified angular position from a neutral one without using visual information. Different factors are likely to influence performances of such a test (e.g., time spent in the expected position [42]) and it has been shown that passive matching, from such range of motion measurement, is more difficult to measure reliably than active one [43]. Such a test is usually performed by a physiotherapist using goniometer to measure joint angle.

Studies about clinical assessment of proprioceptive function, mainly JPS, are briefly presented in Table 1 and described according to the following plan: (Section 2.2) spine proprioception assessment, (Section 2.3) upper extremity proprioception assessment, and (Section 2.4) lower extremity proprioception assessment.

Spine Proprioception Assessment

Cervical Spine Proprioception Assessment.

For the cervical range of motion (CROM), JPS or ROM testing is used to measure head repositioning accuracy which leads to great errors for people with neck disorders [44,45]. A laser-pointer is mounted at the top of individual's head and a handled button can switch it on to mark head position before and after head rotation. Differences in the placement of the marks are measured in millimeters and can be calculated in degrees or directly recorded in degrees with certain devices [46].

Active and passive CROM can be measured with Smartphone. Two recent studies have assessed validity and reliability of Smartphone applications to measure CROM [11,12].

The first one used two commercial applications on an iPhone 4 and an iPhone 3GS: Clinometer (Plaincode Software Solutions, Stephanskirchen, Germany) and Compass (Apple, Cupertino, USA) [11]. These apps were compared to a specific CROM gold standard device compound of eyeglasses with three inclinometers placed at three different positions: one near the left ear for flexion/extension (sagittal plan) and another for the lateral flexions on the forehead (frontal plane). Both are gravity dependent. The last positioning was the top of the head. For this one, the magnetic dependence was compensated by placing an adapted brace. Measures were taken with the Smartphone placed on left and right side of the head aligned with the ear or with the eyes depending of the observed motion. Head rotations were measured with the iPhone placed on individual's head with the arrow aligned with the nose. Each participant performed maximal neck movement for each rotation, flexion, and extension. Twentyeight healthy volunteers (23 ± 6 years) were observed by two different groups of two students in physical therapy. Results were analyzed with intraclass correlation coefficient (ICC) for validity and reliability. For concurrent validity, ICC values were between 0.50 and 0.65 but <0.50 for rotation. For intraobserver reliability, ICC values were between 0.65 and 0.85. For interobserver reliability, ICC values were under 0.60. Authors concluded that Smartphones have good intrarater reliability but lower interrater reliability. Validity is good for movements in sagittal and frontal planes but poor for rotation. This scientific work validates the use of The second study used a customized Android application compared with a validated gold standard three-dimensional motion analysis system (VICON, UK) [12]. It recorded motion with three reflective markers tracked by VICON Nexus V1.7.1 and a 9-camera VICON MX motion analysis system. The phone was mounted on a helmet to capture head flexion, extension, and rotation. A magnetic yoke was placed around participant neck to compensate magnetic dependence. Twenty-one healthy participants were recruited and sixteen of them come for a second session. Participants were instructed to perform each movement with a manual guidance provided by the single examiner who determined the end of CROM. Results were analyzed with Spearman's correlation, ICC, and Bland and Altman plots (B&A) for validity. Reliability was assessed with ICC (3,3) , ordinary least products (OLP) regression, Standard Error of Measurement (SEM), Limit of Agreement (LOA), and Minimal Detectable Change (MDC). Validity results showed ICC values between 0.53 and 0.98, with a Spearman correlation coefficient ranged between 0.52 and 0.98. Intraobserver reliability was revealed by ICC values between 0.82 and 0.90 but under 0.33 for rotation. Authors established the validity and intrarater reliability for movements in sagittal and frontal planes but not rotation "likely due to magnetic field interference" [12]. This scientific work validates the use of a Smartphone application for the active angle measurement of neck in the sagittal and frontal planes.

Lumbar Spine Proprioception Assessment.

Investigation of the reliability and validity of Smartphone application for measuring spinal range of motion was explored in five studies [34][35][36][37][38].

Kolber et al. compared the use of the Smartphone application iHandy Level (iHandy Inc.) on an iPhone 4 (Apple, Cupertino, USA) and a gravity-based bubble inclinometer (model 12-1056, Fabrication Enterprises, White Plains, New York, USA) [34]. Thirty healthy participants were recruited and observed by two examiners. Five active types of spinal range of motion measurements were taken: thoracolumbopelvic flexion, isolated lumbar flexion, thoracolumbopelvic extension right lateral flexion, and left lateral flexion. Reliability was assessed using ICC (3,𝑘) for intrarater and ICC model 2 for interrater. Mean, SEM, and MDC were also calculated. Main results for validity presented ICC (3,𝑘) values > 0.86. ICC values for intra-and interobserver reliability are, respectively, greater than 0.80 and 0.81. Authors concluded that "the iHandy Level application on the iPhone is both reliable and comparable to bubble inclinometry" [34]. This scientific work validates the use of a Smartphone application for the active angle measurement of lumbar spinal range of motion.

Another routine clinical angle measurement is the angle of thorax rotation or rib hump, which is important for patients with scoliosis. Izatt et al. [35] and Franko et al. [36] evaluated a Smartphone application, Scoligauge (Ockendon Partners Ltd, UK), on an iPhone (Apple, Cupertino, USA) compared to the standardize scoliometer. For the first study [35], eight plaster torsos were used for measurements performed by nine examiners (four experienced spinal orthopedic surgeons, a specialist physiotherapist, an experienced spinal orthotist, two training grade registrars, and an inexperienced physiotherapist). Plaster torsos were placed on a standard bench during passive measurements. Intra-and interobserver variability were assessed by using mean absolute difference and 95% Confident Interval (CI) and ICC. Limit of Agreement (LOA) value was 6.2 ∘ . For intraobserver reliability, CI value was ±3.2 ∘ and ±4,9 ∘ for interobserver with an ICC value equal to 0.92. Authors concluded that "clinical judgements as a result of iPhone rib hump measurements can be made with confidence based on readings taken from the iPhone when combined with the acrylic sleeve" [35]. In the second study, sixty angles were randomly selected and measured by four orthopaedic medical providers [36]. Validity was confirmed using Pearson's correlation coefficient (CPP), whose result was equal to 0.99. Authors concluded that "the Scoligauge app is a convenient novel tool that replicates the function of a standard clinical scoliometer but with a potentially decreased financial cost and greater convenience for providers" [36]. These scientific works validate the use of a Smartphone application for the active angle measurement of thorax rotation.

Two more recent studies evaluated Scoligauge application (Ockendon Partners Ltd., UK) but in clinical case with patients [37,38]. Balg et al. [37] recruited thirty-four patients with adolescent idiopathic scoliosis and measurements were made by two examiners, one spinal orthopedic surgeon and one physical therapy student. Statistical analysis uses ICC to assess inter-and intraobserver reliability and validity. Bland and Altman plots were also used. For validity, the ICC value was equal to 0.947 and mean difference is 0.4 degrees. Intra-and interobserver reliability were assessed with ICC values of 0.961 and 0.901 and mean differences of 0.0 and 0.1 degrees. Authors concluded that "this study proved that even without an adapter the Scoligauge iPhone application is valid and can be used in the clinical setting for scoliosis evaluation" [37]. Qiao et al. recruited sixty-four patients with adolescent idiopathic scoliosis, in which thirty-two patients had main thoracic scoliosis while the rest had main thoracolumbar/lumbar scoliosis [38]. Measurements were made by two spine surgeons. Cobb angles were measured from posteroanterior radiographs. Patients performed Adam's forward bend test. Each examiner performed two evaluations; retest was done after twenty minutes of interval. Statistical analysis used ICC. Intraobserver ICC values were 0.954 for scoliometer and 0.965 for Scoligauge. Interobserver ICC values were 0.943 for scoliometer and 0.964 for Scoligauge. Authors conclude that "Smartphone-aided measurement for ATR showed excellent reliability, and the reliability of measurement by either scoliometer or Scoliogauge was influenced by Cobb angle where reliability was better for curves with larger Cobb angles" [38]. These scientific works validates the clinical use of a Smartphone application for the active angle measurement of spinal range of motion with patient.

Upper Extremity Proprioception Assessment

Shoulder Proprioception Assessment.

Functional and proprioceptive abilities on extremities such as shoulder usually use universal goniometer to measure active or passive range of motion. However, laser-pointer devices can also be a solution for this specific joint [47]. Laser pointer can be used to measure, in millimeter, differences between joint movements from a position to another and then calculate joint position in degree like universal goniometer. JPS tests can evaluate the ability of the individuals to reproduce a specific movement and the precision to access a specific angle target. These tests must be conducted with full knowledge of their limitations. It can involve some cognitive component, and the size and speed of movement should be standardized [39]. Active and passive shoulder ROM can therefore be measured with Smartphone. Six studies can be listed with the aim of studying validity and reliability of Smartphone applications for shoulder ROM [13][14][15][16][17]48]. These studies will be described in the next paragraphs.

Shin et al. used a previously cited commercial application, on a Samsung Galaxy S: Clinometer [13]. The application was compared with a standard double-arm goniometer. The Smartphone was attached on the wrist (ventral side of the forearm) with the help of an armband. Observed shoulder passive and active movements were forward flexion, abduction, external rotation with the arms at the sides, external rotation at 90 degrees abduction, and internal rotation at 90 degrees abduction. Forty-one volunteers were observed by two orthopedic resident doctors and one orthopedic surgeon. Reliability was evaluated with ICC (2,1) for interobserver and ICC (3,1) for intraobserver. Results were greater than 0.70 for intraobserver except for internal rotation at 90 ∘ abduction (0.63-0.68). Interobserver's results were greater than 0.90. Validity was evaluated with SEM, MDC, B&A, and PCC. LOA was between 10 and 40 ∘ , ICC > 0.72, and PCC between 0.79 and 0.97. Authors concluded that "Smartphone application is reliable compared to the double-arm goniometer, although the between-day reliability remains to be established" [13]. This validates the use of a standard commercial Smartphone application for the active and passive angle measurement of shoulder range of motion.

Werner et al. used the same commercial application, Clinometer, but with another device that is an iPhone (Apple, Cupertino, USA) [14]. Clinometer was compared with a visual estimation and a standard goniometer. Twentyfour healthy adults and fifteen symptomatic patients were recruited. Measurements were performed by 5 examiners (one sport fellowship-trained orthopedic surgeon, one orthopedic sports medicine fellow, one orthopedic resident physician, one orthopedic physician assistant, and one medical student). Passive abduction and forward flexion were measured in standing position. They also measured external rotation with the arm at the patient's side, external rotation with the arm abducted at 90 degrees, and internal rotation with the arm abducted at 90 degrees; all were measured with the patient supine on an examination table. Reliability was evaluated with an ICC (2,1) and this ICC for each measurement modality was compared by use of ANOVA with a Tukey post hoc test. Validity was evaluated using ICC (2,1) , B&A, and SEM. For this validity, with healthy participants, ICC > 0.60 and SEM < 4.3 ∘ . For symptomatic patients, ICC > 0.80 and SEM < 0.1 ∘ . For interobserver reliability, with healthy participants, ICC > 0.60 and SEM < 10.1 ∘ . For symptomatic patients, ICC > 0.60 and SEM < 5.8 ∘ . Authors concluded that "Smartphone Clinometer has excellent agreement with a goniometer-based gold standard for measurement of shoulder ROM in both healthy subjects and symptomatic patients" [14]. This result validates the use of a standard commercial Smartphone application for a clinical active and passive angle measurement of shoulder range of motion with patients.

Mitchell et al. used two commercial applications, Get-MyRom (Interactive Medical Productions, LLC, USA) and DrGoniometer (CDM S.r.L.), with an iPhone device [15]. GetMyRom can measure JPS thanks to orientation sensors while DrGoniometer is a photo-based application that calculates the angles from markers positioned after the measurement. Both applications were compared with a standard goniometer. Ninety-four healthy women were recruited and measurements were made by one novice examiner and one expert at two different moments. Participants were instructed to perform active shoulder external rotation. Reliability, for inter-and intrarater, and validity were evaluated using ICC. Main results were as follows: for validity, ICC is equal to 0.94, for intraobserver, ICC is equal to 0.94, and for interobserver ICC = 0.79. Authors concluded that "both applications were found to be reliable and comparable to SG" [15]. In addition, the author plebiscite the use of the application based on the camera because of its potential for saving images. This scientific work validates the use of two specific Smartphone applications, which used inertial sensors or camera, for the active angle measurement of shoulder range of motion.

Oïhénart et al. used a custom application called iShould (Instrumented Shoulder Test) with iPhone 4 or iPod Touch devices (Apple, Cupertino, USA) [16]. iShould computes kinematics range of angular velocity (RAV) score, which quantifies the shoulder movement based on angular velocities and 𝑃 score, which is based on the power of shoulder movement, directly from inertial signal sensors. The application is compared with another 3D kinematics sensors composed by three miniature capacitive gyroscopes (Analog device, ADXRS 250, 400 ∘ /s) and three miniature accelerometers (Analog device, ADXL 210, 5 g). Smartphone and sensors are attached to the anterior part of the humerus, using an armband. Five participants were recruited and performed active anterior elevation and extension, abduction and adduction, and internal and external rotation of the shoulder. Validity is evaluated using mean difference of RAV score and 𝑃 score. Mean difference was 1.09% for RAV and 0.60% for 𝑃 score. Authors concluded that "the application offers then an interesting alternative to the existing system" [16]. This work validates the use of a specific Smartphone application for the active angle measurement of shoulder range of motion.

Johnson et al. used a custom Android mobile application that mimics goniometer with the help of magnetometer on the first generation of Motorola Droid. Their application was compared with a universal standard doublearm goniometer [17] or with a full-scale motion capture BioMed Research International system [48]. The Smartphone was used to collect angle in the same manner as the standard goniometer. Four passive shoulder's abductions were simulated in both seated and supine orientation. Only one participant was recruited for this pilot study and three therapists managed the measurement. Statistical analysis was performed with ANOVA, PCC, concordance correlation coefficient (CCC), and scatter plot were used to assess agreements, and B&A plots were used to compare differences. For validity, mean differences in B&A plots were -1.7 ∘ (in seated position) and 1.4 ∘ (in supine position). Intra-and interobserver reliability were presented with CCC values of 0.992 and 0.989. Authors concluded that "this study demonstrates the validity of the Smartphone goniometer application utilizing a built-in 3-axis magnetometer sensor when compared with a previously proven and universal goniometer. The Smartphone magnetometer-based goniometer also demonstrates comparably high reliability in measuring passive shoulder abduction ROM in both the seated and supine positions" [17]. These scientific works allow validating the use of a specific Smartphone application for the passive angle measurement of shoulder range of motion.

Elbow Proprioception Assessment.

Ferriero et al. also used the "DrGoniometer" application for elbow angle measurement [18]. This application works on iPhone and it was compared to a small plastic universal goniometer. In this proof-of-concept study, one participant was recruited and seven examiners assess measurements. Twenty-eight pictures of elbows of healthy subjects were taken at different angles, and this complete protocol was repeated a second time after one week. ICC was used for intrarater and interrater reliability. Validity was interpreted with a LOA between +4.51 ∘ and -5.75 ∘ . Intra-and interobserver ICC values were 0.998 for both. Authors concluded that the application "is reliable for elbow joint goniometry" [18]. This scientific work validates the use of a specific Smartphone application, which used camera, for the passive angle measurement of elbow range of motion.

Lower Extremity Proprioception Assessment

2.4.1. Knee Proprioception Assessment. Functional and proprioceptive abilities tests for knee extremity usually use universal goniometers, in clinical practice, to measure active or passive ROM and evaluate the ability of individuals to reproduce a specific movement and the precision to reach a specific angle. Active and passive knee range of motion can therefore be measured using Smartphones. Ten researches can be listed with the aim of studying validity and reliability of Smartphone applications for knee ROM [19][20][21][22][23][24][25][26][27][28]. The next paragraph will briefly describes these studies.

Ockendon and Gilbert created their own Smartphone application called "Knee Goniometer" which is now published on the Apple Inc. App Store. The application is installed on an iPhone 3GS (Apple, Cupertino, USA) and compared with a telescopic-armed goniometer (Lafayette Instrument, Lafayette, IN) [19]. Five healthy participants were recruited and measurement was performed by two experienced and independent examiners. Each participant executed three different passive knee flexions, which were measured twice, separated by a time interval, on both right and left legs. Statistical analysis included B&A plot, Scatter plots, standard deviation (SD) of the difference, and PCC. For validity, LOA was equal to 15.2 ∘ and PCC was equal to 0.947. Intra-and interobserver main results for PCC were, respectively, 0.982 and 0.994. Authors concluded that "the iPhone goniometer [is] a reliable tool for the measurement of subtle knee flexion in the clinic setting when compared with the current standard bedside technique" [19]. This validates the use of a specific Smartphone application for the passive angle measurement of knee range of motion.

The "Knee Goniometer" application was also used to measure level of agreement with a goniometer for the assessment of maximum active knee flexion by an inexperienced tester [20]. An iPhone 3GS (Apple, Cupertino, USA) was also compared to a telescopic-armed goniometer (Lafayette Instrument, Lafayette, IN). Ninety-six healthy participants were recruited and measurements were performed by a graduate sports therapist inexperienced examiners. Participants were asked to perform three full active knee flexion movements from full knee extension to maximum knee flexion. Statistical analysis was conducted with a PCC test, a two-tailed paired 𝑡-test, an ICC to evaluate intratester reliability, and finally B&A. The paired 𝑡-test indicated a significant difference in results but it was not considered clinically significant. Intraobserver reliability is interpreted by an ICC value of 0.894 and a PCC value of 0.795. Authors concluded that "The iGoniometer demonstrated acceptable test-retest reliability and criterion validity for an inexperienced tester with healthy participants. There was a statistically significant difference between the iGoniometer and long arm goniometer measurements but this was not considered to be a level of difference that would have a clinical impact" [20]. This work validates the use of a specific Smartphone application with inexperienced testers for the active angle measurement of knee range of motion.

Matthew Ockendon has published another Smartphone application, called "Simple goniometer," which also mimics standard two-arm goniometer. However, this application has no specific interface for knee JPS unlike "Knee Goniometer." This application was used on an iPhone 3GS (Apple, Cupertino, USA) to assess its validity and reproducibility for JPS knee test compared with a universal goniometer [21]. Thirtysix healthy participants were recruited and measurements were made by two registered physiotherapists experienced in using the universal goniometer. Participants were instructed to actively and gently lunge forward with their dominant leg and remember the angle. They are then asked to return to the original position and to start again to reproduce the target angle. This was performed three times. Statistical analysis for reliability was determined using confidence intervals and for validity using PCC, ICC (3,𝑘) , and B&A plots. Validity is interpreted with LOA results of 13,1 ∘ and PCC ranged from 0.96 to 0.98. Intraobserver ICC was between 0.97 and 0.99. Authors concluded that "the scores obtained from the simple Goniometer app for iPhone showed that there were concurrent validity and reliability for knee joint angle as compared with the universal goniometer" [21]. This scientific work allows validating the use of a specific Smartphone application for the active angle measurement of knee range of motion.

The "Knee Goniometer" application was also used to assess its validity and reliability beside experienced and novice clinicians [22]. It was installed on an iPhone 4 (Apple, Cupertino, USA) and compared to the universal goniometer as a gold standard. Six healthy students were recruited and all goniometric measurements were performed by six independent examiners. Participants were placed into passive knee flexion, always with the right leg. Each examiner made one measurement with both universal goniometer and Smartphone to each participant during one session. Three sessions were made with a fifteen-minute break between each one. Statistical analysis included the calculation of concordance correlation coefficient (CCC), SEM, Scatter plots, and B&A plots. For validity, CCC for expert was 0.982, CCC for novice was 0.983, CCC for all was 0.991, and CPP was -0.51. SEM was under 2.7 ∘ for goniometer and under 1.4 ∘ for the Smartphone application. In intraobserver reliability, CCC values varied between 0.998 and 0.999 for expert (clinicians) and varied between 0.997 and 0.999 for novice (students). In interobserver reliability, CCC was greater than 0.996 for expert, 0.998 for novice, and 0.997 for both. Authors concluded that "this study established that both the universal goniometer and the Knee Goniomter application were reliable for measurement of knee flexion angles by experienced clinicians and final year physiotherapy students using standardized protocols" [22]. This scientific work encourages the use of a specific Smartphone application for the passive angle measurement of knee range of motion.

Rwakabayiza et al. also used the "Knee Goniometer" application made by Ockendon for iPhone (Apple, Cupertino, USA) [23]. Universal goniometer is still used as a gold standard. Twenty healthy participants were recruited and twenty patients in acute postoperative knee prosthesis phase also participate. Measurements were realized by one specialist in orthopedic surgery, one physiotherapist, and one assistant doctor. Active and passive flexion-extension knee amplitudes were measured with the Norkin and White technique three times by each examiner. ICC for intra-and interobserver reliability was calculated. Validity results were produced on six patients, for an ICC value of 0.54 on Smartphone application in active extension and an ICC value of 0.92 for Smartphone application in active flexion. These results were better than goniometer's. Intraobserver reliability revealed a mean in ICC of 0.85 for healthy participants and 0.98 for patients. Interobserver reliability revealed a mean in ICC of 0.12 for healthy participants and 0.24 for patients. These last two results were considered "bad" by authors and with the Smartphone application with the goniometer as well. This prompted them to change their protocol to avoid fatigue-related bias. Authors concluded that "this study shows that the "Knee Goniometer" Smartphone application can be used in clinical practice as well as the universal standard goniometer to measure the range of motion of the knee" [23]. It provides, in addition to others, validation on patients in postoperative phase. This scientific work allows validating the clinical use of a specific Smartphone application for the active and passive angle measurement of knee range of motion with patients.

"Clinometer" application was used not only in shoulder but also in knee ROM [24]. It was set up on an iPhone 4 (Apple, Cupertino, USA) and used in comparison with a hand-held bilevel inclinometer as a gold standard. Fortyone healthy students were recruited along with two examiners. JPS was measured using passive knee extension. Each examiner had measured this extension three times with both instruments twice, with a break of one day. Statistical analyses were performed using Mann-Whitney test, ICC (3,1) , SEM, and MDC. Intraobserver results were ICC > 0.76 for the inclinometer, ICC > 0.72 for Smartphone application, and MDC < 5 ∘ . Interobserver results were ICC > 0.64 for the inclinometer, ICC > 0.64 for Smartphone application, and MDC < 8 ∘ . Authors concluded that "the results obtained at the level of the knee joint have similar characteristics between [the] two tools" [24]. This scientific work allows validating the use of a standard commercial Smartphone application for the passive angle measurement of knee range of motion.

Another clinical research was performed by Jenny with the "Angle" (Smudge App) Smartphone application [25]. A navigation system (OrthoPilot, Aesculap, Tuttlingen, FRG) was used as a gold standard. Ten patients, operated for end-stage osteoarthritis by navigation assisted for total knee arthroplasty, participated to the study. The knee was passively positioned at four full extensions and at maximal flexion angle. For each set of measurements, six navigated and six Smartphone data sets were obtained. Statistical analyses were performed with paired Student's 𝑡-test, and Spearman's coefficient of correlation, Bland and Altman plots, and intraand interobserver reproducibility were assessed using ICC. Validity results were as follows: LOA was equal to 27.4 ∘ , 𝑡-test was not significant, Spearman's coefficient of correlation is 0.99, and B&A had good coherence. Intra-and interobserver ICC were, respectively, 0.81 and 0.79. Authors concluded that "the Smartphone application used may be considered as precise and accurate" [25]. This scientific work allows validating the clinical use of a standard commercial Smartphone application for the passive angle measurement of knee range of motion with patients.

Ferriero et al. used the "DrGoniometer" Smartphone photo-based application [26]. They studied its reliability in comparison to a universal goniometer. For the first experiment set, one healthy participant was recruited with four examiners, two experts (physiotherapists) and two novices (first-year physiotherapy students). Passive knee angle flexions were produced by an isokinetic device with the right leg fixed. Each examiner took twenty-five pictures at twentydegree and eighty-degree knee flexion. The second set of experiments was made with ten healthy individuals assessed by ten examiners. Thirty-five pictures were taken at different knee angle measurements. This set was repeated one week later to evaluate inter-and intrarater correlation. Statistical analysis was carried out using ICC (3,1) for intra-and interrater correlation, and Bland and Altman plot was used to evaluate differences. Resulting LOA ranged from -7.5 ∘ to +10.71 ∘ . Intra-and interobserver ICC were, respectively, 0.958 and 0.994. Authors concluded that "DrG is a reliable method for knee joint angle measurement [. . .] the images of the measurement can be included in the patient's medical record as evidence of the quality of the care provided" [26]. This scientific work allows validating the use of a specific Smartphone application which used camera for the passive angle measurement of knee range of motion with patients.

For knee range of motion measurement, two types of Smartphone applications were used: sensor-based application and photo-based application [27]. Jenny et al. compared those two methods using Goniometer Pro (5fuf5) as the sensor-based application, DrGoniometer as the photo-based application, and a navigation system (OrthoPilot, Aesculap, Tuttlingen, FRG) as gold standard. Ten consecutive patients with end-stage osteoarthritis were selected and measurements were made by one examiner. Five measurements were obtained using each application. Statistical analysis was made using ANOVA test, paired difference, Level's test, Wilcoxon's test, Kendall's test, Spearman's test, and Bland and Altman plots. Results led to strong correlation and a good coherence. Authors conclude that "the camera smartphone application used in this study is fit for the purpose of measurement of the knee range of motion in a routine clinical setting and is substantially superior to inclinometer-based measurement" [27]. This scientific work validates the clinical use of a two specific Smartphone applications that used sensors or camera for the passive angle measurement of knee range of motion with patients. It aims to compare these applications and concluded that camera is superior to the sensors-based application. However, it must be noted that photo-based applications are not suitable for self-measurement.

Smartphone application for measuring range of motion in clinical practice was recently extended to new type of measure such as anterior tibial translation in anteriorcruciate ligament (ACL) deficient knees [28]. A specific Smartphone application, running on both Android and iOS, called "SmartJoint" was developed. This study compared this application, installed on both systems, with the arthrometer KT 1000 (Med Demetric, Kentucky, USA). Thirty-five patients with chronic ACL-deficient knees scheduled for ACL reconstruction were selected. Measurements were performed by two independent examiners. The Lachman test was performed three times on each knee with all devices. Statistical analysis used ICC to compare intertest, intraobserver, and interobserver reliability. Results were a mean ICC of 0.797 for uninvolved knee and mean ICC of 0.987 for involved knee; mean ICC of 0.973 for uninvolved knee and mean ICC of 0.989 for involved knee; and mean ICC of 0.957 for uninvolved knee and mean ICC of 0.992 for involved knee, respectively. Authors conclude that "the performance of SmartJoint is comparable and highly correlated with measurements obtained from KT 1000" [28]. This validates the clinical use of a specific Smartphone application for the passive angle measurement in Lachman's test.

Hip Proprioception Assessment. Detecting abnormal

Femoral Neck Anteversion (FNA) is important for physiotherapist to identify lower limb problems. Measuring FNA is possible with the angle formed by the vertical line and the tibial crest, when the greater trochanter is most prominent laterally. Yoon et al. compared the reliability of the method to measure FNA, including the comparison between an industrial digital inclinometer (GemRed DBB, Gain Express Holdings, Ltd., Hong Kong, China) as gold standard and an iPhone (Apple, Cupertino, USA) with Tilt-Meter (IntegraSoftHN) application [29]. Nineteen hips were examined in ten healthy subjects observed by two physical therapists. Three sessions of each method were repeated with one hour between sessions. Statistical analysis used ICC, SEM, PCC, and Kolmogorov-Smirnov 𝑍 test. Intraobserver ICC (2,3) is 0.95, and SEM ranged from 1.9 ∘ to 2.2 ∘ . Interobserver ICC (2,3) is 0.85, and SEM is equal to 4.1 ∘ . Authors concluded that "using a Smartphone with an inclinometer application during the TCAT showed comparable reliability to a digital inclinometer" [29]. This scientific work validates the use of a standard commercial Smartphone application for the passive angle measurement of hip proprioception.

Smartphone applications could also be used in addition to or instead of conventional techniques and computer-assisted surgery. Peters et al. try to improve acetabular cup orientation in total hip arthroplasty by using Smartphone technology [30]. They used two applications, Angle (Smudge Apps) and Camera Protractor Lite (YJ Soft) on an iPhone (Apple, Cupertino, USA). Angle application directly measures angle with the help of accelerometer while Camera Protractor Lite displays a protractor through the phone camera. Standard postoperative pelvic X-rays are used a gold standard. Fifty patients who need primary total hip arthroplasty operations were selected. Measurement was realized by a surgeon and their first assistant. The Angle application was used for the inclination of the acetabular cup and the Camera Protractor application was used to determine anteversion. Statistical analysis compared differences between intraoperative and postoperative angles. Results showed that differences were less than 5% between before and after operation. Authors concluded that "the use of the iPhone for acetabular cup placements is quick and accurate" [30]. This encourages the clinical use of two standard commercial Smartphone applications for hip angle measurement in surgery.

Reliability and concurrent validity of a Smartphone application to measure hip joint range of motion were assessed by Charlton et al. [31]. Measurements obtained with a custom Smartphone application, called "Hip ROM Tester," were compared with those obtained with a camera marker-based 3DMA system (Vicon, Oxford, UK) and with a bubble inclinometer. Twenty healthy participants were recruited and all tests were conducted by one physiotherapist. These tests were passively performed by movements of flexion, abduction, adduction, supine internal and external rotation, and sitting internal and external rotation. Intratester reliability was performed using ICC, CV, and SEM values. Validity is performed using means, standard deviation, and ICC. Validity tests resulted in ICC (2,3) > 0.88 for 6 movements and ICC (2,3) was equal to 0.71 for supine external rotation. Intraobserver tests resulted in ICC (2,3) > 0.84 for 4 movements and ICC (2,3) was between 0.63 and 0.68 for 3 movements. Authors concluded that "a Smartphone application provides a reliable and valid method of assessing passive hip joint ROM in young active males" [31]. This scientific work allows validating the use of a specific Smartphone application for the passive angle measurement of hip range of motion.

Ankle Proprioception

Assessment. Ankle ROM using Smartphone applications was studied in two studies [32,33]. The first one compares the iHandy Level app (iHandy Inc.) on an iPhone (Apple, Cupertino, USA) with a digital, medically rated inclinometer (Baseline, Fabrication Enterprises Incorporated, USA) [32]. Twenty participants were recruited and measurements were made by two physiotherapy honor students in their final year of study. The test measures the ankle dorsiflexion range; participants were instructed to lunge forward, bringing their knee in contact with a vertical tape on the wall. Three measurements were performed and mean was used to perform analysis. ICC and CI were used for intraand interrater reliability; SEM and Bland and Altman plots were also produced. Validity was evaluated using Pearson's product-moment correlation coefficients and resulted in 0.99. Intra-and interobserver ICC were, respectively, equal to 0.97 and 0.76. Authors concluded that "a smartphone with the iHandy Level app can measure ankle dorsiflexion with high reliability as well as construct and criterion validity" [32]. This work validates the use of a specific Smartphone application for the active angle measurement of ankle dorsiflexion.

The second study [33] evaluated a Smartphone application, Tiltmeter (IntegraSoftHN, Carlos E. Hernández Pérez) on iPhone 4 and 4S (Apple, Cupertino, USA) during the weight bearing lunge test. A digital inclinometer (Laser Depot, Adelaide, Australia) was used as a gold standard. Twenty healthy participants were recruited and measurements were performed by two podiatrists. Examiners helped participants to slowly move the right foot back until they were able to hold the lunge position with the heel on the floor and with the right foot straight and perpendicular to the wall. Intrarater reliability was determined using ICC (2,1) and 95% CI. Interrater reliability was determined using ICC (2,2) and 95% CI. Validity between both devices was explored using Bland and Altman plots and ICC and resulted in a mean value of 0.83. Intra-and interobserver ICC were ranged between 0.81 to 0.85 and 0.80 to 0.96. Authors concluded that "the use of the TiltMeter app on the iPhone is a reliable measure of ankle range of motion in healthy adults" [33]. This scientific work validates the use of a commercial standard Smartphone application for the active angle measurement for weight bearing lunge test.

Using Smartphone for Proprioception Rehabilitation in Autonomous Way

All the previously presented studies assess the use of the Smartphone for functional and proprioceptive abilities assessment. Most of them only focus on joint angle measurements through ROM. They all conclude that Smartphone applications, which are sensor-based or camera-based, are reliable and valid for measuring angle compared to some gold standard as goniometer, bubble inclinometer, 3D navigation system, or even scoliometer for assessing JPS. However, some limitations are pointed out by authors. In cervical range of motion, both studies concluded that rotation evaluations are not reliable due to magnetic field interference. Gimbal lock effect may also decrease reliability for JPS if its effect is not taken into account in the measurement protocol. ISB recommendation proposes, for each joint, a standard for the local axis system in each articulating segment or bone and thus can bring solutions to avoid Gimbal lock effect in protocols [49,50]. In their recent review of Smartphone goniometric tools, Milani et al. [10] concluded that there are no validation studies focusing on Smartphone application in dynamic conditions. We fully agree with this conclusion. We further state that while the Smartphone is now validated as a reliable measurement tool and can be used in clinical practice, there are no studies which use the power of the Smartphone as both measurement tool and a standalone tool for autonomous rehabilitation at home. Ubiquitous, home health or telehealth and telecare services are well explored [51][52][53][54][55] but remain, for the moment, at the proof-of-concept state. Algar and Valdes evaluated in their study the use of Smartphone applications as hand therapy interventions [56]. They explained how Smartphone applications could bring solutions to clinician for rehabilitation at home and how it can improve patient compliance. A first example is given for treatment of trapeziometacarpal arthrosis with two Smartphone applications which require the use of both palmar abduction and the unconscious activation of thumb muscles. Exercises including these movements are essential to increase range of motion and grip strength and to decrease pain. The second example is for treatment following distal radius fracture. Smartphone applications can provide wrist proprioceptive and joint sense exercise, whose therapeutic roles are validated for rehabilitation after wrist injuries. It now remains to assess the benefits of these applications in clinical studies involving targeted populations on rehabilitations exercises at home. Using the Smartphone for home rehabilitation exercises just started since these tools are now available to the largest number in developed countries. It was firstly studied for cardiac disease [57,58], pulmonary rehabilitation [59], or prevention of ankles sprains [60,61].

In their study in cardiac rehabilitation, Varnfield et al. have compared the use of a Smartphone for cardiac rehabilitation against traditional home-based rehabilitation [57]. One hundred and twenty patients with postmyocardial infarction were recruited during six months and randomly separated into two distinct groups. Uptake, adherence, and completion were evaluated. Significance for relative risk was calculated using two-sided Fisher's exact test. chi-square test was used for categorical variables, two-sample 𝑡-test was used for continuous variables, and the Wilcoxon rank-sum test was used for skewed variables. A linear mixed model regression was used to compare longitudinal changes across baseline and a preliminary multivariate analysis was used to analyze the association between nine selected baseline characteristics and outcomes. The Smartphone-based program was used with the aim of delivering exercises monitoring, motivational and educational materials via Short Text Messages (SMS) and video, and a health diary. Authors concluded that "this smartphone-based home care CR program improved post-MI CR uptake, adherence and completion." [57], validating the use and clinical effectiveness of a Smartphone application for home care cardiac rehabilitation.

A second study, from Layton et al., aimed to determine the feasibility and the acceptability of a Smartphonebased application to monitor outpatient discharge instruction compliance in cardiac disease [58]. Sixteen patients were recruited. Smartphone was used to daily monitor medication compliance, physical activity, follow-up care, symptoms, and reading of education material. Findings suggest that stable patients used the application more than unstable patients. Acceptability was low and varied greatly but it is similar to other studies. Authors concluded that this study "demonstrated that usage alone may be a useful tool to highlight patients in need of closer monitoring" [58]. This scientific work allows validating the feasibility and acceptability of a Smartphone application for monitoring outpatient.

For prevention of ankles sprains, study from Vriend et al. led to the same acceptability results [61]. These authors have developed a Smartphone application providing an eight-week neuromuscular training program with a set of six different exercises. It was evaluated using the Reach Effectiveness Adoption Implementation Maintenance Framework. Results showed a low compliance but the app reached only 2.6% of the projected targeted population.

For their study in pulmonary rehabilitation, Marshall et al. described a model of Smartphone application which can support remote patients with chronic obstructive pulmonary disease and give them an automatic feedback during exercises [59]. This application was not yet evaluated in full patient trial.

Thus, some of these studies highlight the fact that the acceptability varied greatly [58] and, for prevention, targeted efforts have to be made to ensure that a specific population can and will be willing to use the application [61]. However, these studies confirm the feasibility and a certain acceptability to use Smartphone application for monitoring and rehabilitation at home. Following these observations, a need exists for validation studies focused on autonomous rehabilitation at home using the Smartphone as a personal physiotherapist that can bring measurement and feedback to patients to improve the follow-up between medical sessions.

Future Work

Autonomous rehabilitation could be provided by a Smartphone-based system. This system is composed of inertial sensors to measure orientations, calculation units to analyze motor control abilities, visual, auditory, and somatosensory systems to provide biofeedback to the user, screen display and headphones to provide test and/or training exercises instructions, and wireless connection to transmit data. With this system, physiotherapist could provide to patient specific and personalized exercises to optimally improve proprioceptive functions. Various proprioceptive exercises are possible: active joint repositioning training, path-of-motion training, and so forth. It was proved that, for proprioception assessment, active movements give more information from muscle and joints receptors while fatigue should be avoided [41]. Along these lines, to assess, monitor, improve, and train proprioceptive function, we have developed a specific Smartphone application called "iProprio." "iProprio" functioning is based on the use of inertial sensors to measure active range of motion from different body part such as shoulder, elbow, or knee. The innovative part of the application is based on the fact that it proposes different active joint repositioning training with the help of different sensory feedback. All these exercises could be performed in autonomous way at home thanks to the Smartphone. The instructions can be automatically vocally or visually supplied. We are currently evaluating "iProprio" with targeted population in terms of effectiveness, efficiency, satisfaction, usability, and acceptance with a specific design model called TEMSED for "Technology, Ergonomics, Medicine, Society, Economics, and Deontology" [62].

Conclusions

In this paper, we have reported related works on clinical assessment that uses Smartphone as a joint angle measurement tool to assess proprioceptive abilities. It is mainly used for assess joint position sense and range of motion. This state of the art highlights that Smartphone applications have proved their reliability and validity for clinical uses. At this point, although their usefulness is underlined in some studies conclusions, there are no studies that have evaluated the use of a Smartphone in autonomy during home rehabilitation through exercise therapy to enhance proprioception.

Introduction

Low back pain (LBP) is one of the most prevalent and costly work related health problems which affects millions of workers and workplaces worldwide [1][2][3][4]. Healthcare work is associated with an elevated risk of back pain and musculoskeletal injuries among women [5,6]. Particularly the frequent often nonanticipated and high loadings of the spine while twisting and bending the back during patient handling [7][8][9][10] increase the risk for experiencing acute injuries and/or developing LBP among healthcare workers [11,12].

Previous literature suggests that LBP alters muscle recruitment patterns. For example, numerous studies have shown that LBP is associated with delayed muscle reflex responses to sudden trunk loadings compared with healthy controls [13][14][15]. Accordingly, people with current LBP respond differently to sudden trunk loading than people without a history of LBP. In addition, reports of elevated preactivation levels as an attempt to stabilize the trunk prior to perturbation-maybe as a result of fear avoidance of sudden movement-have been observed in subjects with LBP [16]. However, no previous studies have investigated whether reductions in LBP are accompanied by improved (faster) muscle response to sudden trunk loadings. Nevertheless, a faster muscle reflex response implies an earlier stabilization of the spine [17] which may against overload injury. In support of this, Cholewicki et al. demonstrated, in a prospective study, that healthy subjects with a delayed lower back reflex response during sudden trunk perturbation had an increased risk of future low back injury [18]. Thus, improving trunk reflex response through, that is, exercise intervention may protect against future injury to the spine and truncus region.

Only a few studies have investigated the effect of training on the neuromechanical response to sudden trunk loading. In a 9-week longitudinal study Pedersen et al. trained healthcare workers without a previous history of LBP to react to a variety of sudden trunk loadings [19]. The training resulted in reduced trunk displacement and stopping time during unexpected trunk perturbations but did not alter reflex latencies measured with surface electromyography (EMG) in the erector spinae muscles. However, the reduction in trunk stopping time was accompanied by an increase in the neuromuscular (EMG) activity just prior to the instant where the perturbation was effectively stopped. Similar observations of increased EMG amplitudes have been demonstrated in the erector spinae muscle after 10 weeks of stabilizing exercise programs in patients with subacute recurrent LBP without any changes in reflex latencies [20]. Pedersen and coworkers showed, in a recent study, that 16 weeks of recreational soccer training significantly reduced trunk stopping time and stopping distance in healthy women compared with subjects who underwent continuous running exercise [21]. These authors concluded that the high number of sudden loadings (tackles, accelerations, and decelerations) exerted on the trunk during soccer training was responsible for the observed changes in stopping time and distance [21]. Accordingly, it was suggested that trunk exercise programs should not only focus on training trunk muscle strength and flexibility but also incorporate exercises with unexpected sudden loadings. In these studies the average training exposure was 2 times 45-60 min per week performed either before or after working hours which may be difficult and expensive in terms of working hours spent to incorporate as a part of the daily routine of a healthcare worker. Therefore, it remains to be investigated whether short-term physical exercise performed without a specific focus on unexpected trunk reactions, either at the workplace during working hours or at home, can improve trunk muscle response to sudden unexpected perturbations.

The present study investigates the effect of workplaceversus home-based physical exercise on muscle response to sudden trunk perturbation among healthcare workers.

Methods and Analysis

2.1. Study Design. This two-armed parallel-group, singleblinded, cluster randomized controlled trial with allocation concealment recruited female healthcare workers from three hospitals (18 departments) situated in Copenhagen, Denmark, was conducted from August 2013 to January 2014. To increase adherence and avoid contamination between interventions we chose to cluster-randomize the participants at the department level. The participants were allocated to a 10-week intervention period and randomly assigned to receive either workplace or home-based physical exercise. To ensure that the study aim, hypothesis, and primary outcome parameters were predefined the study was approved by The Danish National Ethics Committee on Biomedical Research (Ethical committee of Frederiksberg and Copenhagen; H-3-2010-062) and registered in ClinicalTrials.gov (NCT01921764) prior to enrolment of participants. The present study followed the CONSORT checklist to ensure transparent and standardized reporting of the trial. All experimental conditions conformed to The Declaration of Helsinki. Details on the study protocol and primary outcome variables (change in average muscle pain intensity of the low back, neck, and shoulder) have been published elsewhere [22,23].

Recruitment and Randomization.

The recruitment of participants was two-phased and consisted of a short screening questionnaire conducted in June 2013, followed by a baseline clinical examination and questionnaire performed in Aug-Sept 2013.

Initially, a screening questionnaire was administered to 490 healthcare workers (aged 18-67 years) from three Danish hospitals situated in Copenhagen in June 2013. Subsequently, in August and September 2013, a total of 207 female healthcare workers participated in the baseline clinical examination. Exclusion criteria were pregnancy and cardiovascular and life-threatening disease. The overall flow of participant enrolment, test, and EMG measurement is depicted in Figure 1 and has been described in detail elsewhere [22].

On the basis of the questionnaire we randomly allocated the 18 departments (200 participants), using a computergenerated random numbers table, to receive either physical exercise at the workplace or at home. The participants at each department and their management were informed by e-mail about group allocation. All examiners were blinded to the group allocation at 10-week follow-up and participants were carefully instructed not to reveal their particular intervention group. Baseline characteristics of the two intervention groups are listed in Table 1.

Interventions.

Participants in each cluster were allocated to a 10-week intervention period receiving either physical exercise at the hospital or physical exercise at home. Both groups were encouraged to perform physical exercises for 5 × 10 minutes a week. The specific intervention protocols are briefly summarized below, since they are described in detail elsewhere [23].

Workplace Physical Exercise (WORK)

. Subjects randomized to physical exercise at their workplace (WORK) (𝑛 = 111 subjects, 𝑛 = 9 clusters) performed group-based and supervised high-intensity strength training using kettlebells, Swiss balls, and elastic bands (Thera-Band) exercises during working hours at the hospital (the exercises have been described in detail elsewhere [23]). All training sessions took place in designated rooms located at or close to the respective departments and all sessions were supervised by an experienced training instructor. The training program consisted of 10 separate exercises: kettlebell deadlifts, kettlebell swings, squeeze, lateral raises, golf swings, and woodchoppers using elastic tubing, abdominal crunches, back extensions, and squats using a Swiss ball, and lunges using elastic tubing. For each training session the instructor chose 4-6 exercises that were performed as circuit training, that is, with quick transitions from one exercise to the next using no or minimal periods of rest. Training intensity (loads) progression was ensured by using progressively more resistant elastic bands and heavier kettlebells throughout the 10-week intervention period, as supervised by the instructors. WORK furthermore offered 5 group-based motivational coaching sessions (30-45 min with 5-12 participants in each session) during working hours.

Home-Based Physical Exercise (HOME).

Participants randomized to home-based physical exercise (HOME) (𝑛 = 89 subjects, 𝑛 = 9 clusters) performed physical exercises during leisure time at home. After the participants were informed about group allocation they received a bag with (1) training equipment (easy, medium, and hard elastic tubing) and (2) 3 posters that visually demonstrated the exercises that should be performed for the shoulder, abdominal, and back muscles and also contained recommendations for training progression [24][25][26].

Outcome Measures

2.6.1. Assessment of Sudden Perturbation. Measurements of the neuromechanical reaction to sudden unexpected trunk perturbations were performed by the same examiner before and after the intervention period. The method used for the perturbation has been described in detail previously [27]. In brief, perturbations were generated by means of a special loading/unloading device wired to a rigid bar attached to the upper part of the subject's trunk at level of insertion of the deltoid muscle (Figure 2). The subject was standing with the front facing the initial load (5.5 kg) and the pelvis fixated against a wooden plate to allow only movement of the trunk. Subsequently, an increase (load: 10.9 kg) or decrease (unload: 0.1 kg) in the load was randomly applied to the subject. The perturbation events were triggered by a computer with a random delay between 5 and 25 seconds unknown to the subject and the investigator. The test protocol consisted of 6 randomized unloaded or loaded perturbations (3 of each). To avoid anticipation of the direction of the 6th perturbation the subjects were instructed that a range of 6-8 perturbations would be performed. A minimum of 45 seconds of rest was ensured between each trial. The linear movement of the subject's trunk was recorded using a potentiometer attached to a reel that steered the wire. Prior to the perturbation event the subject was instructed to stand as relaxed as possible in the initial position and subsequently informed that within 25 seconds they would experience a moderate perturbation and instructed to immediately resist the perturbation and return to the initial position.

The analysis of the mechanical data obtained from the perturbations consisted of time elapsed from the onset of perturbation event until the movement of the trunk was reversed from perturbed direction (stopping time; time from event to maximum deviation of the movement curve from the initial position), distance moved from initial position to stop position (stopping distance) (Figure 3).

Electromyography (EMG) Recording and Analysis.

EMG activity was recorded (1024 Hz) bilaterally from the left and right erector spinae (longissimus). A bipolar surface EMG configuration (Blue Sensor N-00-S/25, Ambu A/S, Ballerup, Denmark) and an interelectrode distance of 2 cm were used [28]. Before affixing the electrodes, the skin of the respective area was prepared with scrubbing gel (Acqua gel, Meditec, Parma, Italy) to effectively lower the impedance to less than 10 kΩ. The electrodes were placed bilaterally at 2-finger width lateral from the processus spinosi of L1 (http://www.seniam.org/). The electrodes were fixated with tape (Fixomull stretch) and connected through thin shielded cables to a datalogger (Nexus10, Mind Media, Netherlands) that was placed in a flexible belt to ensure unrestricted mobility during the test.

The EMG signals were digitally high-pass filtered using a 10 Hz cutoff frequency (4th order zero-lag Butterworth filter). To remove electrocardiographic (ECG) artefacts we bandpass filtered (10-25 Hz) the raw signal and subtracted this signal from the high-pass filtered signal. The filtered signal was subsequently rectified and smoothed using a moving root mean square (RMS; 10 ms time constant). The filtered and smoothed EMG signals were normalized with respect to maximal muscle activity obtained during maximal voluntary contractions of the back extensors (described later). EMG signals assessed during the MVCs were filtered with a Butterworth 4th order high-pass filter (10 Hz cutoff frequency) and smoothed by a moving root mean square (500 ms time constant) [29]. Data filtering and data analysis were performed using custom-made Matlab programs (MathWorks).

The following EMG parameters were calculated to determine onset latency and the relative muscular load: The EMG onset latency [EMG latency] was defined as the time between the loading of the trunk and the EMG onset. EMG onset was determined as the point where the filtered signal for more than 15 ms exceeded preactivation with 1.4 standard deviations of the preload EMG activity (measured solenoid for activating gripping device, (e) holding magnets, (f) load-bearing construction, (g) 5 kg load, (h) anchor plate for magnet, (i) holding magnet, (j) bearing construction, (k) vertical adjustable reel with potentiometer, and (l) horizontal adjustable reel to adjust wire length to individual subject height. Generation of sudden unloading ((III) left): first the computer activates the magnet (i) and releases the load (b, h, and g) causing the weight of the load applied to the wire to suddenly decrease from 5.4 kg (a) to 0.1 kg (i). Generation of the sudden loading ((III) right): first the computer activates the solenoid (d) causing the gripping device (c) to fix the load (b) to the cylinder (a) and secondly deactivates the holding magnets (e). This releases the load (b, h, and g) causing the weight of the load applied to the wire to suddenly increase from 5.4 kg (a) to 10.9 kg (a-d).

1 s before loading) (this procedure was inspired by Radebold and coworkers [14]). Similarly, EMG shut-off latency [EMG shut-off] was defined as the point where the filtered signal was below 1.4 standard deviations of the preload activity (measured 1 second before loading) for more than 25 ms. Preactivation [EMG preactivation] was calculated as the mean EMG activity recorded within 1 second prior to the event (trunk loading/unloading). Postunload activation [EMG unload] was calculated as the mean EMG activity within the first 100 ms after the load was released. Finally, the maximal muscle activity obtained during the perturbation phase (from perturbation onset until perturbation was stopped) was identified as the peak-activation [EMG peak]. All EMG parameters where normalized to the maximal EMG activity measured during the maximal isometric back extension (MVC).

Synchronization of the EMG datalogger and the perturbation apparatus was ensured by a digital signal sent from the AD-converter (DAQCard-6036E, National Instruments) to the datalogger whenever a loading or unloading event occurred. A fixed 25 ms electromechanical time delay accounting for the triggering and loading/unloading was taken into account when calculating the EMG onset latencies. Figure 3 shows an example of the acquired data from a loading and unloading perturbation.

Back Extensor MVC Testing.

Maximal voluntary isometric contraction strength (MVC) was obtained for the lower back extensor muscles using a custom-built dynamometer with a strain gauge load cell (KIS-2, 2 KN, Vishay Transducers Systems). During the MVC maneuver the subject was standing in an upright position wearing a vest with a steel rod horizontally placed at the upper part of the back, at the level of insertion of the deltoid muscle [22]. At the distal end of the rod a wire was horizontally connected to a straingauge dynamometer. The subject was facing the dynamometer with the pelvis positioned against a wooden plate (upper edge aligned with the subject's iliac crest) while performing a maximal back extensor contraction (3 s) on a cue given by the tester. The participants performed 3 MVC attempts, separated by a 30-second rest period, while instructed to apply force to the dynamometer as fast and forcefully as possible. The maximum EMG signal (peak filtered EMG amplitude) of the 3 MVCs was used for subsequent normalization. 

Fear Avoidance.

Participants were asked to reply to the following question at baseline and at 10-week followup immediately before performing a maximal and rapid isometric back extension: "Do you think that this rapid and forceful back extension will induce back pain or increase your back pain?" Subjects replied on a scale using 4 levels of fear avoidance (FA): "Not at all" (FA = 0), "A little" (FA = 1), "Some" (FA = 2), and "A lot" (FA = 3).

Statistical Analysis.

All statistical analyses were performed using the SAS statistical software for Windows (SAS Institute, Cary, NC). The change in mechanical parameters (stopping time and stopping distance) and EMG (onset latency, shut-off, preactivation, unload, and peak) was evaluated using a linear mixed model (Proc Mixed) with group, time, and group by time as independent variables. Participant nested within department was entered as random effect. Analyses were adjusted for age and baseline values. All statistical analyses were performed in accordance with the intention-to-treat principle, that is, using the mixed procedure which inherently accounts for missing values. An alpha level of 0.05 was accepted as statistically significant.

Outcomes are reported as between-group least mean square differences and 95% confidence intervals at 10-week followup. For all EMG parameters (onset latency, shut-off, preactivation, unload, and peak) mean values of the left and right erector spinae were selected for the statistical analysis [19]. Effect sizes were calculated as Cohen's 𝑑 [30] based on the observed within-group changes (within-group changes from baseline to follow-up divided by the pooled standard deviation at baseline). According to Cohen, effect sizes of 0.20 are considered small, 0.50 moderate, and 0.80 large [30].

Results

Study Population.

Baseline characteristics of the study participants are shown in Table 1. Participant flow is shown in Figure 1 and further described in detail elsewhere [22]. As described previously, training adherence differed between intervention groups (𝑃 < 0.001). Out of the 5 offered training sessions per week subjects in WORK performed on average 2.2 (SD: 1.1) sessions per week whereas subjects in HOME performed 1.0 (SD: 1.2) session [22].

Trunk Perturbation and Fear Avoidance.

A priori hypothesis testing showed no group by time interaction for stop time and stop distance during the loading and unloading perturbation (𝑃 > 0.05) (Table 2). However, significant group by time interaction was seen for muscle pre-activation and unload-activation during the unloading perturbation (𝑃 < 0.05). There were no differences in peak-activation and EMG onset latency during the loading perturbation (𝑃 > 0.05).

We observed a group by time interaction for fear avoidance (𝑃 < 0.05); that is, HOME and WORK changed differently over time. At 10-week follow-up, a tendency (𝑃 = 0.09) for a difference in fear avoidance beliefs (-0. 

Discussion

The present study demonstrated that ten weeks of lowfrequency (2 sessions per week), short duration (10 min per session) physical exercise at the workplace is not superior to ten weeks of home-based exercise in reducing the muscle reflex response to sudden trunk perturbations among healthcare workers. However, compared to home-based exercise, greater reductions in muscle preactivation and fear avoidance were seen after physical exercise performed at the workplace.

Previous studies have demonstrated delayed muscle response to sudden trunk perturbations in patients with LBP compared with healthy controls [13][14][15]. Hence, the presence of pain may alter muscle recruitment. However, whether the impaired response to sudden perturbation is caused by the injury or pain itself or if the impaired neuromuscular function is a predisposing factor of pain remains unsolved. Damage to afferent receptors within the lumbar muscles and/or soft tissue of the spine could impair the magnitude and timing of somatosensory feedback from the trunk region to the CNS and in turn delay the reflex response. Pain may furthermore alter spinal neuronal excitability and thus negatively affect lumbar muscle activation [31,32]. In addition, people with LBP may adopt an abnormal motor control strategy to avoid pain or to compensate for an injury or pain. Nevertheless, research is needed investigating whether reductions in musculoskeletal pain concurrently can reestablish concurrent impairments in motor control. In our study population, 10 weeks of workplace based exercise significantly reduced musculoskeletal back pain by 31% whereas smaller but nonsignificant changes (8%) were seen in response to 10 weeks of home-based exercise [22]. Despite these marked between-group differences in the effectiveness of pain reduction no between-group differences were observed for the mechanical (stopping time and distance) or neuromuscular (EMG onset latency) response to sudden trunk perturbation. Accordingly, it may be suggested that short-term reductions in perceived pain among subjects with mild to moderate pain intensity (average 3.1 SD 2.2 on a 0-10 scale) do not acutely alter motor control in response to sudden trunk perturbations, at least when achieved by means of lowfrequency (twice per week) short-duration (10 min) exercise intervention.

Compared with ten weeks of home-based exercise, ten weeks of exercise at the workplace resulted in lowered preactivation of the erector spinae muscles immediately prior to trunk perturbation. There can be several explanations for this observation. Firstly, increased maximal muscle strength would result in a reduction in the relative magnitude of muscle loading for a given (fixed) perturbation load, hence potentially resulting in reduced levels of muscle preactivation. Accordingly, the 9% increase in maximal trunk extensor strength strength, shown in WORK [22], corresponds accurately to the 10% decrease in muscle preactivation observed in this group. Secondly, reports of increased muscle preactivation and elevated antagonist cocontraction levels as an attempt to stabilize the trunk and protect against injury and pain prior to perturbation have been observed in subjects with LBP [14,16]. Thus, the reduction in pain in WORK may have decreased the subject's fear of injury and therefore contributed to the lower preactivation levels observed after the 10 weeks of workplace exercise. In support of this, a decrease in fear avoidance of rapid and forceful back movement was observed in WORK, suggesting that the subjects were less afraid of evoking lower pain or increasing their pain by performing fast and forceful muscle contractions. Whether this can also lead to more relaxed muscle activity patterns during the working day remains to be investigated. In female office workers with chronic neck and shoulder pain, when exposed to 10 weeks of strength training demonstrated a more relaxed muscle activity pattern throughout the working day [33].

Theoretically, lower levels of preactivation as seen following 10 weeks of workplace exercise may contribute to lower spinal stiffness thus potentially resulting in a larger perturbated trunk response. Hence, the lower levels of preactivation in WORK may have compromised the response to the sudden trunk perturbation. In addition, the HOME group demonstrated a tendency for an increase in preactivation which may have contributed to the faster stopping time and stopping distance during the loading and stopping time in the unloading perturbation observed in HOME. Consequently, these between-group differences in the change in preactivation should be taken into account when interpreting the present results on trunk perturbation.

Although neither of the present interventions were superior to the other in terms of stopping time and stopping distance several group by time differences emerged for the neuromuscular recruitment pattern during the perturbation task. During the unloading perturbation the WORK group demonstrated lower muscle activation in the first 100 ms after the instant of trunk unloading, compared with HOME. This suggests that the participants in WORK improved their ability to rapidly relax their trunk extensor muscles and/or to reduce the magnitude of cocontraction (the abdominal muscles are the primary muscles involved in stopping the trunk during the unloading) of the erector spinae muscles immediately after an unloading perturbation. Nevertheless, we did not see a group difference in how fast the muscle activity was reduced after the unloading as reflected by the nonsignificant change in EMG shut-off time. However, large negative within-group effect sizes for the EMG shut-off time indicate that a reduction was present in both groups, but large variations highlight the methodological challenges of evaluating this parameter using the present experimental setup. Nonetheless, delayed EMG shut-off time has been shown to increase the risk of future low back injury in healthy subjects [18]. [START_REF] Cholewicki | Effects of external trunk loads on lumbar spine stability[END_REF], furthermore, proposed that measuring trunk stiffness and damping response to sudden loading of the trunk may provide an additional and more comprehensive understanding of the muscular patterns compared with the present calculations of mechanical displacement and timing [17]. Hodges and coworkers have moreover demonstrated that people with recurrent LBP have increased trunk stiffness and decreased damping [34]. It would therefore be interesting for future studies to investigate whether changes in lowback pain intensity, changes in recruitment pattern, and occurrence of low back injury are related with trunk stiffness and damping behavior.

Even though the present and previous studies report changes in EMG amplitude and/or stopping time and stopping distance in response to physical training [19][20][21]35], training induced modifications in the EMG onset latency during sudden trunk loading remain to be demonstrated. Of notice, therefore, the participants in WORK demonstrated a tendency (𝑃 = 0.09) for a reduction in EMG onset latency which may have contributed to the faster stopping time that was observed during the sudden trunk loading perturbation following the ten weeks of workplace-based exercise.

We have previously shown, although using a slightly different test method, that 8 weeks of intensive kettlebell training (performed on average 2.1 × 20 min per week) significantly improved reaction to sudden unloading of the trunk, increased strength, and reduced musculoskeletal pain in laboratory technicians [36]. However, in the present study, only two out of the ten possible exercises in WORK involved the use of kettlebells. Consequently, the accumulated time the participants exercised with kettlebells might have been too little to induce similar improvements in trunk reaction. Moreover, besides increasing the volume of kettlebell training, incorporating exercises with unexpected trunk reactions, as suggested by Pedersen and coworkers [19], may have improved the perturbed response further.

Healthcare work involves high and unpredictable (nonanticipated) loadings of the spine [7][8][9][10] that may cause musculoskeletal pain and injury [5,10,[37][38][39] in turn potentially leading to long-term sickness, improving the response ability to sudden trunk perturbations by means of exercise and physical training may be crucial for the working life of a healthcare worker. Accordingly, the withingroup reductions in stopping time and stopping distance that were observed in WORK and HOME reflect a faster response capacity to counteract sudden unexpected trunk perturbations which may protect against future injury or pain.

As the within-group changes in trunk perturbation characteristics did not differ between groups a cost-effectiveness analysis would favor HOME as this represents a low cost intervention modality compared to the investment in working hours, instructors, coaches, and additional training equipment that is needed with WORK. However, if the aim of the intervention is not only to improve the response ability to trunk perturbation but also to reduce musculoskeletal pain and increase maximal muscle strength as seen in WORK [22], the workplace-based exercise intervention might be considered more favorable. Nevertheless, the overall summed effect of these different qualities needs to be evaluated in future cost-effectiveness studies.

Strength and Limitations.

It may be considered a strength of present study that the test method, unlike those used in previous trunk perturbation studies, involved a random sequence of either loading or unloading perturbations. As the condition of the perturbation is unknown and therefore more difficult to foresee and thus to create a preprogrammed reflex pattern, this method may better resemble real life conditions such as unexpected trips or slips during patient handling.

A methodological limitation of the present study was that we only measured EMG on ∼70% of all the participants (162 subjects). Nevertheless, the overall high number of participants in this study compared with previous studies investigating the effects of training on trunk stability with sudden perturbations definitely strengthens the validity of present observations. Yet, an even higher number of subjects would have increased the statistical power and may potentially have changed the tendencies to significant findings. Furthermore, the lack of an inactive control group may be viewed as a limitation of the study as it is difficult to say whether the within-group changes in both groups were caused by the physical exercise or alternatively caused by seasonal variations or reflecting a learning effect per se. However, disfavoring the possibility of learning effects, the detailed test-retest analysis of the present experimental methods did not reveal any significant learning effect within two weeks [22].

Conclusion

Although training adherence was higher when performed at the workplace (WORK) compared to exercising at home (HOME) this additional training volume did not appear to promote any between-group differences in the responses to sudden trunk perturbations. As the main findings of the study, however, significant within-group changes in both groups were seen for stopping time during both loading and unloading trunk perturbations and for stopping distance during unloading perturbations. Even though the relative perturbed load was reduced following for the intervention period as indicated by the lower preactivation levels of the erector spinae muscles in WORK, higher muscle strength does not necessarily result in faster reactions to sudden unknown trunk perturbations, at least when training is performed using low-frequency (2 session per week), shortduration (10 min) exercise sessions. Accordingly, exercise interventions aiming at improving neuromechanical trunk reaction ability should not only focus on increasing muscle strength but also contain elements that challenge coordination and trunk response. Lars L. Andersen) were involved in the data interpretation. Markus D. Jakobsen drafted the paper and all coauthors (Markus D. Jakobsen, Emil Sundstrup, Mikkel Brandt, Kenneth Jay, Per Aagaard, and Lars L. Andersen) revised it critically for scientific and intellectual content. All authors have read and approved the final paper.

Introduction

In many sports, superior balance ability is necessary to achieve the highest competitive level and avoid lower limb injuries [1][2][3]. To control balance, the central nervous system (CNS) integrates visual, vestibular, and proprioceptive information to produce motor commands that coordinate the activation patterns of muscles [4][5][6]. Proprioception has been defined as one's ability to integrate the sensory signals from various mechanoreceptors to thereby determine body position and movements in space [7,8], and it plays a crucial role in balance control [5,6,[9][10][11]. Theoretically, proprioceptive information from every part of the body contributes to balance control. This includes visual proprioception, as demonstrated by Lee and Aronson [12], although in sport the visual channel is often occupied with processing information about opponents or ball flight, so other proprioceptive sources are needed [13]. Sensory reweighting theory, which holds that the CNS can shift reliance to more reliable sources of information to optimize balance control [5,6,9] suggests that, for example, where vision is being used for tracking an activity in the external environment, the CNS may rely more on proprioceptive information from particular parts of the body for balance control. Ankle proprioception may be one of the more important components contributing to balance control in sport, because during most sports activities, the ankle-foot complex is the only part of the body contacting the ground. Ankle proprioception provides essential information to enable adjustment of ankle positions and movements of the upper body, in order to successfully perform the complex motor tasks required in elite sport [14,15].

Ankle proprioception can be altered by general [16] and sport-specific training [17][18][19], sport-related injuries [20][21][22][23][24][25], and sport-induced fatigue [26,27], all of which may subsequently lead to altered balance ability. The assessment of ankle proprioception in healthy individuals and subjects with musculoskeletal or neurological disorders has been addressed in three recent reviews [5,7,28]. The purpose of this review is to explore the association between ankle proprioception and balance control in a sporting context, and their roles in sport performance and sport injury. This provides an opportunity to determine the most appropriate methods for assessing ankle proprioception in athletes and potential central processing mechanisms underlying balance control. Understanding the mechanism underlying ankle proprioception and balance control may foreshadow optimal interventions to improve balance control in sport.

Balance Control and Ankle Proprioception in Sports Performance

Balance ability and ankle proprioception are both related to competition level in a range of sports. A systematic review on balance ability and athletic performance found that static balance ability of rifle shooters and archers was associated with their shooting accuracy, and dynamic balance ability of ice hockey players displayed a significant relationship with maximum skating speed [3]. In addition, a recent study investigating balance ability of a group of athletes from soccer, handball, basketball, and volleyball found that the balance ability of male athletes was significantly correlated with their agility performance [29]. This evidence suggests that balance control is fundamental to sports performance. Similarly, ankle proprioception and sports performance are related. Han et al. [18] measured ankle proprioception of 100 elite athletes from 5 different sports-aerobic gymnastics, soccer, swimming, badminton, and sports dancing-and found that ankle proprioception scores were significantly predictive of sport performance level, extending up to Olympic level. In a subsequent study [30], the authors assessed proprioception at the knee, spine, shoulder, and hand in addition to the ankle and found proprioception at the shoulder and spine were also significantly associated with competitive level in these elite athletes. Of these three critical body sitesthe ankle, shoulder, and spine-ankle proprioception was correlated most strongly with sport competition level and was the most significant predictor of sports performance [30]. These findings highlighted the importance of ankle proprioception in sporting success.

Thus, although visual [1] and vestibular [31] functions play important roles in balance control in sport, ankle proprioception, within the proprioceptive system, appears to be the most critical for balance control contributing to sport performance.

Balance Control and Ankle Proprioception in Sports Injury

Both balance control and ankle proprioception are negatively associated with ankle injuries [2,35]. The relationship between poor balance control and heightened injury risk was identified 30 years ago, when in 1984 Tropp et al. [36] found that ankle injuries were almost 4 times more prevalent in soccer players with poor balance in comparison to those with normal balance ability. Similarly, Watson [37] found hurdling athletes and Gaelic football players with poor balance had nearly twice as many ankle injuries relative to their counterparts with normal balance. In addition, balance ability was found to be significantly associated with ankle injury risk in both younger male and female basketball players [38]. A recent systematic review summarized the available evidence and suggested that poorer balance ability is an intrinsic factor associated with increased ankle injury risk [35]. Similar reports of the relationship between ankle proprioception and ankle injury risk are also noted in the literature. For example, a longitudinal study found ankle proprioception could predict ankle injuries in college basketball players [39]. In addition, basketball players with poorer ankle proprioception used an altered pattern of cocontraction of ankle plantarflexors and dorsiflexors, which in turn resulted in greater impact force at the moment of landing associated with higher risk of ankle injury [40]. Ankle proprioception is one of the intrinsic factors associated with ankle injury, as identified by Witchalls et al. in their systematic review [35].

Ankle injuries often lead to disruption of muscles and tendons with associated damage to inherent mechanoreceptors [5,41], which detrimentally alter the quality of proprioceptive information required for balance control. Unrehabilitated, impaired ankle proprioception after ankle injury [20][21][22][23][24][25] can subsequently result in long-term deterioration of postural and balance control. Gymnasts, dancers, and military sportsmen with poorer ankle proprioception after injury demonstrate worse performance in both static and dynamic postural and balance control tasks [42][43][44][45]. In addition, the common motor program hypothesis [46] suggests that there will be bilateral impairments in ankle proprioception in both the injured and uninjured sides [22,47]. This bilateral impairment is also evident in postural and balance performance relative to healthy controls [48].

These findings suggest that ankle proprioception is closely related to balance control in sport injuries, and balance ability may be significantly affected by impaired ankle proprioception after injuries.

Mechanisms Underlying Ankle Proprioception to Balance Control in Sport

Sensory noise and sensory information reweighting are two possible mechanisms for the optimal use of sensory information in balance control [5,6,9]. Both models highlight the role of central processing in balance control and may explain the importance of ankle proprioception for balance control in sport. For example, ankle proprioception is superior in gymnasts, sports dancers, badminton players, soccer players, and swimmers [18,30,49,50], suggesting that through years of sport-specific practice, ankle proprioception may be processed more efficiently and reliably in the brain [7]. If the CNS uses a reweighting strategy relying on more reliable sources of information to optimize balance control [5,6,9], refined ankle proprioception, with its signal-to-noise ratio reduced through practice, could be one of these more reliable sources of proprioceptive information in particular sports.

In addition, the observation of bilateral deficits in both ankle proprioception and balance control after ankle injury [22,47] favored a central motor program view of bilateral limb movement control [51]. The data indicate that a higher-order central mechanism may exist for proprioceptive [32]; (b) depicts the joint position reproduction (JPR) method, adapted from Willems et al. [33]; and (c) depicts the active movement extent discrimination assessment (AMEDA) method, adapted from Symes et al. [34].

information processing contributing to postural and balance control [7,52]. Indeed, a recent brain imaging study suggested that beyond peripheral reflex mechanisms, central processing of proprioceptive signals from the foot-ankle complex is essential for postural and balance control [53].

If central processing of proprioceptive information links ankle proprioception and balance control, then this has implications for ankle proprioceptive assessment. It suggests that the most appropriate measurement technologies are those that are relevant to normal function and that encompass ecologically valid components related to balance function [7]. This issue is also important for determination of the optimum ankle proprioceptive intervention to improve balance control in sport.

Selection of Ankle Proprioceptive Assessment Method Relevant to Balance in Sport

Proprioception can be assessed using different technologies/methodologies [5,7,28,54]. There are three main technologies/methodologies used for ankle proprioceptive assessment. These are thresholds to detection of passive motion (TTDPM) [55][56][57], joint position reproduction (JPR) [26,58,59], and active movement extent discrimination assessment (AMEDA) [17,60,61]. The advantages and disadvantages of these testing protocols have been discussed in a recent review paper [7]. The current review focuses on the selection of appropriate measurement techniques relevant to balance function.

The three different technologies used for testing ankle proprioception are presented in Figure 1. It is clear from Figure 1 that some of the technologies adopt a nonweight bearing, either lying or sitting, position during testing and block both visual and audio information in order to assess "pure" ankle proprioception (Figures 1(a) and 1(b)). The ecological validity of these tests has been questioned however [62,63] because the assessment conditions are markedly dissimilar to normal function and can therefore contribute little to understanding the role that ankle proprioception plays in balance control during sports and daily activities [7]. If central processing of ankle proprioception is crucial for balance control, ankle proprioceptive assessment should be conducted to reflect normal function that encompasses all proprioceptive signals arising from muscles, joints, and skin normally projected for integration in the CNS.

In a method designed to increase ecological validity, an upright, weight-bearing stance TTDPM option has been used, along with the AMEDA apparatus (Figure 1(c)), for ankle proprioception assessment [34,56,57,64]. These techniques ensure activation of muscles, joint capsule compression, and skin stretch. More recently, Witchalls et al. [43,65] have developed a "walk-across" AMEDA in order to assess dynamic ankle proprioception during normal gait, involving dynamic balance control.

In addition to ecological validity, assessment of ankle proprioception should acknowledge and incorporate the signalnoise nature of central processing [66][67][68]. It has been argued that when processing proprioceptive information, the brain has to deal with noise in the CNS arising from background or spontaneous neural activity [66,69], which contributes to uncertainty in making decisions about positions and movements of a joint in space [7,69]. Similarly, in balance control, the CNS has to process multiple sensory signals occurring against a noise background in order to determine body sway in space [6].

Waddington and Adams [70] applied signal detection theory (SDT) [71][72][73] to deal with noise-associated uncertainty in making judgments about ankle movements and positions. To do this, participants are required on any one trial to make an absolute judgment regarding one of five possible ankle movements. Nonparametric SDT Receiver Operating Characteristic (ROC) analysis [73] is then used to compare responses to pairs of ankle movements. The area under the ROC curve (AUC) [73] is used as the measurement of ankle proprioceptive sensitivity, representing a participant's ability to discriminate between the five ankle movements [7]. SDT gives a means to take an individual's uncertainty into account and produce an unbiased estimate of an individual's ankle proprioceptive performance [7].

In this way, the AMEDA technique both fulfills ecological validity and captures data in such a way as to address the signal-noise nature of central processing of proprioceptive information relevant to balance function. Although this method has not yet been used to determine the precise association between ankle proprioception measured with an AMEDA and balance ability in athletes, Guo et al. [56] has assessed ankle proprioception in an upright, weightbearing stance using the TTDPM method and found that ankle proprioception can explain 53% and 44% of variance in anterior-posterior and medial-lateral posture sway directions, respectively.

Ankle Proprioceptive Intervention for Improvement of Balance Control in Sport

Both ankle proprioception and balance control are essential in sports [2,3,18,40], and passive or active interventions to improve ankle proprioception and balance control, particularly after ankle injury, have been extensively reported in the literature [5,11]. Regardless of the type of interventionpassive or active-central processing of ankle proprioception is likely to be critical for balance control. If this is the case, ankle proprioceptive intervention should focus on central processing mechanisms to improve balance control in order to enhance sports performance and minimize injuries.

Passive Intervention.

A number of studies have explored effects of passive interventions, such as taping, bracing, compressing, or sport shoe insoles, on ankle proprioception [70,[74][75][76][77][78], with most finding passive techniques being not effective in improving ankle proprioception. Ankle taping and bracing, for example, are commonly used by athletes following a sprained ankle. Two systematic reviews consistently found ankle proprioception was not enhanced with the use of ankle tape or braces in athletes suffering repeated ankle sprains and with functional ankle instability [79,80]. These findings suggest that ankle proprioception does not benefit from the restriction of ankle movement and/or from elastic resistance [81] imposed at the ankle joint.

In contrast, there is some evidence that the use of insoles, another passive intervention, has a positive effect on ankle proprioception in soccer players [70,76]. It has been proposed that the use of textured insoles induces "essential noise" in the CNS, which in turn resulted in increased perception of information to support motor performance [82]. Consistent with this point of view, a systematic review found insoles with vibrating elements improved balance in older people [83]. However, not all types of insoles were found to be beneficial [83], presumably because only some proprioceptive signals combine with certain types of noise to enhance perception of proprioceptive information [82]. While ankle proprioception and balance control may be improved through a signal-noise resonance mechanism in the CNS [82], selection of appropriate techniques such as the height, texture, and vibration of particular insoles to optimize the signal-noise ratio currently needs further exploration if such design modifications are to be introduced into sports footwear.

Active Intervention.

Various active exercise interventions, delivered in a task-specific paradigm, have been found to be effective for the improvement of ankle proprioception. It has been proposed that this occurs through neural mechanisms such as neural learning and neural plasticity [5]. Neural learning effects associated with ankle proprioception may be rapid. For example, Witchalls and colleagues [43] found athletes with chronic ankle instability improved their ankle proprioception in one session through ankle AMEDA testretest practice. This improvement was thought to be due to central processing modifications. The authors [43] argue that mechanoreceptors at the ankle joint do not change during the repeated proprioceptive testing (the time is too short), and proprioceptive information originating from peripheral structures at the ankle does not significantly change either. Therefore, faster neural learning processes are likely to play the key role in improving ankle proprioception. Further research is needed to explore to what extent the improvement in ankle proprioception through neural learning translates to better balance control in the sporting context and whether such learning should be conducted as explicit or implicit learning [84].

In contrast, some neural changes may require weeks, months, or even years of practice. Several weeks of wobbleboard training [17,85,86], Tai Chi exercise [56,87,88], and other specifically designed exercise programs [89][90][91] have been shown to improve ankle proprioception and balance control in athletes, university students, and older people, with or without ankle instability. Kiers et al. [92] argue that exercise on an unstable surface might not target ankle proprioception per se but rather trains the CNS to shift the weighting of sources of proprioceptive signals to improve balance. If this is the case, yachting and figure-skating athletes whose daily activities involve performing motor tasks on an unstable surface would benefit from exercise on a similar surface [93]. What is not known is whether combined exercise on both unstable and stable surfaces provides even greater benefits for ankle proprioception and balance control than just active training on unstable surfaces.

Apart from training surfaces, another issue associated with active ankle proprioceptive training is whether the training should focus on the injured side or should involve both sides after sports injury. Given a significant and positive correlation found between performance of both ankles in healthy and injured participants [22,46,61], ankle proprioceptive training should also involve the intact side [46,61]. Some evidence suggests that motor skills are able to be transferred between hemispheres [94], indicating that training on the uninjured side could benefit the affected side. However, interhemispheric motor skill transfer may be affected by ageing [95] and limb dominance [96]. In addition, a recent study investigating sensory reweighting of proprioceptive information from each leg during balance control found that proprioceptive signals from each leg were weighted independently, and weighting of proprioceptive signals of one leg had no effect on the weight of the proprioceptive information of the other leg [9]. Taken together, proprioceptive training is likely to be most beneficial for improving ankle proprioception per se when conducted on each leg and by optimizing ankle proprioceptive information reweighting for balance control in sport. Future research is needed to elucidate the CNS process associated with active interventions.

Other Considerations.

Although developing better proprioception and balance control through training is a common goal for athletes and there is mounting evidence suggesting that active interventions such as wobble board training aid in doing this, there may also be a significant genetic component to proprioceptive ability and balance control. This is likely to be more evident in elite athletes, who are striving to be the best of the best, where training levels are already extensive. In studies by Han et al. [18,30], it was reported that ankle proprioception scores were not significantly correlated with years of training, suggesting that the amount of improvement in ankle proprioception associated with sports training may be constrained by biologically determined factors [30]. From studies of twins performing balance control tasks, it has been suggested that there may also be a genetic component contributing to balance control [97,98]. If this is the case, in order to achieve the highest competitive level an athlete may also need to have genetic potential for better ankle proprioception and balance control. If correct, future sport talent identification may need to consider natural aptitude in both ankle proprioception and balance ability when selecting potential elite athletes.

Conclusion

Proprioception plays an essential role in balance control, and ankle proprioception is arguably the most important aspect of this. Central processing of ankle proprioceptive information, along with other sensory information, enables integration for postural and balance control. When assessing ankle proprioception for generalization to applied situations, the method used should have ecological validity and allow proprioceptive signals to be integrated in the central nervous system, in order to reflect the signal-noise nature of central processing in sports activities. In addition, ankle proprioceptive interventions, passive or active, should therefore be predicated on discriminating signal from noise in central processing, to attain optimal outcomes.

Introduction

Forward head neck posture (FHP) is caused by maintaining an abnormal posture for a long time.

This posture shortens the sternoclenoidomastoid (SCM) and scalenus anterior but lengthens the levator scapulae and semispinalis capitis posterior major [1,2]. Moreover, this posture accelerates neck extensor activity because of upper cervical excessive extension [3,4]. The activities of the upper and lower trapezius increase as well with this posture [5].

FHP can produce problems related to the proprioception of muscles [6], such as mechanoreceptor function, and alter the sensitivity of spindles of the neck muscles mentioned previously, as well as inducing the loss of kinesthetic acuity of neck motions [7].

Proprioceptive dysfunction [8,9], reposition sense [7], dizziness [10], coordination [11], balance [12], or others are also affected. In order to solve these issues, various treatments such as craniocervical flexion training [13], eye-head neck coordination exercise [11,14,15], mobilization, manipulation [16][17][18], and cocontraction exercises [19] have been developed.

However, most of these studies only assessed chronic neck pain patients [7-9, 11, 12], not patients with FHP.

Nagai et al. [9] suggested patients with neck pain might have a greater association with total head excursion rather than FHP. This study found that pilots with neck pain had limited motions of the neck but did not have problems related to postures, including FHP or shoulder posture, indicating that neck pain is not always accompanied by FHP.

Therefore, the proprioception of patients with FHP, not those with neck pain, should be studied. Additionally, most of the studies on improving the neck reposition sense focused on the neck itself.

The upper body posture of FHP subjects, similar to that in thoracic kyphosis [20] or rounder shoulders [21,22], can easily get affected because the neck muscles are anatomically connected to the trunk. Therefore, if we consider the anatomical orientation of the muscles, there could be problems not only with thoracic kyphosis or rounder shoulder but also with other postures of a trunk such as shoulder or pelvic tilt.

Falla et al. [23] found that FHP associated with prolonged sitting can aggravate neck pain, and a neck pain patient with FHP has reduced ability to maintain an upright posture. Ahn [2] and Murphy et al. [24] suggested that pelvic distortion can cause dysfunctions in the cervical spine, and cervical range of motion improved after the pelvic distortion was corrected. Furthermore, the neck muscle is connected to the trunk muscles with fascia [25]. Therefore, trunk posture should be considered if correction of neck problem is needed.

As mentioned above, a FHP subject possibly has a problem with the repositioning sense of the neck, which can be related with the posture of the trunk owing to the anatomical connection with the neck muscles.

The objective of this study was to identify if accuracy of neck motion is affected by trunk posture and present the baseline data on therapy in the clinic in order to ameliorate repositioning sense of the neck in subjects with FHP.

Therefore, we hypothesized that FHP causes loss of kinesthetic accuracy of neck motions, and this kinesthetic accuracy can be affected by trunk posture, including shoulder tilting angle, scapular level, pelvic side tilting, and anterior tilting angle.

Material and Method

2.1. Subjects. From December 2014 to March 2015, 41 subjects (mean age 23.7 ± 2.7 years, mean height 173.6 ± 6.6 cm, mean weight 68.1 ± 10.1 kg, and mean FHP 6.9 ± 2.6 cm) were recruited in the study. The Eulji University approved the study (Grant number EU 14-61), and all subjects were informed of the purpose of this study and provided their written informed consent prior to their participation. This study adhered to the ethical principles of the Declaration of Helsinki. Inclusion criteria were as follows: FHP above 2.5 cm, age 20 to 30 years, no history of concussion or mild neck injury in the previous 12 months, and no other past neurological disorder or fracture. 2.2. Experimental Process. We measured posture using the Body Style S-8.0 (South Korea, LU Commerce) and used the Body Style Analyzer (System Software) to evaluate the posture. We used body markers over each landmark, including the tragus of the ear, the spinous process of the C7 vertebra, acromion, anterior superior iliac spine (ASIS), and the inferior angle of the scapular, posterior superior iliac spine (PSIS), iliac crest, upper thorax, middle thorax, and lower thorax. Then, the subjects stood on the posture pad and photographs of subjects were taken in the lateral, anterior, and posterior views (Figure 1). Data of photography was transferred to the Body Style Analyzer (South Korea, LU Commerce). We analyzed FHP in the lateral view (Figure 2), and the intrarater and interrater evaluations of photogrammetry findings in the standing sagittal posture of the cervical spine were found to be reliable [26,27]. The distance from the line through acromion to the line through the external auditory meatus was measured for FHP. FHP was calculated using the Body Style Analyzer with markings at the ear tragus and the acromion (Figure 2). If the distance was 2.5-5 cm, it was defined as moderate FHP, and if the distance was >5 cm, it was defined as severe FHP [28]. We recruited subjects with FHP >2.5 cm. The trunk posture, including shoulder tilting, scapular level, pelvic tilting, and anterior tilting degrees in anterior, posterior, and lateral views, was obtained using the Body Style Analyzer.

For neck reposition sense testing, we used the head repositioning accuracy (HRA) test [7,9,29] because the head-to-neutral test has been reported to be more sensitive than the head-to-target test [30]. First, subjects were made to sit on a wooden chair with hips and knees at approximately 90 ∘ flexion and feet hip-width apart. The HRA test was performed to measure differences in measurements between the reference positions (position 0) and return positions. Equipment with a laser (Figure 3) was firmly placed on the subjects' heads. With their head in a natural resting position, the subjects were requested to focus on a target that was positioned at the eye level. All subjects were then instructed to close their eyes with a sleep shade and were instructed to memorize this position because this was the reference position. Then, they performed a full neck flexion at their preferred speed and held this position for 5 s. After this, the subjects were instructed to return to the reference position with their preferred speed. The stopping point of the laser beam was marked with a dot that was the return position.

The projection point on the abscissa and ordinate axes were measured (𝑋, 𝑌), and each coordinate was given a positive or negative value according to its position relative to the corresponding axis. Using these 2 values, the subject's HRA was then calculated trigonometrically. This measurement represented the direct distance between the points (the return position) on which the light beam stopped on the target to point 0 (the reference) of the target. For comparison of the absolute values for the horizontal values for the horizontal (𝑋) and vertical (𝑌) components of the repositioning error, the negative signs were removed by calculating the RMS values [31]. Three repetitions of HRA to the reference position were performed and then the mean value of the trails was calculated. The same procedure was followed for extension, rotation, and side flexion, which were randomly performed (Figure 3).

Statistical Analysis.

All statistical analyses were performed using IBM SPSS Statistics (version 20.0, IBM Corporation, South Korea). Descriptive statistics (mean and standard deviations) were calculated for each variable. Spearman's rank correlation coefficients and regression analysis were used to assess the degree of correlation between postural evaluation items and the value of each joint reposition sense, and the significance level of 𝛼 = 0.05 was considered. The root mean square error (RMSE) among the trials for each subject was defined by the following equations [32]:

𝐸 2 = 𝑥 2 + 𝑦 2 , RMSE 2 = 1 𝑚 𝑚 ∑ 𝑖=1 𝐸 2 𝑖 . (1) 
𝐸 denoted the differences between the initial reference position (𝑥) and the final position (𝑦) when repositioning from either flexed, side flexed, extended, or rotated neck position, and 𝑚 denoted the trial number.

Results

The mean HRA values of neck flexion and extension were 9.88 and 9.68, respectively. The mean HRA values of right and left side neck flexion were 8.70 and 10.26, respectively. The mean HRA values of right and left neck rotation were 9.54 and 9.80, respectively. The mean shoulder tilting angle was 1.44 degrees, and pelvic side tilting angle was 1.52 degrees. The pelvic anterior tilting angle was 11.76 degrees, and the scapular level angle was 2.37 degrees (Table 1). There were significant correlations between the HRA of right side neck flexion and pelvic side tilt angle (𝑝 < 0.05). If pelvic side tilting angle increases by 1 degree, right side neck flexion increased by 0.76 degrees (𝑝 = 0.026) (Table 2). However, there was no significant correlation between other HRA values including those for neck flexion, extension, right side flexion, right rotation and left rotation, and trunk posture (𝑝 > 0.05) (Table 3). 

Discussion

FHP is affected by stress and incorrect postures. Owing to industrial development, the population of subjects with FHP has been increasing [28]. In particular, workers who use computers in their offices are likely at risk for FHP. FHP can cause problems with proprioception of the neck muscles, and, therefore, a treatment plan is necessary for such patients. Moreover, proprioception can improve with direct treatment of neck muscle or with indirect treatment of the trunk posture, including treatment of the pelvic posture [2,24,33]. However, research on the indirect method is limited. In addition, further research is needed on the relationship between proprioception and trunk posture, before an indirect method can be developed.

Therefore, this study explored the correlation between HRA and trunk posture in 41 subjects with FHP to determine the relationship between proprioception of neck and trunk posture. We found a significant correlation between the right side flexion reposition sense of the neck and the pelvic side tilting angle.

Black et al. [33] found that a change in lumbar posture was associated with a compensatory change in cervical position. Murphy et al. [24] used manipulative therapy on the cervical spine to relieve low back pain. Nansel et al. [34] found that cervical spine manipulation has significant effects on the tone of the lumbopelvic musculature, particularly in the gluteal region, and Hyoung et al. [35] found that increasing cervical motion after ankle joint therapy is helpful.

Corrective exercises for FHP had a positive effect on spinal posture in patients with lumbosacral radiculopathy [36] or adolescent idiopathic scoliosis [37].

According to earlier studies, function of cervical improved after the patient received therapy for trunk and ankle region. In this study, we found similar results with those of previous studies that lumbar posture is related to cervical motion.

However, the mechanism underlying how treatment on the cervical region affects the pelvic area is unknown.

Nansel et al. [34] and Murphy et al. [24] suggested this effect of treatment may be because of its effect on the tonic neck reflex (TNR). TNR alters the tone of the trunk and extremities in two ways. One is via afferents from muscle spindles to the vestibular nucleus and the pontine and medullary reticular formation. The other is via signals from the upper cervical afferents sent to propriospinal neurons.

Therefore, if cervical dysfunction is corrected, the tone normalizes with normal patterns of the TNR, and pelvic distortion will improve.

Ahn [2] and Hyoung et al. [35] explained the treatment effect using the mechanical chain of joint. They assumed that the entire body is connected in a chain that affects each segment.

In our opinion, this relationship may be explained with two reasons: the fascia and functional structure of quadratus lumborum (QL) and scalenus muscle.

With respect to the fascia, the agonist muscles of neck side flexion and the pelvic side tilting angle are connected via the fascia on the lateral line [25].

The QL is not directly part of the lateral line according to anatomy trains' rule. However, with respect to the functional structure, the QL uniquely works as a lateral flexor of the trunk and the scalenus works as a lateral flexor of neck, similar to the QL. The QL pulls from one end of the rib cage and the scalenus from the other end. Therefore, the two muscles are very close related to functional structure. If the scalenus pulls the ribcage, it affects the QL as well, thus affecting pelvic posture. Thus, if the pelvic posture is fixed well, the proprioception of the muscles that affects movements of the neck can be refined well.

Nejati et al. [22] suggested that shoulder posture was not correlated with neck pain. However, Szeto et al. [38] found that subjects with neck and shoulder discomfort had protracted acromion posture. Lau et al. [39] specified that the sagittal posture of the thoracic spine had a very close relationship with neck pain severity and disability and suggested that thoracic posture correction would help prevent neck pain. Lynch et al. [40] found significant interactions between movement of forward head translation and those of forward shoulder translation. The results did not concur with those previously described.

The conflicting result was probably because of the lack of a gold standard in clinical measurement of posture. The methods of measurement were different in each study. Nejati et al. [22], Szeto et al. [38], and Lynch et al. [40] studied shoulder kyphosis and protraction, but Lau et al. researched the upper thoracic angle. The measurements of posture also differed among studies, indicating that there is no gold standard for the clinical measurement of posture to reflect the actual curvatures of the spine.

We could not find a correlation between shoulder posture and any neck motion, which is similar to the result of Nejati et al. 's study [22]. However, the research methodology was not the same as ours. Therefore, additional studies are needed in the future, involving the same clinical measurement. Moreover, the standard measurement of posture should be developed that can be used easily in the clinic.

Consequently, in the future, to improve the reposition sense of subjects with FHP, first, pelvic posture should be checked, and then that of its related muscles should be verified using electromyography.

The limitation of this study was that it was difficult to generalize the results owing to small sample size. In addition, in the study, we could not determine the mechanism of relationship between neck reposition sense and trunk posture. So, we will be performing an electromyography study and other equipment to confirm the mechanism in the future.

Conclusion

In conclusion, in the case of FHP subjects, the higher the pelvis side tilting angle, the worse the HRA value of lateral neck flexion. This might be the anatomical structure of the muscles around pelvic area and neck with fascia and functional structure of QL and scalenus muscle and the mechanism of that result should be studied in the future. Therefore, verifying pelvic posture should be prioritized when movement is limited due to vitiation of the proprioceptive sense of the neck owing to FHP.

Introduction

Stroke is the leading cause of disability in adults. Forty percent of stroke patients exhibit moderate functional impairment, and 15% to 30% exhibit severe disabilities [1]. Although intensive rehabilitation, evaluation of the balance, gait, and functional independence are offered to many patients within six months of a stroke, many of them continue to have motor deficits [2]. Adequate therapy increases chronic patient survival, [3] emphasizing the importance of evaluating the overall motor profile following the initial recovery period. Therefore, research in the chronic phase of the stroke is also important.

Postural instability is a common finding and is cited as the leading cause of falls and limited functional independence in stroke patients [4][5][6]. Posture or balance deficits are common mainly because the unaffected limb bears a greater proportion of the body weight [6][7][8][9][10]. In hemiparetic patients, postural oscillation while standing upright is characterized by an asymmetric profile with larger oscillations on the paretic side than the nonparetic side and low temporal synchronization between oscillations of the lower limbs and the pelvis and between the lower limbs. Difficulty in stabilizing the pelvis and the distal segments of the lower limb on the affected side are reflected in the increase in postural oscillation of hemiparetic patients [11].

Evidence of the differences between the functional consequences of strokes in the left and right hemispheres is particularly interesting. The left hemisphere is more important for motor control, while the right hemisphere is more important for spatial orientation [12]. Motor activities requiring planning and coordination are more dependent on the left hemisphere and are strongly affected in individuals with right side hemiparesis [13,14]. Right hemisphere lesions are more likely to result in deficits in attention and contralateral perception [15] and stabilization of the position in relation to lesion of left side [14]. The right hemisphere integrates sensorimotor information which is critical for maintaining posture and maintaining sitting or standing positions [15].

Left hemiparetic patients exhibit poorer postural balance in sitting and standing positions compared to right hemiparetic patients, and patients who have not received adequate therapy exhibit high degrees of postural alterations [4]. Some studies have assessed balance by analyzing postural instability during standing in hemiparetic stroke patients [5,6,8,9,[16][17][18][19]. These studies were performed mainly in the first year after stroke. Postural instability is assessed through center of pressure (COP) sway analysis, and COP position can be assessed directly using force platforms during the evaluation of posture and gait.

Some studies have reported higher anterior-posterior oscillation than mediolateral oscillation in static COP assessments [20][21][22]. Rode et al. [8] compared postural oscillation in 15 right and 15 left hemiparetic patients and found that the latter group exhibited larger areas of oscillation and mediolateral displacement. Other studies have attempted to correlate static balance data with gait parameters [20,23].

The correlations of balance and gait parameters are important for the assessment and rehabilitation of patients because a reliable correlation could mean that resources used to improve balance could also influence gait. In clinical practice, it is clear that delay in therapy leads to poorer postural control among the left hemiparetic patients, but after one year has passed and rehabilitation is finished, monitoring and comparing with right side hemiparetics is difficult. It would be interesting to discover the possible mechanisms involved in the control of posture, the regulation of skeletal muscle during gait, and the oscillations of the COP that maintain corporal stability in hemiparetic patients. As the stroke sufferer's balance is impaired and can lead to consequences such as falls, knowing the questions related to balance and gait will be important in order for these two physical capabilities to be better understood in hemiparetic subjects. It is also believed that this will lead to a better direction regarding the rehabilitation of these patients.

We hypothesized that the left hemiparetic patients still have poorer balance in the chronic phase as well as in early stage [4]. Therefore the purpose of this study was to compare the balance by COP sway and its relationship with gait parameters and functional independence in left or right chronic stroke patients.

Methods

This cross-sectional study was conducted at the Institute of Physical Medicine and Rehabilitation at the Clinical Hospital of the Medical School of the University of São Paulo (IMREA-HCFMUSP). Twenty-seven hemiparetic chronic stroke patients treated at the hemiplegia outpatient clinic were invited to participate in the study. Selected patients were informed of the study's aims and procedures, and they or their caretakers signed an informed consent form. This research project was approved by the Committee on Ethics and Research (CAPPesq) under protocol number 0280/09.

The following inclusion criteria were used: hemiparesis resulting from a stroke that occurred at least 12 months prior to the study; age between 45 and 65 years; pattern of hemiparesis featuring brachial predominance; ability to walk 10 meters unassisted; ability to remain standing upright for 60 seconds unassisted; and right side dominance (right-handed individuals). Exclusion criteria were as follows: cognitive impairments affecting comprehension and disabilities arising from other conditions, such as deformity or pain.

Clinical Assessment.

Patient clinical records containing personal data, clinical diagnosis, time of the lesion, and Functional Independence Measure FIM [24] score were evaluated. The FIM quantitatively evaluates the care demanded by a person to perform a series of motor and cognitive tasks of daily living. Among the activities evaluated are self-care, transfers, locomotion, sphincter control, communication, and social cognition-including memory, social interaction, and problem solving. Each of these activities is evaluated and receives a score ranging from one (total dependence) to seven (complete independence) and the total score ranges from 18 to 126. Two FIM areas describe the motor score ranging from 13 to 91 points and cognitive score ranging from 5 to 35 points [24].

First, the patient's right or left dominance was assessed by asking about the dominant upper limb (writing hand). The physical assessment involved tests of muscle strength and tone. Muscle strength was tested according to the Kendall scale [25] and spasticity was tested via the modified Ashworth scale [26,27]. Quadriceps strength was chosen as the representative assessment for the lower limb, and brachial biceps strength was chosen for the upper limb. Spasticity was measured in the gastrocnemius muscle because this muscle is important for the ankle strategy in maintaining postural control [21].

Postural Control Assessment.

The postural control assessment was performed with patients standing upright. Patients remained standing with their arms hanging alongside their body, eyes fixed on a point on the wall, and feet set on a force platform (AMTI OR6-7 version 2.0/2004, installed at the Motion Analysis Laboratory). McIlroy and Maki [28] showed that foot separation in a preferred stance position is correlated to subject height and is considerably larger than that usually standardized for posturography suggesting a standard position with 17 cm separation or 11 percent of subject height would avoid uncomfortable foot positions. To accommodate the increased instability expected in chronic stroke patients while still taking anthropometric variations into consideration a foot separation equal to the length of the patient's feet was adopted as measured between the midpoints of both heels. The feet were positioned parallel to each other on the platform. After calibration, COP position was recorded by the force platform.

Patients were asked to hold the position for 60 seconds, and the assessment was repeated three times. The data were acquired at 100 Hz and subsampled at 10 Hz as described by Raymakers et al. [29]. To avoid disturbances from the initial stabilization of the subject, the first 10 seconds of each record were discarded. The center of pressure (COP) sway variables measured were anterior-posterior and mediolateral oscillation amplitude, COP sway area, and average velocity [29]. Sway amplitude was calculated as the difference between the maximum and minimum coordinates of the COP in each direction and was expressed in centimeters (cm); the rectangular area that covered the whole COP trajectory was calculated by multiplying anterior-posterior and mediolateral amplitudes and was expressed in cm 2 . Average sway velocity was calculated by dividing the total length of the COP trajectory by the duration of the recording and expressed in centimeters per second (cm/s). A therapist remained by the patient's side during the procedures for safety in case the patient lost his or her balance. Posturography (postural control) data were recorded by the EVaRT 5.0 software (Motion Analysis Corporation) and we used a routine developed and processed in the Matlab 2008a software (Mathworks) to process the data.

Gait Assessment.

To obtain spatial and temporal gait parameters, reflective markers were placed on the patient's heels on the lateral and medial malleoli between the first and second metatarsals and on the sacrum. Considering that joint angles would not be analyzed, this is the minimum subset of the modified Helen Hayes market set [30] that allows the calculation of the desired gait parameters using specialized computer software (Orthotrak 6.2, Motion Analysis Corporation, Santa Rosa, CA, USA). Patients were then asked to walk along a preestablished path measuring 10 meters in length in the Motion Analysis Laboratory. The gait parameters considered were step and stride lengths, gait velocity, and gait cadence. Step and stride lengths were expressed in centimeters, velocity in centimeters per second, and cadence as the number of steps per minute. Temporal parameters considered as percentages of the gait cycle time were also measured: stance phase is the whole period of time when the foot is in contact with the ground; swing phase is the period when the foot is not in contact with the ground; double stance onset is the period when both feet are in contact with the floor at the beginning of the gait cycle; single stance is defined as the percentage of time of the gait cycle when only one foot is in contact with the ground. The data from the markers were captured by eight Hawk System digital cameras operating at 100 Hz using software provided by their manufacturer (EVaRT 5.0, Motion Analysis Corporation, Santa Rosa, CA).

Data Analysis.

All data were distributed normally, according to the Kolmogorov-Smirnov test, with 𝑝 < 0.05. Parametric tests, such as Student's 𝑡-test, were used to compare means to analyze static postural control. The level of significance was set at 𝑝 ≤ 0.05. The COP velocity and area of oscillation for left and right hemiparesis groups were compared. Gait data were also compared between groups using Student's 𝑡-test. Finally, possible correlations between the gait parameters and static COP sway, velocity, and area were evaluated using Pearson's correlation coefficient, where 0 to 0.30 was interpreted as a weak correlation, 0.30 to 0.70 as a moderate correlation, and over 0.70 as a strong correlation. The static COP sway measured (mean velocity and area of oscillation) was evaluated for correlation with gait data and with the FIM.

Results

Of the 27 patients contacted from the IMREA-HCFMUSP, six did not complete evaluations; thus 21 participants remained: nine in the right hemiparetic group (RH) group and 12 in the left hemiparetic group (LH). Table 1 describes the characteristics regarding mean age, time since injury, Functional Independence Measure (FIM), muscle strength, and spasticity of all patients and of each group. The groups are similar, except for the motor FIM, which had a higher score for the RH.

In assessing the extent of COP sway in the anteriorposterior (RH-3.0±1.4 cm and LH-3.1±1.2) and mediolateral directions (RH-1.7 ± 1.2 and LH-1.5 ± 0.5 cm) and the average of the velocity (RH-1.9±1.1 and LH-1.6±0.8 cm/s) it was found that the values were similar (𝑝 > 0.05) in the right and left sides.

Between groups, only the temporal parameters showed any statistically significant differences. All patients spent more time in the stance phase for the healthy lower limb; specifically the single stance time was significantly different in both the left (𝑝 = 0.0004) and the right (𝑝 = 0.001) hemiparesis groups.

In general, the groups showed that the total stance time was longer for the healthy lower limb than for the affected limb; as for the analyzed gait variables (stance, swing, and single stance), there were statistically significant differences between healthy and affected limbs.

There were no statistically significant differences between the affected and healthy sides in either group of patients for the remaining parameters, such as length of step and stride, gait velocity, initial stance, and cadence. The step length of the affected limb was longer than that of the healthy limb in most of the patients in both groups. Meanwhile, the stride length of the healthy limb was greater than that of the affected limb in both groups.

In both groups the mean velocity and cadence were similar and had low standard deviations; there were no statistically significant differences in these gait parameters between patient groups. The LH had a mean velocity of 40.7 (±3.6) cm/s and a mean cadence of 74 (±0.99) steps/minute; the RH had a mean velocity of 40 (±1.5) cm/s and a cadence of 77.6 (±3.6) steps/minute. Higher values were recorded for the healthy lower limb in most patients (LH, 𝑛 = 6; and RH, 𝑛 = 3).

Correlations between the gait parameters and static COP velocity were also analyzed (Table 2). The left hemiparetic group showed a significant (𝑝 < 0.05) correlation between stride length, step length, and gait velocity with COP velocity sway for the healthy and paretic lower limbs. In the healthy limb, the parameters like swing and stance were significantly correlated with the COP velocity.

Table 3 shows the correlation coefficients between the area of COP, sway, and gait parameters. In both groups the area of COP was significantly correlated with stride length. In the right group the step length was significantly correlated with the area of COP but only in the healthy limb. By contrast, these variables were moderately correlated in both limbs of left hemiparetic patients. In this group gait velocity and COP area were significantly correlated. The area of COP in the healthy limb was significantly correlated with durations of the stance and swing phases and in the affected limb it was significantly correlated with the single stance duration and double stance onset.

The correlations between the FIM and static balance data were also analyzed. Both groups had their area of COP sway moderately correlated with motor and the FIM total. Motor FIM was significantly correlated with the area of COP sway in the left hemiparesis group. The velocity of COP sway was not significantly correlated with the FIM (Table 4).

Discussion

The main aim of this study was to compare the balance by COP sway and its relation with gait parameters and functional independence in left and right chronic stroke patients. The results showed no differences in the performance of balance, gait, and functional independence between groups with chronic damage to the right or left hemisphere. The chronicity of the patients in this study may have contributed to higher motor adaptation.

As in the present study, Peurala et al. [31] also found no difference in the COP oscillation velocity in either the sagittal or frontal plane among individuals with chronic hemiparesis. Ioffe et al. [32] conducted a study about learning postural control with two groups of hemiparetic patients. Patients were trained in 10 sessions consisting of 2 activities in which they had to displace COP visualized on a screen. In one postural control learning activity, patients with left hemiparesis exhibited a long delay during the initial sessions, while patients with right hemiparesis learned faster; however, the learning speed was similar in both groups after 10 days. The authors argued that specific control of the COP trajectory may require a large amount of sensory information, which is associated with the right hemisphere. Many studies have been conducted on patients during the first months after a stroke. The evidence that patients can still learn with time and stimulation raises questions about the evolution of chronic patients who were or are still being subjected to rehabilitation training and about the lateralization of lesion effects. The participants in this study all suffered from lesions more than 12 months before being tested, with an average time of 32 months since lesion. Muscle strength and tone were evaluated to characterize the pattern of injury patients in the area of the middle cerebral artery, which corresponds to a greater involvement of the upper limb in the hemiparesis. The average age of patients (55 years) of this study was not regarded as elderly, and this may not have affected the balance analysis. According to Ruwer et al. [33] aging affects the ability of the central nervous system to process the vestibular, visual, and proprioceptive signals responsible for maintaining body balance and reducing the ability to modify adaptive reflexes. In this study, the mean static COP sway was not statistically significant. When static balance was tested on force platforms, patients in both groups exhibited greater anterior-posterior COP sway than mediolateral one. According to a literature review on falls in stroke patients by Weerdesteyn et al. [34], these patients exhibit greater body oscillation, especially in the frontal plane, and rely more on the healthy limb to maintain balance. Depending on how oscillation is measured, it can be as much as 1.5 to 5 times greater in stroke patients than in healthy individuals.

Despite this result, mediolateral sway continues to be considered as the best prognostic parameter for revealing balance and risk of falling in hemiparetic patients [6,29,35]. To Kadaba et al. [30], the anteroposterior displacement of the COP was faster than the medial-lateral one only among patients after a stroke; it did not occur among healthy subjects.

Although the functional independence results did not reveal a significant difference between the groups, according to Peurala et al. [31], we can assume that the loss of the dominant limb has a greater effect on daily activities than loss of the nondominant limb. The right hemiparesis group represents the loss of the dominant limb because all patients were right-handed. Right hemiparetic patients exhibited better functional abilities, especially in activities involving standing upright, balance, and gait. Areas involved in body schema and spatial perception are affected in left hemiparetic patients. From a neurophysiological perspective, this factor contributes negatively to kinesthetic sensation and perception, eventually leading to the neglect of the affected half of the body [8,10].

The results for temporal gait parameters, such as duration of the stance and swing phases, were consistent with those in the literature [36,37]. Dynamic analysis revealed that the healthy limb supported the body weight longer in both groups and spent significantly less time in the swing phase compared with the affected limb. This shows that, despite time and rehabilitation, a persistent difference in muscle strength and perception in the affected lower limb affects gait symmetry. The remaining gait parameters assessed, such as step length, stride length, velocity, stance, and cadence, did not differ significantly between healthy and affected limbs. In stroke patients, the lengths of steps and strides are typically different between healthy and affected limbs, and the length of the gait cycle increases, the stance time increases, the duration of the swing phase decreases, the duration of the double stance increases, cadence and velocity decrease [11,16,20,[36][37][38][39][40], and stride width increases [41].

The asymmetry in the propulsion of the lower limbs during gait also increases, as reflected by the difference in ground reaction force [42]. However, the groups of patients in this study did not necessarily follow this pattern, likely indicating adaptation and reduction of motor asymmetry over time.

Nardone et al. [20] found a correlation between COP positioning and muscle strength in the nonaffected lower limb during the single stance phase, with COP remaining greater in the healthy limb. There was a positive correlation between single stance duration and COP sway in the healthy lower limb. The asymmetry found in hemiparetic patients affects gait by increasing the time and effort required to shift the body weight to the affected limb. The degree of asymmetry, as measured by stabilometry, was correlated with the level of difficulty reflected in the gait parameters.

Correlations between COP velocity sway, gait parameters, COP area, and motor FIM were greater in the left hemiparesis group. The greater correlation between COP data and gait parameters in patients with right hemisphere lesions might be due to the role of this hemisphere in sensorimotor integration, which is critical for postural maintenance [15]. Right hemisphere lesions have a very large impact and can cause body schema alterations, contralateral neglect, altered postural alignment [13], and visuomotor impairment [9].

The COP area displacement had more positive correlations with gait parameters in both groups relative to the other parameters. This might be due to the mediolateral component of displacement; the area is calculated based on anterior-posterior and mediolateral displacements, and this parameter is significantly different in hemiparetic patients and healthy individuals [8,16,20,32]. Paillex and So [6] observed reductions of lateral COP displacement and the area of COP displacement after rehabilitation in hemiparetic patients. These results were correlated with reduced muscle strength in the thigh adductors and abductors. A quantitative study found correlations among gait performance, postural stability, and functional assessments in hemiparetic patients. Their results showed that the ability to maintain stability while standing and the ability to shift the center of mass were significantly correlated with gait velocity, stride length, and step length in the paretic limb. After correlating the balance scores obtained by the Fugl-Meyer Assessment with gait variables and stability while in a standing position, they concluded that hemiparetic patients compensate for a lack of balance with smaller steps and a slower gait [23]. In the present study, the static balance area was moderately correlated with COP sway and the FIM in both groups; however, static COP velocity was not correlated with the FIM.

We believe that, with time and rehabilitation treatment, a sensorimotor reorganization makes similar performance improvements in balance and gait test regardless of the side lesioned. However, it is believed that rehabilitation programs should be alert to improve balance especially in the anteroposterior direction and include therapeutic exercises that stimulate the different receptors. The COP sway area was correlated with stride length in both groups. This data can serve as a guideline in the rehabilitation of these patients where training the static balance may reflect the improvement of the stride length.

As a limiting factor, we point out the size of our sample, but we believe that the results are not invalidated due to the range of objective assessments carried out. However, we believe that further research should be carried out considering the standardization of brain injury size and the influence of treatment programs on the improvement of postural control and gait parameters associated with the functionality of this population.

Conclusion

There was no difference in the performance of balance, gait, and functional independence between the groups of chronic hemiparetic stroke patients when comparing left hemisphere lesion and right hemisphere lesion. The chronicity of the patients in this study and rehabilitation treatment may have contributed to higher motor adaptation. The correlation of the COP sway area with stride length in both groups can serve as a guideline in the rehabilitation of these patients where training the static balance may reflect the improvement of the stride length.

Although the group with left hemiparesis has shown better correlation of COP and gait parameters, improved functionality, and gait that are routinely worked in rehabilitation programs, this may be related to the improvement of balance. Yet, it is believed that this should also be emphasized so that these variables are also improved. In particular, the anteroposterior direction should be emphasized in chronic stroke patients.

Introduction

Adolescent idiopathic scoliosis (AIS) is a structural deformity of the spine with 3-dimensional deformation, including lateral shift and vertebral rotation affecting children at puberty [1,2]. The predisposing factors are genetic predisposition; connective tissue abnormalities; and skeletal, muscular, and neurological disturbances during growth. However, the exact cause remains unknown [3]. In the general population, the prevalence of AIS is about 2.5% with a Cobb angle of >10 degrees [2,3]. A variety of risk factors may result in higher curve progression, including female gender, age of 10-12 years, absence of menarche, presence of thoracic curves, curve size at presentation >25 degrees, Risser sign of 0-1, and residual growth potential [2][3][4][5].

The primary goal of rehabilitation for AIS is to reduce the progression of curves thereby decreasing the risk of secondary impairment, including back pain, breathing problems, and cosmetic deformities, and improve the quality of life [3,6]. Exercise plays a vital role in reducing curve progression and improving quality of life in AIS. Patients with thoracic curves ≤25 degrees and thoracolumbar or lumbar curves ≤20 degrees can effectively manage with exercise alone, whereas patients with thoracic curves of 25-50 degrees and thoracolumbar or lumbar curves of 20-40 degrees require bracing along with exercise [3,[7][8][9].

In a previous review, Negrini et al. (2008) reported that exercise had beneficial effects on the rate of progression and Cobb angle. They also found positive effects of exercise in reducing brace prescriptions [10]. More recently, Negrini et al. [11] reviewed the best available evidence regarding the rehabilitation approach to AIS and reported that the Society on Scoliosis Orthopaedic and Rehabilitation Treatment (SOSORT) had the best evidence-based guidelines. Low evidence was found for conservative treatment because out of 65 recommendations none had strong evidence (level I), 2 had moderate evidence (level II), and the remainder had weak evidence. Recently, Romano et al. conducted a Cochrane systematic review to evaluate the efficacy of scoliosis-specific exercise (SSE) in adolescent patients with AIS [12] and reported a lack of high-quality evidence to recommend the use of SSE for AIS. They identified one low-quality study that found the use of exercise more effective than electrostimulation, traction, and postural training to avoid scoliosis progression and one very low-quality study that found the use of SSE more effective than traditional physiotherapy for reducing brace prescriptions. Similarly, in a systematic review, Negrini et al. [13] reported lack of solid evidence for or against the effectiveness of physical exercise for reducing curve progression in AIS. In addition, Mordecai and Dabke reported low-quality evidence for the effect of exercise in the treatment of AIS [8].

To date, no systematic review has examined the effects of exercise on quality of life in patients with AIS. Therefore, more evidence is required regarding the effects of exercise on curve reduction and improvement in quality of life in AIS is required. The aim of this systematic review was to evaluate the effects of an exercise program on spinal deformities and quality of life.

Study Selection.

Studies were included on the basis of the following criteria: randomized and nonrandomized controlled methodology; subjects with AIS in the age group of 10-19 years; studies comparison of exercise with other interventions or controls; and outcome measures of radiological deformity (i.e., Cobb angle), surface deformities (including trunk rotation, thoracic kyphosis, lumbar lordosis, and average lateral deviation), and quality of life. Studies were excluded if subjects were >19 years of age, interventions did not include exercise or compare exercise with a control, or published results were in abstract form only. Final study selection was achieved through discussion and consensus between the two reviewers.

Data Extraction.

The selected studies were screened by 2 independent reviewers (Shahnawaz Anwer and Md. Abu Shaphe). One of the reviewers had prior experience using the extraction form, systematic review methodology, and quality appraisal tools, including the PEDro and Cochrane databases, and had published two systematic reviews and a metaanalysis. The other reviewer was trained beforehand in the use of the extraction form, systematic review methodology, and quality appraisal tools, including the PEDro and Cochrane databases. The following items were extracted: author/year, design of the study, subject's characteristics, age, sex, sample size, details of exercise program (type, duration, dose, and frequency), outcomes, and conclusions. The two reviewers discussed the data with each other or consulted with a third reviewer (Ahmad Alghadir) to reach consensus. Agreement between the two reviewers was obtained using unweighted kappa (𝜅) statistics. Mean and standard deviation of the baseline and final end point scores for the Cobb angle, trunk rotation, thoracic kyphosis, lumbar lordosis, lateral deviation, and function were extracted from included studies. The mean change score (final score minus baseline score) for each outcome measure was calculated for each intervention. The standardized mean difference (SMD) for all the outcomes was computed [14].

Cohen's categories were used to define the magnitude of the effect size with values of <0.5 as a small effect size; ≥0.5 and ≤0.8, as a medium effect size; and >0.8, as a large effect size [15]. A fixed-effects meta-analysis was conducted to determine the overall effect size of exercise. The 𝑧 statistic was used to test the significance of an overall effect. Cochran's 𝑄 statistic and Higgins' 𝐼 2 statistic were used to determine statistical heterogeneity between studies [14]. All statistics were computed using Comprehensive Meta-Analysis software [16].

Assessment of Methodological

Quality. The 11-item PEDro scale was used to assess the quality of included studies by two independent reviewers (Shahnawaz Anwer and Md. Abu Shaphe) [17]. A study with a score ≥6 was considered highquality as reported previously [18]. In addition, the Cochrane Collaboration's tool was used to assess the risk of bias. Sequence generation, allocation concealment, blinding, completeness of outcome data, and absence of selective outcome reporting were also assessed. Risk of bias was classified as low, unclear, or high in each domain [19]. Agreement between the two reviewers in regard to the PEDro and Cochrane tools was made using unweighted kappa (𝜅) statistics.

The quality of evidence was determined using the Grading of Recommendations Assessment, Development, and Evaluation System (GRADE) for each meta-analysis [20]. This method involves downgrading evidence from highquality to moderate-quality to low-quality and to very lowquality using some factors. If the majority of studies (more than 50%) in the meta-analysis had a PEDro score <6 or had more than low levels of statistical heterogeneity between the studies (𝐼 2 > 25%) [21] or if the studies had large confidence intervals suggestive of a small number of subjects in the studies, then the evidence would be downgraded, for example, from high-to moderate-quality. In the presence of serious methodological flaws, for example, if all studies in the meta-analysis had low PEDro scores (<6) with no allocation concealment and blinding, the evidence would be double downgraded (e.g., from high-to low-quality). The criteria for the grade applied to each meta-analysis are explained as a footnote.

Results

Identified Studies.

The abstracts of 30 studies were assessed for eligibility. Twenty-one studies were eliminated because they did not match the inclusion criteria or were not available in full text (Figure 1). A total of 9 studies were included in the quality assessment phase [43][44][45][46][47][48][49][50][51].

3.2.

Quality Assessment of Study. The 9 included studies had an average PEDro score of 5.7/10, as illustrated in Table 1. Agreement between reviewers was good (unweighted 𝜅 = 0.79). However, multiple sources of bias in these studies may have skewed the results. The most common shortcomings were lack of randomization [46][47][48][49]51], lack of concealed allocation [46][47][48][49]51], and lack of blinding (patient, therapist, or assessor) [43][44][45][46][47][48][49][50][51]. The most adhered ones to items on the PEDro scale were baseline comparability, follow-up, intention-to-treat analysis, measurements of variability, and between-group comparisons, which were evident in almost all the trials.

Agreement between the reviewers was excellent (unweighted 𝜅 = 0.87) in assessing risk of bias across studies. Details of the risk of bias assessment of included studies are given in Table 2. The overall risk of bias assessment indicated that the risk of bias was low in 1 study [43], high in 5 studies [46][47][48][49]51], and unclear in 3 studies [44,45,50]. The most common shortcomings were lack of blinding [47][48][49]51], lack of concealment [46][47][48][49]51], and inadequate random sequence generation [46][47][48][49]51]. 3 details participant characteristics. The sample size for whole study groups ranged from 30 to 252, with the mean age varying from 12 to 15 years. In most of the studies, the majority of participants with AIS were female [43,44,[46][47][48][49]51]. Most of the studies used the Cobb angle and Risser sign as inclusion criteria for participants with AIS [43][44][45][46][47][48][49]51]. [49], and 1 study compared passive transverse force and SIR with a control group [50]. In all included studies, the control group received usual care or performed a traditional exercise program. Only one study [43] had a report of an adverse effect which was a minor temporary worsening of pain.

Characteristics of Study Populations. Table

Outcome Measures.

Six studies used the Cobb angle [43,44,[46][47][48]51], 5 studies used the angle of trunk rotation [43,44,47,48,51], 3 studies used the thoracic kyphosis angle [45,46,49], 2 studies used the lumbar lordosis angle [45,46], and 3 studies used the average lateral deviation [45,49,50] to measure various spinal deformities. Radiographic methods were used to measure the Cobb angle in all six included studies, and a Scoliometer was used to measure the angle of trunk rotation in the 5 included studies. Two studies used a Formetric device to measure thoracic kyphosis [45,49], and 1 study used a radiographic method for this measurement [46]. One study used a Formetric device to measure lumbar lordosis [45], whereas the other study used a radiographic method for this measurement [46]. Average lateral deviation was measured with a Formetric device in all 3 included studies. Two studies used the Scoliosis Research Society-22 patient questionnaire (SRS-22) [43,46], 1 study used SRS-23 [44], and another used the Functional Rating Index to measure health related quality of life [45]. The Functional Rating Index is a patient-rated scale composed of 10 items including 4 subscales: pain, sleep, work, and daily activity [52]. The subscales include 3 domains of the World Health Organization International Classification of Functioning, Disability, and Health (WHO-ICF) such as activity limitations with 6 items (personal care, travel, recreation, lifting, walking, and standing), impairment with 3 items (pain frequency, pain intensity, and sleep), and participation restriction with 1 item (work). Each item was scored on a 5point scale ranging from 0 (no pain or maximum ability) to 4 (maximum pain or disability). The possible score ranges from 0% (no disability) to 100% (severe disability).

3.6. Effect of Exercise on Spinal Deformities. Table 4 gives details of the results of the exercise and control group in included studies. Data syntheses of included studies are given in Table 5 and Figures 234567. Meta-analysis of 4 studies [43,44,46,47] provided moderate-quality evidence with a significant effect size point estimate across the 4 included studies (𝑝 = 0.000), with an overall medium effect size point estimate of 0.65 (95% CI, -0.89 to -0.40) based on a fixed-effects model that favored exercise compared with controls in reducing the Cobb angle (Figure 2). Meta-analysis of 2 studies [43,44] provided moderatequality evidence with a significant effect (𝑝 = 0.000), with an overall medium effect size point estimate of 0.73 (95% CI, -1.07 to -0.39) based on a fixed-effects model that favored exercise compared with controls in reducing the angle of trunk rotation (Figure 3). Meta-analysis of 3 studies [45,46,49] provided moderatequality evidence with a significant effect size point estimate across the 3 included studies (𝑝 = 0.001), with an overall medium effect size point estimate of 0.55 (95% CI, -0.89 to -0.22) based on a fixed-effects model that favored exercise compared with controls in reducing the thoracic kyphosis angle (Figure 4). Meta-analysis of 2 studies [45,46] provided moderatequality evidence with a significant overall effect (𝑝 = 0.003), with an overall medium effect size point estimate of 0.57 (95% CI, -0.96 to -0.19) based on a fixed-effects model that favored exercise compared with controls in reducing lumbar lordosis (Figure 5). Meta-analysis of 2 studies [45,50] provided low-quality evidence with a significant overall effect (𝑝 = 0.005), with an overall medium effect size point estimate of 0.54 (95% CI, -0.92 to -0.16) based on a fixed-effects model that favored exercise compared with controls in reducing average lateral deviation (Figure 6).

Effect of Exercise on

Quality of Life. Meta-analysis of 3 studies [44][45][46] provided moderate-quality evidence with a significant effect size point estimate across the 3 included studies (𝑝 = 0.000), with an overall medium effect size point estimate of 0.73 (95% CI, -1.07 to -0.03) based on a fixedeffects model that favored exercise compared with controls in improving the quality of life (Table 5 and Figure 7).

Discussion

This systematic review investigated current available evidence on the effects of an exercise program on spinal deformities and quality of life in patients with AIS. The review evaluated 9 studies, including a total of 768 participants.

Among the 9 studies evaluated using the PEDro scale [17], 6 were considered of high methodological quality [43][44][45][46][47][48]. The overall risk of bias assessment showed that 5 studies had a high risk of bias [46][47][48][49]51], and 1 study had a low risk of bias [43], while others had an unclear risk of bias [44,45,50]. More than half of the studies failed to perform blinding and (Table 2).

The results of the present systematic review provide moderate-quality evidence for exercise intervention with a medium effect size for reducing the Cobb angle, angle of trunk rotation, thoracic kyphosis angle, and lumbar lordosis angle and improving the quality of life in patients with AIS. Similarly, a systematic review conducted by Fusco et al. [53] reported improvement in the Cobb angle following a regime of exercise. In another review, Negrini et al. [10] confirmed the efficacy of exercises in reducing the progression of deformity and Cobb angles in patients with AIS. In contrast, Mordecai and Dabke [8] reported poor quality evidence supporting the use of an exercise program in the management of AIS, and a Cochrane review conducted by Romano et al. [12] revealed a lack of high-quality evidence to recommend the use of scoliosis-specific exercises to reduce the progression of AIS.

All previous reviews were focused on the effects of exercise on the Cobb angle and brace prescriptions in patients with AIS [8,10,53]. However, in the present review, in addition to the Cobb angle, other surface spinal deformities such as trunk rotation, thoracic kyphosis, lumbar lordosis, average lateral deviation, and quality of life were measured. Moreover, in previous reviews, only Romano et al. [12] performed a meta-analysis of the effects of scoliosis-specific exercises to reduce the progression of AIS.

In the present review, 3 studies compared SEAS.02 exercise with a control group and reported that SEAS.02 exercises were superior to control conditions for reducing spinal deformities and the progression of scoliosis [47,48,51]. Another 6 studies included in the present review compared 6 different exercise protocols with traditional spinal exercises. All these studies reported significant reduction of spinal deformities and improvement in quality of life as compared with traditional spinal exercise [43-46, 49, 50].

This review had several limitations. Inclusion criteria were not well defined in the included studies, and the majority of the included studies were nonrandomized. Additionally, lack of blinding, lack of concealed allocation, and variations in exercise protocols are significant limitations in the current published literature. Moreover, different types of exercise have different intensities and may induce different effects, and the presence of heterogeneity in exercise protocols prevents conclusive results. For example, the total intervention duration varied between 2 weeks [43] and 4 months [46] and sample size in the included studies varied from 30 [44] to 252 [50]. Another limitation of the present review was the inclusion of only studies published in English, which might have created some selection bias. In addition, most of the included studies did not clarify what types of exercises are found in the usual care.

Conclusions

Moderate-quality evidence suggests that an exercise program is superior to controls in reducing the Cobb angle, angle of trunk rotation, thoracic kyphosis angle, and lumbar lordosis angle and improving the quality of life in patients with AIS; and the low-quality evidence suggests that an exercise program is superior to controls in reducing average lateral deviation in patients with AIS. However, the presence of heterogeneity in exercise protocols and poor methodological quality limit the validity of these results.
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 1 Figure 1: Illustration of the different foot positions.

Figure 2 :

 2 Figure 2: The disturbance of one (a) or two (b) sensors leads to an increase in the sensory contribution of other sensors (not disturbed) in postural regulation. The disturbance is indicated by a star-shaped sign while the increase in sensory contribution is indicated by an arrow.
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 1 Figure 1: Presentation of fast bilateral shoulder flexion (a) and sudden arm loading task (b). A detailed positioning of the visual cue (1), accelerometer (2), load release system (3), electrocardiogram electrodes (4) and EMG electrodes for obliquus externus (5), muscle obliquus internus (6), muscle erector spine (7), muscle multifidus (8), and reference electrode (9) is presented.
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 2 Figure 2: An example of a postural reflex response to sudden loading (muscle obliquus abdominis externus). Instance of load drop (𝑡 0 ): 200 ms window for analysis (𝑡 end ) and 50 ms reference window for calculating baseline EMG activation are shown. The arrow depicts the muscle activation onset, solid line depicts the linear convolution, and the dotted line depicts the root mean square (RMS).
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 3 Figure 3: Results for APAs of individual muscles at all three sessions. The statistical significant change assessed by one-way repeatedmeasures ANOVA is presented by † (𝑝 < 0.05) and † † (𝑝 < 0.01). The results of 𝑡-test are represented by * (𝑝 < 0.05). Muscles presented are obliquus externus (EO), obliquus internus (OI), erector spinae at level L1 (LE), and multifidus (MU).
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 4 Figure 4: Results for RRs of individual muscles at all three sessions. The statistical significant change assessed by one-way repeatedmeasures ANOVA is presented by † (𝑝 < 0.05) and † † (𝑝 < 0.01). The results of 𝑡-test are represented by * (𝑝 < 0.05) and * * (𝑝 < 0.01). Muscles presented are obliquus externus (EO), obliquus internus (OI), erector spinae at level L1 (LE), and multifidus (MU).
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 1 Figure 1: Adam's forward bending test and posture record form.
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 2 Figure 2: Placement of the EMG electrodes at the targeted paraspinal muscle regions.
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 34 Figure 3: Habitual standing postures of participants.
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 301 Figure 1: Flow of participants through the study.
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 2 Figure 2: Example of sway path and areas acquired before and after Wii training.

  = 10.96, 𝑝 = 0.004, and Wilks 𝜆 = 0.63) and COP displacements and velocity in the ML direction (𝐹 (1,19) = 12.11, 𝑝 = 0.003, and Wilks 𝜆 = 0.61) for displacements and (𝐹 (1,19) = 4.83, 𝑝 = 0.041, and Wilks 𝜆 = 0.79) for velocity.Main effects of vision were also observed for all the sway parameters: sway area (𝐹(1,19) = 13.27, 𝑝 = 0.002, and Wilks 𝜆 = 0.59), COP path length (𝐹 (1,19) = 28.25, 𝑝 < 0.001, and Wilks 𝜆 = 0.40), COP displacements in ML direction (𝐹 (1,19) = 11.65, 𝑝 = 0.003, and Wilks 𝜆 = 0.61), COP displacements in AP direction (𝐹 (1,19) = 52.29, 𝑝 < 0.001, and Wilks 𝜆 = 0.27), COP velocity in ML direction (𝐹 (1,19) = 17.37, 𝑝 < 0.001, and Wilks 𝜆 = 0.52), and COP velocity in AP direction (𝐹 (1,19) = 35.27, 𝑝 < 0.001, and Wilks 𝜆 = 0.35).

2. 4 .

 4 Rehabilitative Treatment. All patients underwent a frontto-front treatment of 20 minutes with a physiotherapist, performing cardiovascular exercises, stretching exercises, and a passive mobilization of four limbs. Then patients underwent a stabilometric platform training or a crossover training for 15 minutes.

  2.4.1. Stabilometric Group. Subjects underwent a 4-week cycle of balance training using stabilometric platform (Prokin
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 1 Figure 1: Stabilometric platform.
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 2 Figure 2: Crossover.
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 3 Figure 3: Examples of the five "stabilometric track" exercises.
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 4 Figure 4: The exercises on the platform increased in difficulty each week and were studied in order to progressively stress the patient's limit of stability. (a) Exercises performed on the 1st week. (b) Exercises performed on the 2nd week. (c) Exercises performed on the 3rd week. (d) Exercises performed on the 4th week.

  ), median (IQR) 55.0 (20.0) 63.0 (16.0) NS Height (m), median (IQR) 1.67 (0.05) 1.65 (0.05) NS Weight (kg), median (IQR) 64.0 (30.0) 57.5 (9.0) NS Body mass index (kg/m 2 ), median (IQR) 23.5 (7.2) 21.1 (3.0) NS * 𝑃 values for Fisher exact test or Mann-Whitney tests. NS: non-significant.
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 1 Figure 1: Median values and interquartile ranges of the vestibular status from the caloric test (a) and of the gain (b) and directional preponderance (c) from the rotatory chair test observed in CI group before (orange bars) and one year after cochlear implantation (yellow bars). * * 𝑃 < 0.01.
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 2 Figure 2: Sensory organization test: median values and interquartile ranges of the equilibrium scores (ES, in %) for the six conditions (C1 ES to C6 ES ) and the composite equilibrium score (C ES ) observed in CI group before (orange bars) and one year after cochlear implantation (yellow bars) and in control group (green bars).* 𝑃 < 0.05, * * 𝑃 < 0.01.
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 1 Figure 1: CoP sway path length (CoPR) at different foot placement and time points before and after surgery. Shoulder width stance (SWS), feet side-by-side stance (SSS), tandem stance with affected limb in the front (AFS), and tandem stance with nonaffected limb in the front (SFS).
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 2 Figure 2: Maximum CoP sway in AP direction (CoPAP) at different foot placement and time points before and after surgery. For abbreviation of foot placement, refer to Figure 1.

Figure 3 :Figure 4 :

 34 Figure 3: Maximum CoP sway in ML direction (CoPML) at different foot placement and time points before and after surgery. For abbreviation of foot placement, refer to Figure 1.
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 1 Figure 1: Participant recruitment flow-chart.

Figure 2 :

 2 Figure 2: (I) Set-up for generating sudden perturbations to the upper part of the subject's trunk. The wire is fastened to a rigid bar fastened by a vest at the upper part of the trunk. The movement of the trunk is measured by a potentiometer mounted on a reel. (II) Details of the perturbation apparatus (right top: 90 degrees rotation) and standing position (left): (a) cylinder, (b) 5 kg load, (c) gripping device, (d)solenoid for activating gripping device, (e) holding magnets, (f) load-bearing construction, (g) 5 kg load, (h) anchor plate for magnet, (i) holding magnet, (j) bearing construction, (k) vertical adjustable reel with potentiometer, and (l) horizontal adjustable reel to adjust wire length to individual subject height. Generation of sudden unloading ((III) left): first the computer activates the magnet (i) and releases the load (b, h, and g) causing the weight of the load applied to the wire to suddenly decrease from 5.4 kg (a) to 0.1 kg (i). Generation of the sudden loading ((III) right): first the computer activates the solenoid (d) causing the gripping device (c) to fix the load (b) to the cylinder (a) and secondly deactivates the holding magnets (e). This releases the load (b, h, and g) causing the weight of the load applied to the wire to suddenly increase from 5.4 kg (a) to 10.9 kg (a-d).
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 3 Figure 3: Potentionmeter and normalized back extensor EMG recordings of a (a) sudden trunk loading perturbation and (b) sudden unloading trunk perturbation. The perturbation was executed at time zero. The thin line is the raw signal and the thick line indicates the filtered EMG signal.
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 7 <0.01 HOME: home-based physical exercise, WORK: work-based physical exercise. Negative effect sizes denote a within-group decrease from baseline to follow-up.
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 1 Figure1: Examples of ankle proprioceptive assessment methods. (a) depicts the threshold to detection of passive motion (TTDPM) method, adapted from Yasuda et al.[32]; (b) depicts the joint position reproduction (JPR) method, adapted from Willems et al.[33]; and (c) depicts the active movement extent discrimination assessment (AMEDA) method, adapted from Symes et al.[34].
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 1 Figure 1: Anterior, lateral, and posterior view.
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 2 Figure 2: Measurement of FHP.
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 3 Figure 3: Measurement of head reposition accuracy.
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 4 Figure 4: Effect of exercise on the thoracic kyphosis angle.
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 7 Figure 7: Effect of exercise on the quality of life.
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Table

  

  : One-way repeated-measures ANOVA and corresponding post hoc 𝑡-tests for both tests of automatic (re)actions of the selected trunk muscles (obliquus externus (EO), obliquus internus (OI), lumbar erector spine (LE), and multifidus (MU)). Statistical significance of differences (𝑝) and effect sizes (ES) are presented.

			RANOVA					Post hoc 𝑡-tests		
	Muscle	PRE-POST0-POST14		PRE-POST0		PRE-POST14		POST0-POST14
			𝐹	𝑝	ES		𝑡	𝑝	ES	𝑡	𝑝	ES	𝑡	𝑝	ES
							Trunk anticipatory postural adjustments			
	EO		1.874	.175	.135		1.139	.277	.312	1.773	.102	.456	0.782	.449	.220
	IO		1.126	.341	.086		0.383	.708	.110	1.169	.265	.320	1.944	.076	.489
	LE		3.761	.038	.239		0.931	.370	.259	2.445	.031	.577	2.223	.046	.540
	MU	4.553	.021	.275		1.320	.211	.356	3.030	.010	.658	1.786	.099	.458
						Trunk reflex reactions on mechanical perturbation		
	EO		5.560	.015	.410		-1.994	.081	.576	-3.438	.009	.772	-1.172	.275	.383
	IO		7.193	.005	.444		-3.610	.006	.769	-2.707	.024	.670	0.306	.766	.102
	LE		10.439	.001	.487		-4.304	.001	.792	-2.963	.013	.666	1.496	.163	.411
	MU	7.860	.003	.440		-3.501	.006	.742	-2.272	.046	.584	1.934	.082	.522
		0.08	EKG artifact	Muscle response						
		0.04											
		0											
	Amplitude (arbitrary values)	-0.04 -0.08 0.04	Reference window (50 ms)	t 0	t end	Linear convolution RMS					
		0.02											
		0											
		0	0.2		0.4	0.6	0.8	1					
					Time (s)								

Table 1 :

 1 Participants' demographics (mean ± SD).

	Group		𝑛	AGE [years]	Body height [cm]	Body mass [kg]	BMI
	Female 1 (without visual impairment)	21	20.0 ± 0.89	163.14 ± 3.26	57.43 ± 4.51	21.58 ± 1.83
	Female 2 (with visual impairment)	15	19.14 ± 1.56	159.4 ± 6.45	53.64 ± 9.15	21.14 ± 3.45
	Male 3 (without visual impairment)	21	18.85 ± 1.35	175.43 ± 2.56	69.18 ± 6.22	23.01 ± 2.85
	Male 4 (with visual impairment)		13	19.08 ± 1.6	169.6 ± 6.57	62.73 ± 12.46	21.86 ± 4.82
	Table 2: Female participants' baseline measures for stability index (mean ± SD): women without (female 1) and with (female 2) visual
	impairment.					
	Stability index (SI)	Female 1 (𝑛 = 21)	F e m a l e 2 ( 𝑛 = 15)	"Effect Size"	𝑝
	OSI CE, static	1.9 ± 0.78		2.17 ± 0.89	0.32	"NS"
	APSI CE, static	1.39 ± 0.83		1.45 ± 0.74	0.08	"NS"
	MLSI CE, static	0.99 ± 0.59		1.35 ± 0.77	0.53	"NS"
	OSI CE, 8	2.24 ± 0.48		3.28 ± 0.59	1.94	p < 0.033
	APSI CE, 8	1.57 ± 0.42		2.57 ± 0.68	1.82	p < 0.004
	MLSI CE, 8	1.3 ± 0.22		1.58 ± 0.42	0.87	"NS"
	OSI: overall stability index, APSI: anterior-posterior stability index, MLSI: medial-lateral stability index, OE: open eyes for participants fully sighted, closed
	for those with visual impairment, CE: closed eyes, static: stable platform, 8: dynamic balance level 8, and "Effect Size": mean of female 2 -mean of female
	1/standard deviation.					
	𝑝: Tukey's HSD test.					

Table 3 :

 3 Male participants' baseline measures for stability index (mean ± SD): men without (male 3) and with (male 4) visual impairment.

	Stability index (SI)	Male 3 (𝑛 = 21)	M a l e 4 ( 𝑛 = 13)	"Effect Size"	𝑝
	OSI CE, static	1.42 ± 0.61	2.58 ± 1.5	1,09	0.000
	APSI CE, static	1.13 ± 0.57	1.72 ± 1.06	0,72	0.049
	MLSI CE, static	0.66 ± 0.36	1.48 ± 1.5	0,88	0.002
	OSI CE, 8	3.59 ± 1.69	3.67 ± 0.89	0,08	"NS"
	APSI CE, 8	2.24 ± 1.01	2.65 ± 0.71	0,48	"NS"
	MLSI CE, 8	2.3 ± 1.18	1.99 ± 0.79	-0,31	"NS"
	OSI: overall stability index, APSI: anterior-posterior stability index, MLSI: medial-lateral stability index, OE: open eyes for participants fully sighted, closed for
	those with visual impairment, CE: closed eyes, static: stable platform, 8: dynamic balance level 8, and "Effect Size": mean of male 4 -mean of male 3/standard
	deviation.				
	𝑝: Tukey's HSD test.				

Table 4 :

 4 Comparison of pre-and postexercise values for stability index (mean ± SD) in women with visual impairment.

	Stability index (SI)	Female 2 preexercise (𝑛 = 15)	Female 2 postexercise (𝑛 = 15)	"Effect Size"	𝑝
	OSI CE, static	2.17 ± 0.89	1.43 ± 0.75	0.9	0.016
	APSI CE, static	1.45 ± 0.74	1.11 ± 0.77	0.45	"NS"
	MLSI CE, static	1.35 ± 0.77	0.88 ± 0.58	0.7	"NS"
	OSI CE, 8	3.28 ± 0.59	2.67 ± 0.6	1.02	0.003
	APSI CE, 8	2.57 ± 0.68	1.96 ± 0.51	1.02	0.007
	MLSI CE, 8	1.58 ± 0.42	1.41 ± 0.5	0.37	"NS"
	FRI (12-6)	2.83 ± 0.45	2.37 ± 0.45	1.02	0.029
	Note. OSI: overall stability index, APSI: anterior-posterior stability index, MLSI: medial-lateral stability index, FRI: fall risk index, CE: closed eyes, 8: dynamic
	balance level 8, and static: platform stable.			
	𝑝: Student's 𝑡-test.				

Table 5 :

 5 Comparison of pre-and postexercise values for stability index (mean ± SD) in men with visual impairment.

	Stability index (SI)	Male 4 preexercise (𝑛 = 13)	Male 4 postexercise (𝑛 = 13)	"Effect Size"	𝑝
	OSI CE, static	2.58 ± 1.5	1.42 ± 0.73	1.04	0.008
	APSI CE, static	1.72 ± 1.06	1.0 ± 0.56	0.89	0.048
	MLSI CE, static	1.48 ± 1.5	0.83 ± 0.49	0.65	"NS"
	OSI CE, 8	3.67 ± 0.89	3.25 ± 0.96	0.44	0.006
	APSI CE, 8	2.65 ± 0.71	2.3 ± 0.8	0.46	"NS"
	MLSI CE, 8	1.99 ± 0.79	1.83 ± 0.62	0.23	"NS"
	FRI (12-6)	3.35 ± 0.72	2.71 ± 0.65	0.93	0.002
	Note. OSI: overall stability index, APSI: anterior-posterior stability index, MLSI: medial-lateral stability index, FRI: fall risk index, CE: closed eyes, 8: dynamic
	balance level 8, and static: platform stable.			
	𝑝: Student's 𝑡-test.				
	differences between the groups of the same sex in closed-			
	eye conditions. Women without visual impairment had a			
	general stability index in the static test of 1.9 ± 0.78, whereas			
	women with visual impairment after training showed 1.43 ±			
	0.75; for men the respective values were 1.42 ± 0.61 and			
	1.42 ± 0.73. For the dynamic test, the stability indexes also did			
	not differ significantly between the group of women without			
	visual impairment (2.24 ± 0.48) and with visual impairment			
	after training (2.67 ± 0.6), or men without visual impairment			
	(3.59 ± 1.69) and men with visual impairment after training			
	(3.25 ± 0.96).				

Table 1 :

 1 Demographic data of subjects with ATI ≥ 3 ∘ .

	PUMC type	Convex side	𝑁 =

∘ ) 15.8 (5.21) Lumbar curve angle ( ∘ ) 16.7 (4.03)

Table 2 :

 2 Result of mean RMS sEMG values (S.D.) of the paraspinal muscles of subjects during habitual standing and sitting.

						Mean RMS sEMG (S.D.) (𝜇V)	
	PUMC type	Convex side	𝑁 =	Muscle region	Habitual	Habitual	Habitual	Habitual
					standing (left)	standing (right)	sitting (left)	sitting (right)
				Trapezius	3.00 (2.21)	4.90 (2.30)	2.65 (1.23)	5.73 (4.24)
	Ia	Right (thoracic)	4	Latissimus dorsi	2.75 (1.70)	4.22 (1.12)	3.13 (1.55)	5.16 (1.79)
				Erector spinae thoracic	2.68 (0.62)	6.06 (6.88)	3.95 (1.71)	11.5 (13.4)
				Erector spinae lumbar	3.24 (3.17)	5.30 (5.91)	4.95 (5.11)	6.02 (4.56)
				Trapezius	2.62 (0.81)	7.93 (1.29)	2.54 (1.39)	6.37 (2.33)
	Ib	Left (thoracolumbar)	2	Latissimus dorsi	6.15 (2.41)	7.30 (1.62)	6.95 (4.14)	7.99 (3.02)
				Erector spinae thoracic	4.94 (2.44)	5.50 (1.91)	10.3 (1.04)	5.82 (1.93)
				Erector spinae lumbar	4.06 (1.57)	19.5 (13.1)	5 . 7 7( 2 . 0 4 )	11.9 (10.4)
	IIc	Right (thoracic) Left (lumbar)	7	Trapezius Latissimus dorsi Erector spinae thoracic Erector spinae lumbar	1.71 (1.04) 3.57 (2.19) 3.06 (1.99) 3.68 (2.38)	4.94 (6.40) 4.58 (2.72) 2.83 (1.17) 3.31 (1.75)	2.40 (1.55) 4.03 (2.30) 9.39 (7.25) 4.71 (2.72)	5.06 (5.13) 4.44 (1.90) 8.02 (4.67) 5.15 (3.19)

Table 3 :

 3 Mean of RMS sEMG ratio values (±𝑠) of the paraspinal muscles of subjects during habitual standing and sitting.

						Mean RMS EMG ratio (±𝑠)	
	PUMC type	Concave side	𝑁 =	Muscle region	Habitual	Suggested	Habitual	Suggested
					standing	standing	sitting	sitting
				Trapezius	2.54 ± 1.95	4.22 ± 5.87	3.84 ± 3.95	3.16 ± 2.16
	Ia	Right (thoracic)	4	Latissimus dorsi	2.00 ± 1.22	2.41 ± 1.64	2.22 ± 1.66	2.32 ± 2.06
				Erector spinae thoracic	1.87 ± 1.70	2.00 ± 1.49	2.83 ± 2.69	2.51 ± 2.68
				Erector spinae lumbar	1.70 ± 0.85	3.05 ± 2.45	3.50 ± 4.88	2.66 ± 2.92
				Trapezius	0.34 ± 0.16	0.48 ± 0.47	0.38 ± 0.08	0.53 ± 0.19
	Ib	Left (thoracolumbar)	2	Latissimus dorsi	0.90 ± 0.53	0.60 ± 0.15	0.83 ± 0.20	0.75 ± 0.28
				Erector spinae thoracic	0.87 ± 0.14	0.99 ± 0.67	1.84 ± 0.43	1.34 ± 0.74
				Erector spinae lumbar	0.30 ± 0.29	0.91 ± 0.43	0.91 ± 0.97	1.03 ± 0.97
	IIc	Right (thoracic) Left (lumbar)	7	Trapezius Latissimus dorsi Erector spinae thoracic Erector spinae lumbar	2.73 ± 1.76 2.46 ± 2.90 1.36 ± 1.14 1.21 ± 0.59	3.76 ± 4.87 1.79 ± 1.76 1.10 ± 0.67 1.01 ± 0.65	2.39 ± 1.63 1.97 ± 2.63 1.48 ± 1.35 1.21 ± 1.25	1.96 ± 0.94 2.50 ± 3.88 1.35 ± 1.26 1.22 ± 1.55

Table 1 :

 1 Baseline demographics and clinical characteristics of the participants.

	Variable	Mean values	Range
	Age (years)	44.6 ± 10.6	18.3-60.2
	Body mass (kg)	62.6 ± 10.4	46.0-88.0
	Stature (cm)	166.2 ± 7.7	150-178
	BMI (kg m -2 )	2 2 . 9 ± 3.8	18.6-31.2
	EDSS score	3.4 ± 1.3	1.5-6.0
	Total Wii training time (h)	24.23 ± 12.82	12.6-52.9

Table 2 :

 2 Variation of postural sway parameters before and after the Wii training for bipedal stance in eyes-open and eyes-closed conditions.

	vision interaction	𝑝 value	0.482	0.521	0.131	0.704	0.932	0.507
	Time ×							
	Vision effect	𝑝 value	0.002 †	<0.001 †	0.003 †	<0.001 †	<0.001 †	<0.001 †
	Time effect	𝑝 value	0.004 †	0.502	0.003 †	0.629	0.041 †	0.892
	Eyes open Eyes closed	Pre-Wii Post-Wii Pre-post change Pre-Wii Post-Wii Pre-post change	Sway area (mm 2 ) 340.68 ± 197.82 275.85 ± 195.73 -64.83 ± 75.62 502.08 ± 337.78 389.44 ± 339.54 -97.96 ± 199.44	COP path length (mm) 469.85 ± 142.91 463.52 ± 163.92 -6.33 ± 84.54 700.95 ± 308.83 668.12 ± 330.90 -26.52 ± 159.63	COP max disp. ML (mm) 25.12 ± 9.54 22.36 ± 9.00 -2.76 ± 5.43 31.82 ± 13.66 25.98 ± 11.15 -5.13 ± 6.67	COP max disp. AP (mm) 29.38 ± 6.68 29.18 ± 10.08 -0.21 ± 6.66 39.02 ± 9.67 37.26 ± 13.98 -1.30 ± 11.47	COP velocity ML (mm s -1 ) 8.94 ± 2.89 8.07 ± 3.20 -0.86 ± 1.83 12.29 ± 5.60 11.09 ± 5.78 -0.96 ± 2.72	COP velocity AP (mm s -1 ) 10.78 ± 3.86 8.11 ± 3.20 -2.16 ± 5.19 17.02 ± 7.87 16.72 ± 8.77 -0.25 ± 4.77

All values are expressed as mean ± SD. Pre-Wii: baseline values, Post-Wii: after 5 weeks of balance training with Nintendo Wii. The symbol † denotes statistical significance (𝑝 < 0.05).
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Table 1 :

 1 Demographic characteristics and basal clinical data in both groups.

	Variable	Group 1 (stabilometric)	Group 2 (crossover)	𝑝 value
	Age	66.6 (10.0)	65.0 (8.8)	0.500
	Sex (male/female)	13/17	17/13	0.30
	Height (cm)	165.7 (10.5)	166.4 (8.6)	0.76
	L DOPA eq	608.7 (307.6)	740.9 (297.8)	0.059
	HY	2.8 (0.4)	2.8 (0.4)	0.627
	UPDRS II	15.1 (5.2)	13.9 (4.4)	0.313
	BBS	45.5 (7.8)	46.3 (5.1)	0.917
	TUG	12.5 (6.4)	11.0 (3.5)	0.337
	6MWT	319.3 (115.1)	340.3 (87.3)	0.333

Table 2 :

 2 Delta: value at dischargebaseline value (absolute effect size).

	Variable	Group 1 Delta	Group 2 Delta	Group effect 𝐹(1,58) 𝑝	Time effect 𝐹 (1,58)	𝑝	Time × group interaction 𝐹 (1,58) 𝑝
	BBS	7.3	7.6	0.53	0.47	170	<0.0001	0.05	0.82
	UPDRS II	-5.2	-5.1	1.19	0.28	220	<0.0001	0.04	0.85
	TUG	-3.3	-3.0	2.12	0.15	42	<0.0001	0.13	0.72
	6MWT	68.8	103.3	2.44	0.12	118	<0.0001	4.7	0.0337

Table 1 :

 1 Characteristics of the ten CI patients.

	Patient number	Gender	Etiology of deafness	Age when implanted (in years)	Deafness duration (in years)	CI side	Hearing performance (% of phonemes recognized) Presurgery Postsurgery Presurgery Postsurgery Caloric test
	1	Female	Unknown	58	55	R	N	N	0	90
	2	F e m a l e	U n k n o w n	3 9	3 5	R	R H	R H	0	1 0 0
	3	Female	Unknown	42	0.5	L	LH	LH	0	50
	4	Female	Unknown	52	22	L	N	N	0	60
	5	F e m a l e	U n k n o w n	6 9	2	R	N	N	0	8 0
	6	Female	Genetic	59	2	R	RA	RA	0	100
	7	F e m a l e	Cogan's syndrome	27	2	L	N	N	10	100
	8	M a l e	U n k n o w n	5 2	1 8	R	N	N	1 0	6 0
	9	Male	Otosclerosis	72	39	R	RH	RH	0	90
	10	Male	Otosclerosis	66	8	L	RH	RH	0	100

CI side: L, left; R, right. Caloric test: LH, left hyporeflexia; N, normoreflexia; RA, right areflexia; RH, right hyporeflexia.

Table 2 :

 2 Age and anthropometric characteristics, expressed in median associated with interquartile range (IQR), observed in cochlear implant patients (CI group) and in healthy participants (control group).

Table 1 :

 1 One-way repeated measure ANOVA summary showing the effects of time points on functional assessment. Visual analogue pain scale (VAS); self-administered hip-rating questionnaire (hip score); functional independence measure (FIM). † One-way repeated measure ANOVA. Tukey's HSD test for comparison of the period and the same letter means no significant difference. * * 𝑝 < 0.01.

	Functional assessment	Presurgery	2 w	Time points before and after surgery 6 w 3 M	6 M	1 yr	𝑝 †
	Berg balance test (56)	44.6 ± 7.3 ac	36.4 ± 12.9 b	41.4 ± 7.9 bc	47.7 ± 4.7 ac	53.2 ± 1.9 a	52.5 ± 3.3 a	<0.0001 * *
	Functional reach test (cm)							
	Forward	22.2 ± 6.7	22.6 ± 4.2	24.6 ± 5.3	20.4 ± 5.1	28.7 ± 7.6	27.4 ± 7.5	0.0854
	Toward affected side	19.8 ± 4.1	20.9 ± 9.4	19.4 ± 3.6	18.9 ± 3.6	25.7 ± 4.7	22.2 ± 5.2	0.0828
	Toward unaffected side	18.8 ± 5.2	18.5 ± 3.2	18.6 ± 4.4	18.3 ± 8.7	25.3 ± 2.8	23.7 ± 4.5	0.0712
	ADL independence/pain							
	VAS * (10)	4.8 ± 1.4 a	2.3 ± 1.6 b	1.1 ± 1.2 b	1.1 ± 1.0 b	1.4 ± 1.0 b	2.1 ± 2.3 b	<0.0001 * *
	Hip score * (100)	63.2 ± 9.3 a	65.0 ± 9.8 a	74.6 ± 9.8 b	83.6 ± 10.3 bc	82.7 ± 9.5 b	85.0 ± 11.6 c	<0.0001 * *
	FIM * (126)	119.7 ± 4.6 a	110.2 ± 19.6 b	118.0 ± 5.8 ab	122.3 ± 4.0 a	125.7 ± 0.7 a	125.8 ± 0.6 a	<0.0001 * *
	*							

Table 2 :

 2 Summary of two-way repeated measure ANOVA examining the interaction of time point and foot placement and subsequent post hoc analysis of parameters representing postural stability.

	Time points

Table 1 :

 1 Characteristics of the participants (𝑁 = 44).

		Neutral	Pronated	Supinated	
	Characteristics	(𝑛 = 16)	(𝑛 = 14)	(𝑛 = 14)	𝑃 value
		Mean (SD)	Mean (SD)	Mean (SD)	
	Age (years)	71.13 (4.674)	67.79 (5.780)	70.50 (6.223)	0.196
	Height (m)	1.49 (0.065)	1.50 (0.054)	1.52 (0.056)	0.516
	Weight (kg)	54.44 (14.289)	60.24 (14.322)	59.91 (11.99)	0.422
	Body mass index (BMI) (kg/m 2 )	24.09 (5.238)	26.41 (5.837)	25.94 (4.584)	0.474
	Five-time sit-to-stand (sec.)	12.93 (2.608)	11.93 (3.050)	11.67 (2.786)	0.521
	30-second chair rise (rep.)	12.63 (2.446)	12.00 (3.762)	13.36 (3.342)	0.230
	Timed-Up and Go (sec)	10.73 (2.566)	10.38 (2.166)	9.85 (2.638)	0.484
	Four-Square Step test (sec)	14.33 (4.594)	16.75 (6.427)	13.40 (4.232)	0.291
	Comparisons were tested using Kruskal-Wallis analysis (nonparametric).			
	𝑃 values were set at a significance level of 𝑃 < 0.05.				

Table 2 :

 2 Spearman (𝜌) correlation coefficients of physiological factors with mobility and balance performances in supinated, pronated, and neutral feet.

			Mobility (TUG)			Balance (FSST)	
	Correlates	Neutral	Pronated	Supinated	Neutral	Pronated	Supinated
		𝑟 𝑠 (𝑃 value)	𝑟 𝑠 (𝑃 value)	𝑟 𝑠 (𝑃 value)	𝑟 𝑠 (𝑃 value)	𝑟 𝑠 (𝑃 value)	𝑟 𝑠 (𝑃 value)
	Height (m)	-0.395 (0.130)	0.378 (0.182)	-0.402 (0.154)	-0.093 (0.733)	-0.013 (0.964)	-0.365 (0.200)
	Weight (kg)	-0.241 (0.368)	-0.024 (0.9.34)	-0.552 * (0.041)	-0.006 (0.983)	0.130 (0.658)	-0.187 (0.523)
	BMI	-0.144 (0.594)	-0.122 (0.679)	-0.310 (0.281)	-0.109 (0.688)	0.103 (0.725)	-0.020 (0.946)
	LL strength	0.804 * * (0.041)	0.551 * (0.041)	0.484 (0.079)	0.368 (0.161)	0.163 (0.578)	0.491 (0.075)
	LL endurance	-0.573 * (0.020)	-0.669 * * (0.009)	-0.242 (0.405)	-0.243 (0.365)	-0.356 (0.212)	-0.266 (0.357)

Comparisons were tested using Spearman correlation coefficient analysis (nonparametric). * Correlation is significant at the 0.05 level (2-tailed). * * Correlation is significant at the 0.01 level (2-tailed).

LL: lower limb.

Table 3 :

 3 Comparisons of mean age, BMI, and number of participants in the present study and previous studies.

	Author, year	Mean age (years)	Mean BMI (kg/m 2 )	T o t a l p a r t i c i p a n t s
	Present study	69.08	25.44	50 (44 female; 6 male)
	[40]	40.5	35.2	59 (male only)
	[39]	22.1	17.4-33.8 *	80 (40 female; 40 male)
	[34]	22.8	24.6	108 (68 female; 40 male)
				

*

Comparisons were made between groups of underweight, normal weight, overweight, and obese subjects.

Table 1 :

 1 Characteristics of the different studies that have been examined.

	Results	Reliability	Intraobserver Interobserver		ICC = 0.65-0.85 ICC < 0.60		ICC = 0.82-0.90 but	poor in rotation: ICC N/A	= 0.05-0.33	ICC(2, 1) > 0.70	except for	ICC(2, 1) = ICC(3, 1) > 0.90 0.63-0.68 (internal	rotation at 90 ∘	abduction)	For healthy	volunteers, ICC >	N/A 0.60 and SEM < 10.1 ∘ For symptomatic	patients, ICC > 0.60	and SEM < 5.8 ∘	ICC = 0.94 ICC = 0.79			N/A N/A			CCC > 0.992 CCC > 0.989		ICC = 0.998 ICC = 0.998	PCC = 0.982 PCC = 0.994	ICC = 0.894 N/A PCC = 0.795	ICC = 0.97-0.99 N/A	CCCexpert > 0.998 CCCexpert > 0.996	CCCnovice > 0.997 CCCnovice > 0.998	CCCtogether = 0.997
		Validity	ICC between 0.50 and	0.65 but <0.50 for	rotation	ICC = 0.53-0.98,	Spearman's 𝜌 =	0.52-0.98	LOA = 10-40 ∘	ICC(3, 1) > 0.72	Pearson's correlation	coefficient (PCC) =	0.79-0.97	For healthy volunteers,	ICC > 0.60 and SEM <	4.3 ∘	For symptomatic	patients, ICC > 0.80	and SEM < 0.1 ∘	ICC = 0.94		Mean difference (%):	1.09 for RAV and 0.60	for 𝑃 score	Mean difference in	B&A plots = -1.7 ∘	(seated position) and	1.4 ∘ (supine position)	LOA = +4.51 ∘ , -5.75 ∘	LOA = 15.2 ∘	PCC = 0.947	PCC = 0.932	paired 𝑡-test indicates	significant difference	but not clinically	significant	LOA = 13.1 ∘	𝑟 = 0.96-0.98	CCCexpert = 0.982	CCCnovice = 0.983	CCCensemble = 0.991	CPP = -0.51	SEM < 2.7 ∘ (gonio)	SEM < 1.4 ∘ (apps)
		Type		Active	CROM	Active	CROM				Passive and	active ROM						Passive	ROM		Active	ROM	Active	ROM		Passive	ROM		Passive	ROM	Passive	ROM	Active	ROM	Active	ROM	Passive	ROM
		Movement			Flexion/extension/rotation			Flexion/extension/rotation					Forward flexion/abduction/external	and internal rotation and abduction						Forward flexion/abduction/external	and internal rotation			External rotation		Anterior elevation and	extension/abduction/adduction/internal	and external rotation		Abduction		Elbow placed at different angles	Flexion	Flexion	Lunge forward	Flexion
		Body segment			Head			Head						Shoulder								Shoulder				Shoulder			Shoulder			Shoulder		Elbow	Knee	Knee	Knee	Knee
		Reference		Eyeglasses with	three	inclinometers	3D motion	analyses system				Double armed	goniometer					Visual estimation	and standard	goniometer	Standard	goniometer	3D kinematic	sensors	Double-armed	goniometer and	full-scale motion	capture	Plastic universal	goniometer	Telescopic-armed	goniometer	Telescopic-armed	goniometer	Universal	goniometer	Universal	goniometer
	Population App (Sample size and age)	Healthy volunteers Clinometer and	(28, 23 ± 6 years) Compass on iPhone	Healthy volunteers Customized Android (21, 31 ± 9 years)			Healthy volunteers Clinometer on (41, 52.7 ± 17.5 Android years)				Healthy volunteers (24) Clinometer on and symptomatic iPhone patients (15)	GetMyRom and	Healthy volunteers (94) DrGoniometer on	iPhone	Healthy volunteers (5) iShould on iPhone or iPod touch		Healthy volunteers (1) Customized Android		Healthy volunteers (28 DrGoniometer on	pictures!) iPhone	Healthy volunteers Knee goniometer on	(5, 30-40 years) iPhone	Healthy volunteers Knee goniometer on	(96, 31 ± 11 years) iPhone	Healthy volunteers Simple goniometer	(36, 60.6 ± 6.2 years) on iPhone	Healthy volunteers (6) Knee goniometer on iPhone
		Study		Tousignant-	Laflamme et al.,	2013 [11]	Quek et al., 2014	[12]				Shin et al., 2012	[13]						Werner et al.,	2014 [14]		Mitchell et al.,	2014 [15]	Oïhénart et al.,	2012 [16]		Johnson et al.,	2015 [17]		Ferriero et al.,	2011 [18]	Ockendon and	Gilbert, 2012 [19]	Hambly et al.,	2012 [20]	Jones et al., 2014	[21]	Milanese et al.,	2014 [22]

Table 1 :
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	Results	Reliability	Intraobserver Interobserver			ICChealthy = 0.85 ICChealthy = 0.12	(0.75-0.94) (0.00-0.25)	ICCsymptomatic = ICCsymptomatic =	0.98 (0.96-0.99) 0.24 (0.00-0.45)		ICC > 0.76 ICC > 0.64	(inclinometer) (inclinometer)	ICC > 0.72 ICC > 0.64	(Smartphone) (Smartphone)	MDC < 5 ∘ MDC < 8 ∘	ICC = 0.81 ICC = 0.79		ICC = 0.958 ICC = 0.994					N/A N/A				ICC = 0.973 ICC = 0.957	(uninvolved knee) (uninvolved knee)	ICC = 0.989 ICC = 0.992	(involved knee) (involved knee)	ICC(2, 3) = 0.95 ICC(2, 3) = 0.85	SEM = 1.9 ∘ -2.2 ∘ SEM = 4.1 ∘	N/A N/A
			Validity	On 6 patients	ICC = 0.54	(Smartphone) in active	extension	ICC = 0.92	(Smartphone) in active	flexion (better than	goniometer)		N/A		LOA = 27.4 ∘	𝑡-test not significant	Spearman's = 0.99	B&A: good coherence	LOA = -7.5 ∘ /+10.71 ∘	B&A	Strong correlation and	a good coherence	(Levene's test, ANOVA	test, Wilcoxon's test,	Kendall's test,	Spearman's test, and	B&A). Inclinometer	results differed	Mean	ICC = 0.797	(uninvolved knee)	ICC = 0.987	(involved knee)	Similarly ICC	Differences are under	5% between pre-and	postop
		Type					Active and	passive ROM				Passive	ROM		Passive	ROM		Passive	ROM				Passive	ROM			NC	Passive	ROM	NC
		Movement						Flexion/extension						Extension			Flexion/extension		Different knee angles measurement					Flexion/extension				Lachman's test	Measure of femoral neck anteversion	Measurements for total hip arthroplasty
		Body segment						Knee						Knee			Knee		Knee					Knee				Knee	Hip	Hip
		Reference					Universal	goniometer				Hand-held bilevel	inclinometer		Navigation	system		Universal	goniometer				Navigation	system			KT 100	Digital	inclinometer	X-Rays
		App					Knee goniometer on	iPhone				Clinometer on	iPhone		Angle on iPhone		DrGoniometer on	iPhone			Goniometer Pro and	DrGoniomter on	iPhone		"SmartJoint"	Android and iOS	application	TiltMeter on iPhone	Angle and Camera	Protractor on iPhone
	Population	(Sample size and age)			Healthy volunteers (20)	and symptomatic	patients (20)			Healthy volunteers	(41, 18-26 years)		Symptomatic patients	(10, 69 years)		Healthy volunteers (1)				Symptomatic patients	(10, 69 ± 10.8)			Symptomatic patients	(35)	Healthy volunteers (10,	22.2 ± 1.69 years)	Symptomatic patients	(50, 67 years from 31 to	84)
		Study					Rwakabayiza et	al., 2013 [23]				Bruyneel and	Bridon, 2015 [24]		Jenny 2013 [25]		Ferriero et al.,	2013 [26]				Jenny et al., 2015	[27]			Andrea et al.,	2014 [28]	Yoon et al., 2014	[29]	Peters et al., 2012	[30]
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	Results	Reliability	Intraobserver Interobserver	ICC(2, 3) > 0.84 (for	4 movements)	ICC(2, 3) = N/A	0.63-0.68 (for 3	movements)	ICC(2, 1) = 0.97 ICC(2, 1) = 0.76	ICC(2, 1) = 0.81-0.85 ICC(2, 2) = 0.80-0.96		ICC(3, 𝑘) > 0.80 ICC(2, 𝑘) > 0.81	ICC = 0.92 (absolute	ICC 95% = ±3.2 ∘ agreement definition)	IC 95% = ±4.9 ∘	N/A N/A	ICC = 0.961 ICC = 0.901	Mean difference = Mean difference =	0.0 ∘ 0.1 ∘	ICC (scoliometer) = ICC (scoliometer) =	0.954 0.943	ICC (apps) = 0.965 ICC (apps) = 0.964
			Validity	ICC(2, 3) > 0.88 (for 6	movements)	ICC(2, 3) = 0.71 (for	supine external	rotation)	CPP = 0.99	ICC = 0.83	ICC(3, 𝑘) > 0.86	LOA = 18-30 ∘	LOA = 6.2 ∘		CPP = 0.99	ICC = 0.947	Mean difference = 0.4 ∘	Mean angles are	similar
		Type			Passive	ROM		Active	ROM	Active	ROM	Active	ROM	Passive		Passive	Active	Active
		Movement			Flexion/abduction/adduction/supine internal	and external rotation		Ankle dorsiflexion range	Weight bearing lunge test	Thoracolumbopelvic flexion, isolated lumbar	flexion, thoracolumbopelvic extension right	lateral flexion, and left lateral flexion	NC		Sixty angles randomly selected	Scoliosis angles	Scoliosis angles
		Body segment				Hip			Ankle	Ankle		Spinal		Spinal		Spinal	Spinal	Spinal
		App Reference			Hip ROM tester Camera marker based 3DMA		iHandy Level on Digital	iPhone inclinometer	TiltMeter on iPhone Digital inclinometer	iHandy Level on Bubble	iPhone inclinometer	Scoligauge on iPhone Scoliometer		Scoligauge on iPhone Scoliometer	Scoligauge on iPhone Scoliometer	Scoligauge on iPhone Scoliometer
	Population	(Sample size and age)		Healthy volunteers	(20, 23.8 ±4.6 years)		Healthy volunteers	(20, 21-28 years)	Healthy volunteers	(20, 40 ± 12 years)	Healthy volunteers	(30, 25.6 ± 2.1 years)	NC (8 torso)		NC (60 angles)	Symptomatic patients	(34)	Symptomatic patients	(64, 15.7 year)
		Study			Charlton et al.,	2015 [31]		Vohralik et al.,	2014 [32]	Williams et al.,	2013 [33]	Kolber et al., 2013	[34]	Izatt et al., 2012	[35]		Franko et al.,	2012 [36]	Balg et al., 2014	[37]	Qiao et al., 2014	[38]

Table 1 :

 1 Baseline characteristics of the two intervention groups. Values are means (SD). * denotes difference between groups at baseline, 𝑃 < 0.05. HOME: homebased physical exercise, WORK: work-based physical exercise.

		WORK	HOME
	𝑁	111	89
	Age (years)	40 * (12)	44 (10)
	Height (cm)	168.4 (6.2)	168.0 (7.2)
	Weight (kg)	67.5 (12.1)	68.9 (12.2)
	BMI (kg⋅m -2 )	23.8 (3.8)	24.4 (4.0)
	Average pain intensity in		
	the low back, neck, and shoulders during the last	3.0 (2.2)	3.1 (2.3)
	week (scale 0-10)		
			

  14 [-0.30 to 0.02]) was seen between WORK and HOME. Fear avoidance decreased (𝑃 < 0.001) from 0.71 [0.61 to 0.81] to 0.49 [0.38 to 0.59] following WORK whereas fear avoidance was unaltered (0.62 [0.52 to 0.73] to 0.62 [0.50 to 0.74]) following HOME.

Table 2 :

 2 Baseline, follow-up, and between-group differences at follow-up and within-group effect size for the mechanical and the EMG parameters of the loading and unloading perturbation and preactivation EMG measured immediately before each perturbation. Values are means (95% confidence interval). All values are adjusted for baseline value.

	Differences at follow-up	Effect size Mean 95% CI 𝑃	-0.21 1.2 (-6-8.4) 0.84	-0.38 1.5 (-0.7-3.9) 0.52	0.01 -6.8 (-14.6-0.9) 0.22	0.22 -5.9 (-15.7-3.8) 0.37	-0.23 7.0 (-6.1-20.2) 0.18	-0.09 -0.1 (-1.2-1.1) 0.75	-0.83 -6.6 (-43.8-30.6) 0.68	
	HOME	0 weeks 10 weeks 𝑃 Mean 95% CI Mean 95% CI	360 (355-365) 351 (346-356) <0.01	178 (175-182) 166 (162-170) <0.01	95 (90-99) 95 (89-101) 0.90	81 (75-87) 89 (82-97) 0.08	374 (365-383) 351 (342-361) <0.01	265 (257-273) 258 (250-267) 0.16	93 (70.6-115.7) 79 (51-107) 0.44	51 (47-54) 47 (43-52) 0.17
		Effect size	-0.23	-0.32	-0.12	0.07	-0.12	-0.06	-1.42	-0.14
	WORK	0 weeks 10 weeks 𝑃 Mean 95% CI Mean 95% CI	362 (358-366) 352 (347-357) <0.01	178 (174-181) 167 (164-171) <0.01	94 (90-98) 88 (83-93) 0.09	81 (75-86) 83 (77-89) 0.51	371 (363-379) 358 (350-367) 0.02	263 (256-270) 258 (250-266) 0.27	97 (77-116.5) 72 (47.9-96.5) 0.13	50 (48-53) 46 (43-50) 0.04
			Stopping time (ms)	Stopping distance (mm)	EMG onset latency (ms)	EMG peak (% of max)	Stopping time (ms)	Stopping distance (mm)	EMG shut-off (ms)	EMG peak (% of max)
				Load				Unload	

Table 1 :

 1 The evaluation of HRA of neck motions and trunk posture. SD 9.88 ± 5.46 9.69 ± 4.53 8.70 ± 3.99 10.26 ± 6.23 9.54 ± 3.76 9.80 ± 5.19 1.44 ± 1.05 1.52 ± 1.01 11.76 ± 6.39 2.37 ± 1.93

	HRA of NF	HRA of NE	HRA of NRSF	HRA of NLSF	HRA of NRR	HRA of NLR	STA	PSTA	PAT	ScL
	M ±									

M: mean, SD: standard deviation, and unit: degree. HRA: head repositioning accuracy, NF: neck flexion, NE: neck extension, NRSF: neck right side flexion, NLSF: neck left side flexion, NRR: neck right rotation, NLR: neck left rotation, STA: shoulder tilting angle, PAT: pelvic anterior tilting, PSTA: pelvic side tilting angle, and ScL: scapular level.

Table 2 :

 2 Spearman's rank correlation coefficient between HRA of neck motions and trunk posture. HRA of NF HRA of NE HRA of NRSF HRA of NLSF HRA of NRR HRA of NLR STA PSTA PAT NE: neck extension, NRSF: neck right side flexion, NLSF: neck left side flexion, NRR: neck right rotation, NLR: neck left rotation, STA: shoulder tilting angle, PAT: pelvic anterior tilting, PSTA: pelvic side tilting angle, and ScL: scapular level. 𝑝 < 0.05, * * 𝑝 < 0.01.

	ScL

* 

Table 3 :

 3 Regression analysis of HRA of right side flexion and pelvic side tilting angle.

	Predictor variable	𝐵	𝛽	𝑇
	HRA of right side flexion	0.760	0.347	2.30

* * 𝑝 < 0.05.

Table 1 :

 1 Characteristics of the studied patients: motor and total FIM, muscle strength, and spasticity.

		Total (𝑛 = 21)	R H ( 𝑛 = 9)	L H ( 𝑛 = 12)	𝑝
	Male/female	15/6	7/2	8/4	0.65
	Mean age (years) (SD)	55.3 (±5.9)	54.2 (±2.8)	56.4 (±7.4)	0.41
	Time since lesion (months)	32.6 (±17.7)	37.4 (±19.9)	29 (±15.7)	0.29
	BMI (Kg/m 2 )	30.1 (±5.6)	29.5 (±6.8)	30.60 (±5)	0.69
	Weight (kg)	73.2 (±10.9)	75.3 (±11.7)	71.4 (±11.6)	0.26
	Height (m)	1.5 (±9.36)	1.6 (±9.5)	1.5 (±8.9)	0.20
	FIM	Motor Total	81 (±5.0) 107 (±16.0)	73.7 (±8.7) 107 (±8.7)	0.03 0.32
	Muscle strength	Biceps brachial Quadriceps	3.0 (±0.9) 3.8 (±0.4)	2.4 (±1.7) 3.9 (±0.7)	0.4 0.9
	Spasticity	Biceps brachial Gastrocnemius	1.2 (±0.7) 1.1 (±0.7)	1.0 (±0.7) 0.8 (±0.7)	0.3 0.16
	Note: FIM: functional independence measure; RH: right hemiparetic group; LH: left hemiparetic group; SD: standard deviation.	

Table 2 :

 2 Correlation between velocity of COP sway and gait parameters.

	Gait parameters	Healthy limb	LH	Affected limb	Healthy limb	RH	Affected limb
	Step length	-0.60 *		-0.62 *	0.38		0.36
	Stride length	-0.72 *		-0.72 *	0.46		0.41
	Gait velocity	-0.68 *		-0.70 *	-0.05		-0.19
	Stance phase	0.76 *		0.27	0.47		-0.01
	Swing phase	-0.76 *		-0.27	-0.47		0.01
	Double stance onset	0.70 *		0.53	0.07		0.61
	Single stance	-0.27		-0.76 *	0.01		-0.47
	Cadence	-0.46		-0.45	-0.58		-0.62
							

* Pearson's correlation coefficient (𝑟) with 𝑝 < 0.05; RH: right hemiparetic group; LH: left hemiparetic group.

Table 3 :

 3 Correlation between the area of COP sway and gait parameters.

		LH		RH	
	Gait parameters	Healthy limb	Affected limb	Healthy limb	Affected limb
		OE	OE	OE	OE
	Step length	-0.48	-0.55	0.74 *	0.49
	Stride length	-0.78 *	-0.79 *	0.76 *	0.71 *
	Gait velocity	-0.71 *	-0.72 *	0.31	0.18
	Stance phase	0.74 *	0.27	0.41	0.29
	Swing phase	-0.74 *	-0.27	-0.41	-0.29
	Double stance onset	0.38	0.67 *	0.31	0.59
	Single stance	-0.27	-0.74 *	-0.29	-0.41
	Cadence	-0.40	-0.38	0.44	0.49
	* Pearson's correlation coefficient with 𝑝 < 0.05; R: right hemiparetic group; L: left hemiparetic group.		

Table 4 :

 4 Correlations between FIM and balance (COP).

		L Hemiparesis		R Hemiparesis	
		Total FIM	Motor FIM	Total FIM	Motor FIM
	Velocity of oscillation	-0.19	-0.28	-0.04	0.12
	Area of oscillation	-0.50	-0.59 *	0.52	0.62
					

* Pearson's correlation coefficient (𝑟) with 𝑝 < 0.05.

Table 2 :

 2 Risk of bias of included studies (yes, low risk of bias; no, high risk of bias). Table3summarizes the training protocol. Three studies compared the Scientific Exercise Approach to Scoliosis (SEAS.02) exercises with controls[47, 48, 51], 1 study compared active self-correction and taskoriented exercises with controls[43], 1 study compared Schroth exercises with controls[44], 1 study compared forward head correction and traditional exercise with controls[45], 1 study compared the 3D corrective spinal technique with controls[46], 1 study compared physiologic exercise program and scoliosis intensive rehabilitation (SIR) with control

	Citations	Adequate sequence generation?	Allocation concealment?	Blinding? Incomplete outcome data addressed?	Free of selective reporting?	Conclusions
	Monticone et al. (2014) [43]	Yes	Yes	Yes	Yes	Yes	Low risk of bias
	Kuru et al. (2015) [44]	Yes	Yes	Unclear	Yes	Yes	Unclear risk of bias
	Diab (2012) [45]	Yes	Yes	Unclear	Yes	Yes	Unclear risk of bias
	Noh et al. (2014) [46]	No	No	Yes	Yes	Yes	High risk of bias
	Negrini et al. (2006) [47]	No	No	No	Yes	Yes	High risk of bias
	Negrini et al. (2006) [48]	No	No	No	Yes	Yes	High risk of bias
	Weiss and Klein (2006) [49]	No	No	No	Yes	Yes	High risk of bias
	Weiss et al. (2002) [50]	Yes	Yes	Unclear	Yes	Yes	Unclear risk of bias
	Negrini et al. (2008) [51]	No	No	No	Yes	Yes	High risk of bias
	3.4. Training Protocol.						

Table 3 :

 3 Overview of selected studies in adolescent idiopathic scoliosis.

	Adverse effects Conclusions	Minor The active self-correction and temporary pain task-oriented exercise was worsening superior to traditional spinal (𝑛 = 11 exp. exercises in reducing spinal group; 𝑛 = 14 deformities control group)	Supervised Schroth exercise	Not reported was superior to control group	in reducing spinal deformities.	A regime of forward head	corrective exercise in addition	Not reported to traditional exercises	improved scoliotic posture	and functional status.	A regime of corrective spinal	technique was superior to	Not reported traditional exercise in reducing most of the spinal	deformities and improved	quality of life.	SEAS.02 exercises were	Not reported superior to control group for	reducing spinal deformities.	SEAS.02 exercises were	Not reported superior to control group for	reducing spinal deformities.
	Duration	60-minute outpatient sessions	once a week and 30-minute	home exercise sessions twice a	week for 2 weeks	Follow-up: 12 months	90-minute sessions thrice a week	for 6 weeks	Follow-up: 18 weeks				3 sessions a week for 10 weeks	Follow-up: 3 months					60-minute sessions 2-3 times per	week for 3.5 to 4 months	Follow-up: no	1: 1.5-hour sessions every 2-3	months with prosecution in a	facility near home for 40 minutes	twice a week and 1 exercise daily	for 5 minutes	2: performing exercises 2-3 times	a week for 45 to 90 minutes	Follow-up: no	1: 1.5-hour sessions every 2-3	months with prosecution in a	facility near home for 40 minutes	twice a week and 1 exercise daily	for 5 minutes	2: performing exercises 2-3 times	a week for 45 to 90 minutes	Follow-up: no
	Group	1: active self-correction	and task-oriented	exercise (𝑛 = 55)	2: control: traditional	spinal exercise (𝑛 = 55)	1: Schroth exercises	(𝑛 = 15)	2: control (𝑛 = 15)	1: forward head	correction and	traditional exercise	(𝑛 = 38)	2: control: traditional	exercise (𝑛 = 38)		1: 3D corrective spinal	technique (𝑛 = 16)	2: control: traditional	exercise (𝑛 = 16)	1: SEAS.02 (𝑛 = 40)	2: control (𝑛 = 70)	1: SEAS.02 (𝑛 = 23)	2: control (𝑛 = 25)
	Design				RCT						RCT							RCT							Retrospective	Nonrandomized	Prospective	nonrandomized	controlled study	Prospective	nonrandomized	controlled study
	Mean age, years	(male/female, %)			Group 1: 12.5 (29/71)	Group 2: 12.4 (25/75)				Group 1: 12.9 (7/93)	Group 2: 12.8 (13/87)					Group 1: 13.2 (53/47)	Group 2: 14.5 (55/45)						Group 1: 13.8 (25/75)	Group 2: 14.9 (13/87)	Group 1: 13.3 (17/83)	Group 2: 13.6 (13/87)	Group 1: 12.7 (22/78)	Group 2: 12.1 (24/76)
	Subjects	AIS	Cobb angle:	10-25 degrees	Risser sign: <2	AIS	Cobb angle:	10-60 degrees	Risser sign: 0-3		AIS	Cobb angle:	10-30 degrees	Risser sign: 0-2				AIS	Risser sign: 0-4	AIS	Cobb angle: >15	degrees	Risser sign: 0-3	AIS	Cobb angle: >15	degrees	Risser sign: 0-3
	Study			Monticone et al.	(2014) [43]				Kuru et al.	(2015) [44]						Diab (2012) [45]							Noh et al. (2014)	[46]	Negrini et al.	(2006) [47]	Negrini et al.	(2006) [48]

Table 3 :

 3 Continued. 

	Adverse effects Conclusions			Physiologic exercise program	Not reported in addition to SIR was superior to SIR alone for	correcting lateral deviation.				In-patient rehabilitation with	Not reported PTF was superior to in-patient rehabilitation alone to correct	scoliotic posture.			SEAS.02 exercises were	Not reported superior to control group for reducing progression of	scoliosis.
	Duration	1: 5 days a week (2 hours in the	morning and evening each) for 4	weeks and additionally 90	minutes of physiologic exercise	for 5 days a week on second or	third week	2: 5 days a week (2 hours in the	morning and evening each) for 4	weeks	1: having 5-6 hours of in-patient	intensive program and	additionally 4-6 PTF treatment	of 20 minutes for 4-6 weeks	2: having only 5-6 hours of	in-patient intensive program	Follow-up: no	1: 1.5-hour sessions every 2-3	months with prosecution in a	facility near home for 40 minutes	twice a week and 1 exercise daily	for 5 minutes	2: performing exercises 2-3 times	a week for 45 to 90 minutes	Follow-up: no
	Group				1: SIR and physiologic	exercise (𝑛 = 18)	2: control: SIR (𝑛 = 18)						1: SIR and PTF treatment	(𝑛 = 126)	2: control: SIR (𝑛 = 126)				1: SEAS.02 (𝑛 = 35)	2: control: usual	physiotherapy (𝑛 = 39)
	Design					Prospective	controlled study									RCT						Prospective	controlled	cohort study
	Mean age, years	(male/female, %)					Group 1: 15.3 (0/100)	Group 2: 14.7 (0/100)								Group 1: 14.8 (NR)	Group 2: 15.2 (NR)					Group 1: 12.7 (29/71)	Group 2: 12.1 (31/69)
	Subjects				AIS	Cobb angle: >20	degrees						AIS	Age group: 12 to	18 years				AIS	Cobb angle: >15	degrees	Risser sign: 0-3
	Study					Weiss and Klein	(2006) [49]								Weiss et al.	(2002) [50]					Negrini et al.	(2008) [51]

Table 4 :

 4 Results of exercise and control group in included studies. Pretest versus posttest in exercise group; ‡ pretest versus posttest in control group; # between-group comparison at baseline; ## between-group comparison at posttest; ### between-group comparison at follow-up;

	(a)

Table 5 :

 5 Meta-analyses of effect of exercise program. GRADE, GRADE working group grades of evidence. † Statistical heterogeneity results downgrade (𝐼 2 > 25%). ‡ Large confidence interval results downgrade. ¶ Large confidence interval, statistical heterogeneity results downgrade. Q-value, 4.319 (p = 0.229); I 2 , 30.53%Figure 2: Effect of exercise on the Cobb angle. Q-value, 1.015 (p = 0.314); I 2 , 1.49% Figure 3: Effect of exercise on the angle of trunk rotation.

	Outcomes	Number of studies	Ratio of studies (PEDro <6)	Number of subjects	SMD [95% CI]	𝐼 2	Quality of evidence (GRADE)
	Cobb angle	4		25%		282	0.65 [-0.89, -0.40] 30.53%	Moderate †
	Angle of trunk rotation	2		0%		140	0.73 [-1.07, -0.39]	1.49%	Moderate ‡
	Thoracic kyphosis angle	3		33%		144	0.55 [-0.89, -.22]	0%	Moderate ‡
	Lumbar lordosis angle	2		0%		108	0.57 [-0.96, -0.19]	0%	Moderate ‡
	Average lateral deviation	2		50%		112	0.54 [-0.92, -0.16]	46%	Low ¶
	Quality of life	3		0%		138	0.73 [-1.07, -0.38]	0%	Moderate ‡
		Statistics for each study			
	Study name	Std. diff. Lower Upper in means limit limit		Z-value p value		Std. diff. in means and 95% CI
	Monticone et al., 2014	-0.645 -1.028 -0.262		-3.298	0.001		
	Kuru et al., 2015	-1.086 -1.852 -0.319		-2.776	0.006		
	Noh et al., 2014	-1.142 -1.889 -0.395		-2.995	0.003		
	Negrini et al., 2006	-0.412 -0.804 -0.020		-2.059	0.040		
		-0.653 -0.897 -0.409		-5.241	0.000		
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
	Heterogeneity: Study name	Statistics for each study Std. diff. Lower Upper in means limit limit Z-value p value		Std. diff. in means and 95% CI
	Monticone et al., 2014	-0.645 -1.028 -0.262	-3.298	0.001		
	Kuru et al., 2015	-1.086 -1.852 -0.319	-2.776	0.006		
		-0.733 -1.076 -0.390	-4.191	0.000		
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
	Study name Heterogeneity: Diab, 2012	Statistics for each study Std. diff. Lower Upper in means limit limit Z-value p value -0.682 -1.144 -0.219 -2.888 0.004		Std. diff. in means and 95% CI
	Noh et al., 2014	-0.175 -0.869 0.520		-0.493	0.622		
	Weiss and Klein, 2006	-0.649 -1.319 0.022		-1.896	0.058		
		-0.556 -0.890 -0.222 -3.266	0.001		
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
	Heterogeneity: Q-value, 1.516 (p = 0.469); I 2 , 0%					

  Figure 5: Effect of exercise on the lumbar lordosis angle.Figure 6: Effect of exercise on the average lateral deviation.

			Statistics for each study	
	Study name	Std. diff. Lower Upper in means limit limit	Z-value p value	Std. diff. in means and 95% CI
	Diab, 2012	-0.560 -1.019 -0.102 -2.395	0.017
	Noh et al., 2014	-0.610 -1.318 0.099	-1.685	0.092
		-0.575 -0.960 -0.190 -2.927	0.003
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
	Heterogeneity: Q-value, 0.013 (p = 0.909); I 2 , 0%		
			Statistics for each study	
	Study name	Std. diff. Lower Upper in means limit limit	Z-value p value	Std. diff. in means and 95% CI
	Diab, 2012	-0.735 -1.200 -0.270	-3.101	0.002
		-0.176 -0.831 0.478	-0.528	0.597
		-0.548 -0.927 -0.169	-2.835	0.005
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
			Statistics for each study	
	Study name	Std. diff. in means	Lower limit	Upper limit	Z-value p value	Std. diff. in means and 95% CI
	Kuru et al., 2015	-0.568 -1.298 0.162	-1.525	0.127
	Diab, 2012	-0.786 -1.253 -0.319 -3.302	0.001
	Noh et al., 2014	-0.755 -1.472 -0.038 -2.063	0.039
		-0.730 -1.075 -0.386 -4.152	0.000
						-1.00	-0.50	0.00	0.50	1.00
							Favouring exercise	Favouring control
	Heterogeneity: Q-value, 0.249 (p = 0.883); I 2 , 0%		

Heterogeneity: Q-value, 1.860 (p = 0.173); I 2 , 46%

[START_REF] Weiss | Improving excellence in scoliosis rehabilitation: a controlled study of matched pairs[END_REF] 
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AIS, adolescent idiopathic scoliosis; RCT, randomized controlled trial; SEAS.02, Scientific Exercise Approach to Scoliosis; SIR, scoliosis intensive rehabilitation; PTF, passive transverse force; SRS-22, Scoliosis Research Society-22.
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1. Data Sources. Electronic databases, including Pubmed, CINAHL, Embase, Scopus, Cochrane Register of Controlled Trials, PEDro, and Web of Science, were searched for published studies using the keywords "postural correction," "postural curve," "Cobb angle," "quality of life," and "spinal deformities" combined with the Medical Subject Heading "scoliosis" and "exercise." The bibliographical search was restricted to randomized and nonrandomized controlled trials published in English language from the earliest available dates up to May 31, 2015 (see Search Strategy). Original authors were contacted and asked to provide the full text of potential papers that were not accessible. Two independent reviewers (Shahnawaz Anwer and Md. Abu Shaphe) selected the studies based on titles and abstracts, excluding those articles not related to the objectives of this review. Consensus between the reviewers was obtained through discussion. 
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